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Foreword 

R. KEITH CANNAN 

Division of Medical Sciences, National Academy of Sciences—National Research Council, Washington, D. C. 

ion YEARS AGO, a Symposium on Shock was jointly 

sponsored by the Division of Medical Sciences of the 

Academy—Research Council and the Army Medical 

Service Graduate School. Its purpose was to consolidate 

and disseminate knowledge gained in the experiences of 

World War II and the Korean War and in the research 

that was stimulated by these national emergencies. 

The present conference was organized on the initiative 

of the Committee on Shock and the Committee on 

Trauma to re-evaluate contemporary knowledge and 

practice and to stimulate wider interest in investigations 

of problems in a field which tends to be neglected in 

times of peace. 

Acknowledgment is made to the National Institutes of 

Health and to the Department of Defense for the funds 

that made possible the conduct of the conference and 

the publication of its proceedings. The Division is also 

indebted to the Walter Reed Army Institute of Research 

for its hospitality in granting the use of its facilities for 

the conference and to the Television Division of the 

Walter Reed Army Medical Center for the television 

transmission of the proceedings to audiences in seven 

institutions in the area of Washington. 

Appreciation is expressed to Miss Sara Leslie, Execu- 

tive Editor of FEDERATION PROCEEDINGS, and to her staff 

for editing the proceedings and coordinating efforts of 

the committees, the staff of the Division of Medical Sci- 

ences, and the publisher. 
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Introduction 

JOHN M. HOWARD 

Hahnemann Medical College, Philadelphia, Pennsylvania 

A REVIEW OF EARLIER RESEARCH demonstrates that 
during and immediately following World War I there 
was an obvious increase in studies of traumatic shock. 
With the passing of the military stimulus, investigators 
turned to other areas. Again with World War II the 
spotlight of medical science reverted to studies of shock 
and transfusion. Again the investigative activities 
diminished with the passage of time, but not until the 
value of transfusion had been firmly established. By 
this time the syndrome of posttraumatic renal insufh- 
ciency had been described and hepatitis had been 
demonstrated as a sequel to transfusion, particularly 
of pooled plasma. 

Attention then turned to the development of a plasma 
volume expander. With the advent of the Korean War 
investigative activities were intensified both in the 
combat area and in the civilian laboratory. Experience 
during Korea demonstrated that traumatic shock could 

be well treated in the young man with the skills and 
resuscitative tools then available. Few men died in 
Korea of hemorrhagic shock once therapy had been 
instituted. Whole blood was available in adequate 
quantities in the forward hospitals in that specific theatre. 
Albumin and dextran proved effective forward of the 
hospitals. Treatment of hemorrhagic shock in the young 
man had come a long way! 

With the passage of time since 1953, research in this 

area has again tended to lapse. 
The New Executive Order on The National Research 

Council issued 10 May 1956 by President Eisenhower 
outlined the functions of the Council as follows: 

a) In general, to stimulate research in the... bio- 
logical sciences, and in the application of these sciences 
to... medicine, and other useful arts, with the object 
of strengthening the national defense, and of contribut- 
ing in other ways to the public welfare. 

b) To survey the broad possibilities of science, to for- 
mulate comprehensive projects of research, and to de- 
velop effective means of utilizing. the scientific and tech- 
nical resources of the country for dealing with such 

projects. 
c) To promote cooperation in research, at home and 

abroad, in order to secure concentration of effort, 
minimize duplication, and stimulate progress; but in 
all cooperative undertakings to give encouragement to 
individual initiative, as fundamentally important to 

the advancement of science. 

d) To serve as a means of bringing American and 
foreign investigators into active cooperation with 
the scientific and technical services of the Department 
of Defense and of the civil branches of the Government. 

e) To direct the attention of scientific and technical 

investigators to the importance of military and indus- 

trial problems in connection with national defense, and 
to aid in the solution of these problems by organizing 
specific researches. 

f) To gather and collect scientific and technical in- 
formation at home and abroad, in cooperation with 
governmental and other agencies, and to render such 
information available to duly accredited persons. 

Several years ago a Subcommittee on Shock was es- 
tablished by the National Research Council. It has con- 
tinued to function since that time in an advisory capac- 
ity to the Armed Forces and as a nidus of stimulation 
at the national level. 

During the period of observation of this committee, 
its members have witnessed the increasing appreciation 
of the physiological changes and deficits associated with 

trauma and hemorrhage both in the military and in the 
civilian spheres. The treatment of hemorrhagic shock 
in the young man has been secured. Fluid replacement 
is better although we have little concept as to how im- 
perfect it really is. 

Because the primary problem, namely that of saving 
the life of men of military age from hemorrhage, has 
been largely solved, investigation of the problems of 
shock has again tended to diminish. This Congress on 
Shock has been planned by the Committee on Shock 
and its colleague, the Committee on Trauma, with the 
primary purpose of bringing the investigators up to date 
on the present research, thereby delineating the prob- 
lems in research activities needed for the future. 

Plasma volume expanders have been developed to a 

fairly satisfactory degree and great stockpiles exist for the 
treatment of mass casualties, but little work has been 
done on the effects of irradiations on the treatment of 
the shock in the military or civilian casualty. With the 

broadening frontiers of potential military and civilian 
exploration, few studies have been made of the treatment 

of men injured in frigid climates, subterranean condi- 
tions, or under conditions of outer space. Are the guide 
lines currently available? 

Of paramount concern in civilian surgery is the re- 
fractory shock that all of us have repeatedly seen in the 
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geriatric patient during, and especially following, opera- 
tion. The challenge of posttraumatic renal failure has 
not been accepted by many investigators. Septic shock 
remains essentially the problem that it was 10 years ago. 
Finally, although treatment of shock following burns 
has been improved, it would be an overstatement to 
say that it currently is satisfactory. The inadequacy of 
methods of determining blood and fluid compartments 
almost nullifies such studies to date. 

CONFERENCE ON SHOCK 

In keeping with the Executive Order of the President, 
the reasons that this Congress is being held are: the 
definition of major problems at this time; the delinea- 

tion of currently fruitful areas of exploration by the 
exchange of information at an international level; and 
the stimulation of continuing contribution toward the 
resuscitation after injury of men of all ages under any 

geographical condition. 
It is a pleasure to have you join with us. 
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Some issues in the problem of shock’ 

F. A. SIMEONE 

Department of Surgery, Western Reserve University School of Medicine and 

Cleveland Metropolitan General Hospital, Cleveland, Ohio 

= KEYNOTE OF THIS KEYNOTE ADDRESS is going to be 
“expression without inhibition.” At the very outset, 
therefore, I want to say that I was immeasurably pleased 
to be asked to participate in this conference. To be sure, 
I was surprised by the invitation, because I had the 
feeling that I had reached, as one of my classmates has 
nicely put it, that pleasant stage of negative intellectual 
balance where the loss of information is greater than 
the intake. Be that as it may, this assignment has pro- 
vided me a rare opportunity, namely that of publicly 
asking some questions without having to answer them. 
By definition, all I need to do is to raise some issues 
which are subject to debate. I have considerably more 
liberty than the political keynote speaker who has to 
discuss the issues which will appeal to the entire party; 
I need to mention only those problems in which I have 
been specially interested. And this is fortunate, for to 
outline still other debatable matters would take us far 
into the night. 

Sixteen years ago, Richards (1944) ended his Harvey 
Lecture on ‘“‘The Circulation in Traumatic Shock in 
Man” with the statement ‘““The greatest mistake is to 
suggest, as some have done, that shock is a problem that 
has been solved.” Much has been learned about shock 
since that lecture, and some previously amorphous 
ideas have become crystallized. Some progress has been 
made in the identification of certain metabolic intra- 
cellular derangements incident to shock and trauma, 
and there has been some clarification of the neuroendo- 
crine basis for certain of the observed phenomena. But 
many of the questions asked four and five decades ago 
remain unanswered; new problems have been identified 
and much confusion has been generated by questions 
of interpretation of data. From among the various mat- 
ters which could be debated, I have selected the follow- 
ing: 1) the semantic problem, 2) the role of the heart 
in shock, and 3) the question of bacterial products in 

fatal shock. 

SEMANTIC PROBLEM IN SHOCK 

It would seem heretical to begin a conference on shock 
without discussing terminology. There is no denying 
that a problem of definition exists; the question is what 

‘Supported by U. S. Army Grant Number DA-49-193-MD- 
2022. 

can or should be done about it. Some conferences have 
recognized the problem, but have agreed at the outset 
not to discuss it for fear that nothing else would be 
accomplished during the entire time. There is justifica- 
tion in this attitude but, in all fairness, it is reasonable 
to wonder how much a conference can accomplish if 
each participant bases his remarks on something differ- 
ent from what everyone else has in mind. Little more 
could be achieved than at the tower of Babel. That prog- 
ress has been made in past conferences on shock attests to 
the fact that in most instances the participants basically 
visualized the same disturbance in shock, albeit differing 

from one another in the details. 
On the other hand, from their critical review of what 

had been written about clinical shock during and after 
World War I and from their own observations during 
the Battle of Britain and on the Italian front, Grant and 
Reeve (1951) came to the conclusion that the term shock 
is so lacking in precision as to be of little value. Quite 
rightly, they pointed out that whoever used the term had 
his own understanding of what he meant, which could be 
quite different from the understanding of others. They 
proposed in that publication and again at a Symposium 
on Shock, in this very auditorium (Grant, 1951), that 
since from the clinical point of view the outstanding 
feature of shock is the circulatory pattern presented by 
the patient, this pattern should be utilized for describing 
the patient precisely. Six patterns were suggested, 
utilizing four clinical indices of the state of the circula- 
tion. The circulatory patterns were: normal, cold tachy- 
cardia, warm tachycardia, hypertension, vasovagal, cold 
hypotension, and warm hypotension. The four clinical 
criteria were blood pressure, pulse rate, temperature of 
the extremities, and color of the face. These could easily 
be defined and in most instances the meaning would be 
clear to all. There would be no need for the word 
*‘shock.” But surgical historians tell us that the word is 
two centuries old. Perusal of the sources indicates that 
one century old would be more nearly correct. Neverthe- 
less, even a centenarian word would be difficult to dis- 
lodge from usage. 

It is true that the understanding of any problem is 
hampered by lack of precise definition of important 
terms. However, one is equally justified in the thought 
that clear definition may not be possible when the phe- 
nomena involved are not entirely understood, or when 
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the term is a generic one and is used to define a group or 
class of conditions having a basic similarity but differing 
in important details. The term ‘“‘shock”’ is a useful one if 
we can agree that it implies a situation in which the basic 
problem is an inadequate propulsion of blood into the 

aorta and, therefore, an inadequate flow of blood for 
perfusing the capillary beds of the skin and other organs. 
Cannon (1923) wrote “It seems to me that, in such a 
complex as shock, definition is not a prime requisite. 
The important matter is to obtain a careful description 
of the observed facts.” Those of us who are worried 
that we differ among ourselves with regard to what is 
cause and what is effect in shock, may derive comfort 
from the words of Goethe: ‘““The thinker makes a great 
mistake when he asks after cause and effect. They both 
together make up the individual phenomenon.” 

There is some evidence that investigators are not so 
terribly far apart in their understanding of what shock 
is. During the Second World War, I had the great privi- 
lege of being in charge of a Board of Officers appointed 
to study the severely wounded in the Mediterranean 
theater of war. The Board teemed with talent. It in- 
cluded Tracy Burr Mallory, Henry K. Beecher, Charles 

H. Burnett, Eugene R. Sullivan, Louis D. Smith, and 
Seymore Shapiro. A more discussion-minded group can 
hardly be imagined. I well remember the arguments 
regarding so-called “irreversibility,” the criteria of 
clinical shock, and the question of whether shock was 
all-or-none or susceptible to grading. Nevertheless we 
did decide to evaluate on clinical grounds the severity 
of shock when we first saw the casualty and before the 
physiologic and biochemical data were available. At 
the end of the war in Europe we assembled the records 
of the casualties studied according to the degree of 
clinical shock, ranging in four categories between none 
and severe. We were surprised to see the close correla- 
tion between the degree of shock as evaluated on purely 
clinical grounds and the calculated deficit of circulating 
blood volume and other data. Of even greater interest 
is the close similarity between our classification and 
findings with those reported by Keith in 1919 from his 
studies of battle casualties in World War I. It is note- 
worthy that two groups working over 20 years apart, 
recognized three degrees of wound shock (Table 1). 
In addition there is similarity in the results of the two 
groups with regard to the extent of correlation between 
the degrees of severity and the changes in blood pressure 
(Table 2), the increases in pulse rate (Table 3), and the 
deficits of circulating blood volume (Table 4). At least 
when dealing with wound shock, therefore, the problem 
of terminology is not always a serious one. 

TABLE 1. Clinical Evaluation of Severity of Wound 
Shock in Battle Casualties 

World War I World War II 
(Keith) (Board gine A sf Severely 

None 
Compensated (group I) Slight 

Moderately severe 
Severe 

Partially compensated (group IT) 
Uncompensated (group IIT) 

TABLE 2 

CLINICAL EVALUATION OF WOUND SHOCK 

Systolic Blood Pressure 
Degree of Shock} World War I World War I 
None - 126 2 12 
Slight Over 100 1o9 t+ 3 
Moderate Under 90 9+ 5 
Severe Under 60 49t 8 

TABLE 3 

CLINICAL EVALUATION OF WOUND SHOCK 

Pulse Rate — 
Degree of Shock | World War I World War Il 

None ~ 103 = 7.2 
Slight 90-110 111 4 3,4 
Moderate 120-140 113 + 3.6 
Severe 120-160 116 + 3.3 

TABLE 4 

CLINICAL EVALUATION OF WOUND SHOCK 

Percent. of Blood Volume Lost 
Degree of Shock | World War I | World War 

None - 15 
Slight Less than 20 20 
Moderate 25 to 35 35 
Severe 40 to 50 45 

The clinical picture which we call shock is a resultant 
in common of many etiologic situations which ultimately 
cause inadequate perfusion of tissues and organs. This 
circulatory insufficiency can result through interference 
with any one or more of the components organized for 
circulatory homeostasis. Normal or adequate circulation 
is maintained through nice integration or modulation 
of the activities of these components, namely the heart, 
the vessels, and the blood propelled by the heart and by 
skeletal muscular activity and conducted under pressure 
by the vessels. The latter are locally modified by the 
accumulation or clearance of tissue metabolites. At the 
operational level these elements usually are selfsufficient, 
but a fourth agency is needed to permit the nice adjust- 
ments required when physiologic constancy is threatened. 
This is the neuroendocrine system which we might say 
functions at the policy level and by analogy with what 

goes on in society occasionally goes awry. 
Viewed in this manner, circulatory insufficiency, which 

produces signs and symptoms collectively called shock, 
can have quite different causes which would be treated 
differently. But all in all, the basic problem is that what 
blood is contained within the arteries is under insufficient 
pressure to overcome the arteriolar and capillary resist- 
ances and to perfuse vital capillary beds. Clinically we 
recognize the condition because blood vessels of the skin 
and mucous membranes may be completely void of 
blood and because we have learned to recognize the 
signs and symptoms of physiologic compensatory reac- 
tions. Thus, because of this multiplicity of mechanisms 
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which are brought into play, we cannot expect to find 
a single word or a pair of words which would describe 
the ultimate clinical condition and at the same time 
be sufficiently discriminative to imply the responsible 
one of many possible etiologies. 
We have two alternatives. The first is to abandon the 

word altogether. This I think is unrealistic because the 
word is such a convenient one and has been in use in its 
present sense for over a century. Rather than abandon 
the word shock, I should prefer the second alternative, 
namely to teach that the word is indeed useless out of 
context and that in order to be meaningful must be 
understood in terms of the history of the condition in the 
particular patient or animal and in terms of the physical 

findings. The patient who has suffered a severe coronary 
thrombosis and the patient who has suffered massive 
bleeding into his gastrointestinal tract may both be in 
shock. In both, the heart and the compensatory reactions 
can reach the point where vital capillary beds are inade- 
quately perfused. The two are in shock, but in each the 
antecedent history and the physical findings are different. 
The need for knowing what went on before is not 

uncommon in medical terminology. 
Use of the term “‘wound shock” should be encouraged 

because this comprises a specific group of patients in 
which the wound and its treatment and the patient’s 
neuroendocrine reaction contribute to the clinical effects 
of the underlying abnormality, namely a decrease in the 
effective circulating blood volume. However, even this 
phrase by itself does not tell us what part of the clinical 
picture is hematogenic, what part is vasogenic, and what 
part is neurogenic, to use Blalock’s (1934) classical 
terminology. Monoverbal qualifications of the term 
shock are not sufficiently descriptive for application to 
all clinical situations. This conference may point the way 
to better terminology. 

ROLE OF THE HEART IN FATAL SHOCK 

Next let us turn to the question of what vital areas 
are responsible for decompensation in fatal shock. 
Impaired cardiac function in shock has been suspect and 
a matter of debate for some years. Opdyke and Wiggers 
(1946) reported the time course and characteristics of 
right intraventricular pressure changes in oligemic 
followed by normovolemic shock. From this and other 
evidence, Wiggers (1950) concluded that myocardial 
depression is a frequent complication of prolonged 
shock, but that one can expect considerable variability 
from one subject to the next. Furthermore, until immedi- 
ately preceding death when right ventricular diastolic 
tension is slightly increased as is the systolic ventricular 
volume (Kohlsteadt and Page, 1944), most of the changes 
could be attributed to changes in the venous return to the 
heart so that failure of the myocardium may not be the 
primary problem in fatal normovolemic shock. 
The evidence for myocardial deterioration in shock 

stems from a number of sources, other than the study of 
intraventricular pressures and volumes. There is evidence 

FIG. 1. Calculated pyruvate extractions (A-V/A X 100) from 
dogs before hemorrhage, during hemorrhagic hypotension, during 
oligemic normotension by means of an infusion of /-norepinephrine, 
and after reinfusion of reservoir blood (cf. Catchpole et al., 1955). 
Note the negative pyruvate balance during hypotension, failure of 
restoration with the vasopressor, and only partial restoration with 
transfusion. 

from studies of the electrocardiograph, the coronary 
myocardial circulation, myocardial metabolism, and 
records of myocardial contractile force. 

a) Electrocardiographic evidence for myocardial depression. In 
a study of the electrocardiographs of casualties in shock 
on the Italian front, Burnett, Bland and Beecher (1945) 
observed that diagnostic changes were rare. These were 
previously healthy young men. Under other circum- 
stances, reversible electrocardiographic changes in the 
S-T segment and in the T-Wave have been described 
in human hemorrhagic shock (cf. Master et al., 1947). In 
carefully controlled experiments in which attention was 
paid to possible changes in heart size and position, 
Izquieta and Pasternack (1946) recorded similar changes 
in the electrocardiogram of the dog in early and late 
hemorrhagic shock. 

b) Myocardial circulation in hemorrhagic hypotension. Cor- 
roboratory evidence for myocardial circulatory depres- 
sion is provided from direct and indirect studies of the 
myocardial circulation (Opdyke and Foreman, 1947; 
Edwards, Siegel and Bing, 1954; Sarnoff et al., 1954; 
Catchpole et al., 1955). In general, there is a decrease in 
myocardial blood flow following hemorrhage. Reinfusion 
of blood after a period of oligemic hypotension tem- 
porarily restores the coronary arterial blood flow to 
above normal limits only to fall again to low levels in 
animals which fail to survive. 

During oligemic hypotension, a decrease develops in 
the availability of oxygen to the myocardium (Simeone 
et al., 1959; Caliva et al., 1959). Despite the decrease in 
the work of the heart during the period of hypotension, 
the diminished coronary blood flow and the related 
lowering of the availability of oxygen to the myocardium 
and to other tissues result in cellular hypoxia and serious 
metabolic disturbances. 

c) Myocardial metabolism in oligemic hypotension. There is 
clear evidence that the myocardial carbohydrate metabo- 
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record; electrocardiogram, lowermost record; and myocardial 
isometric contractile force as transduced by “‘force gauge,” middle 
record. Chest open. Pentobarbital anesthesia. Note the prompt 
drop in myocardial force with onset of bleeding during oligemia. 

lism is deranged during oligemic hypotension and fatal 
shock (Edwards et al., 1954; Hackel and Goodale, 1955). 
The extraction of dextrose from the coronary arterial 
blood is less than normal. Even more striking is a reversal 
of the normal pyruvate positive balance (Fig. 1) to a 
negative balance in which the myocardium contributes 
pyruvate to blood returning to the coronary sinus instead 
of extracting pyruvate from the arterial blood. The 
effect on dextrose metabolism is difficult to explain on 
the basis of the available data. The observation regarding 
pyruvate could be explained by a failure of cocarboxylase 
activity both in the myocardium and in other tissues as 
the result of hypoxia (Ochoa, 1939). Burdette and 
Wilhelmi (1946) showed, some years ago, that myo- 
cardial slices from rats in hemorrhagic hypotension could 
utilize pyruvate under appropriate conditions, but at 
best the utilization was not as great as by slices from 
control animals. Cocarboxylase is needed to permit 
pyruvate to enter the Krebs cycle. The relative hypoxia 
associated with poor tissue perfusion could lead to inacti- 
vation by dephosphorylation of cocarboxylase in the 
myocardium and even more so in other tissues (Greig, 
1944 a and b). Of particular interest is the fact that this 
metabolic derangement in the heart is not corrected by 
restoring the myocardial circulation to normal or above 
normal by means of vasopressor agents and only partly 
toward normal by the transfusion of blood (Fig. 1). 

Thus there is no doubt that the myocardium of the 
dog is adversely affected by oligemic hypotension. 
However, when provided with blood, even though the 
heart may be on the verge of failure, the myocardium 
will pump the blood into the aorta with nearly normal 
force (Fig. 2) until the very end. In man, the heart is 
known to withstand considerable insult. It frequently 
recovers normal function after major occlusions of its 
coronary blood supply. In approximately half the 

3 Minutes after bleeding 30 Minutes ofter bleeding 30 Minutes after reinfusion |2OMinutes after reinfusion 

Cardiac output and myocardial oxygen availability low during 
this time. With reinfusion, myocardial force returns immediately 
to nearly normal, along with restoration of coronary blood flow 
and oxygen tension. Force then again deteriorates along with 
venous return and cardiac output. 

cases, it starts again after stopping for toxic, hypoxic, 
and for unknown reasons. It is reasonable to doubt 
that the heart plays a primary role in fatal hemorrhagic 
shock. Of greater immediate importance is the venous 
return to the heart. It would seem that other organs 
and tissues may fail before the heart. The small periph- 
eral blood vessels, at least those of the skin, do not ap- 
pear to fail. The response of the circulation of the 
dog’s paw to intravenously injected |-norepinephrine is 
not impaired by prolonged oligemic hypotension 
(Catchpole, Hackel and Simeone, 1955). Especially 
suspect in the dog is the brain. In survival experiments 
in dogs under local anesthesia, we observed that those 
animals which died usually failed to regain consciousness 
after the stupor which always develops after the animals 
had been bled to severe hypotensive levels. The animals 
which survived usually awakened promptly or shortly 
after the predetermined period of oligemic hypotension. 

ROLE OF BACTERIAL PRODUCTS IN FATAL SHOCK 

A great body of evidence has been amassed to indicate 
that intestinal bacteria play a major role in the failure 
of animals to recover from prolonged oligemic hypoten- 
sion (cf. Fine et al., 1959 for summary). Presumably, these 
bacteria elaborate endotoxins within the gastrointestinal 
tract or possibly in other tissues. The endotoxins reach 
the circulation, but under normal circumstances are very 
promptly removed by the reticuloendothelial system. 

The effect of hypotension, whether hemorrhagic or from 
other causes, is to depress the properdin system and the 

reticuloendothelial system to the extent that the endo- 
toxins accumulate in the animal and in some way affect 
the circulation so that recovery is impossible. 

It is not possible at this time to review the whole 
evidence for this concept, but it may be stimulating to 
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raise a question or two. We might state at the outset 
that, in recent years, attempts to demonstrate a role for 
infection in fatal wound shock in man have been unsuc- 
cessful. The data in support of the concept pertain to 
animals, but I hasten to add that this does not detract 
from the observations which have been made and 
recorded from the laboratory on this subject. 

It is self evident that both insidious and fulminant 
infection can lead to eventual cardiovascular collapse and 
death both in animals and in man. But the concept that 
circulating exotoxins (Aub et al., 1947) or endotoxins are 
instrumental in the fatality of prolonged hemorrhagic 
shock, wound shock, or tourniquet shock is not so readily 
apparent. We may very briefly examine the evidence 
(Fine et al., 1959). First there is the point that the admin- 
istration of liver pulp from animals long in shock is 
lethal to animals in otherwise still reversible shock (Fine, 
1954). This would prove that such liver pulp is bad for 
dogs which have been oligemic and hypotensive for 2 
hours, but does not necessarily imply the presence of a 
toxin. Could the extract of such a liver be charged with 
fixed acids and be so low in pH as to overwhelm the dog 
which already has been hypotensive for 2 hours and has 
undoubtedly developed a certain degree of metabolic 
acidosis? I should like to return to this point again in 
connection with the transfusion of “shock blood’’ to the 
“prepared dog.” 
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Data have been provided to the effect that perfusion 
of the liver (Frank et al., 1946; Seligman et al., 1947) 
protects against the development of ineffectiveness of 
transfusion in oligemic hypotension. There are two ques- 
tions in this connection. Can one be certain that some 
of the perfusing blood does not in fact reach the systemic 
circulation and remain in it? Although precautions were 
taken against the possibility, the same question can be 
asked of the recent experiments of Lillehei (1957) who 
showed improvement by arterial perfusion of the intestine 
during oligemic hypotension in the recipient. Can the 
perfusing blood serve as a dialyzer of a sort and thereby 
help to prevent the metabolic acidosis of shock? These 
questions may seem trivial at this time, but we shall refer 
to them again. 

The injection of a small amount of endotoxin into 
the circulation of a dog which is on its way toward 
irreversibility has proved to be lethal. This is not 
surprising. Prolongation of the oligemia and the hypoten- 
sion can accomplish the same end, but this does not 
prove that endotoxin is responsible for it. Hemorrhages 
are found in the intestine of dogs which die from the 
injection of endotoxin and in the intestine of those which 
die of prolonged oligemia and hypotension after the 
reinfusion of blood, but this is not necessarily a reaction 
specific to endotoxin. Could it, in some cases, be due to 
relative ischemia and the action of intestinal enzymes? 
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FIG. 3. Measurements of systemic arterial pressure, portal vein 
pressure (through catheter in splenic vein), and vena caval pres- 
sure before, during, and after severe hemorrhage. Note that portal 
pressure does not rise above normal during the period of oligemia. 
Nor does it rise after reinfusion to any great extent if the actual 
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ART CO, 9.1 vol% 
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PH 7.00 

portal pressure is calculated as portal pressure minus vena caval 
pressure. Added along the abscissa are measurements of the re- 
spiratory gasses and the pH. Note the metabolic acidosis with 
added respiratory acidosis in the middle period and the severe 
acidosis in the late period. 
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The lesion does not develop in all animals. It has been 
observed in less than half of our animals which died 

(Hackel and Catchpole, 1958). Nor does it absolutely 
mean irreversibility, for it is found occasionally at autopsy 
in dogs which survived prolonged severe oligemia. 
Indeed, if it is true that the lesion invariably accompanies 

fatal endotoxin injection, this is one way in which the 
two conditions differ. Nor is the gastrointestinal tract 
the only target organ for hemorrhages. In our animals 

(Hackel and Catchpole, 1958), hemorrhages beneath the 
endocardium of the ventricles, particularly the left, were 
even more common than hemorrhages in the intestine. 
Therefore, it is reasonable to wonder about both the 
significance and the specificity of the hemorrhagic 
intestinal reaction. 

There is further cause to question similarity between 
the animal dying of shock due to the injection of endo- 
toxin and the animal dying of prolonged oligemic 
hypotension. Weil et al. (1956) demonstrated a tem- 
porary rise in portal vein pressure in animals injected 
with endotoxin and showed that it occurred for a matter 
of minutes regardless of whether the systemic arterial 
pressure fell or was maintained at a constant normal 
level by artificial perfusion. Recent work in our labora- 

tories with Weidner and Tomin has shown very clearly, 
and Wiggers, Opdyke and Johnson (1946) reported 
similar findings in 1946, that the portal pressure falls 
abruptly with sudden hemorrhage along with a fall in 
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the vena caval pressure (Fig. 3). Slowly the portal 
pressure returns toward normal and when the blood is 
reinfused after g0 minutes of severe hypotension both 

the portal and the systemic venous pressures rise, but 
if the vena caval pressure is subtracted from the portal, 
the latter shows no rise at all in about one fourth the cases. 

Furthermore, a rise in portal pressure is not specific 
for endotoxin. Quintero et al. (1959) showed that it will 
rise when acidosis is produced in dogs by the injection of 

hydrochloric acid. With Weidner and Tomin we have 
recently shown a sharp rise in portal pressure with 
respiratory acidosis (Fig. 4) without hypoxia, and with 

hypoxia (Fig. 5) without acidosis. 
The finding of lesions characteristic of a generalized 

Shwartzman phenomenon in animals dying of prolonged 

oligemic and normovolemic hypotension has _ been 
advanced as another similarity between this and the 
shock brought on by the injection of endotoxin. Hackel 
(Hackel and Catchpole, 1958) very carefully studied the 
histology of the heart, lungs, liver, intestine, stomach, 
and kidneys both in animals which died following 

prolonged oligemia and hypotension and in those which 
lived and later were autopsied. A Shwartzman 
phenomenon was not found. We have since studied more 
animals after the same general kind of experiments. In 

the kidney, we have observed submucosal hemorrhages 
in the renal pelvis, but nothing to suggest a generalized 

Shwartzman phenomenon. 
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FIG. 4. Records of systemic arterial pressure, portal vein pres- 
sure, and vena caval pressure before, during, and after inhalation 
of 25% carbon dioxide. Measurements of the respiratory gasses 
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and the pH are recorded along the abscissa and demonstrate the 
respiratory acidosis. Nembutal anesthesia; curarized. 
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FIG. 5. Same preparation as in Fig. 4 but inhalation of 98% nitrogen instead of carbon dioxide. Figures along the abscissa 
show hypoxia without acidosis. 

Of course these are negative observations in the dog 
and | must not imply that the Shwartzman phenomenon 
did not occur in the rabbit experiments cited by Fine et 
al. (1959). I merely want to state that it is possible for 
dogs to experience prolonged oligemic hypotension and 
either survive it or not without showing the Shwartzman 
phenomenon. 
A word should be said about experiments on protection 

against prolonged oligemic hypotension by means of 
pretreatment with enteric antibiotics, even when these 
agents are not absorbed into the circulation. The data, 
at best, are not clear-cut with regard to statistical signifi- 
cance especially when one is dealing with prolongation 
of the time within which reversal is possible. The vari- 
ables in a problem such as this are legion. For example, 
the establishment of a desired low level of hypotension 
may vary between 5 and go or more minutes depending 
upon the size of cannula used, the rate of hemodilution 
which starts with remarkable rapidity, and the level at 
which the collecting bottle is placed. The actual duration 
of severe hypotension in the animal, over a total period 
of 2 hours, could vary by as much as 25-50%. The rate 
at which blood is returned to the animal also must be 
carefully controlled, for it is well known that if an animal 
has been in severe oligemic hypotension for go-120 or 
more minutes, the return of its blood intra-arterially 

within 5 minutes or so will precipitate heart failure and 
death. Thus the rate of transfusion can be an important 
variable with regard to survival. 
The development of techniques for working with 

TABLE 5A, B 

WOUND SHOCK AND ALKALI RESERVE 
(a) (after Capt. Walter B, Cannon, M.O.R.C., 1919) 

Mean CO» Capacity 
(vol. percent, ) 

Systolic Blood Pressure 
(in mm. Hg.) 

Number of Cases 

4 over 100 53 
18 80-100 50 
19 60-80 40 
6 40-60 33 

ACIDOSIS IN WOUND SHOCK, HAEMORRHAGE 
8) AND GAS INFECTION 
Ss (Cannon, 1919) 

CO, Capacity , 
Number of (vol. percent.) | Mean Arterial Pressure 
Cases Mean] Range (in_mm. Hg.) 

6 24 20-29 49 
8 35 30-39 59 

26 44 40-49 61 
7 53 50-59 69 

germfree animals had raised the hopes of those interested 
in this field that the role of endotoxins in hemorrhagic 
shock would bz settled. This hope has not come to pass. 
However, although it is possible that germfree animals 
harbor heat-stable endotoxins in their intestines, having 
acquired these toxins from ingested food, the fact that in 
response to hemorrhage and trauma they behave very 

much as do the germ-laden animals (McNulty and 
Sinares, 1960) is evidence against the significance of 
toxins of bacterial origin in the progression of oligemic 
hypotension to fatal shock. 
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Finally, it is worth commenting on the really basic 
observation on this question, namely that when blood 

is taken from an animal about to die from prolonged 
hemorrhagic shock and is transfused into an animal that 
has been oligemic and hypotensive for some 2 hours, the 
recipient so prepared will not survive. Had this recipient 
been transfused with its own blood from the reservoir, 
it would have lived. It is reasonable to  con- 
clude that the ‘‘shock-blood” contained an injurious 
factor, but is this factor a toxin of bacterial origin? 
The recent observations by Nahas, Mittelman and 
Manger (1960) are pertinent to this question. They 
bled dogs an average of 49 ml/kg of body weight 
within a period of 10 minutes. At the end of this time 
the arterial pH of these animals was 7.36. The oligemic 
animals were then reinfused with homologous dog blood 
which had been stored in ACD solution (sodium citrate 
1.32, citric acid 0.44, and dextrose 1.47 %) for 1-10 days. 

Prior to transfusion the stored blood had pH values of 
6.34 to 6.91 (av. 6.47). Transfusion was completed in 
4-12 minutes. Eighty-five per cent of these animals died 
in cardiac arrest with an arterial pH of 6.92. A similar 
group of oligemic dogs were transfused with stored blood 
which, prior to infusion, had been balanced with trishy- 
droxymethylaminomethane (THAM) to bring the pH to 
an average of 7.56 (range 7.41-7.80). When transfused 
with this blood, 85% of the animals lived, the average 
pH at the end of transfusion being 7.20. 

One may conclude from these experiments that the 
oligemic dog cannot tolerate acidotic blood. Could this 
be a factor in the death of animals transfused with blood 
taken from dogs about to die from oligemic shock, and 

can this blood be compared with ACD stored blood? That 

some degree of acidosis accompanies shock has been 

known for many years and was demonstrated among 

battle casualties by Cannon (1919) who used the then 
newly developed apparatus of Van Slyke (Table 5 A 
and B). From studies in man, Richards (1944) reported 
pH values of 7.09-7.24 in four patients. Reference to 
Figure 3 shows that the acidosis after 2 hours of oligemic 
hypotension can be quite severe reaching a pH of 6.87 
with a verv high pCO, in this particular case. This 
animal died after some 5 hours in clear metabolic 
acidosis. Somewhat similar data have been provided by 
Root et al. (1947) working in Dr. Gregersen’s labora- 
tories. The terminal pH in one of their animals was 6.8. 
If acidotic blood can kill oligemic animals which are 
themselves not yet acidotic, would it not be possible for 
acid ‘“‘shock blood’’ to kill animals already in acidosis 
without invoking a bacterial toxin at all? 

EPILOGUE 

If we accept all these questions as valid, one begins to 

wonder whether we know anything about shock and 
whether we can agree on anything. To adopt an opti- 
mistic viewpoint and limit our thinking to wound shock, 
or the shock associated with trauma, I believe we can 
agree that while the clinical picture is a complex one 
unexplained by hemorrhage alone, the fundamental or 
initiating abnormality is a circulating blood volume 
which is too small to fill the arterial tree in a normal 
manner and to perfuse important capillary beds effec- 
tively. In wound shock this results from loss of whole 
blood or plasma or both from the circulation. In other 
types of shock the blood volume may not be lost from 
the body, but may be shifted from the arterial to the 
venous side of the circulation. Alexander (1955) has very 
nicely demonstrated the hemodynamic importance of 
venomotor tone in hemorrhage and shock. In all types 
there is a decrease in the cardiac output. 
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It might be advisable to divide the onset and progres- 
sion of shock into three phrases. As others before us have 
pointed out (Price et al., 1941), the initial circulatory 
depression which follows hemorrhage is for the most part 
a problem of hemodynamics. This hemodynamic 
response (Fig. 6) could be called the first phase. Differ- 
ences of opinion exist even in this phase, but they are 
minor. The second phase of the sequence is the period 
of subliminal tissue perfusion which results in a turn to 
anaerobic metabolism and to a state of progressing 
metabolic acidosis. This phase lasts a variable period of 
time depending upon the severity of the circulatory 
deficit and there is lack of precise information with 
regard to what the metabolic derangements are. Also, 
the data regarding the physiologic circulatory adjust- 
ments in such vital organs as the brain, the heart, the 
liver, the kidneys, and the skeletal muscles are inade- 
quate. In this phase we begin to encounter interesting 
disagreements with regard to therapeutic measures for 
correcting or counteracting these direct effects of blood 

loss and the consequent physiologic adjustments 

(Simeone, 1959). In the end, the metabolic cellular 

insult reaches a degree which kills the cells in the sense 

that they cannot recover and the animal dies. This is 

the third phase, and it is here that lack of information 

prevails and argument and disagreement abound. In 

this third phase, transfusions of large volumes of blood 

fail to restore the animal to life. The circulation con- 

tinues to fail. The same applies to man. We can ask the 

same question which Cannon (1923) asked in 1923: 

“Where is the blood which is out of currency?”’ If it is 

held back in some vascular beds, what has happened 

which permits this impounding? Are toxins instrumental 

in this cellular functional derangement or do the meta- 

bolic changes reach the point where enzymes are 

destroyed and proteins are denatured? I have every 

expectation that this conference will lead the difficult 

but exciting way to the answers for some of these 

questions. 



Development of knowledge of traumatic 

shock in man 

E. B. REEVE 

Department of Medicine, University of Colorado School of Medicine, Denver, Colorado 

in WORD SHOCK has been used in a number of differ- 
ent senses, for instance, as a clinical description—this 
was essentially Cannon’s (1923) use of the term; as a 
description of some underlying disturbance—for instance 
Blalock’s (1940) definition of shock as ‘peripheral 
circulatory failure”; and finally as the causation of some 
underlying disturbance—this is implied in the state- 
ment “shock is hemorrhage, hemorrhage is shock.” 
Confusion has arisen, first when the word is used in a 
single and consistent sense but the definition is so loose 
as to lack clarity, second when it has been assumed that 
because the same word has been used to describe both a 

clinical picture and some underlying disturbance the 
two were necessarily related, and third when the word 
shock is used without clearly defined meaning. To avoid 
such confusion in the following account ‘traumatic 
shock”’ is defined as the group of clinical pictures of the 
severe circulatory disturbance seen in previously healthy 
men suffering from extensive traumatic injuries which 
do not involve vital organs, such as the heart or brain, 
within the first 48 hours of injury. This period includes 
usually the time from wounding till the early postopera- 
tive period. Arbitrarily the circulatory disturbances 
associated with anesthesia, particularly when badly 
administered, are excluded. The definition focusses 
attention primarily on the circulatory disturbances and 
not on the many other features of the response to trauma. 
Using this definition, first the development in recognition 
of the different clinical pictures will be traced, then the 
development in knowledge of the disturbances under- 
lying these clinical pictures, and finally some account 
will be given of the evolution of theories of causation. 
The period covered will be that between the First World 
War and the mid nineteen-fifties. 

CLINICAL PICTURES THAT MAKE UP TRAUMATIC SHOCK 

The response of patients to traumatic injuries was 
first intensively studied towards the end of World War I, 
and W. B. Cannon (1923) summarized the results of 
these studies, with his interpretations of them, in his 
book ‘**Traumatic Shock.’ In the first few pages he 
cites two descriptions of patients, taken from earlier 
accounts, who showed he believes, the typical picture of 
traumatic shock. Both patients suffered injury—one 

from a blow in the abdomen, the other from a compound 
comminuted fracture of a limb. They were pale, a little 
cyanosed, were cold and sweating, listless and apathetic; 
the pulse rates were rapid and the blood pressures low. 
At post mortem on one there were no findings to explain 
the illness, nor was there any apparent cause for the 
illness clinically, except the injury Thus, after injury 
a state of mental and physical prostration may ensue 
with marked circulatory disturbance, which may end in 
death. Cannon later says this condition, which we may 
call Cannon’s traumatic shock, may come on immedi- 
ately after injury (primary shock) or after some hours’ 
delay (secondary shock), and that both primary and 
secondary shock may later show amelioration with a 
restoration of blood pressure or may progress steadily to 
death with a falling blood pressure. These pictures are 
seen typically after severe trauma, for instance after 
extensive compound fractures with much tissue damage. 
Commonly associated with them is hemoconcentration. 

This picture of Cannon’s traumatic shock which has 

been pieced together from his book, might appear at 
first sight to consist of a single syndrome, but later work 
showed it, in so far as it was true, to be a composite 
picture of a number of syndromes. 

In the years between the two world wars, though some 
experimental work was done on “‘shock,’”’ much of it 
inspired by the observations of the First World War and 
their interpretation by Cannon, there was little further 
definition of the clinical pictures associated with trauma 
in man. Some observations (Lewis, 1932; Weiss et al., 
1937) however, were reported on the vasovagal syndrome 
or faint which is characterized by profound pallor, 
sweating, low blood pressure, slow pulse, nausea and 
often loss of consciousness, and which is usually transient. 

Characteristically this condition passes off when the 

subject of it becomes supine. Also Phemister and 

Livingstone (1934) noted that during intraabdominal 

operation, particularly in the upper abdomen, falls of 

blood pressure might occur with slowing of the pulse 

and that these might be transient or persist. 
It was only in the Second World War that further 

clinical definition was attained by a number of groups 

of observers (Cournand et al., 1943; Richards, 1944; 

Evans et al., 1944; Chute et al., 1945; Emerson and 
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Ebert, 1945; Noble and Gregersen, 1946; Grant and 
Reeve, 1951; Beecher, 1952). A number of different 
clinical pictures of circulatory disturbance were then 
noted (Grant and Reeve, 1951), but those meeting our 
definition of severe fell into two patterns. The first of 
these, and much the more important, may be called 
Cold Hypotension and this bears many resemblances to 
Cannon’s picture. It typically occurred in patients with 
extensive injuries either soon or some hours after injury, 
but it might occur at any time before, during or soon 
after operation. It typically developed with time and 
usually persisted or worsened without treatment. The 
systolic blood pressure was below 100 mm Hg or, in 
extreme forms, below 70 mm Hg, the pulse rate was 
usually rapid (above 100), the pulses were thin or 
impalpable, the patient was usually pale and his extremi- 
ties were cool or cold. However, unlike Cannon’s descrip- 
tion, the patients were mentally alert, cyanosis was rare 
and if present, slight, nausea and vomiting were uncom- 
mon, and the patients were neither listless nor apathetic. 
Further such patients showed no evidence of hemo- 
concentration but usually some reduction in levels of 
hemoglobin and total plasma protein concentrations. 
The second pattern may be called the depressor 

pattern and includes a group of responses. Its chief 
characteristic is a sudden and often transient fall of 
blood pressure which may be superimposed on a previ- 

ously normal circulatory pattern or on a picture of cold 
hypotension. It occurs not uncommonly, but only rarely 
is it severe enough to endanger life. One form is a vaso- 
vagal like attack, similar to that described above, with a 
slowing of the pulse, which seems to be provoked by 
emotional or painful stimuli. When seen with small 
wounds it usually responds rapidly to warmth and rest 
in the supine position but may be reprecipitated by 
further painful stimuli. It is seen during operation, 
apparently in response to manipulations of injured parts, 
such as application and removal of tourniquets, move- 
ment of fractured bones and the incision of soft tissues. 
Rarely a vasovagal like attack in reponse to manipula- 
tion of fractures during operation may prove rapidly 
fatal (Grant and Reeve, 1951, p. 43). More often it may 
lead to a persistent fall in blood pressure. At times the 

falls in blood pressure associated with manipulations 
may be accompanied by increased pulse rates. Depressor 
responses with either a slowing or speeding of the pulse 
are common during intraperitoneal operations on 
patients with perforating abdominal injuries, and at 
times result in death (Grant and Reeve, 1951, p. 147). 
The depressor responses so far described appear to be 
reflex. Very similar responses may occur as the result 
of a brisk hemorrhage before or at surgical operation. 

DISTURBANCES OF FUNCTION UNDERLYING THE CLINICAL 
PICTURES FORMING TRAUMATIC SHOCK 

The clinical pictures described show evidence of 
disturbed circulatory function in the changes of blood 
pressure, pulse rate and blood flow through the extremi- 

ties. Further knowledge of this disturbance developed 
through measurements of blood volume, cardiac output 
and blood flow through certain organs and tissues made 
in injured men, and through observations on the response 
of the circulation to transfusion. Blood volume measure- 
ments distinguished two different types of Cold 
Hypotension. 

Blood Volume Measurements 

A number of measurements of blood volume with the 
vital red method were reported during the First World 
War (Cannon, 1923). Keith’s (1919) observations were 
outstanding. He showed that wounded soldiers with 
(from his description) Cold Hypotension had reduced 
blood volumes and that in general the lower the blood 
pressure and the more rapid the pulse rate the lower 
the blood volume. Because of doubt about the accuracy 
of blood volume methods, and perhaps also because the 
findings did not fit in with the theories that became 
popular, these findings were later disregarded. In the 
interval between the two world wars experimental work 
on blood volume measurement by the dye method, 
notably by Gregersen and his collaborators (Gregersen, 
1946), renewed confidence in measurements of blood 
volume; while after the Second World War a number of 
labeled cell methods were developed which were less 
open to criticism than the dye methods. During the 
Second World War a number of groups of observers 
made measurements of the plasma and blood volume 
with the dye method in injured men, with the more nu- 
merous observations in battle casualties (Cournand et al., 
1943; Evans et al., 1944; Chute et al., 1945; Emerson 
and Ebert, 1946; Noble and Gregersen, 1946; Grant 
and Reeve, 1951; Beecher, 1952). All concurred in 
finding a much reduced blood volume in the great 
majority of patients with the picture of Cold Hypoten- 
sion. The findings were that in previously fit young men 
who had suffered extensive limb injuries and showed a 
systolic blood pressure below 100, and a pulse rate 
above 100, the blood volume was reduced tc about 70 % 
of normal levels. With more extreme cold hypotension 
and systolic blood pressures of 70 mm Hg or below and 
pulse rates of 120 or above, the blood volume was of the 
order of 60% of normal levels. In untransfused patients 
there was a greater reduction of red cell volume than 
plasma volume and a greater reduction of hemoglobin 
concentration than total plasma protein concentration. 
The rather few blood and red cell volume measurements 
with labeled red cells reported during the Korean War 
do not contradict these findings (Artz et al., 1955; 
Prentice et al., 1955). 

This type of Cold Hypotension, which may be termed 
Cold Hypotension A, needs to be distinguished from a 
much less common type, the Cold Hypotension seen in 
association with bacterial infection, which may be termed 
Cold Hypotension B. The latter is seen typically in 
injured men who have suffered penetrating wounds of 
the abdomen with perforations of the large intestine 
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and without evidence of blood loss or dehydration, in 
whom treatment has been delayed. The blood pressure 

may then be low, the pulse rate raised, the extremities 
cold, the mind may be clear, fever may or may not be 
present, and the clinical picture may be almost indistin- 
guishable from Cold Hypotension A. However, in such 
cases measured blood volumes may be normal or little 
reduced (Emerson and Ebert, 1945; Grant and Reeve, 
1951). The Cold Hypotension that may occur with 
bacterial infections was recognized at the time of the 
First World War (Delbet, 1917; quoted by Cannon, 
1923). It may occur with clostridial infections 

(Mcfarlane and MacLennan, 1945), with pneumococcal 
pneumonias (Ebert and Stead, 1941) and with certain 
gram-negative bacterial infections, (Borden and Hall, 
1951). A bacteremia is often present and the outcome 
is commonly death. Further details will be found in the 
paper of Ebert and Abernathy (1961) in this symposium. 

The relation between the level of blood volume and 
the various depressor patterns is less clear cut. The 
typical syncopal attack may be seen in response to 
emotional upset in healthy vigorous men in whom a 
normal level of blood volume can be presumed. How- 
ever, the experimental vasovagal attack is more readily 
provoked by emotion with some reduction of blood 
volume, as by bleeding (Barcroft and Swan, 1953). 

Further there is strongly suggestive evidence that many 
of the depressor responses, apparently reflex in origin, 
that are seen during surgical operation, are more readily 
provoked in men with blood volumes reduced to between 
70 and 80% of normal levels than in men with blood 
volumes well above 80% (Grant and Reeve, 1951, p. 
50 et seq.). 

Measurements of Cardiac Output and Blood Flow 
to Certain Tissues 

According to Cannon (1923) in his traumatic shock 
there was a reduction in blood volume which first resulted 
in a reduced blood flow to the ‘peripheral tissues,” but 
if great enough resulted in a fall in blood pressure, with 
reduced blood flow to all the tissues, and consequent 
decreased metabolism. If the metabolism in certain 
essential tissues became too low changes in them occurred 
which led to death. No observations on man that could 
test these views were made till the Second World War. 
Then Cournand, Richards and their collaborators 
(Cournand et al., 1943; Richards, 1944; Lauson et al., 
1944), made studies of the circulatory, renal and respira- 
tory function in a group of civilians, many of them 
elderly, who were suffering from hemorrhage, various 
injuries and various surgical conditions, in a number of 
cases complicated by alcohol ingestion. The subjects 
were classified into various degrees of shock, which was 
not defined clinically, and an account was given of only 
a few of the individual cases, most of the measurements 
being reported as average values. Fortunately, however, 
enough information is given so that the measurements in 

patients suffering from multiple fractures and Cold 
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Hypotension A can be distinguished from the others. 
In four such patients (Cournand et al., 1943) with an 
average blood pressure of 63/32 and pulse rate of 137, 

both blood volume and cardiac output were reduced to 
about 60 % of the predicted normal levels, the hematocrit 
was reduced on the average to about 70 % and the total 
serum proteins to about 80% of probable initial levels, 
the lung ventilation rate was about doubled, the oxygen 
intake was not reduced but slightly raised (normal 
average 154 ml/min per square meter body surface, 
patients’ average 176 ml) the arterial blood oxygen 
saturation was normal, the arterial blood pH was 7.28 
(average normal 7.42) and the mixed venous blood 

oxygen saturation was 28 % (average normal 68%). The 
peripheral resistance calculated from cardiac output and 
arterial pressure was a little reduced. There were similar 
findings in a group of four patients suffering from hem- 

orrhage uncomplicated by much traumatic injury (in 
three from the gastrointestinal tract, in one externally 

from a cut throat). These findings show the marked 
reduction of cardiac output with reduced blood volume 
after traumatic injury and hemorrhage, the greater 
utilization of the arterial oxygen, and the acidosis, the 
latter known to Cannon. That there might be little or 
no reduction in cardiac output in men bled up to 15% 
of their blood volume was shown by Warren et al. (1946). 
The findings of Lauson et al. (1944) showed that in 
similar patients suffering from traumatic injury and 
Cold Hypotension A there was marked reduction in 
glomerular filtration rate and renal blood flow 
accounting for the oliguria seen. The destructive effects 
on the kidney of prolonged periods of reduced renal 
blood flow associated with prolonged Cold Hypotension, 
type A, are described in Beecher (1952). 

Very few similar observations have been reported on 
men suffering from Cold Hypotension B, associated with 
infection and without reduced blood volume, though 
they would be of the greatest interest, (Gilbert, 1960). 

Observation on subjects in whom vasovagal syncopal 
attacks have been induced by tilting and hemorrhage 
yield very different findings (Barcroft et al., 1944; 
Barcroft and Edholm, 1945; Barcroft and Swan, 1953). 
In them, in spite of the low blood pressure and slow 
pulse, the cardiac output may be little reduced, but 
the peripheral resistance may be reduced by one-third. 
The main site of the reduction in peripheral resistance 
appears to be the muscles, and the vasodilatation is 
reflex, the efferent path being the autonomic vasodilator 
nerves to the muscle vessels. Muscle vasodilatation is 
also seen in the vasovagal attack of emotional origin 
(Greenfield, 1951). How closely the above vasovagal 
responses are related to the depressor responses seen in 
injured men, and whether muscle vasodilatation without 

alteration of cardiac output is responsible for any of 

these is unknown. 

Response to Transfusion 

Blood and gum-saline transfusion were only introduced 
toward the end of the First World War, and then were 
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only given in amounts of 500-1000 ml. Some observers 
thought that both fluids were equally effective and others 
that blood was preferable (Cannon, 1923), but there 
was no study made of the factors governing the response 
to transfusion. During the Second World War it was 
found by all groups of investigators that patients with 
Cold Hypotension A responded to adequate transfusion 
with a restoration of the circulation towards a normal 
state. This consisted of a rise in blood pressure to normal 

levels, and, after any vasoconstrictor effects of the trans- 
fused fluids had passed off, an improvement in skin color, 
warming of the extremities, a reduction in anxiety, and 
increased urine flow. Cournand et al. (1943) showed 

that with the restoration of blood volume by transfusion 
there was an increase in cardiac output and a rise in 
arterial pH and mixed venous blood oxygen saturation. 
What constitutes adequate transfusion subdivides these 
patients into two groups. In those without extensive 
wounds and muscle damage the quantities of transfusion 
required concur with the measured deficits in blood 
volume, unless further hemorrhage occurs. In those with 
very large limb wounds and very great damage to muscle, 
much greater quantities of transfusion than indicated by 
the blood volume deficits measured at any one time are 
required (Grant and Reeve, 1951, p. 250; Artz et al., 
1955; Prentice et al., 1955), but with sufficient blood 
transfusion the response is excellent. Failure of response 

to adequate whole blood transfusion by patients with 
Cold Hypotension A is very rare in the absence of uncon- 
trollable hemorrhage, fat embolism and bacterial infec- 
tion (Emerson and Ebert, 1945; Grant and Reeve, 1951; 
Beecher, 1952). 
On the contrary patients with Cold Hypotension B 

show no response to transfusion of adequate amounts of 
blood or plasma, but the circulatory state persists 
unchanged or worsens (Ebert and Stead, 1941; Emerson 
and Ebert, 1945; Grant and Reeve, 1951). 
The evidence suggests that the depressor responses are 

counteracted or prevented by adequate transfusion 
(Grant and Reeve, 1951). 

THEORIES OF CAUSATION OF TRAUMATIC SHOCK 

By the end of the First World War many theories had 
been advanced for the causation of Cannon’s traumatic 
shock, though, as we now see, this included several 

TABLE 1. Some Theories of the Causation of 
“Traumatic Shock” in Man 

1.* Effect of afferent nerve stimuli arising in the injured region 
2.* Failure of the heart 
3.* Excess vasoconstriction 
4.* Metabolic disturbances 
5.* Fat embolism 
6.* Traumatic toxemia 
7. Failure of the adrenal cortex 
8. Failure of the liver 
9. Hemorrhage 

10. Bacterial infection 

* Discussed by Cannon (1923). 

different conditions; and a considerable part of Cannon’s 
(1923) book is devoted to an examination of these 
theories. Some of the less naive theories are listed in 
Table 1. According to Cannon a satisfactory explanation 
for the causation of his traumatic shock—and it seems 
probably that he had Cold Hypotension in mind—had 
to account for the gradual establishment of the char- 
acteristic low blood pressure typically seen in men with 
large wounds, much muscle damage, reduced blood 
volume and hemoconcentration, when hemorrhage and 
infection were ruled out. (It seems probable, though 
nowhere clearly stated, that Cannon believed that his 
traumatic shock often occurred in the absence of signifi- 
cant hemorrhage and infection.) Cannon proposed 
‘traumatic toxemia’ as the cause of his traumatic shock, 
and it is worth examining the genesis of this theory. 

First, in the preceding decade there had been much 
interest in the effects of a number of substances, including 
peptone, tissue extracts, various venoms and histamine, 
on the circulation. This interest reached a peak with the 
brilliant experimental work of Dale and Richards (1919) 
and Dale and Laidlaw (1919) on the effects of histamine 
on the circulation. Dale and Laidlaw showed that when 
large doses of histamine were given to the cat anesthetized 
with ether, the blood pressure fell, the hematocrit rose, 
apparently because of plasma leakage through the walls 
of the minute vessels, the blood volume was reduced, 

and the animal died from circulatory failure. Dale and 
Laidlaw regarded this picture of “histamine shock” 
as typifying a reaction common to many different 
substances poisonous to the circulatory control, others 
being bee venom and certain bacterial toxins, and yet 
others certain metallic poisons. Second, in not well- 
controlled experiments in cats, Cannon and Bayliss 
(Cannon, 1923) found that muscle contusion to an 
extremity, without apparent external blood loss, could 
produce a picture of falling blood pressure, developing 
acidosis and (Cannon claimed) hemoconcentration, 
ending in death. Tying off the blood vessels to the 
contused extremities prevented the development of the 
picture. The increase in the weight of the contused 
extremity was often too small to allow fluid loss into the 
damaged part to account for the fall in blood pressure. 
Nervous stimuli from the damaged part could be ruled 
out as the cause of the picture, since this still developed 
when a hind limb was contused after the transection of 
the spinal cord above the lumbar plexus. By analogy with 
these animal experiments Cannon concluded that his 
traumatic shock was due to a traumatic toxemia 
“pressure lowering substances passing from the trau- 
matized region to the rest of the body by way of the 
circulation.” This theory had a profound influence on 
much of the experimental work done on shock later. 

For it to apply, it must be shown that hemorrhage and 
infection play no major part—for this Cannon provided 
no evidence, and by analogy with Dale and Laidlaw’s 
experiments that hemoconcentration is at least of 
common occurrence. The observations on the latter 
point in Cannon’s book for both man and animals are 
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unimpressive. It almost appears that Cannon was so 
hypnotized with the work of Dale and others on the 
effects of histamine and with his own theory of traumatic 
toxemia that the observations in men which did not 
fit too well were yet moulded to the theory. And in 
fairness it must be admitted that it was a most attractive 

theory. 
The period between the two world wars may be passed 

over briefly. Moon (1938) generalized from the theories 
of Cannon and the findings of Lewis and Grant (Lewis, 

1927) in their work on the Triple Response to provide 
an all encompassing theory, that in essence all forms of 

shock were due to disturbances of capillary function 
leading to reduced blood volume, reduced cardiac 
output, hemoconcentration and death of the tissues. The 
experimental work of Parsons and Phemister (1930) and 
Blalock (1940), however, questioned the findings of 
Cannon that muscle contusion produced only small 
fluid loss into the damaged tissues and drew attention to 
the considerable local loss of fluids that might occur at 
contused sites. Various substances were suggested as the 

toxic agent in traumatic toxemia (Moon, 1938; Scudder, 
1940). The development of knowledge of adrenal cortical 
function showed that circulatory failure might develop 
with deficient adrenal cortical activity (Swingle and 
Remington, 1944), so that failure of adrenal cortical 
function became a possible caus> for traumatic shock. 
By the start of the Second Wor!.i War, however, it was 

generally held (Drury, 1940; Beecher, 1952) that there 
were two causes of the circulatory disturbances seen in 

the injured, hemorrhage and a condition akin to 
Cannon’s traumatic toxemia. The proper treatment for 
the latter was the infusion of plasma to restore the plasma 
lost through the leaky capillary walls (Cannon, 1923). 

The American army when it first reached North Africa 
in the Second World War was supplied with plasma 
but not with blood transfusion outfits (Beecher, 1952). 

The observations made during the Second World War 
have already been described and it now remains to fit 
them to reasonable theories of causation. This can be 
done with some success for Cold Hypotension A but not 
for the other circulatory disturbances. 

Cold Hypotension A 

The discussion of the causation of this condition is 
subdivided into two parts on the basis of wound size and 
extent of tissue damage. 

1. In men with wounds no greater than “‘large’’ (Grant and 
Reeve, 1951). In such men a satisfactory theory of the 
causation of the Cold Hypotension must account for the 
following features: systolic blood pressure below 100 mm 
Hg, blood volume reduced to 70% or less of normal, 

reduced cardiac output, reduced urinary output, reduced 
oxygen saturation of the mixed venous blood, and a red 
cell volume more reduced than the plasma volume. In 

injured men this picture is commonly associated with 

large wounds from which hemorrhage during the course 

after injury may be seen to occur, though its extent is 

difficult to estimate. The observations of Cournand et al. 
(1943) show that the condition is closely similar to that 
seen with simple hemorrhage without extensive tissue 
damage. Both respond well to adequate whole blood 
transfusion, and the quantity required is reasonably well 
indicated by blood volume measurements made during 

the period of hypotension, provided there is not further 

hemorrhage. Hemoconcentration does not occur, unless 
there is obvious reason for it, such as severe dehydration 
with salt loss. Hemodilution in the absence of trans- 
fusions is not great (Grant and Reeve, 1951), but after 
experimental hemorrhage in man (Ebert, Stead and 
Gibson, 1941) hemodilution is also much slower than in 

experimental animals such as the dog (Walcott, 1945). 
With much reduction of blood volume, response to 
transfusion of blood is usually better than to transfusion 
of plasma or plasma substitutes. Failure of response to 

transfusion without obvious cause such as uncontrollable 
hemorrhage, fat embolism and superadded infection is 
very rare. Looking now at Table 1 with its list of sug- 
gested causes, only hemorrhage seems to account for this 

picture, so that it appears that the prime factor is hemor- 

rhage. This does not exclude additive effects of metabolic 
disturbances, afferent nerve stimuli, and perhaps even 
the liberation of vasoactive materials from damaged or 
infected tissues, but these effects are of less importance, 
and do not prevent restoration of the circulation by 
transfusion of blood. Though a small or moderate degree 
of fat embolism of the lungs is common after limb injuries, 
this can probably be excluded as a cause of illness except 
in a very few cases showing the advanced picture of fat 
embolism (Grant and Reeve, 1951; Beecher, 1952; 
Grant, 1954; Scully, 1955). For, there is no parallel 
between the degree of fat embolism seen and the severity 
of the circulatory disturbance. Adrenal insufficiency can 
also be excluded since observations show evidence of 

marked adrenal cortical activity (Howard et al. 1955b), 
and no evidence of the characteristic changes in plasma 
electrolytes (Howard et al., 1955a). 

2. In men showing “‘very large’? wounds (Grant and Reeve, 
1951). Speaking generally, because there are occasional 
exceptions, patients showing more than five fistful’s of 
tissue damage show the following features. They present 
with very severe circulatory disturbance often with very 
low or unmeasureable arterial blood pressures, with 

heart rates of over 120, measured blood volumes of 60 % 
normal or less, and presumably very greatly reduced 
cardiac outputs. Before transfusion there may be clear 
cut evidence of hemodilution with falls in hemoglobin to 
70 % of presumed initial levels, and red cell volume may 
be reduced to 50% or less of normal values. They are 
often seen to continue to bleed from their wounds till 
the early postoperative period. Such hemorrhage may be 
rapid but is difficult to measure. These patients die very 

soon unless rapidly transfused, and show a high mortality 
(Grant and Reeve, 1951; Artz et al., 1955). They respond 

best to very large amounts of transfusion of whole blood 
or blood and plasma mixtures, (Grant and Reeve, 1951; 
Artz et al., 1955) quantities of the order of one or more 



et al. 
» that 
tissue 
blood 

y well 
uring 

irther 
inless 
ation 
rans- 
after 
and 

an in 

945). 
se to 
usion 
se to 

lable 
on is 
-sug- 
r this 
mor- 

bolic 
even 
-d or 
ince, 
n by 
gree 
Iries, 
cept 

of fat 

952; 
-allel 

erity 
can 
e of 

5b), 
isma 

eve, 
onal 
’s of 
ssent 
very 
with 
0 % 
iced 
lear 
in to 
may 
are 

> till 

y be 
very 

ality 
ond 

lood 

O51; 
nore 

CONFERENCE ON SHOCK 17 

times the total quantity of the blood initially present in 
their bodies often being required. With such treatment 
many recover, though a number later develop severe 
renal disturbances (Artz et al., 1955). Measurements 
during their course, which is characterized by frequent 
periods of Cold Hypotension, in spite of the great 

amounts of transfused blood and plasma they receive, 

rarely show evidence of increased blood volume, or of 

increase in red cell or plasma volume, either when the 
dye method, or labeled cell methods are used (Grant and 
Reeve, 1951; Artz et al., 1955), neither is there clinical 
evidence of overtransfusion. A few patients with equal 
sized wounds but with less severe disturbance of the 

circulation, less reduction in blood volume and _ less 
obvious external hemorrhage, may reach the postopera- 
tive period having required much less transfusion and 
having shown during their course much less Cold 

Hypotension. This suggests that the very severe circula- 
tory disturbance seen in the majority of these patients 
is not due primarily to the wounds themselves, but to 
some secondary features associated with them. The chief 
of these is probably the very great hemorrhage externally 

and into their damaged tissues which these patients 
suffer, both at the time of wounding and subsequently. 
Other possible explanations for the large amounts of 
transfusion required are losses of large amounts of red 
cells and plasma protein from the circulation, either by 
sequestration, hemolysis or by passage into the tissues. 
Certainly plasma proteins readily pass into the tissues 

and can be metabolized (Eckhardt et al., 1948) and 
when stored blood is used a variable fraction of the 

transfused red cells rapidly leave the circulation (Molli- 
son, 1956), and some may be lost by hemolysis (Crosby 
and Howard, 1955). Any considerable sequestration, 
however, is ruled out because blood volume measure- 
ments and clinical observation provide no evidence of 
plethora when the circulatory state of these patients 
has been restored by treatment (Grant and Reeve, 

1951; Artz et al., 1955; Prentice et al., 1955). 
Thus, the conclusion is that Cold Hypotension A in 

both categories of patients is primarily caused by hemor- 
rhage. 

Cold Hypotension B and Depressor Patterns 

As seen, observations on the Cold Hypotension asso- 
ciated with infection are deficient, as deficient as those 
on the patients with Cannon’s traumatic shock which 
led Cannon to his wrong conclusions. They do show 
that this condition does not respond to blood transfu- 

sion, but the nature of the circulatory disturbance is 
unknown. It seems likely that the condition is caused 
by the products of bacterial action, and is perhaps a 
“traumatic toxemia’ in Cannon’s sense. Before the 

already extensive observations on animals (e.g. Gilbert, 
1960) can apply to it it needs much more exact defi- 

nition in man. 
Evidence suggests that the various depressor responses 

seen in wounded men are reflex in origin, and that some 
of them are potentiated by a reduced blood volume. 
But the receptor areas of these reflexes, the afferent 
and central paths, and other factors that potentiate or 
depress them, are at present undefined. 
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oo CONCEPTS OF SHOCK (Green, 1951-1955; 
Fine, 1958; Gregersen, 1946; Selkurt, 1947; Shorr, 
1945; Wiggers, 1950; Zweifach, 1958) are in agreement 
that a whole family of situations exists which can culmi- 
nate in circulatory collapse—no two of which arrive 
at the ultimate stage through the same pathways. As 

our knowledge of this area has increased, it has become 
apparent that variations among species, and even within 
species, make generalizations concerning the shock 
syndrome at best only a dangerous and misleading 
oversimplification. Although these premises have been 
universally accepted, little or no factual evidence on a 
comparative basis has been brought to bear on the 
problem—reference is made to from 15 to 20 different 
means of producing circulatory collapse in as many as 
8-10 different animal species. 

Nothing substantial will be gained by merely listing 
the biological and structural differences in the laboratory 
animal kingdom. Much of this information is available 
in handbooks, and for purposes of completeness, a 
representative list is included in the bibliography (AI- 
britton, 1951, 1953; Baron, 1950; Biggs and MacFar- 
lane, 1959; Dittmer and Grebe, 1958, 1959; Dukes, 
1943; Dumas, 1953; Green, 1951-1955; Hogan and 
Ritchie, 1933, 1934; Jones, 1955; Kleineberger and Carl, 
1927; Krebs, 1950; MacDowell, 1956; Makepeace, 
1956; Mason, 1959; Michaud and Elvehjem, 1944; 
Prosser, 1950; Ruch, 1941; Scarborough, 1931; Spector, 
1956, 1957; Stoner and Threlfall, 1960; UFAW Hand- 
book, 1957; Wells and Sutton, 1915; Wilson and Miles, 
1946; Hamilton et al. 1940; Nelson and Noyes, 1954; 

Page and Abell, 1945). Current research on the shock 
problem is no longer concerned with the initiation of 

the syndrome, but with the mechanisms responsible 
for the progressive and seemingly inevitable decompen- 
satory deterioration during profound and _ protracted 
shock. The general consensus is that a failure of some 
aspect of peripheral circulatory homeostasis is the key- 

stone of the shock syndrome. There is, however, no 
definite indication that any one factor or set of factors is 
responsible for the lethal tendency in all forms of shock. 

The various theories advanced to account for the 

irreversible trend in shock are all supported by persua- 
sive evidence within a particular experimental frame- 
work (Table 1). Our ability to weigh the relative impor- 
tance of these mechanisms will depend in large part on an 
intimate knowledge of the biological characteristics of 
the test animals involved. Among the variables which 
influence the progression and severity of the shock in 
experimental animals, are factors such as age, sex, 

season, nutritional state, intercurrent infection, etc. 
It is the primary intent of the following presentation to 
discuss factors in this category which have been made 
suspect in the genesis of the irreversible phase of experi- 
mental shock. Although emphasis is placed on species 
differences per se, much remains to be learned from an 
analysis of the factors responsible for the differences. 

GENERAL CONSIDERATIONS 

Any survey of the literature is immediately confronted 
by the considerable variability in figures cited as stand- 
ard or control values. The existence of species differences 
is taken for granted, but the spread of “normal” values 
within any species is so great as to make many of these 
indices almost meaningless by themselves (Albritton, 
1951, 1953; Dittmer and Grebe, 1958, 1959). We are 
obviously dealing with a heterogeneous population 
not under our control and frequently not recognized 
as such. 

An obvious environmental factor is the state of in- 
fection in the animal population under investigation. 
It has been shown that as technical precautions are 

taken to avoid infection, survival is significantly greater 
in rats and rabbits following exposure to shock. Wiggers 

(1942) recommended almost 20 years ago that a state 
of irreversible shock could be produced by bleeding dogs 
gradually until a blood pressure of 40-45 mm Hg was 
obtained and maintaining this degree of hypotension 
for go minutes before initiating blood replacement. 

With an increased awareness of the factors of anesthe- 

sia, surgical cleanliness, nutritional status, tissue hydra- 
tion, etc., an irreversible state develops after hemor- 
rhage, with currently employed procedures, only when 
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blood pressure is rigidly kept at drastically hypotensive 
levels (30-35 mm Hg, mean) for from 4 to 6 hours 
(Gregersen, 1951; Keeley, Gibson, Jr., and Pijoan, 
1939; Courtice, 1943; Elman, Lischer, and Davey, 
1943; Ivy et al., 1943; Price et al., 1941; Walcott, 
1945; Donaldson, 1924; Drake and Heron, 1930; 
Millican, 1955; Rosenthal and Millican, 1954; Ancill, 
1956). 

As a corollary of this, intercurrent bacteremia renders 
animals more susceptible to shock (Hardy et al., 1954; 
Lillehei and MacLean, 1958). Such infections are en- 
countered consistently in species such as the rabbit, 
where for example, coccidiosis is an inevitable con- 
taminant. Mongrel dogs raised for most of their lives 
under unfavorable environmental conditions, show a 
highly variable bacterial flora (Sakazaki, 1956). Nu- 
merous parasites are found in the intestinal tract. Rats 
are frequently infected with pleuropneumonia organ- 
isms and develop tracheal and bronchial obstruction 
when anesthetized. Cats harbor parasites which may 
increase their susceptibility to vasoactive products. 
Most of the monkeys used for research today have 
tuberculosis. All of these factors modify the functional 
capacity of the reticuloendothelial system and _pre- 
dispose the animal to otherwise nonpathogenic stresses. 
The ensuing course of the shock syndrome may in large 
part reflect only an exacerbation of such infections. 

In addition to the fact that strain differences, presum- 
ably of genetic origin exist within a given species, 
exogenous factors are present at birth which will have a 
decisive effect on the response characteristic of the ani- 
mal. This circumstance can best be illustrated by the 
following example (W. Antopol, personal communica- 
tion): Two batches of a particular strain of mice reared 
in two laboratories were found to harbor essentially the 
same bacterial flora in their gastrointestinal tract. 
However, when these animals were challenged, with 
cortisone or shock, in one of the groups 40 % developed a 
fatal infection with Corynebacterium, whereas in the other, 
20% showed a Salmonella enteritidis infection. Appar- 
ently, dormant infections exist in animals reared by 
different breeders. Exposure to shock calls into play 
different organisms and thereby alters the response to 
such emergencies. Studies of this kind are faced with the 

TABLE 1. Etiologic Factors in Shock 

Reduced circulatory blood volume 
Tissue hypoxia 
Peripheral vascular insufficiency 
Release of catecholamines 
Vasotoxic mediators 
Alterations in blood proteolytic systems 
Depression in RES function 
Release of bacterial toxins 
Change in blood-brain barrier 
Adrenal insufficiency 
Deranged metabolism of liver-—-VDM 
Electrolyte imbalance 
Depression of nervous system 
Cardiac failure 

need to consider not only species differences and in- 
trinsic strain differences, but exogenous factors ranging 
from bacterial and viral contaminations to nutritional 
and seasonal circumstances. 

STRUCTURAL CONSIDERATIONS 

The genesis and the perpetuation of the shock state 
in different species depend upon common as well as 
specialized mechanisms. The basis of such differences 
frequently is rooted in factors arising out of structural 
circumstances peculiar to certain experimental animals. 

Tabulation of the major physiological parameters 
of the several species most commonly used for the study 
of shock (Table 2) affords an opportunity to compare the 
structural background in these animals (Dittmer and 
Grebe, 1959; Spector, 1956; Franklin, 1937). Although 

many of the differences can be accounted for by the 
simple factor of size, some species possess structural 
anomalies not seen in others. 
Many of the important events during protracted 

shock are related to changes in the liver (Shorr, Zwei- 
fach, and Furchgott, 1945; Fine, Seligman, and Frank, 
1952; Hamrick, Jr., and Myers, 1955; Page, 1950; 
Ginsburg and Grayson, 1954). Not only does the size 
and blood supply of the liver vary in different species, 
but in the dog a sphincter-like collection of muscle is 
present in the region of the effluent hepatic vein which is 
highly sensitive to vasoactive products (Ciba Founda- 
tion Symposium, 1953; Mall, 1892; Opitz, 1941; Isse- 
kutz, 1955; Knisely, Harding, and Debacker, 1957). 

Closure of the sphincter elevates portal pressure and 
leads to a marked congestion of the liver during stress 
situations. The effects of such an obstruction on liver 
blood flow become clearly manifest during shock fol- 
lowing blood replacement measures. A similar hepatic 
sluice mechanism has been described to a lesser extent 
in the mouse and rat (Mall, 1892; Sjostrand, 1953), 
whereas such structures are only poorly developed in the 
rabbit and guinea pig and goat, and have not been de- 
scribed in primates (Franklin, 1937; Mall, 1892). 

Shock in the dog and rat is accompanied by promi- 
nent distention of the liver as a direct consequence of 
this peculiar structural feature—a circumstance which 
may exaggerate or even create pathological manifesta- 
tions not encountered in other mammalian forms. On 
microscopic examination the liver sinusoids are con- 
gested and filled with blood. In the dog, the induction of 
fatal malignant hypertension by occlusion of the renal 
circulation is associated with massive hemorrhage into 
the intestinal tract, a feature not encountered either in 

other species or in man. The presence of such sphincters 
has given rise to an exaggerated importance of factors 
such as histamine or 5-hydroxytryptamine in the evolu- 
tion of shock. These differences may also explain the 

peculiar response of the dog as compared with the rat 
to endotoxemia (Gilbert, 1960; Thomas, 1954; Mac- 
Lean and Weil, 1956; Weil et al., 1956). Antigen- 
antibody interaction in these species is accompanied 
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TABLE 2. Vascular Parameters* 

Dog Rabbit | Mouse G.Pig | Cat | Goat | Monkey | Man 

Ps 7 =: ie | aaa Sania 
Blood pressure, mm/Hg | | 

Systolic 112 110 | 120 | go (mean) | 155 | 120 115 (mean) | 92-183 
Diastolic 56 80 | | 80 | 100 80 | 72-110 

Cardiac output, ml/min/gm 0.13 0.10 | 0.26 | | | 0.12 | 0.12 | 0.10 0.07 
Heart rate, per min. 80 125 | 300 | 400 (280 |} 120 | «(75 190 72 
Respiration rate, per min. 18 51 | 163 | go | 26 | 19 | 40 11.7 
Hematocrit (ven.), % 45 41 | | ga jog | 40 | 34 | 42 43-4 
Blood volume, ml/kg 80 | 65 | | 77 | 72 | 53 | 70 72 74-9 
Clotting time, min. at room temp. 2.3). 4 4-0 3.5 | 4:5 |} 1-3 | 25 | 9.0 

* Average rounded values. 

by liver engorgement and increased portal pressures, 
whereas the same experimental condition leads to a 
small hard liver in the mouse and guinea pig. 

It has also been suggested that structural differences 
make it possible for different organs (liver, spleen, skin, 
lungs, intestine) to serve as blood depots in various ex- 
perimental animals (Barcroft, 1932; Gollwitzer-Meier, 
and Gelhaar, 1931; Opitz, 1941; Rein, 1933; Spanner, 

1932). Structures such as the liver and spleen in the dog 
and cat can add to the active circulation as much as 30 % 
of the existing blood volume (Prosser, 1950; Ciba Foun- 
dation Symposium, 1953; De Waele and van de Velde, 
1933). In other species, such as man, the skin circulation 
acts as a depot. In the mouse and rat, such blood reser- 
voirs exist only in the intestinal circulation and serve 
at best a minor function during stress. 

Much attention has been given to changes within the 
alimentary canal during the genesis of irreversible shock. 
Interference with hepatic blood flow mediated by sphinc- 
ters of the above type, can by itself lead to retrograde 
slowing of intestinal blood flow (Franklin, 1937; Selkurt, 
Alexander, and Patterson, 1947). Some species, such 
as the rat and rabbit, are known to possess numerous 
shunts in the intestinal circulation (Spanner, 1932), a 
feature which would facilitate the return of blood to 
the venous circulation during conditions of hypotension. 
A-V shunts are not uniformly found in the different 
species. Mention should be made at this point of the 
fact that the reactivity of the vessels, especially the veins 
in the intestinal tract, is profoundly influenced by local 
elaboration of amines, such as histamine and 5-hydroxy- 
tryptamine (Ciba Foundation Symposium, 1956; Dale 
and Richards, 1918; Feldberg, 1955; Gollwitzer-Meier 
and Gelhaar, 1931; Page, 1958; Paton, 1957; Schneider 
and Yonkman, 1954; Collins and Hamilton, 1944; 
Middleton, 1944). As will be shown later, considerable 
differences exist in the tissue content and availability 
of such amines in different animals. 

Most forms of shock are associated with an intense 
peripheral vasoconstriction which is not uniform in the 
different parts of the body (Table 3). In some species, 
such as the rabbit, the vasoconstriction is almost com- 
plete in the kidney, whereas in other species, such as 
the rat or monkey, renal cortical ischemia is usually 
not encountered (Franklin, 1956). The metabolic 

consequences of ischemia will depend upon the meta- 
bolic rate of different species. Little is known about the 
relative distribution of the blood to various organs of 
the body during shock on a comparative basis (Sapir- 
stein, Sapirstein, and Bredemeyer, 1960). Reflexes 
arising in the arch of the aorta and pulmonary vessels 
differ considerably in their threshold characteristics, 
their response to blood-borne chemical mediators and 
anesthetic agents (MacDowell, 1956; Axelrod, 1959; 

Dawes and Comroe, Jr., 1954; Foltz et al., 1950; Mel- 
lander, 1960; Folkow, Frost, and Uvnas, 1948; Land- 
gren and Neil, 1951; Neil, Redwood, and Schweitzer, 
1949; Ross, 1957). In particular, much more informa- 
tion is requirec concerning the relative ischemia in the 
brain in different animals. 

Another important factor bearing on the capacity to 
withstand shock is the efficiency of the heart, a feature 
in turn dependent on the adequacy of venous return 
and the coronary circulation (Gregg, 1950). Not only 
do the coronary vessels of different species react in a 
variable and unrelated manner to vasoactive amines 
on an evolutionary basis, but important distinctions 
exist in the neurogenic reflexes controlling coronary 
blood flow in different animals (MacDowell, 1956; 
Celander, 1954; Ciba Foundation Symposium, 1953, 
1954; Dawes and Comroe, 1954; Foltz et al., 1950; 
Burn, 1932; Gunn, 1926; Heyman and Bouckaert, 

1933). 
The spleen is another organ which exhibits profound 

changes. during shock (Franklin, 1937; Gollwitzer- 
Meier and Gelhaar, 1931; Holtz et al., 1952; Lewis, 
Werle, and Wiggers, 1943). Species differences exist 
with respect to the size, relative weight, structural or- 
ganization, vascular pattern, and presence of smooth 
muscle in the capsule and trabeculae. Early in shock a 
marked congestion develops around the follicles of the 

spleen, apparently as a consequence of an active hy- 
peremia (W. Antopol, unpublished data). Subsequently, 
cell destruction, involving blood cells and littoral sinu- 
soidal cells, develops; striking deposits of iron appear in 
these areas. With continued hypoxia, the spleen con- 
tracts and the trabeculae become prominent to the point 
where the parenchyma can be recognized only with 

difficulty (Davis, 1941; Moon, 1948; Wiggers, 1950). 
In the rabbit, the perifollicular zone becomes en. 
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gorged during shock to the extent that the sinuses appear 
dilated. In the mouse and rat, the spleen shrinks to less 
than one-third its size. In the dog, which has muscular 
trabeculae, the spleen contracts and the entire architec- 
ture is distorted. We have only meager information 
concerning the precise significance of the splenic changes 
—the high content of vasoactive amines in this organ; 
its ability to inactivate catecholamines, together with 
the geographic localization of reticuloendothelial ele- 
ments undoubtedly indicate an important function of 
this structure in counteracting shock (Green, 1951- 
1955). In species, such as the mouse, the reticuloendo- 
thelial elements of the spleen are more important than 

those in the liver as a defense mechanism against bac- 
terial factors and in the subsequent development of 
antibodies. 

Species differences with respect to the morphology of 
the adrenals are readily apparent in terms of size and 
structural organization (Celander, 1954; Goodall, 1951; 
Harrison, 1951; Swingle and Remington, 1944; de 
Schaepdryver and Preciosi, 1959). There is good evi- 
dence that the number and type of steroids synthesized 
by these glands vary from species to species (Aomura, 
1929; Axelrod, 1959; Eade, 1958; Heuer and Andrus, 
1934; Mellander, 1960; Raab and Gigee, 1958; Cleg- 
horn, 1947; Egdahl, 1959; Selye and Dosne, 1940; 
Geller, Merrill, and Jawetz, 1954; Armin and Grant, 
1957). The outer portion of the cortex, concerned 
primarily with mineralosteroids, is more resistant to 
hypoxia in animals such as the dog, than in the rat, 
mouse, or rabbit. The adrenals show extreme conges- 
tion and stasis during shock in all species (Davis, 1941; 
Gregersen, 1951), but to a lesser degree in animals which 
are resistant to infection, such as the rat. Some species, 
such as the rat and mouse have accessory adrenal glands 
which may contribute to the ultimate survival following 
stress. Species variability is encountered in the ability 
of chemical mediators to stimulate the discharge of 
catecholamines (Aomura, 1929; Eade, 1958; Egdahl, 

1959). 
Another area in which obvious species differences 

exist, but whose relative importance has not been 
clearly documented, is the sympathetic nervous system. 
Reflexes arising in particular parts of the cardiovascular 
system, especially those in relation to the heart and large 
blood vessels, participate in circulatory readjustment 
to a variable degree in different animals (Celander, 
1954; Dawes and Comroe, 1954; Gollwitzer-Meier 
and Gelhaar, 1931; Mellander, 1960; De Waele and 
van de Velde, 1933; Biilbring and Burn, 1934; Burn, 
1932; Heyman and Bouckaert, 1933; Neil, Redwood, 
and Schweitzer, 1949; Sapirstein, Sapirstein, and Brede- 

TABLE 3. Patho-Physiological Changes Following Shock 

Heart Lungs Liver #.. en _ CNS 

Dog ee ee ee ee ee 
Rat a + + + + + 
ee ee ee ee ee ee 

TABLE 4. Factors Studied in Different Species 

Dog 

Mostly hemorrhagic shock (some traumatic) 
Hemodynamic alterations 
Concept of irreversibility 
Adrenal corticoids 

Rat 

Mostly traumatic shock (some hemorrhagic) 
Concept of host resistance and tolerance 
RES blockade 
Microcirculatory changes 
Biochemical shifts in blood 

Rabbit 
Mostly endotoxic shock (some hemorrhagic) 
Blood-borne lethal toxins 
Generalized Shwartzman reaction 

Cat 
Mostly histamine (some tourniquet) 
Nervous system 

Mouse 

Anaphylaxis 
Burns 

meyer, 1960; Bartlett, 1903; Feldberg and Schiff, 1926; 
Rosenblueth and Cannon, 1935; Barcroft et al., 1919). 
Some animals, such as the rabbit, exhibit atypical de- 
pressor reflexes during stress (MacDowell, 1956; Burton- 
Opitz, 1917; Feldberg and Schiff, 1926). Primates have 
complicated postural reflexes and specialized venomotor 
mechanisms relating to filling of the heart (Dawes and 
Comroe, 1954). Even more variable are the responses 
of the chemoreceptors during circulatory adjustments in 
different animals (Austen and Brocklehurst, 1960; 
Landgren and Neil, 1951; Neil, Redwood, and Schweit- 
zer, 1949). The reactions of the carotid body in the dog 
and cat are more highly developed than in the rat and 
guinea pig (Heyman and Bouckaert, 1933). 

In general, the presence of compensatory and decom- 
pensatory reactions to experimental stress must be con- 
sidered in the light of known structural or functional 
characteristics of the species involved. A survey of the 
literature dealing with the shock problem indicates that 
some species have been consistently selected for inves- 
tigating particular aspects of the problem. In Table 4 are 
listed the general areas of emphasis in laboratory investi- 
gations of shock. Much of the data are restricted to a 
particular experimental animal. Some of these differ- 
ences involve for the most part quantitative considera- 
tions. Others, however, differ not only qualitatively, 
but may be anomalous with respect to other species. 

FUNCTIONAL ASPECTS OF SHOCK 

Perhaps the most significant advance towards our 
understanding of the irreversible aspect of shock has 
been the demonstration that bodily defense mecha- 
nisms, as they pertain to toxic materials of both endoge- 
nous and exogenous origin, are drastically damaged 
during the evolution of the syndrome (Fine, 1954, 
1958; Wiggers, 1950; Zweifach, 1958; Fine et al., 1952; 
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Lillehei and MacLean, 1959; Landy and Shear, 1957; 
Ravin, Schweinburg, and Fine, 1958). Especially pro- 

vocative has been the contention that bacterial products 
represent the basic element responsible for the break- 
down of circulatory homeostasis. 

Bacterial flora. Table 5 is a compilation from the litera- 
ture of the most common bacterial organisms harbored 
in various tissues of different animals. Close inspection 
reveals that, even within a particular species, different 
laboratories do not report the same bacterial population 
within the gut. Evidently, the presence of particular 
organisms will depend on diet, environmental influences, 
and the nutritional status of the animals Thus, any 
broad concept of shock, which encompasses the libera- 
tion of bacterial products into the circulation, cannot be 
concerned with a particular bacterial organism (Fine, 
1954; Pope et al., 1945; Ravin et al., 1960; Aub, Zamec- 
nik, and Nathanson, 1947; Favata et al., 1944; Fine 
et al., 1952; Hardy et al., 1954; Lillehei and MacLean, 
1959; Nathanson et al., 1945; Gordon, 1959; Vincent, 
Veomett, and Riley, 1955; Miller, Hammond, and 
Tompkins, 1951; McCluskey et al., 1960; Ravin, 
Schweinburg, and Fine, 1958). 

Emphasis to date has been placed on gram-negative 
organisms. Even within this category, the relative dis- 

tribution of the bacterial population is not consistent. 
Different combinations of flora are found in the various 
portions of the intestinal tract. Although bacterial 
endotoxins, the somatic antigens of gram-negative 
bacteria, have been suspect as a toxic factor in shock, 
it would be difficult to relate their presence in the cir- 
culation to any specific organism (Thomas, 1954). 
In fact, the wide range of flora in different species, 
makes it doubtful that gram-negative organisms can 
be the sole source of this proposed toxic material. 

Sensitivity to bacterial products. In addition to the factor 
of availability, consideration should be given to the 
capacity of the host to respond to the presence of such 
bacterial products (Baer, Peck, and McKinney, 1957; 
Nelson and Noyes, 1954; Sakazaki, 1956; Cruikshank, 
1928; Hoffstadt and Johnson, 1925; Gall et al., 1948; 
Webster, 1923; Goebel, Brinklet, and Perlman, 1945; 
Landy and Shear, 1957; Randoin and Causeret, 1950; 
Crecelius and Rettger, 1943). Table 6 compares the 
susceptibility of different animals to bacterial toxins 

TABLE 5. Predominant Bacterial Flora 

bed o Rabbit Mouse _ G. Pig 
Sp. proteus 
Sp. lactobacillus 
Escherichia coli 
E. paracoli 
Coliform 
Alcaligenes fecalis 
Sp. clostridium 
Sp. bacillus 
Sp. micrococcus 
Sp. streptococcus 
Bacteroides 
Fungi 
Spores OTT ETO C++ Te ++t+++o+o+++4+4+4+ +o++tooo000+4+4+4 were 2 eet ++ +7 ++o+oo000+o++0 
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TABLE 6. Amounts of Bacterial Endotoxin Required 
to Produce Acute Circulatory Collapse 

Species Dose* 
ug/100 gm body wt. 

Dog 49 
Rabbit 12.5 
Rat 1500 
Mouse 2500 
Guinea pig 100 
Cat 5 

* LD 70-80. 

(Bennett-and Beeson, 1950; Bennett and Cluff, 1957; 

Beeson, 1947). Animals, such as the rabbit and cat, are 
extraordinarily sensitive to lipopolysaccharide extracts 
of gram-negative bacteria, whereas the rat and mouse 
are highly resistant to such products. The dog falls into 
the middle category. Nonetheless, all of these animals 
are equally susceptible to shock induced by hemorrhage 
or trauma. 

There is little doubt but that bacterial toxins exert 
their lethal effects by different mechanisms in different 
species (Antopol, 1937; Johnstone etal., 1958; Krone- 
berg and Sandritter, 1953; Shwartzman, 1937; Thomas, 
1954; Thomas and Stetson, 1949; Egdahl, 1959; Fav- 
ata et al., 1944; Schrade, 1942; Algire, Legallais, 
and Anderson, 1953; Benacerraf and Sebestyen, 1957; 
Noyes, McIntire, and Blahuta, 1959; Good and Thomas, 
1952; Kun and Miller, 1948; McKay and Shapiro, 
1958; Smith, 1939; Gratia and Liz, 1931; Tal and 
Olitzki, 1948). The presence of other organisms modifies 
the response to endotoxins, as in the case of clostridial 
infection. The fact that bacterial endotoxins are acutely 
lethal to all laboratory animals does not necessarily 
indicate that death ensues from a common cause (Krone- 
berg and Sandritter, 1953; Ebert et al., 1955; MacLean 
and Weil, 1956; Weil et al., 1956; Cameron, Delafield, 
and Wilson, 1940; Thal and Egner, 1956; Zahl, Hutner, 
and Cooper, 1944; Brunson, Thomas, and Gamble, 
1955; Eckman, King, and Brunson, 1958; Delaunay 
et al., 1948; Franke, 1944). Thus, in the rat, acute endo- 
toxemia produces a massive accumulation of leucocytes 
in the lung, and is frequently associated with pulmonary 
edema. In the rabbit, focal necrosis of the liver and sple- 
nitis are usually encountered. In the dog, massive 
hemorrhage into the wall of the intestinal tract is a 
major pathological event. In the cat, the liver is in- 
volved prominently. In the rabbit, changes in the blood- 
brain barrier have been described. 
Among their manifold effects, bacterial products 

result in the release of other biological agents which in 
turn are the mediators of the vasculotoxic phenomena 
during shock (Aynaud, 1911; Paton, 1957; Thomas, 
1954; Baer, Peck, and McKinney, 1957; Eckman, 

King, and Brunson, 1958). 
Consideration must therefore be given to the mode 

and site of action of such toxins in different species 
before evidence obtained in any one species can be 
translated into a general mechanism of action in shock 
as an entity. 
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A correlate of bacterial toxemia is the concomitan 
depression of bodily defense mechanisms, manifest 
particularly in the reticuloendothelial system, which 
develops soon after the onset of the shock state (Biozzi 
et al., 1958; Bueno, 1947; Fine, 1958; Halpern, 1957; 
Mills and Dragstedt, 1936; Benacerraf and Sebestyen, 
1957). The evidence—obtained almost exclusively on 
two species, the rat and rabbit—points to a progressive 
failure of the functional capacity of the RES to phago- 
cytize and to detoxify materials during shock (Zweifach, 
1958). Unwarranted generalizations have been made 
with respect to other species, despite the fact that com- 
parable changes in RES activity have not been demon- 
strated. The removal of bacterial products from the 
blood stream by the RES occurs chiefly in organs such 
as the liver, spleen, and bone marrow. Under conditions 
of stress, other organs, such as the lungs and lymph 
nodes, sequester large amounts of bacterial toxins, a 
factor which makes it difficult to relate the presence of 
bacterial products to changes in any one organ, or to a 
particular functional mechanism (Halpern, 1957). 

Susceptibility of animals to bacterial endotoxin varies 
even with a particular strain, frequently in an unpre- 
dictable fashion. This contingency makes it difficult 
to predict how a given group of animals will react to a 
particular dose of bacterial endotoxin. Animals which 

are infected, show an initial phase of increased suscep- 
tibility to bacterial toxins and a secondary, more 
protracted, phase of increased resistance or tolerance. 
Rabbits maintained in the laboratory, are in a continu- 
ous process of infection and rebound so that their re- 
sponse to shock or to bacterial agents is not uniform. 
Other animals, such as the mouse, develop tolerance 
much more readily and remain resistant to both bac- 
terial and traumatic factors for periods up to several 
months after a single stress exposure (Smith, Alderman, 
and Gillespie, 1957). The rat, on the other hand, falls 
somewhat in between these two extremes. Susceptibility 
of the dog to endotoxins varies greatly from strain to 
strain and in particular seasonally. It is more difficult 
to induce a sustained tolerance in the dog, apparently 
because of continued reinfection from endogenous sources 
and hormonal considerations. 

In general, then, a bacterial thesis must take into 
account the marked variability in bacterial content of 
tissues and organs of the various species, clear-cut species 
differences in biological action of such agents, and vary- 
ing degrees of host susceptibility and tolerance to these 
agents (Table 7). 

TABLE 7. Physiological Effects of Bacterial Endotoxins 

Dog Rabbit Rat Mouse 
Fever +--+ +++ oO oO 
Leucopenia + Ga i i on aa 
Leucocytosis ae Be as a Ficate 
Hypotension ++ Pe + Bs 
Gen. Shwartzman {e) +++ oO oO 
Dermal Shwartzman + ft + oO + 
Tolerance + ++ ++ + 
RES Blockade is Sj ie + 

TABLE 8. Phagocytic Index 
K* 

Rabbit 0.6 
Guinea pig 0.17 
Rat 0.21 
Mouse 0.37 

* Clearance of carbon, 8 mg/100 gm. 

Reticuloendothelial system. The RES is closely allied to 
the bacterial element in shock, representing the prin- 
cipal defense against exogenous insults of this kind. The 
system of reticuloendothelial cells encompasses the fixed 
phagocytes of the liver, spleen, lung, and bone marrow 
and the mobile cells of the blood stream and tissues. 
Although most measurements of RES function are based 
upon the phagocytic activity of this system (Biozzi 
et al., 1958; Halpern, 1957), the specific mechanisms 
by which bacterial and other toxic products are handled, 
depends more upon the specialized chemical attributes 
of these cells. Bacterial organisms, which are pathogenic 

to one species, are not necessarily equally toxic to others 
(Wilson and Miles, 1946). Even among the members of a 
particular species, phagocytic ability may be equivalent, 
but the capacity to inactivate these agents will vary 
considerably. 

In Table 8 is listed the phagocytic capacity of dif- 
ferent animals to handle colloidal suspensions. Differ- 

ences are encountered in the several species with respect 
to this basic function, and in the relative uptake by 
different organs within each species. Obviously, the 
contribution of the RES to defense activities will de- 
pend on the species which is studied. 

Of special interest is the relation of the RES to the 
tolerance which develops after exposure to sublethal 
episodes of toxin or trauma (Bennett and Cluff, 1957; 
Gilbert, 1960; Thomas, 1954; Zweifach, 1958; Hruza 
and Poupa, 1957; Toby and Noble, 1944; Smith 
Alderman, and Gillespie, 1957, Beeson, 1947; Freedman, 
1960). The close interdependence of the induced state 
of tolerance and the RES is indicated by the functional 
and structural hypertrophy of this system following 
adaptive procedures (Zweifach, 1958). At least two forms 
of tolerance can be induced: specific tolerance to a par- 
ticular stress or agent and nonspecific tolerance which 
is effective against several seemingly unrelated chal- 
lenges (Wilson and Miles, 1946; Thomas, 1954; Beeson, 
1947). Rats and mice have the capacity to develop 
tolerance with considerable crossover, following re- 
peated exposure to bacterial endotoxins, for example. 
This ability is less developed in the rabbit and only 
poorly exhibited by the guinea pig. Furthermore, 
tolerance to shock, for example, persists for a variable 
time period (Zweifach, 1958). Once established, it 
persists longer in the rat than in the mouse and rabbit. 
Possibly in the latter two species, intercurrent infection 
may undermine the induced tolerance. Although it is 
known that there is a close interdependence between 
tolerance and the status of the RES, the particular 
mechanism by which the reticuloendothelial cells 
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accomplish this end may not be the same in different 
species. 

Vasoactive products. Another category which should 

concern us in the evaluation of the shock syndrome is 
the intervention of biologically active products. Here 
again, a wide range of substances has been implicated, 
as is shown in Table 9. Two vasoactive mediators, 
histamine and 5-hydroxytryptamine, have received 
particular attention as etiologic factors in shock (Dale, 
1950; Eade, 1958; Page, 1958; Paton, 1957; Barsoum 
and Gaddum, 1936; Dragstedt and Mead, 1936; Row- 
ley and Benditt, 1956; Waugh and Pear, 1960; Rose 
and Browne, 1941). 

Considerably more information exists concerning the 
pathophysiology of histamine than of 5-HT. The hista- 
mine content of different organs in the various species 
has been carefully documented and found to vary 
widely (Ciba Foundation Symposium, 1956; Humphrey 
and Jaques, 1954; Barsoum and Gaddum, 1936; Hum- 
phrey and Toh, 1954; Toh, 1954; Halpern, Neveu, 
and Wilson, 1959). The distribution and handling of 
histamine has led some investigators to classify species 
on the basis of the histamine products in the urine. 
It is interesting to note that key organs in the genesis of 
shock, such as the liver and bowel in the different 
species, do not share in commopr either a high content 
of histamine, or any unusual susceptibility to this agent 
(Table 10). Some species, such as the rabbit and mouse, 
are highly resistant to the known biological actions of 
histamine. It is most likely that no single mediator is 
exclusively involved in the local adjustments to tissue 
injury. 

Both 5-HT and histamine are believed to be stored 
in specialized cells such as the mast cells, although 
tissues with few mast cells also contain significant 
amounts of these agents (Riley and West, 1953; Sjo- 
erdsma, Waalkes, and Weissbach, 1957). There is good 

reason to believe that during most forms of injury and 
shock vasoactive agents are released from depots such 
as the mast cell. However, there is no uniform distribu- 
tion of mast cells on a regional basis in the various spe- 
cies and good evidence exists that mast cells in some 
species contain several mediators (Humphrey and 

TABLE 9. Toxic Factors in Shock 

Bacterial products 
Gram-negative endotoxins 
Exotoxins (clostridia) 

Tissue products 
Anaerobic metabolites 
Adenyl compounds 
Ferritin 
Proteases 

Blood derivatives 
Histamine 
5-Hydroxytryptamine 
Kinins (bradykinin, kallikrein) 

Deficiencies 
Adrenal cortex 
Renal pressor 
Neurogenic tone 

TABLE 10. Distribution of Histamine 

Tissue Dog Rabbit Rat Cat G. Pig Man 
Liver ++ +++ oO a oO 
Lung = as = IR sao 
Muscle — = 5 = + 
Skin = = ++ +4 ++ =F = 
S. intestine ++++ + ++ ++ +4+4++4+ 
Spleen + me oO + 
Platelets oO hop to) + + r= 
WBC + + = + = 

Jaques, 1954; Riley and West, 1953; Sjoerdsma, 
Waalkes, and Weissbach, 1957; Humphrey and Toh, 
1954). In addition, the effects of histamine and 5-HT 
on vascular structures are not the same either in extent 
or direction in the various species (Schneider and Yonk- 
man, 1954; Woodbury and Hamilton, 1941; Burn and 
Dale, 1926; Gunn, 1926; Bally, 1929, Feldberg, 1927). 

Striking changes during shock occur in the circulating 
leukocytes and platelets. The number of platelets and 
the differential types of leukocytes vary considerably 
in particular groups of animals (Table 11). We have 
little or no precise knowledge concerning the biochem- 
ical attributes of these cells in relation to their function 
(Wells, 1917). While blood platelets have been reported 
to contain 5-HT, histamine, and catecholamines, the 
sequestration of such biologically active products by 
the platelets is not uniform in the different species 
(Humphrey and Jaques, 1954). The enzymatic content, 
the capacity to form antibodies, and the effective removal 
of materials by phagocytes, cannot be evaluated on a 
special level at this time. 

Blood proteolytic systems. Profound changes occur in 

the blood itself during shock—particularly in the coagu- 
lability and in the proteolytic activity of the blood 
(Astrup, 1956; Hartman, 1927; MacFarlane and Biggs, 
1946; Mann and Hurn, 1952; Quick, 1951; Tagnon 
et al., 1946; Turpini and Stefanini, 1959; Stormorken, 
1957; Turpini and Stefanini, 1959; McKay and Sha- 
piro, 1958). The factors responsible for intravascular 
coagulation are only sketchily understood; depending 
on the species in which they were studied, different co- 
factors have been implicated. It has been speculated 
that an important consequence of the altered state of 
the blood during shock is the liberation of vasoactive 
polypeptides (Gaddum, 1955; Lewis, 1960; Schachter, 
1960; Wilhelm and Miles, 1955; Beraldo, 1950; Wester- 
field et al., 1944; Stoner and Green, 1945). Included 
in this category of substances is kallikrein (Westerfield 
et al., 1944), substance P (Gaddum, 1955) bradykinin 
(Schachter, 1960; Beraldo, 1950), and the so-called 
permeability factor of Miles (Wilhelm and Miles, 1955). 
This area, in particular, is a prime example of data 
obtained in one species and then related to the problem 
as a whole. The biological behavior of each of these 
factors has been carefully documented in a particular 
species because of the ease with which the reactions 

developed in such material. Comparable biologic ac- 
tivity is not encountered in other species and frequently 
is not present in some forms. 
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TABLE u. Blood Cells* 

Blood Cells Dog | Rabbit | Rat | Mouse G. Pig Cat Goat Monkey Man 
ee | Rl fees tee 

Total WBC, thousands/mmé 12 9 | 12 | 8.5 10.7 15 9 i 6.8 
Differential, % | | 
Neutrophils 63 42 | oe 26 42 > ae Me 43 55-1 
Eosinophils 7 a5 | 22 2 4 5 Bey 4 2.6 
Basophils 0.6 4 | 0.7 0.5 0.7 o.1 | oO 6 0.2 0.6 
Lymphocytes | 21 45 | 68 68 47 31 | 47 49 29.8 
Monocytes | 7 6 2 | 3 5 5 7 5 7.2 

RBC, millions/mm# | 6.4 5-9 | 8.9 | 9-5 | Oey 8.5 0.15 | 6.2 5-1 
Platelets, thousands/mm* | 460 530 | 700 | 280 720 500 | 267 140-690 

* Average rounded values. 

Catecholamines. The catecholamines are the most im- 
portant of the biological materials which have been 
related to stress reactions. Many of the specific attributes 
of tissue injury and shock are believed to be due directly 
to the intervention of either epinephrine or norepineph- 
rine (Ciba Foundation Symposium, 1954; Holtz et al., 
1952; Homburger, 1945; Durant, 1925; Folkow, Frost, 
and Uvnas, 1948; Ahlquist and Taylor, 1952; Gruhzeit, 
Freyburger, and Moe, 1954; Remington et al., 1950). 
The distribution and availability of catecholamines 
(Aomura, 1929; Goodall, 1951; de Schaepdryver and 
Preciosi, 1959; Armin and Grant, 1957), the biochem- 
ical mechanisms involved in their formation (Axelrod, 
1959; Eade, 1958), and the enzyme systems responsible 
for their inactivation (Raab and Gigee, 1958), have been 
worked out in the dog and cat for the most part and 
only incomplete information exists concerning the opera- 
tion of such mechanisms in other species. There is good 
evidence that the metabolic pathways involved in man 
are not the same as in lower species (Axelrod, 1959; 
Eade, 1958). 
The physiological effects of these amines depends 

not only on their own chemical attributes but on the 
relative concentration of other agents and tissue by- 
products. This tissue factor is believed to be the mecha- 
nism by which the same agent can be responsible for 
different actions in various organs of the body (Feld- 
berg, 1945, 1955; Burn, 1932; Issekutz, 1955; Kalckar 
and Lowry, 1947; de Schaepdryver and Preciosi, 1959; 
Ratnoff, 1939; Stoner and Green, 1945; Smith and 
Coxe, 1951). The complexity of the situation is com- 
pounded by the need to consider species ecology in rela- 
tion to amine behavior. 

Peripheral circulation. The primary target of the multi- 
tude of agents implicated in shock is the peripheral 
circulatory apparatus. From a structural point of view, 
this portion of the vascular system is essentially the same 
in most laboratory species (MacDowell, 1956; Krogh, 
1929; Zweifach, 1958). However, the chemical and 
physiological factors which regulate the behavior of 
the small blood vessels depend upon the presence and 
interaction of the various amines, polypeptides, and 
hormonal factors discussed, above (MacDowell, 1956; 
Burton, 1954; Ciba Foundation Symposium, 1953; 
Krogh, 1929; McGovern, 1955; Zweifach, 1958; Page 

and Abell, 1943; Ginsburg and Grayson, 1954; Gozsy 
and Kato, 1959; Levenson and Essex, 1943). Obviously, 
then, until we have a firm understanding of the cellular 
processes involved in neurohumoral control of the cir- 
culation, we cannot discuss common denominators in 
shock even with respect to the microcirculation. 

The term “capillary paralysis’? has been introduced 
to indicate the failure of the microcirculation during 
irreversible shock (Wiggers, 1950). Interference with 
the response of the small blood vessels to epinephrine 
would seem to be a central factor in the ensuing break- 
down (Zweifach, 1958). Reactivity at this level is under 
the control of several overlapping mechanisms so that it 
is probable the precise importance of any one facet 
differs from species to species. This possibility is strongly 
suggested by the differing tissue content on a species 
level of amines, proteolytic enzymes, mast cells, etc. 
Furthermore, the contribution of neurogenic factors 
to circulatory tone is not the same in the different species. 
Among the mechanisms which are believed to con- 

tribute to the collapse during shock is an increased per- 
meability of the blood capillaries. Major importance 
in this regard has been ascribed to the contribution of 
corticosteroids in maintaining the integrity of the endo- 

thelial cell. It has not been possible to determine whether 
any one steroid was the active factor, or whether any 
of a number of steroids, ranging from aldosterone to 
corticosterone, were especially involved in the different 
animals (Heuer and Andrus, 1934; Cleghorn, 1947; 
Selye and Dosne, 1940; Geller, Merrill, and Jawetz, 

1954). 
Anesthetic factors. There is a need to consider the vari- 

able effect of anesthetic agents on the different species. 
No single form of anesthesia has proved satisfactory for 

all of the animals used in shock experiments. It is almost 
impossible to avoid some degree of hypoxia and ob- 
struction when a surgical plane of anesthesia is used 
(Hershey and Zweifach, 1950). Anesthetic agents tend 
to exaggerate vascular deterioration (Woodbury and 
Hamilton, 1941; Zweifach, 1958; Beecher, McCarrell, 
and Evans, 1942; Elman, Weiner, and Cole, 1935). 
Agents, such as ether, are especially toxic to vascular 
smooth muscle and endothelium. . 

General anesthesia blunts and distorts many of the 
intrinsic facets of vascular regulation. During deep 
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surgical anesthesia, the individual is left with a circula- 
tory apparatus shorn of the very readjustments which 
we are attempting to identify. An analogous example is 
the use of isolated perfused structures to study vascular 
permeability on a quantitative basis. Such preparations 
now consist essentially of a biological barrier across 
which exchange occurs—but no longer have the neuro- 

genic reflexes and delicate interplay between local tissue 
mediators responsible for physiological regulation of 
blood-tissue exchange. In a similar vein, shock con- 
ducted on anesthetized animals tends to over emphasize 
the mechanical effects of reduced blood flow and fails 
to reveal changes in vessel tone and reactivity normally 
responsible for local tissue homeostasis. 

Tissue metabolism. Profound changes in tissue metab- 

olism become manifest during the later stages of shock 

(Kovach et al., 1959; Engel, 1945; Hetenyi, and Isse- 

kutz, 1955; Manning, and Hampton, 1957; Stoner, 
1958; Wilhelmi, Engel, and Long, 1945). There is 
still some question concerning the causal sequence in 
such changes, i.e., are they a secondary result of re- 
duced blood flow, hypoxia, and sympathetic activity. 
Since the basal metabolism and energy requirements of 
different species are not the same throughout the animal 
kingdom, metabolic derangements in one species can 
be referred to other species only in a limited sense. 
Some of the pathological changes which develop in the 
lung, liver, intestinal tract, and RES of certain species, 

such as the rat, dog, or rabbit, are probably the direct 
outcome of peculiarities in the metabolism of such tis- 

sues. 
This general summary clearly indicates the ex- 

traordinary complexity of laboratory experimentation 
which involves so many different species and which 
encompasses so wide a range of homeostatic processes 
as is encountered in experimental shock. There is a 
need to weigh carefully concepts concerned with the 
genesis of shock even within a particular species. A 
survey of this kind also points up the need for a system- 
atic study on a comparative basis of the cellular com- 
ponents involved—vascular smooth muscle, endothe- 
lium, and the sympathetic nerves. The paucity of 
experimental data on shock in primates makes it essential 
that additional studies be conducted in this species. 
Especially vulnerable are generalizations which deal 
with the therapeutic management of shock in experi- 
mental animals as they may relate to problems in man. 

SHOCK IN MAN 

The development of shock in man represents in many 
respects a much different situation from its experimentai 
counterpart in laboratory animals (Green, 1955; Ciba 
Foundation Symposium, 1954). In surgical patients, 
which constitute the bulk of the day-to-day shock cases, 
every attempt is made to eliminate many of the factors 
which are responsible for the death of experimental 
animals (Gregersen and Root, 1947). Bowel infection 
is minimized, since the patient is treated with anti- 

biotics; the intestinal tract is cleaned out, and fluid 
balance is carefully maintained. In view of the fact 
that anesthetic management of patients is usually quite 
good, the severe hypoxia characteristic of experimental 
shock is not encountered. Most patients are medicated 
prior to surgery, blood replacement is continuously 
used, and it is rare for the patient to die during the sur- 
gical intervention. 

Shock in the patient usually develops in the face of 
therapy some 18-36 hours later. There is a general 
petering out of all vital functions and despite blood 
replacement measures, death ensues. In animal experi- 
ments, not enough attention is given to the post-shock 
state in which a fatal outcome may develop after several 
days of intensive therapy. 

From the point of view of obtaining valid data, the 
animal preparation should mimic the conditions en- 
countered in human situations. In contrast to man, 
laboratory animals, such as the rat or mouse, represent a 
comparatively uniform genetic product. An important 
problem in man stems from the presence of other dys- 
functions such as hypertension, coronary disease, or 
diabetes which shift the emphasis to impaired circula- 
tion in heart, kidneys, and lungs. A sizable segment of 
the population are afflicted with predisposing elements 
of this kind. Another commonly encountered variable, 
not studied in experimental animals, is that of obesity. 
Overweight people show unusual changes in peripheral 
resistance during shock and have a restricted ability to 
ventilate properly. 

Superimposed on the general problems in designing 
a suitable form of experimental shock, are those arising 
out of structural and physiological differences on a spe- 
cies basis. Although the dog has been used extensively 
to study shock in the laboratory, man does not have a 
comparable hepatic sphincter mechanism, nor a heavily 
infected bowel. In most experiments with dogs, asepsis 
is only superficially adhered to. There is no evidence 

that the severe hypoxia which confronts the animal in 
hemorrhagic shock, is ever encountered in man (Dunn, 
1920; Dixon and Hoyle, 1930; Doi, 1921; Smith and 
Coxe, 1951; Barcroft et al., 1919). Many of the prob- 
lems of hypersensitivity and allergic reactions which are 
concerned with disease in man, are not seen in lower 
forms. 

Another important consideration stems from the cir- 

culatory reflexes in man which are the result of his up- 
right position. These are not encountered in laboratory 
animals and cannot be reproduced by any set of cir- 

cumstances. A major factor in circulatory collapse 
following shock in man, particularly in older individuals, 
would appear to be some form of myocardial failure. 
Here again, this is in contradistinction to hemorrhagic 
and traumatic shock as they develop in laboratory ani- 
mals. 

Great care is taken during surgical procedures in 
man to avoid cerebral hypoxia. Many important cir- 
culatory reflexes in and around the heart have as 
their primary function the sustenance of cerebral blood 
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flow. Such reflexes are not as well developed in lower 
animals and frequently are masked by improper anes- 

thetic procedures. 
In the operating room, the major criteria for evaluat- 

ing the state of shock revolve around the performance 
of the heart to maintain blood pressure and the respira- 
tory pattern. An important index of the efficiency of 
therapeutic management is the effect on blood pressure 
and on the pulse rate. Where the rapidity of the pulse 
rate is out of proportion to the fall in blood pressure, a 
poor prognosis invariably exists. Although there is a 
general tendency for similar reactions to develop in 
experimental animals, this relationship varies greatly 
in different species and has not been sufficiently well 
documented to serve as a diagnostic measure. 
Inasmuch as none of the experimental preparations 

approach the shock state as it develops in man—with 

the exception of battle casualties in young healthy men 

—it would be best not to extrapolate loosely from experi- 

mental evidence onto human problems in this regard. 

Especially difficult is the evaluation of therapeutic 

measures developed in animals relative to their applica- 

tion in man. 

Thanks are due to Mr. Gerson Weiss for his assistance in ab- 
stracting from the literature the comparative data listed in the 
tables. 

Editors Note: The exhaustive bibliography accompanying Dr. 
Zweifach’s manuscript is incorporated in the consolidated bibli- 
ography of this volume. In addition, the author has contributed a 
special category of references according to animal species. For 
each species the reader is referred to the bibliography as follows: 

CAT: Aub, 1920; Barsoum, and Gaddum 1936; Bilbring and 
Burn, 1934; Burn, 1932; Burn and Dale, 1926; Burton-Opitz, 
1917; Dixon and Hoyle, 1930; Doi, 1921; Doi, 1921; Durant, 
1925; Folkow, Frost and Uvnas, 1948; Gunn, 1926; Harrison, 
1951; Heyman and Bouckaert, 1933; Landgren and Neil, 
1951; Neil, Redwood and Schweitzer, 1949; Page and Abell, 
1943; Raab and Gigee, 1958; Weil-Malherbe, Axelrod and 
Tomchick, 1959. 

DOG: Ahlquist and Taylor, 1952; Aub, 1944; Aub, Zamecnik 
and Nathanson, 1947; Baer, Peck and McKinney, 1957; Bauer 
et al., 1932; Beecher, McCarrell and Evans, 1942; Beraldo, 
1950; Cleghorn, 1947; Collins and Hamilton, 1944; Courtice, 
1943; Dole et al., 1946; Dragstedt and Mead, 1936; Ebert et 
al., 1955; Egdahl, 1959; Elman, Lischer and Davey, 1943; 

Favata et al., 1944; Fine, Seligman and Frank, 1952; Fine, et 
al., 1952; Gregersen and Root, 1947; Gruhzeit, Freyburger 
and Moe, 1954; Hamilton et al., 1940; Hamrick and Myers, 
1955; Hardy et al., 1954; Humphrey and Toh, 1954; Issekutz, 
1955; Ivy et al., 1943; Kalckar and Lowry, 1947; Knisely, 
Harding and Debacker, 1957; Kovach et al., 1959; Lewis, 
Werle and Wiggers, 1943; Lillehei and MacLean, 1958; Lillehei 
and MacLean, 1959; McCarrell and Drinker, 1941; MacLean 
and Weil, 1956; Middleton, 1944; Mills and Dragstedt, 1936; 
Nathanson et al., 1945; Nelson and Noyes, 1954; Page and 
Abell, 1945; Page, 1950; Price et al., 1941; Remington et al., 
1950; Sakazaki, 1956; Schachter, 1945; Schrade, 1942; Stor- 
morken, 1957; Swingle and Remington, 1944; Toh, 1954; 
Torrey, 1919; Turpini and Stefanini, 1959; Walcott, 1945; 
Weil et al., 1956; Westerfeld et al., 1944. 

RAT: Cruikshank, 1928; Donaldson, 1924; Drake and Heron, 
1930; Elman, Weiner and Cole, 1935; Engel, 1945; Ginsburg 
and Grayson, 1954; Gordon, 1959; Gozsy and Kato, 1959; 
Halpern, Neveu and Wilson, 1959; Hetenyi, Jr. and Issekutz, 
Jr., 1955; Hoffstadt and Johnson, 1925; Hruza and Poupa, 
1957; Jones and Ripstein, 1957; Levy, 1959; Manning, Jr. 
and Hampton, Jr., 1957; Root and Mann, 1942; Ross, 1957; 
Rowley and Benditt, 1956; Rowley, Howard and Jenkin, 1956; 
Sapirstein, Sapirstein and Bredemeyer, 1960; Selye and Dosne, 
1940; Stoner, 1958; Toby and Noble, 1944; Vincent, Veomett 
and Riley, 1955; Waugh and Pear, 1960; Weiss, 1957; Wil- 
helmi, Engel and Long, 1945; Zahl, Hutner and Cooper, 1943. 

MOUSE: Algire, Legallais and Anderson, 1953; Benacerraf and 
Sebestyen, 1957; Cameron, Delafield and Wilson, 1940; Gall 
et al., 1948; Geller, Merrill and Jawetz, 1954; Jackson Mem. 
Lab., 1941; Miller, Hammond and Tompkins, 1951; Millican, 
1955; Noyes, McIntire and Blahuta, 1959; Rosenthal and Milli- 
can, 1954; Schaepdryver de and Preciosi, 1959; Smith, Alder- 
man and Gillespie, 1957; Thal and Egner, 1956; Webster, 
1923; Zahl, Hutner and Cooper, 1944. 

RABBIT: Armin and Grant, 1957; Bally, 1929; Bartlett, 1903; 
Beeson, 1947; Brunson, Thomas and Gamble, 1955; Cori, Cori 
and Buchwald, 1930; Eckman, King and Brunson, 1958; Feld- 
berg, 1927; Feldberg and Schiff, 1926; Freedman, 1960; Goe- 
bel, Brinklet and Perlman, 1945; Good and Thomas, 1952; 
Kun and Miller, 1948; Landy and Shear, 1957; Levenson and 
Essex, 1943; McCluskey et al., 1960; McKay and Shapiro, 
1958; Mole, 1929; Olitzki, Avinery and Bendersky, 1941; Ran- 
doin and Causeret, 1950; Ratnoff, 1939; Ravin, Schweinburg 
and Fine, 1958; Rose and Browne, 1941; Rosenblueth and 
Cannon, 1935; Smith, 1939; Smith and Thomas, 1954; Stoner 
and Green, 1945; Wells, 1917. 

GUINEA PIG: Ancill, 1956; Crecelius and Rettger, 1943; De- 
launay et al., 1948; Franke, 1944; Frommel et al., 1943; Gratia 
and Liz, 1931; Tal and Olitzki, 1948; Anderson, 1915; Bering 
et al., 1956; Krumbhaar and Musser, Jr., 1920; Light and 
Bysshe, 1933; Smith and Coxe, 1951; Weger, 1947. 

GOAT: Barcroft et al., 1919; Shanks, 1947. 

Discussion of Paper by Dr. Zweitach 

Dr. Prosser: Dr. Zweifach has called attention to a 
number of anatomical, physiological and immunological 
differences between the common laboratory species. I 
agree that these species differences make direct transfer 
of information obtained by study of laboratory animals 
to man difficult. In fact, I am inclined to support the 
position of Dr. Grant that to learn about man one must 
study man. The important value of animal physiology 
is not its immediate application to medicine, but rather 
the understanding of the nature of life processes. That 

these processes occur in great diversity, that different 
kinds of animal “‘solve’’ a given physiological problem 
in different ways in not disturbing, but is rather satis- 
fying to the comparative physiologist. Evolutionary 
convergence and divergence can be found at all levels 
of biological organization. Of course, one hopes that 
with better understanding of fundamental physiological 
principles based on animal experiments, the medical 
physiologist may be able to ask more pertinent questions 
in his study of man. Some animals show one set of reac- 

\ 
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tions and are more sensitive to a given kind of stress 
than are other animals. I spent several years studying 

the various syndromes of radiation death (Prosser, 1947); 

peaks of death occur with different causes at different 

times after irradiation and according to the total dose 
and dose rate. Some kinds of radiation death are more 
prominent in certain species than others. Advantage 
should be taken of species differences in shock to pro- 
vide information regarding basic mechanisms. I con- 

tend, therefore, that research on animals is important 
in itself, even if not directly applicable. The phenomena 
of shock are so complex that, as a physiologist, I would 
hesitate to attack the problem until I knew more about 
the basic physiology of the tissues involved. 

Not only are there species differences but the corre- 
sponding tissue differs in different parts of the same in- 
dividual animal or man. The cardiovascular system is 
importantly involved in shock. I have not worked 
very much with vascular muscle, but for the past 8 
years we have concentrated on visceral smooth muscle. 
I am so impressed by the extreme differences in the 
function of similar appearing smooth muscles that I 
no longer attach much meaning to histological similar- 
itv. It is well known from the work of Bozler and others 

that mammalian smooth muscles fall into two large 
classes, those in which conduction is by nerves and those 
where conduction is from muscle fiber to fiber. In the 
first category are nictitating membrane, pilomotor 
muscles and some vascular smooth muscle. Conduction 
from cell to cell occurs in visceral muscles. In these 
latter we find great variety. The electrical activity of 
the circular layer of the intestine of the cat is mainly 
spikes which propagate at 3-5 cm/sec. while the longi- 
tudinal layer shows mainly nonpropagating sinusoidal 

slow waves which represent local pacemaker activity. 
The ureter shows neither true spikes nor slow waves, 
but large plateau-type potentials much like those in 

cardiac muscle. The potentials of ureter and of dog re- 

tractor penis are large, often overshooting zero potential, 
whereas those of other visceral muscle are much smaller. 
The uterine muscle is made excitable by estrogenic 
hormones, and other smooth muscles remain unaffected 
by them. 
‘Intestinal circular muscle is depolarized and stimu- 

lated by acetylcholine, hyperpolarized and relaxed by 
epinephrine; esophageal muscularis is depolarized and 
stimulated by both these agents. We have recently 
published evidence that speed of conduction depends on 
the closeness of packing of muscle fibers (Prosser and 
Burnstock, 1960; Burnstock and Prosser, 1960). Extra- 
cellular space calculated from electron micrographs of 
muscle layers can be correlated with velocity as follows: 

Extracellular 
Velocity Space 

pig muscularis mucosae 15-2 cm/sec. 4% 
guinea pig taenia coli 7% 12% 
cat intestinal muscle 4.1 9-13% 
dog retractor penis 1.6 18.2% 
pig carotid artery no propagation 39% 

These and other electrical data support the thesis that 
conduction is by local currents, that core-conductor 
theory can apply between cells. 

It is probable that the smooth muscle of different 
blood vessels is as different as that of different visceral 
organs. Certainly we know differences in responses to 
various drugs in bronchial, coronary and systemic ar- 
terioles, also differences between visceral and peripheral 
vessels. In fish, acetylcholine causes general vasocon- 

striction and elevates blood pressure, an effect opposite 
that in mammals; epinephrine constricts systemic 
vessels in both mammals and fish and dilates coronaries 
in mammals and gill vessels in fish. 

My colleague, W. H. Johnson, has convincing evi- 
dence that in the holding muscles of molluscs there are 
two separate proteins, one (actomyosin) which de- 
velops tension, the other (paramyosin) which maintains 
or holds tension, but cannot develop it (Johnson and 

Twarog, 1960). May not there be some comparable 
means of maintenance of vascular tone? 

Our comparative studies on nonstriated muscles have 
led us to restrict the use of the term smooth muscle to 
those of vertebrate viscera. I hope that in the next 
decade we may see an attack on the fundamental 
properties of vascular smooth muscle. Histological simi- 
larity has led to the false assumption of physiological 
similarity, whereas in reality nonstriated muscles con- 
stitute a wide spectrum of physiological patterns. 

I would mention one other difference among animals. 
Dr. Zweifach referred to the different sensitivities to 
anesthesia. Animal studies of shock must be done under 
anesthetic, while in man some kinds of shock often 
occur when the nervous system is more completely 
functioning. We are aware of the striking differences 

among men in the sensitivity of autonomic centers and 
in the corresponding vascular and visceral effects of 
sympathetic and parasympathetic outflow. In animals 
these differences are not only apparent among indi- 

viduals, but between species. Some animals are tract- 
able, even lethargic, others excitable and tense. Certainly 
these temperamental differences have been important 
in the domestication of animals by man. In some neuro- 
physiological experiments we are now doing on fish, 
we are impressed by the ease of training of certain species 
and the virtual impossibility of “‘domesticating”’ other 

species in the laboratory. I would suggest that the auto- 
nomic responses of different species may be a very im- 
portant factor in their different responses to shock, a 
factor made more difficult to study because of the effects 
of anesthesia. 

Although a dog may seem closer to man than a fish, 

and mammals may appear to be the best experimental 

models, this may not be so for application of a bit of 

fundamental information. It is often easier to get appli- 

cable information at the cellular level from cold-blooded 

vertebrates or even invertebrates than from mammals. 

Heilbrunn showed that viscosity changes in sea urchin 

eggs could be used to demonstrate the similarity of 
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“toxic”? factors from a variety of tissues from inver- 

tebrates and mammals (Heilbrunn, 1956). One of Heil- 
brunn’s students, A. Chaet, has used reactions of a 
marine worm to demonstrate similar toxic materials 

from a variety of heated tissues from many sorts of ani- 
mals (Chaet, 1956). The greatest differences among 
animals occur at the organ and tissue levels, whereas 
the greatest similarities are cellular. The cellular reac- 
tions to general organismic insult appear to be of several 
kinds. Viscosity changes or alterations in cytoplasmic 
matrix proteins have been mentioned. Permeability 
changes are most characteristic of incipient damage. 
It is interesting to note differences in sensitivity of the 
membranes of various cell types to mechanical de- 
formation; some smooth muscle cells show increased 
ion permeability on mechanical stimulation, others 
are little affected. In addition, specific proteins, par- 
ticularly those of given enzymes are inhibited by products 

of cell damage. 
Much of this conference is devoted to definitions of 

shock. The clinical picture is different from that in dogs, 
and these animals respond differently from mice. Vari- 
ous agents induce “shock’’—hemorrhage, trauma, 
x-irradiation, septic bacteria. There appear to be many 
kinds of ‘“‘shock,’? many toxins—bacterial endotoxins, 
various tissue amines, degradation products of dying 
cells, possibly even serotonin and epinephrine. There 
are many tissue reactions; some tissues are more sensi- 
tive than others. I suggest a much broader definition 
of shock—namely a generalized biological response to 
nonspecific insult. It is probable that all living organisms 
show some of the cellular reactions to toxins and general- 
ized tissue damage and that these reactions are ulti- 
mately expressed in the syndrome of clinical shock. 
Defined as a general biological phenomenon, as a kind 
of “reversible death,’ shock becomes a challenging 
research topic for many kinds of biologists. 

Several directions for future research in the shock field 

should be of interest to general physiologists. 7) We 

need much more information concerning the cellular 
physiology of the peripheral vascular system; knowledge 
of arteriolar smooth muscle lags far behind that of other 
muscles. 2) In addition to using intact animals as shock 
“models” there is need for cellular models. Specific 
cells may be most useful for elucidating particular shock 
effects and the most useful cells may not be those of 
mammals. 3) Shock should be approached as a general 
biological problem, as the complex of reactions to non- 
specific insult, as the first stage of biological death. 
Viewed thus broadly, it is a subject on which the gen- 
eral physiologist can obtain much basic information. 

Dr. ZweiracH: Obviously Dr. Prosser asked a ques- 
tion to which we have no answer because we don’t 
know the mechanism of the action of bacterial endo- 
toxins. But it is interesting that there is apparently an 
inverse relationship in the various species in terms of the 
availability and sensitivity to the amines and the 5-hy- 

droxytryptamine type and the apparent sensitivity to 
bacterial endotoxin. 

There is some evidence that in animals which are 
depleted of these amines; that is, animals which are 

treated with some of the substances such as 48-80, these 
polymers which liberate large amounts of histamine and 
5-hydroxytryptamine from their depots such as the 
mast cells, that animals which have been treated for 
several days and have, you might say, become adapted 
to this regimen, that such animals are much more 
resistant to bacterial endotoxins. This suggests that per- 
haps there is an intermediate step involved in the cyto- 
toxicity of bacterial endotoxins. 

Dr. SEELEY: On one of Dr. Zweifach’s slides I note 

that the blood volume of the monkey was stated to be 8% 
of the body weight. In 1937, at the Army Medical 
School, we selected the rhesus monkey for studies on 
the effects of anesthesia and hemorrhage. On the prem- 

ise that blood volume was 8% of body weight we re- 

moved what we thought to be 10% of the blood volume 

at intervals of 30 minutes. To our surprise all monkeys 

expired after withdrawal of the second sample. Unable 

to explain death from loss of only 20 % of the estimated 

blood volume, we concluded that we must check actual 
normal blood volumes. 

The best available method of estimating blood vol- 

ume in 1937 was that of exsanguination. Blood was 

collected from a carotid artery, saline infused into a 

femoral vein and, in turn, artificial respiration, mechan- 

ical heart massage, dicing and rinsing of solid viscera 

and flushing of the circulation of the limb being infused 

provided us with a dilute saline solution containing all 

available blood. Using a photoelectric cell hemoglobi- 

nometer, and comparing our sample with that of blood 

taken before bleeding, resulted in a finding that the blood 

volume of the rhesus monkey was but 4 % of body weight. 

The same method was checked on dogs and confirmed 

that the blood volume of that species was 8% of body 

weight. Our findings were not published. 

In view of our experience I would suggest that the 

blood volume of the monkey, and perhaps other species, 

should be re-examined with the more refined methods 
available today. 
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BECAUSE OF TECHNICAL EASE Of application, the 
production of shock by prolonged hemorrhagic hypo- 
tension has become the method of choice in a number of 
laboratories, including our own. It will be generally con- 
ceded that loss of circulating blood volume represents a 
key factor in the general shock syndrome, and this 
method obviously goes directly to the core of the prob- 
lem. Although some earlier workers in the field, such as 
Moon (1942) contended that major differences existed 
between (traumatic) shock and hemorrhagic hypoten- 

sion, it is now generally accepted that if hemorrhagic 
hypotension is prolonged and severe enough, all symp- 
toms referrable to shock can be reproduced (Blalock, 
1934). This is certainly true when conditions have been 
severe enough to lead to the so-called irreversibility. In 
a latter portion of this report, some of the manifestations 
of irreversibility will be dealt with in greater detail. 

THEORETICAL ASPECTS 

The lethal bleeding volume in the dog has been es- 
tablished at about 5% of body weight (Wiggers, 1950), 
although it varies somewhat depending upon experi- 
mental conditions. Somewhere between the lethal bleed- 
ing volume which results in rapid death due to cardio- 
respiratory failure, and a sublethal bleeding volume lies 
a critical bleeding volume which leads more slowly to 
death through induction of hemorrhagic shock. Toler- 
ance factors, rate of bleeding, intensity and duration of 
hypotension are important variables. Species differences 
may well exist. 

METHODS 

Procedures generally fall into two categories: a) those 
in which a fixed volume is withdrawn, regardless of 
changes in blood pressure, and 4) those in which enough 
blood is withdrawn to reduce mean arterial pressure to 
some definite stabilized level. An example of the first 
procedure was that of Arimoto et al. (1945) who bled 
dogs a fixed percentage of the predetermined blood vol- 
ume, 90 % of which was reinjected 30 minutes later; this 
was repeated five times at hourly intervals, producing 

1 This work supported by Grant H4056-C1 from the National 
Institutes of Health, Public Health Service. 
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death in 61 % of 41 dogs. Walcott, (1945) developed a 
method in which the lethal blood volume was approxi- 
mated (by bleeding rapidly until blood flow ceased or 
respiration stopped), and then a fixed percentage (25) 
was reinjected immediately. Blood pressure was variably 
restored (ca.40-60 mm Hg), then gradually declined to 
death in a period of considerable variability (114 to 534 
hr.). Other workers have shown that after bleeding a per- 
centage of predetermined blood volume that the residual 
volume varies considerably. Hence, such a method does 
not generally produce predictable and consistent results. 
Many investigators have used the preferred technique 

of bleeding until blood pressure fell to some arbitrary 
level, regardless of bleeding volume, with the assumption 
that the reduction of blood pressure at least roughly ap- 
proximated the decrease of blood supply to the periph- 
eral tissues. It does not at this time appear fruitful to 
elaborate on numerous variations of this method, but 
two general subdivisions can be deliniated: those which 
adhere to a fairly rigid schedule of hypotension (con- 
stant insult) such as the Western Reserve Method, 
(Wiggers, 1950) in which the arterial pressure was kept 
at 50 mm Hg for 90 minutes, then at 30 mm Hg for 45 
minutes; and those which varied the duration, adjusting 
to the individual tolerance of the animal (Fine and 
Seligman, 1943; Lamson and DeTurk, 1945). A common 
adjunct to the latter method is that when a definite per- 
centage uptake of the bleeding volume has been attained, 
the residual volume is reinfused, usually intravenously. 
Arbitrary aspects of the method as noted in various re- 
ports are the levels of hypotension which have been 
carried (35-70 mm Hg), and the percentage uptake 
accepted as an endpoint (15-30% of blood volume). 
Some justification for variation in these parameters is 
perhaps permissable by the condition of the animal. 
Thus, Dr. J. J. Friedman of our laboratory has main- 
tained a pressure as high as 60 mm Hg with the Lamson 
bottle technique in laparotomized dogs in which flow 

in the portal vein was being measured. An advantage of 

the method is that if undue caution is employed in the 

setting of the level of hypotension, this will be compen- 

sated for by the extension of the duration of the period as 

determined by the percentage uptake, thus adjusting the 

intensity of the insult to the tolerance of the animal. 
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CRITERIA OF IRREVERSIBILITY 

One of the controversial aspects of hemorrhagic shock 
has been the possible role of splanchnic pooling in ir- 
reversibility in accounting for the poor response to trans- 

fusion. This concept has been strongly promoted by 
Wiggers and his school based upon evidence obtained 

in dogs (Wiggers, 1950). Considerable significance was 
attached as a manifestation of pooling to the fact that the 
canine intestine characteristically showed congestion, 
swelling, and hemorrhage, greatest in intensity in the 
duodenum but often involving the entire gut. Bloody 
diarrhea was often associated. This striking manifesta- 
tion, though typical in dog and the rat (McNulty and 
Linares, 1960) has not been consistently noted in man, 
although Klemperer et al. (1940) and Penner and 
Bernheim, (1939) have reported postmortem gastroin- 
testinal lesions in patients dying of complications fol- 
jowing surgery with attendent bouts of hypotension. 
These lesions appear to be submucosal in origin with 
occasional focal hemorrhage followed by necrosis. The 
canine lesion is mucosal. Differences in vascular archi- 
tecture of the intestine may account for the different 
picture, (Klemperer et al., 1940). It should be added 
that diarrhea and peritonitis usually complicated the 
pathological picture in the above studies in patients. 
The hepatic circulation of the dog possesses an 

anatomical feature which may contribute to increase in 
hepatic vascular resistance and favor intestinal conges- 
tion by a back pressure effect. Mall (1906) has found, by 
injection studies, what he called a ‘“‘spiral valve’’ in the 
hepatic veins of dogs and cats. Bauer 
et al. (1932) attached physiological sig- 
nificance to a thickening of the muscu- 
lar coat of the hepatic veins toward “QbUME 
their orifices into the vena cava. The fi- 1.5 
bers concerned appeared to be arranged 100 
longitudinally, but on contraction MABE 

mm 
caused projection of the intima into 
the lumen, thus creating a valve-like 
action. There is little smooth muscle PP 
in the hepatic veins of man. 

If shock indeed occurs in man with- 
out such splanchnic manifestations then 
the key factor may well lie elsewhere. 
For this reason, we have turned re- RH 
cently to an investigation of hemor- 
rhagic shock in a primate species, the 
squirrel monkey (Chrysothrix  sciurea). 
This small, relatively inexpensive an- ‘RESP.RATE. 
imal has some advantages as a lab- 
oratory animal over the macaque, in- 

cluding ease of handling. 

In preliminary experiments, several 

HEART RATE_ 

BLEEDING 0.5 

reservoir so that pressure could be maintained at 40 mm 
Hg until 30 % of the reservoir blood (curve 1) had been 
taken up at which time all of the blood was transfused, 
usually intravenously. In this experiment, hypotension 
was maintained for 204 minutes (curve 2). On trans- 
fusion, arterial pressure only partially restored and death 
occurred 137 minutes later. Curves 3 and 4 show changes 
in portal venous pressure (PP), taken from a small in- 
testinal vein branch, and inferior vena cava pressure 
(VP), from a catheter passed via the jugular vein to the 
approximate point of entrance of the hepatic veins. 
This pressure was taken as representative of common 
hepatic vein pressure. Pressure readings were taken by 
Statham transducers and an Offner recorder. The last 
two curves show respiratory rate, recorded by a strain 
gauge attached to the thorax, and heart rate by ECG. 
Respiratory and heart rate changes were variable, al- 
though respiration usually increased. Heart rate initially 
slowed, then later accelerated. Terminally, respiration 
characteristically slowed and stopped first, followed in 
several minutes by cessation of cardiac activity. 

Of particular interest is the fact that on transfusion, 

portal pressure did not overshoot as it does in the dog. 

This could be due to the fact that hepatic resistance 

changes are not as great in the monkey as in the dog. 

Some insight into this is gained from curve 5, the ratio of 

mesenteric resistance (Ry) to hepatic resistance (Ry), 

based on the analytical procedure of Wiggers, Opdyke 

and Johnson (1946). In this Ry, is taken as (P, — Ppy/Fj) 

F,, F; being the flow through the intestinal and splenic 
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interesting facets have been disclosed. 

A representative experiment appears 

in Figure 1. Animals were anesthe- 

tized with 25 mg/kg of pentobar- 

bital i.p. Bleeding was into an arterial 
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FIG. 1. Hemorrhagic shock in the squirrel monkey. PP: portal venous pressure; 
VP: vena cava pressure at level of hepatic veins; Ry/Ru: ratio of mesenteric resist- 
ance to hepatic resistance. 
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circuits. Ry is obtained by the ratio: (Ppy — Puy)/F2, P, — Pey / Prev — Pay ‘ 
where F, is the flow through the liver contributed by the me a ea , 

ortal vein. Ry,/Ry then equals i an ms ; 
P : q Under stabilized conditions, F1 should equal F2, and I 

by cancellation of F;/F2 Ru/Ru = (Pa — Ppy)/ c 
Tr T T T 7 T T - . 

aii © 4 (Ppy — Puy). A decrease in the ratio could be the result € 
"ae. ° 1 of decrease in mesenteric resistance, increase in hepatic t 

7? siritpecranectpemenininint nial resistance, or both. Since contrary changes are unlikely, 
a decrease in the ratio suggests a predominant increase f 
in hepatic resistance. An increase in the ratio Ry/Ry a 
conversely would support preponderant increase in I 
mesenteric resistance, decrease in hepatic resistance, or ! 
both. ¢ 

During hemorrhage, Ry;/Ry decreases. Since it is un- 7 
likely that Ry, is decreasing, this trend suggests a pre- t 
ponderant increase in Ry. On transfusion, Ry /Ry re- 5 

. ; / 
turns approximately to control, then decreases again as : 
normovolemic shock progresses. In the dog, with similar . 
analysis (1946), more marked reduction in Ry/Ry was 8 
found to occur during hemorrhagic hypotension sug- I 
gesting greater increase in Ry. There was incomplete . 

remission of the increase in hepatic resistance in the dog 

on transfusion, so that portal pressure was elevated above I 

a 1 control. 
H ° . . 

10+ . Recently, direct portal flow in the monkey using a ¢ 

) a oe a continuously recording bubble-flow meter, has been ‘ 

“ ws oy z Pay! . ap P i ; oe recorded (Fig. 2). The above indirect estimates have , 
a been confirmed. Intestinal resistance (Ry) increases , 

FIG. 2. Portal vein flow in the monkey. only transiently during hemorrhage, then returns to f 
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control. It decreases terminally as the animal fails in 

irreversible shock. Intrahepatic resistance (Rg) rises 
markedly during hemorrhage, then decreases somewhat 
during the remainder of hypotension, but remains 
elevated. It returns to control on transfusion, as does 
the portal pressure. Later it rises again until terminally. 
Although the hepatic vein valve mechanisms may 

play a peculiar role in these differences, it is of consider- 

able interest that the dog is much more susceptible to 
blockade of the portal vein than the monkey (mostly 
Macaca mullata), according to Child (1954). The dog 
dies in 30-120 minutes, but in his series of 76 monkeys, 
78% recovered uneventfully. Venograms showed that 
this survival was related to an extensive collateral 
system into the pelvis via the inferior mesenteric veins. 
A similar explanation may account for the failure of 
development of portal hypertension in the present 
series. Of particular interest is the fact that to date we 
have never observed the hemorrhagic congestion of the 
intestine so typical of the dog. 

FACTORS IN PRODUCTION OF IRREVERSIBLE SHOCK 

In a critical evaluation of hemorrhagic shock, the 

question can be justifiably raised, what are the factors 
that one must look for in the understanding of the 
mechanisms of shock? Does the heart fail? Is the vascular 
collapse central or peripheral? Do cardiovascular reflexes 
fail or are the changes attributable to alterations in the 
peripheral vasomotor regulatory elements? What about 
the role of humoral substances, constrictor or dilator? 

Despite a vast amount of work in the past, our group 
has not been entirely satisfied with the available answers 
and has re-examined some of these. In the sections which 
follow are discussed our recent attempts to find answers 
to several of these questions. 

Possible role of vasodilator material of intestinal origin. 
Based upon a prior study suggesting that the ischemic 
gut of the dog was the site of elaboration of a vaso- 
depressor material (Selkurt, 1959), the possible produc- 
tion in hemorrhagic shock was investigated. In principle, 
blood taken from the portal vein during all phases of 
hemorrhagic shock in dogs was reoxygenated and 
perfused into a test tissue (isolated denervated loop of 
ileum or gracilis muscle of the experimental animal) in 
which flow was measured in order to obtain evidence of 
of humoral vasomotor effects. 

The method is illustrated in Figure 3. Blood obtained 

from the portal vein (via splenic vein catheterization) 

was pumped by a modified Dale-Schuster pump through 

a membrane oxygenator (50% Os: and 50% air) and 

bubble trap into a terminal ileum loop. Perfusion pres- 

sure was stabilized at 100 mm Hg by an over-flow 

device (upper right). Oxygen tension and pH were 

regularly measured. Venous outflow was measured by 

an automatic bubble flow meter recording every 1 ml. 

Alternatively, the tissue could be perfused by a supply of 

arterial blood from a femoral artery. 

The bleeding procedure was by a modified Wiggers’ 

technique. The animals were bled into an arterial 

reservoir to a pressure of 60 mm Hg for go minutes, 
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TERMINAL ILEUM 
FEMORAL 

(m1/min/100 gm 7100 mm Hg) Se AN CE 

FIG. 5. Summary of experi- 
ments in which isolated terminal 
ileum loop was perfused. Upper 
panel: perfusion with femoral 

RATIO OF ADMITTANCES 

arterial biood. Lower panel; 
flow when perfused with oxy- 
genated portal blood as a ratio 
to the flow with femoral per- 
fusion. Abscissa: time in minutes 
for hemorrhage period until 25 
minutes post-transfusion. After 
this, values are given at arbitrary 
blood pressure levels, because of 
varying duration of normo- 
volemic shock. 

100 -25 0 +25 Decrease 
20 

mm Hg 

25 50 75 

CONTROL HEMORRHAGE 

60 mm Hg —He 40 mm 
Hg TRANSFUSION 

then bled to 40 mm Hg for 45-130 minutes until 15% of 
the maximal blood volume in the reservoir had been 
taken up, whereupon the remainder of the warmed, 
filtered blood was transfused intravenously. 

A representative experiment in an anesthetized dog 
(go mg/kg, of pentobarbital) appears in Figure 4. The 

upper curves show the bleeding volume and arterial 
blood pressure. Below this is shown the oxygen tension 
of the perfusing blood; it is seen that the oxygenated 
portal blood actually had a higher tension than femoral 
arterial blood in this experiment. The third segment 
of the figure shows the pH of the perfusing blood which 
tended to drop during the course of hemorrhagic shock. 
The lowest segment of the figure shows the blood flow 
in ml/min/100 mm Hg/100 gm tissue weight (designated 
as ‘‘admittance”’) into the isolated ileal segment. 

It can be noted that perfusion of the tissue with either 
femoral arterial blood or oxygenated portal blood early 
in oligemic shock although reduced showed no significant 
difference in flow. Late in oligemic shock, as the animal 
began to “take-up” blood from the reservoir, there 
was evidence of increased production of a vasodilator 
substance by the intestine. After transfusion, the produc- 
tion of this substance remitted somewhat, but its apparent 
release was enhanced as the animal began to fail in 
normovolemic shock. At about 490 and 505 minutes, 
two bouts of reactive hyperemia resulting from brief 
(60 sec.) experimental ischemia attested to the sensitivity 
of the gut preparation. 

at at 
60 40 

mm.Hg mm Hg 

DEATH 

Of interest is the fact that portal venous blood con- 
tained an agent which promoted intestinal motility 
(next to last segment of the figure). Whether this is 
related to the vasoactive agent is not apparent; actually, 
the degree of motility noted was not quantitatively 
related to the vasomotor activity displayed. 

Figure 5 shows a summary of experiments in which 
terminal ileum was perfused by femoral arterial blood 
contrasted with portal vein perfusion. Generally, flow 
was reduced during the hypotensive phase with femoral 
perfusion, possibly the result of increased production of 
catecholamines, pressor in nature, as described by 
Walker et al. (1959). After transfusions, a general 
tendency toward restoration of flow was observed. 

With portal vein blood transfusion, definite evidence 
of increased elaboration of vasodilator material was 
observed during hypotension. Following transfusion, 
this trend was reversed but in about half of the experi- 
ments the flow tended to remain elevated. 

Figure 6 shows a summary of the experiments in 
which the gracilis muscle was perfused. In general 
summary, the results are quite similar to those noted 
with the ileum preparation. 

The above results were discouraging to the extent 
that the production of vasodilator material by the 
intestine was not remarkable during normovolemic 
shock, and in several instances did not exceed the con- 
trol; nevertheless in these animals arterial pressure 
decayed and the animal succumbed. Therefore, it did 
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Fic. 7. Diagram of method for 
blood perfusion of gracilis muscle 

Gracilis of shock dog from a normotensive 
donor animal. With this arrange- 
ment, the blood flow to the 
muscle is subject only to neuro- 
genic control of the shock animal. 

DOG 

-—_— 

Femoral Artery DONOR 

not appear that this was the key mechanism of irre- 
versible shock. Further characterization of this vaso- 
active material has not been pursued for this reason. 
Several possibilities of course exist, such as Darmstoff or 
Substance P. 

a 

Pu 
SHOCK 

40° Bath 

Carotid Artery x 

Rnuenniannnn Femoral Vein ae Femoral Artery 

1/2 % Bled 

Role of vascular neurogenic control in hemorrhagic shock. 
Turning from the possible role of humoral agents which 
appear to supply only a partial answer to: the hemor- 
rhagic shock problem as we view it, the increasingly 
important possibility loomed that failure of vascular 
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control might be involved. By this is meant failure of 
neurogenically induced vascular tone, with implicit 
failure of vasomotor centers. The general plan of the 
experiments was to measure blood flow in a representa- 
tive organ (gracilis muscle) during all phases of hemor- 
rhagic shock in such a manner that blood flow could 

not be influenced by humoral factors from the shock 

dog. Skeletal muscle was chosen in part because of its 

significance as a reservoir of blood volume. 
Figure 7 diagrams the set-up for perfusion of the 

isolated gracilis muscle of the shock dog. This is perfused 

at a fixed pressure (160 mm Hg) from a donor dog, and 

is connected to the shock dog only by its innervation, 

a branch of the obturator nerve (L 6). To block periodi- 

cally vasomotor impulse transmission, as a test of the 

functional status, the nerve was cooled near freezing to 

—1 to —3°C. Venous outflow was measured by bubble 

flow meter. Bleeding to 50 mm Hg for go minutes then 

to 35 mm Hg until 25% uptake was the shock procedure 
employed. 

A representative experiment appears in Figure 8. 

The upper curves show the bleeding volume in per cent 

of body weight, and the mean arterial blood pressure. 

BLOOD 69 
PRESSURE 
mm Hg 80 

Stated ad ny J ' e ‘ ! ' ' ‘ ' ' ' ' ' ‘ ' J 

Below is shown the blood flow; the dashed portions of 
the curve indicate the time of cold-block of the nerve. 

Some insight into the vasomotor compensatory 

mechanisms is provided by the effects of rapid removal 
or addition of small volumes of blood (equal to 0.5% of 
body wt.). Note that during the control, this produced 
little perturbation of blood pressure. A rapid infusion 
midway in the 50 mm Hg period showed impaired 
reflex adjustment. On restoration of biood volume, as 
was typically the case arterial pressure did not return 

to control. Early in normovolemic shock, 0.5% changes 
in blood volume were reasonably well adjusted for, but 
later, accompanying the general decline in pressure, 
compensatory adjustments again gave indication of 
failure. 

While acknowledging the rather specific nature of the 
assay of neurogenic activity by measurement of blood 
flow in the isolated muscle, this particular experiment 
gives no indication of loss of vasoconstrictor activity 
during the duration of hypotension. With cold-block, 
flow increased with decrease of vasoconstrictor tone. 
On transfusion, flow increased somewhat, but generally 

remained Jow, suggesting continually enhanced vaso- 
constrictor activity. This persisted as systemic pressure 
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Fic. 8. Representative experiment in which blood is supplied 
by a normotensive donor dog. Upper solid curve: arterial pressure ; 
upper dashed curve: bleeding volume. Lower curve: blood flow 
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progressively declined. Failure of vasoconstrictor activity 
to skeletal muscle, at least, did not contribute to this 

decline. 
It might be satisfying to dismiss the failure of such a 

mechanism as not being a contributory factor to irre- 
versibility in shock, except that some animals gave 
evidence to the contrary. 

This is illustrated in Figure 9. Midway during the 50 
mm Hg period, there was a sudden increase in flow. 
This loss of control was corrected by the infusion of 
0.5% of body weight of blood. When this volume was 
again removed, a second cycle of failure became evident, 
again corrected by blood transfusion. That this was not 
due to failure of the nerve trunk is indicated by the 
greater flow which followed nerve block. Flow continued 
high during the remainder of hypotension. On trans- 
fusion, flow decreased below control until 485 minutes, 
when it rose again as systemic pressure declined more 
rapidly. Unfortunately, at this time, several attempts at 
cold-block failed, which raised the question of failure of 

the nerve trunk, although throughout the experiment, 
the muscle could be stimulated by 2 volt impulses via 
the nerve. 

CONCLUSION 

In conclusion, the evidence to date suggests that 
enhanced vasodilator output by the ischemic gut may be 
a contributory factor to vascular collapse in hemorrhagic 
shock. It is possible that a similar trend in release of 
pressor catecholamines, (Walker et al., 1959) counter- 
balances this influence. Failure of vasomotor regulation 
does not appear to be of primary importance, but may 
also be contributory. The present work examines only 
arterial flow regulation and tells little about regulation 
of the venous circulation. The big question of the 
control of the capacity vessels and their role in venous 
return and cardiac filling needs further investigation, we 
believe. This will be one of the directions of future 
research in our laboratory. 



Critical analysis of traumatic shock models 

H. B. STONER 

Toxicology Research Unit, Medical Research Council Laboratories, Carshalton, Surrey, England 

I. IS APPROPRIATE to begin a critical analysis of trau- 
matic shock models by enquiring into their purpose. 
Their obvious aim is to provide a system for studying 
the biological effects of physical injury in order to 
promote the better treatment of injured persons but 
there is also a deeper purpose. Pathology, in the main, 
is the study of the reaction to injury. The body’s response 
to injury is composed of a local response—inflam- 
mation—and a general response which I shall call 
“shock.” It is useful to have a short word to cover the 
“general response to injury” and if no diagnostic 
criteria are laid down confusion need not arise. The real 
purpose of these models is to provide systems for studying 
this fundamental pathological reaction and the ideal 
model is one in which the local and general reactions 
can be studied simultaneously. It is a truism that a 
model can only give information about the model. 
The difficulties of transferring results from animals to 
man are often emphasised but if a general phenomenon 

such as the response to injury could be completely 
explained in an experimental animal it would be a 
great advance and the job of deciding how much of 
the information was applicable to man should not be 
insuperable. 

In setting up the model the type of injury must first 
be decided; an actual injury seems essential. The argu- 

ment, occasionally advanced, that since injury leads, 

say, to adrenocortical stimulation an actual injury can 
be omitted and the effects of cortisone studied instead 
does not appeal to me. For comparison the effects of 
injections of cortisone, adrenaline, endotoxin et cetera 
must often be studied but such experiments do not 
provide valid models of the general response to injury. 

Injury is difficult to define. It is difficult to know where 
to draw the line between every day physiological stresses 
and stimuli which are definitely injurious. This problem 
has been largely avoided in work on physical injury 
since most people have used gross trauma leading either 
to death or, at least, to an obvious general response. 
The idea of using “‘minimal trauma,’ now common in 
the study of thermal injury, has not yet extended into 
this field to any extent but will do so as analytical 
refinements permit smaller and smaller changes to be 
measured. This prospect makes it essential to use care 
in choosing the type of injury from among the large 
number available. The “honeymoon period” in this 
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field is over and many of the bizarre injuries used in the 
past are no longer useful. Progress will only be made by 
studying precise injuries. The main requirements of a 
suitable injury are: its site and nature should be known; 
it must be reproducible; it must be measurable; its 
intensity must be controllable. 

TYPES OF TRAUMA! 

Clinically, physical trauma produces tissue damage by 
interfering with its blood supply (including rupture of 
the blood vessels leading to hemorrhage and further 
tissue damage), by direct damage to the cell membranes 
and through infection arising from without or within. 
Equally complicated injuries have been used experi- 
mentally. Limbs have been shot with bullets, beaten 
with mallets and crushed in vices, explosive pellets 
applied to the body have been detonated and the gut 
and mesentery have been damaged either through the 
abdominal wall or at open operation. Such injuries may 

retain some usefulness in the study of specific surgical 
problems (e.g. Chesterman, 1944) but they are not 
suitable for our purpose. These lesions cannot be 
measured accurately. In many the damaged tissue is 
difficult to study and its limits are often difficult to 
define, as for instance when infection supervenes or more 

than one major type of tissue is affected. Where blood 
vessels are damaged variable amounts of hemorrhage 

will occur externally or internally. The reproducibility 
of such injuries is of a low order and their intensity is 
difficult or impossible to control. Reproducibility is 
only obtained by using overwhelming amounts of 
trauma and the dangers of this have been emphasized 
by Rosenthal (1960). If all the animals in a group die 
the amount of trauma applied may be just the LDyoo, it 
may, however, be considerably more, when the chances 
of detecting the beneficial effect of some therapeutic 
procedure will be much diminished. 

It seems better that some clinical realism should be 

sacrificed to obtain a useful experimental model. The 

different factors, ischemia, hemorrhage and _ infection 

producing the damage in physical injury must be 

examined separately as far as possible. Ways of studying 

hemorrhage and infection are discussed elsewhere in 

1 Burns are not considered in this review. 
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this symposium. I want to consider models in which 
injury results from tissue ischemia. 

In addition to being a major cause of tissue damage 

after physical injury ischemia is also the cause of many 
pathological lesions occurring in natural disease processes 

and this increases the interest in its effects. The principle 
factor in ischemia is the anoxia of the tissues but this 
may not be the only one for anoxia fer se must be very 
severe to increase capillary permeability (Nairn, 1951; 
Hendley and Schiller, 1954). The purest form of local 
tissue ischemia is perhaps that produced by injecting 
emboli, usually inert microspheres, into the circulation 
but the distribution of these lesions is difficult to control. 
Tissue ischemia can also be produced by gravity as 
when a rabbit is suspended vertically to induce gravity 
shock, but the limits of the ischemic area cannot be 
defined and reproducibility is difficult to attain. A more 
practical way of obtaining this type of tissue damage is 
by producing limb ischemia. In many respects this 
seems almost the ideal injury for there is the local 
response in the damaged limb and the general response 

in the rest of the body. Furthermore, there is no great 
loss of realism since uncomplicated limb ischemia can 
cause shock and death in man and the histological and 
biochemical changes in the muscle are very similar to 
those in experimental animals (Scully and Hughes, 1956; 
Green et al., 1949). However, although renal changes 
occur, delayed death from renal failure, so characteristic 

of the human ‘‘crush syndrome,” is not seen. With care 
limb ischemia is a reproducible injury. The amount of 
tissue damaged can be measured and the changes in it 
readily investigated. The intensity can be controlled 
by varying the amount of tissue damaged, by altering 
the duration of ischemia or by altering the temperature 
of the limb. It is also admirably suited for the study of 
the effects of ‘‘minimal injury” since when the intensity 
of the injury is reduced we meet the physiologists study- 
ing reactive hyperemia. The damaged tissue is mainly 
muscle which again is an advantage as a great deal is 

known about its physiology and biochemistry. This 
injury goes far towards satisfying the criteria mentioned 

above and, at present, experiments in which it is used as 
the injury seem to provide the most useful traumatic 
shock models. 

Before considering some technical aspects of experi- 
mental limb ischemia I want to discuss three other 
forms of experimental injury none of which I have used 
personally. 

Tissue freezing. The Hungarian group under Kovach 
has frequently used the injury produced by freezing 
the hind-limbs of rats in liquid air (Csaky and Magyary- 
Kossa, 1947; Kovach and Csaky, 1948). This produces 
severe tissue damage and the survival time is fairly 
short (2-8 hr.). The local and general changes after 
this injury which they use as a model of direct tissue 
trauma, are very similar to those produced by limb 
ischemia (Kovach et al., 1952; Kovach et al., 1953; 
Takacs and Szabé, 1957; Kovach et al., 1957; Kovach 
et al., 1957). This method has a potential usefulness for 

producing sudden, gross tissue damage but more infor- 
mation is desirable about the intimate nature of the 
injury, the histological changes in the damaged limbs 
and the way in which the blood supply returns to them 
when they thaw. 

Tumbling trauma. Noble and Collip (1941) introduced 
their drum to produce traumatic shock without hemor- 
rhage in unanesthetized animals. They claimed to be 
able to apply graded degrees of trauma and obtain 
strictly quantitative results. Reproducibility is the main 
claim for this method and accounts for its wide use in 
screening possible therapeutic agents and in the field of 
trauma resistance. While the drum certainly produces 
shock I think some of these claims are exaggerated. In 
many respects our criteria are unsatisfied. For instance, 
it is impossible to describe the extent of the injury and 
study the injured tissue quantitatively. Although the 
main damage is intraabdominal most other parts of the 
body show variable degrees of damage with capillary 
changes and interstitial hemorrhage (Noble and Collip, 
1941; Chambers, Zweifach and Lowenstein, 1943). 
This is obviously not a suitable preparation for studying 
the effect of injury to one tissue on the behavior of 
another. The animals are often killed during the ‘“‘drum- 
ming” or die almost immediately after removal from the 
drum. In fact, with doses causing the death of more than 
10% of rats the survival time is usually very short 
(Noble and Collip, 1941). Reproducibility seems to be 
obtained by using very large amounts of trauma. This 
method seems altogether too crude for modern purposes. 
As the number of revolutions of the drum is reduced the 
extent and nature of the injuries must become more and 
more variable so that this method could not be used to 
study the effects of ‘“‘minimal injuries.” 

This method has often been used in work on trauma 
resistance or tolerance as it has sometimes been called. 
Tolerance should mean a decreasing response to the 
same stimulus. In these experiments it is possible, by 
gradually increasing the dose of ““drumming’’, to make 
the animal capable of withstanding an amount of 
“drumming” which would be certainly fatal in an 
unconditioned animal (Noble, 1943). To compare 
changes in these conditioned and unconditioned animals 
(e.g. Neufeld, Toby and Noble, 1943; McShan et al., 
1945; LePage, 1946; Munro and Noble, 1947) would 
not seem of great interest unless it can be shown that 
the amount of tissue injury in the two is at least the 
same. A demonstration of this is lacking. During the 
conditioning structural changes may occur in the 
abdominal musculature which protect the abdominal 
contents and reduce the tissue injury although improve- 
ment in the technique of falling is not itself a decisive 
factor (Hruza, 1960). It is of interest that Manning and 
Hampton (1957) found that these conditioned rats were 
not able to withstand hypoxia any better than normal 
controls. 
A more interesting use of this phenomenon has been 

made by Chytil and Hruza whose work may be inter- 
preted as a study of the metabolic effects of repeated 
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trauma (Chytil and Hruza, 1959; Hruza and Chytil, 
1959). Reichard, Gordon and Tessmer (1960) have also 
used this method to study the effect of repeated trauma 
on the function of the reticuloendothelial system. There 
are also some interesting examples of cross-resistance. 
For instance, Zweifach and Thomas (1957) found that 
rats made resistant to bacterial endotoxin were also 
resistant to drum trauma although rats conditioned to 
“drumming” were not resistant to lethal doses of endo- 
toxin. Similarly, Griswold and Gray (1957) were able 
to increase the resistance of rats to Noble-Collip drum 
injury by giving them a series of electroconvulsive 
shocks. 

Some of the most important results obtained by this 
method have drawn attention to the interesting effects 
of compounds such as dibenamine (Baez, Zweifach and 
Shorr, 1952) on the response to injury at a time when 
people seemed to have almost abandoned hope of 
influencing this response with drugs. Nevertheless, 
although the Noble-Collip drum method can detect 
the effect of such compounds it does not offer many 
facilities for the further elucidation of their action. 

Fracture. If the Noble-Collip drum has outlived its 
usefulness the same cannot be said of experimental 
fracture of the femur. In the hands of Cuthbertson and 
his co-workers (Cuthbertson, 1960) fracture of the 
femur in the rat at open operation under ether anesthesia 
has proved a most instructive type of injury although 
it would be difficult to describe the exact nature of the 
injury in biochemical terms. It is obviously a very 
reproducible lesion and one which constitutes a severe 
and continuing stimulus to the animal’s metabolism, 
as it does in man. 

LIMB ISCHEMIA 

The factors which must be considered when setting 
up a traumatic shock model will now be discussed with 
particular reference to that in which limb ischemia is 
the injury but most of the points are equally applicable 
to models using other forms of injury. 

Method of producing limb ischemia. The ligature of 
vessels is usually unsatisfactory. With an open operation 
there is the possibility of bacterial invasion and ligature 
of the visible arterial supply rarely gives complete 
ischemia. Venous obstruction leads to limb ischemia 
but it also causes the accumulation of blood in the limb 
and hemorrhage into the tissues.Metal clamps applied 
to the limb are also probably best avoided unless they 
are of the type used by Haist as they are liable to cause 
rupture of the muscle and hemorrhage. The best 
methods are Rosenthal’s (1943) rubber band method for 
small animals and Bywaters and Popjak’s (1942) 
adaptation of the Esmarch bandage for larger species. 
Care must be taken to avoid damaging tissues outside the 
limb, e.g., testis in the rat, and it is worth emphasizing 
that a tourniquet applied to one limb will cause reflex 
vascular spasm in the contralateral one (Barnes and 
Trueta, 1942) sufficient to lead to chemical changes in 

its muscle (M. Bielschowsky and H. B. Stoner, unpub- 
lished results). These changes can be prevented by 
denervation of either limb. 

The degree of ischemia produced by these tourniquets 
varies from species to species (Macfarlane and Spooner, 
1946; Stoner, 1954; Threlfall and Stoner, 1957). In the 
rat the ischemia is complete below the tourniquet. 
In the rabbit, while the muscle below the mid-thigh is 
completely ischemic, that under the upper turns of the 
rubber tubing remains partially oxygenated. The 
degree to which the blood flow returns when the tourni- 
quets are released varies inversely with the duration of 
the ischemia (Threlfall and Stoner, 1957). 

Regarding the duration of ischemia, it is generally 
agreed that under ordinary environmental conditions 
2-hour bilateral hind-limb ischemia is never fatal in the 
rat. Using Rosenthal’s method a 4-hour period in this 
species has a mortality rate of about 85%, rising to 
100% with a 6-hour period. The Toronto group (Haist, 
1960) have used a longer period (usually 10 hr.) but 
the longer the tourniquets are kept on the more chance 
there is of vessels becoming thrombosed and impeding 
the ultimate return of the circulation to the limb. 
With very long ischemic periods one would expect the 
variability of the general response to increase. 

Anesthesia. While anesthesia is necessary for the 
application of the tourniquets by the two methods 
mentioned, in the rat, mouse and rabbit it need not be 
continued once they are in place unless further operative 
intervention is envisaged. The affected limbs quickly 
become insensitive. Once accustomed to the restriction 

of movement these animals will remain quite quiet and 
rats will often sleep with the tourniquets in place. The 
duration of anesthesia required is very short, 3 minutes 
for a rat, and ether is the obvious agent. In normal 
animals even such a short anesthesia depresses the liver 
temperature and recovery is quite slow (Birnie and 
Grayson, 1952; Stoner, 1958a). 

Any lengthening of the anesthesia for the application 
of the tourniquets will increase the relatively small fall 
in liver temperature during the period of limb ischemia. 
This was clearly seen in rabbits when the time was 
increased from 5 to 10 minutes (Stoner, 1954). 

Anesthesia may also be necessary later when obtaining 
samples for biochemical analysis and this too can lead 

to difficulties (Threlfall and Stoner, 1960) as shown by 
the difference in the liver pyruvate concentration after 
limb ischemia when the liver is rapidly removed from 
guillotined rats and when it is removed under Na 
pentobarbitone anesthesia (Table 3). It will be noted 

that the concentration in the controls was unaffected 
by the method of sampling. The difference in the injured 
rats was attributed to an alteration in the ratio of 

oxidized to reduced diphosphopyridine nucleotide in 
the liver from a decrease in its oxygenation during the 
induction of the Na pentobarbitone anesthesia. (The 
samples were taken as soon as surgical anesthesia had 
been reached. ) 
When using larger animals (dog) continuous anesthesia 
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may be unavoidable and then there is the problem of 
choosing the best anesthetic agent (Bennett, Bassett and 
Beecher, 1944). Whichever agent is chosen its effects 
must be carefully explored so that they can be distin- 
guished from those of the injury (Price et al., 1941). 
In physiological experiments it is customary to maintain 
the body temperature of the anesthetized animal 
artificially, but should this be done here as injury 
lowers the temperature of the unanesthetized animal? 
The deleterious effect of a high environmental tempera- 
ture is discussed below. These difficulties provide a 
strong argument for using species where prolonged 
anesthesia is unnecessary and even then the controls 
should be anesthetized in the same way as the experi- 
mental animals. 

Relation of injury to biological rhythms. Living organisms 
are not static. They are always undergoing change and 
these changes are often cyclical ones with short periodic- 
ities producing well-defined diurnal fluctuations in the 
body’s constituents. Among the common laboratory 
species these cycles have been most studied in the rat 
and mouse (Higgins, Berkson and Flock, 1932, 1933; 
Deuel et al., 1938; Pitts, 1942; Deane, 1944; Halberg 
et al., 1954; Czaplicki, 1956; Brunner et al., 1956; 
Beck, Rieck and Duncan, 1958; Halberg, Albrecht and 
Bittner, 1959). 

These cycles will influence the response to an injury 
and one cannot expect uniform results in a group of 
animals if they are injured at different times of the day. 
An extreme example of this is given by Threlfall and 
Stoner (1954) and the variation in the sensitivity to 
endotoxin at different times of the day has been pointed 
out by Spink (1960). The timing of these experiments is 
most important and the results, especially biochemical 
ones, can only be interpreted when viewed against the 

background of normal behavior. For instance, in the 
nocturnally feeding rat some 180 mg of glycogen (as 
mg glucose per 100 g body wt.) disappear from the 
liver between 9:30 AM and 5:00 pM and the effect of 
injury on the glycogen content of the liver can only 
be interpreted if this normal change is appreciated 
(Stoner, 1958)). It is essential to know a great deal 
about the normal behavior of the animals used and 
care must be taken not to disrupt their rhythms when 
transferring them from animal house to laboratory. 
Knowledge of these cycles can be very useful particularly 
when the effect of procedures which alter them such as 
endocrine removal and fasting is being studied. The 
more such controlled variations can be introduced 
into the experiments the more precise will be the inter- 
pretation of the results. To understand a metabolic 
effect of injury it is usually necessary to have data from 

at least fed, fasted, medullectomized and adrenalecto- 
mized animals. 

Environmental temperature and acclimatization. The tem- 
perature of the environment in which the experiment 
is performed affects the results in two ways: 

a) The severity of the injury sustained by the ischemic 
limb is determined by its temperature and therefore by 

the temperature of its surroundings since it is no longer 
heated by the blood from within. The higher the limb 
temperature the greater the damage. This is now well 
recognized clinically and experimentally and the mecha- 
nism is fairly obvious. 

6) In small mammals the environmental temperature 
also plays a large part in deciding the outcome of a 
standard injury. In the rat and mouse, at least, there are 
optimal environmental temperatures for survival after 
injury and small deviations to either side of the optimum 
markedly shorten the survival time. Changes in atmos- 
pheric humidity, on the other hand, are almost without 
influence. The importance of controlling the environ- 
mental temperature in experimental work on shock was 
first emphasized by Tabor and Rosenthal (1947) and 
their results were confirmed by us (Green and Stoner, 
1950). Its influence on the response has been further 
investigated in our laboratory (Stoner, 1958a) and by 
Haist and his co-workers (Haist et al., 1959; Haist, 
1960; Haist, Hawkins and Kovacs, 1960). The mecha- 
nisms involved are not completely understood. 
When the environmental temperature is high (30°C), 

although the survival time is much shorter, for most of it 
rats and mice appear in better condition than at lower 
air temperatures. This makes it very difficult to tell, 
visually, their proximity to death for at the end they 
die very suddenly. After removal of the tourniquets 
their total O2 consumption falls at the same rate as in 
rats at an air temperature of 20°C and their tissue 
temperatures give little guide to their condition. The 
liver temperature rises instead of falling as at lower air 

temperatures. Of the parameters studied the best 
indicator was the hepatic blood flow which fell progres- 
sively. This suggests that a high environmental tempera- 

ture shortens the survival time by interfering with the 
ability of the cardiovascular system to compensate for 
the oligemia. The rate of exudation into the damaged 
tissue may also be increased under these conditions 
(Threlfall and Stoner, 1957). Further work on these 
possibilities is required because Tabor and Rosenthal 
(1947), from therapeutic experiments at different air 
temperatures, thought that metabolic factors were the 
most important. 

The shorter survival time at air temperatures below 
the optimum does not seem to be due to cardiovascular 
factors. When a normal rat is placed in the cold (3°C) 
heat production is increased both by shivering and by a 
rise in liver temperature but these changes are not seen 
in the injured rat. Under these conditions the liver 
temperature falls rapidly (Stoner, 1958a) and there is 
no shivering (Kerpel-Fronius, 1952). This ‘‘poikilo- 
thermic”’ behavior of the injured rat may be an important 
indication of its metabolic difficulties. 

During experiments it is often necessary to put the 
animal in a small cage or restrain it in some way. This 
can introduce complications due to “restraint hypo- 
thermia” (Ware, Hill and Schultz, 1947). When an 
animal is restrained its ability to maintain its body 
temperature in the face of quite a small drop in the 



ambient air temperature is reduced. This is a complex 

and still incompletely explained phenomenon (see 
Bartlett, Helmendach and Bohr, 1953; Bartlett, Bohr 

and Inman, 1955; Bartlett and Miller, 1956; Bartlett 
et al., 1956; Bartlett and Quimby, 1958). Restraint, as 

when an anesthetized animal is tied to an operating 
table, can shorten the survival time after an injury 
(Green et al., 1944). On the other hand, close-fitting 

cages could prolong the survival time by interfering with 
the swelling of the damaged limbs (Koletsky and 
Gustafson, 1950). Care is therefore necessary in the 
design of the cages, etc. 

Not only are environmental conditions at the time of 

the experiment important but the results are also influ- 
enced by the animal’s previous climatic experience. 
Rats acclimatized to cold (1.5 — 3.0°C) are very resist- 
ant to limb ischemia when brought out of the cold and 
tested at 18 — 27°C (Haist et al., 1956; Haist, 1957; 
Threlfall and Stoner, 1957; Stoner, 1958a; Schachter 
et al., 1959; Haist, 1960). Cold acclimatization is 
associated with very widespread changes affecting the 
cardiovascular system, water and electrolyte metabolism 
and the metabolism of organic compounds (Bass and 
Henschel, 1956; Sellers, 1957; Baker and Sellers, 1957; 
Garcia, Belknap and Cook, 1957; Hannon and Vaughan, 
1960) and it is not yet known which are responsible for 
the greater resistance to injury. The changes in the 

water content and chemistry of the damaged muscle 
are the same as in normal rats (Threlfall and Stoner, 
1957), but after limb ischemia the fall in total O, con- 

sumption and tissue temperature and the rise in the 
fructose-1-6-diphosphate concentration in the liver are 

smaller than in injured normal rats (Haist et al., 1956; 
Stoner, 1958a; Threlfall and Stoner, 1960). The changes 

in liver blood flow, on the other hand, were not 
very different from those in unacclimatized rats which 
survived (Stoner, 1958 a). In the fully acclimatized rats 
used by us there did not appear to by any hypertrophy 
of the reticuloendothelial system as judged by carbon 

clearance and their blood volume, determined at the 
same time, was within normal limits (unpublished re- 
sults). As yet these are only pointers but the ability of the 
cold-acclimatized rat to withstand trauma may be due 
to its altered metabolism. 

To a less extent rats can be acclimatized to heat but 
it is not yet known if this affects their ability to withstand 
injury at a lower environmental temperature. Pre- 
liminary experiments suggest that the survival time may 
be lengthened without affecting the mortality rate. 

Rats acclimatized to 30°C do not withstand limb ische- 
mia at 30°C any better than unacclimatized rats (Stoner, 

19584). 
The effect of different environmental temperatures 

and of cold acclimatization on the general response to 
injury may be restricted to small mammals; at least we 
know of no exact counterpart in man. The deleterious 
effect of heat cradles on iniured patients may be more 

closely related to the local rather than the general effects 
of heat. There are major differences in the temperature 
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control mechanisms in man and small mammals and 

also in their adaptability to changes in environmental 
temperature. Man in the temperate zone is probably 
near the limit of his adaptability to cold (Macpherson, 
1958). Nevertheless, the effect of environmental change 

on the response to injury in small mammals is so great 
that it must always be considered in work with these 
species and, as always, a complete explanation of any 

mechanisms involved in their response to injury should, 
at least, provide ideas for work on man. 

Infection. A by-product of work on shock has been the 
realization that animal tissues are not always sterile. 
Fortunately those of the rat are sterile but those of the 
dog and goat harbor clostridia which become active in 

the injured tissue and significantly affect the outcome 
(Pope et al., 1945; Lindsey et al., 1959a, 6). Unless the 

experimental technique is considered to be capable of 
dealing with two forms of injury at the same time and 
distinguishing between their effects such species are best 
avoided in the study of limb ischemia. In the future it 
may be possible to utilize what, at the moment, seems an 
undesirable complication of the experiment. 

More account should be taken of bacterial factors in 
experiments on shock quite apart from the question of 

the role of endotoxin and the bacterial flora of the gut 
in the response to injury. When animals become ill after 
any form of injury bacterial infection is enhanced (Howie 
and Cruickshank, 1947; Miles and Niven, 1950). If 

there is operative interference, as in the production of 
hemorrhagic shock in the rat, bacteremia will occur un- 

less the operation is done with strict asepsis (Zweifach 
and Hershey, 1959). In these experiments, when bac- 
teremia occurred the sensitivity to blood loss was in- 
creased. Such events, if undetected, could well lead to 
errors of interpretation. 

These technical details, many of which apply to any 
form of experimental injury, have been considered at 
length, not to persuade people to adopt a regi- 
mented form of experimentation but in the hope that 
in their publications they will describe how they do their 
experiments. The sophistication of modern work in this 

field is such that a detailed account of the experimental 
conditions is necessary if two sets of experiments are to 
be compared. 

USES OF TRAUMATIC SHOCK MODELS 

Traumatic shock models may be used to study either 
the causation and mechanism of the response to injury 

or its therapy. The actual model chosen, particularly 
with regard to the species used, will vary with the object 

of the experiment. 
Therapy. The technical difficulties encountered in ex- 

periments on the therapy of traumatic shock have been 
well reviewed by Rosenthal and Millican (1954). With 
a standard injury such as the hind-limb ischemia model 
discussed above the main requirements are that the 
comparison between the control and treated groups 
should be made at the same time and that the numbers 
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in the groups are adequate. When the survival rate in 
the control groups is 50% there must be 15 animals per 
group if a mortality difference from the controls of 35% 
is to be significant at the 5 % level. Similarly 25 and 20 % 
differences in the mortality rate require the use of groups 

of 30-45 animals to be significant. The practical result 
of this is that such studies have to be made on rats or 

mice, at least in their initial stages. When the value of a 
therapeutic procedure is established in these large groups 

its effect on smaller numbers of larger species can be in- 

vestigated to explore specific features of the response. 
Species differences in sensitivity to injury could then 
become important. The average survival time after 4 

hour bilateral hind-limb ischemia is about 13 hours in a 
rat (air temp. 20°C) whereas the same injury is much 
more rapidly fatal in a rabbit. 
The fluid therapy of experimental traumatic shock has 

been fully discussed by Millican (1960) and Rosenthal 

(1960) and in their joint reviews (Rosenthal and 
Millican, 1954; Millican and Rosenthal, 1954). It is 

now established that this condition can be effectively 
treated if sufficient fluid is given to satisfy the capacity 
of the injured tissue to swell and to correct the oligemia 
and the dehydration of the uninjured tissue. Large vol- 
umes are required for this—up to 20% of the body 
weight. If given in equal volume when the tourniquets 
are removed 0.9% NaCl and plasma have about the 
same effect. After some hours plasma is more effective 
than saline. In the early stages plasma and saline 

accumulate in the damaged tissue to the same extent but 
later plasma remains in the circulation longer than saline. 
The work of this group since 1942 has done a great deal 
towards increasing the volume of fluid given to injured 
persons and the practical possibilities of massive saline 

therapy in ‘‘disaster surgery” are obvious. 
In most work of this type the criterion has been sur- 

vival. More detailed studies are now needed similar to 
that published by Méillican, Tabor, Stohlman and 
Rosenthal (1952) to decide what is actually treated by 

the therapeutic procedures and what remains of the re- 
sponse to injury in an animal which has been successfully 
treated by large doses of saline. Such treatment, for 
instance, does not correct the early fall in body tem- 
perature (Rosenthal, 1960). 
Although it is agreed that the adrenal cortical hor- 

mones are of no therapeutic value, many substances 
have, from time to time, been reported as useful in the 
treatment of traumatic shock. Much of this work fails 
to satisfy the statistical requirements mentioned above. 
Of a number of such compounds (chlorpromazine, 
dibenamine, norepinephrine, /-ethylsulphonyl-4-ethyl- 
piperazine HCl, serotonin, ascorbic acid, plasma cho- 
linesterase and a bacterial polysaccharide) adequately 
tested by Millican and Stohlman (1956) only chlor- 
promazine and dibenamine were of value. The sulfoxide 

of chlorpromazine is also effective (Millican and Rhodes, 

1958). 
More work is needed on the mode of action of these 

three compounds which, it should be emphasized, is 

prophylactic rather than therapeutic. The beneficial 
effect of dibenamine in traumatic shock was first de- 
scribed by Remington, Hamilton, Caddell, Boyd, 
Wheeler and Pickering (1950) who ascribed its effect 

to a reduction in the intense vasoconstriction following 

trauma and consequent improvement in tissue nutrition 
(e.g. Kidney; Kovach, Féldi, Menyhart, Erdélyi and 
Koltay, 1958). Kovach, Menyhart, Erdélyi, Molnar and 

Kovach (1958) have shown that if the dibenamine is 
given before the experiment the local edema after limb 

ischemia is greatly reduced but if it is given when the 
tourniquets are released the swelling is unaltered al- 
though it is equally effective. If dibenamine is given 
60-90 minutes after removal of the tourniquet it is use- 
less. The explanation of the effect of chlorpromazine 
seemed obvious at first since it lowered body tempera- 

ture, improved the bleeding volume and decreased the 
swelling of the hind-limbs until it was found that the 
equally effective chlorpromazine sulfoxide had none of 

these actions, the legs swelling as in the controls (Millican 
and Rhodes, 19580). 

Causation. Past work on causation was mainly con- 
cerned with the link between the local and general re- 
sponse to injury and ideas came to center around three 
possibilities. Traumatic shock was attributed either to 
oligemia from loss of fluid into the damaged area, to 

the action of toxic agents or to the effect of nervous im- 
pulses. It has now been established that the most im- 
portant of these is the local loss of fluid and some might 
go so far as to say that this is the only cause. This feeling 

is particularly strong among clinicians and is supported 
by the clinical success of adequate fluid therapy. It may 
be that in the cases they see oligemia does outweigh 
all other considerations (Dacie and Homer, 1946; Grant 
and Reeve, 1951; Clarke, Topley and Flear, 1955) but 
it is perhaps wrong to rest on the triumphs of fluid 
therapy when it might be possible to do more for the 
patients including the less severely injured ones not re- 
quiring transfusion. Even the latter show well-marked 
metabolic changes and the metabolic upset in the graver 

cases cannot always be corrected by transfusion (Flear 

and Clarke, 1955; Timoner, Ridell and Carr, 1959). 

Dealing, on the whole, with severe, rapidly fatal in- 

juries experimental pathologists have never been quite so 

certain of the over-riding importance of fluid loss in all 

situations and examples of the observations which have 

led to this hesitation will now be given. A thorough 

survey of the literature would probably yield more of 

them. 

1) After limb ischemia the limbs swell rapidly and 

soon reach their maximum size, yet if the touniquets are 

then re-applied the animal’s condition improves and it 

survives (Haist and Hamilton, 1944; Hamilton and 

Haist, 1945; Meyer et al., 1946). 

2) Mice surviving limb ischemia as a result of therapy 

were resistant to further limb ischemia provided the 

trauma was applied to the same site, although the 

amount of fluid in the injured limbs of these mice was 
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the same as in untreated mice dying of limb ischemia 
(Rosenthal, Tabor and Lillie, 1945). 

3) In many of the therapeutic experiments on limb 

ischemia with 0.9% NaCl and other solutions there was 
not always any close correlation between therapeutic 
success and the correction of oligemia (Millican et al., 
1952; Millican, 1960). 

4) The differences in the amount of local fluid loss 
when animals are successfully treated with chlorproma- 

zine and its sulfoxide and when they are given di- 
benamine before or at the time of release of tourniquets 
have been discussed already. Hexamethonium bromide 
also improved the survival rate of rats injured by limb 
ischemia when given before or soon after release of the 
tourniquets but it did not decrease the fluid loss into the 
hind-limbs (Spoerel, 1955). 

5) Is the accumulation of fluid in the damaged area 
in these animals always sufficient to cause the general 
effects? Superficially the amount seems adequate but, 
in his review, Millican (1960) was not too certain of the 

answer and Tables 2 and 3 of his paper show that most 
of the values for fatal losses of blood or plasma were ob- 
tained before the possible role of infection in such experi- 
ments was fully realized. 

6) It has not been suggested that the increased sensi- 
tivity to trauma after “blockade” of the reticuloendo- 
thelial system is due to an increased local fluid loss. 

Granted that local fluid loss usually is the most im- 
portant causative factor the next task must be to decide 
the nature of the toxic and nervous factors and the con- 

ditions under which they contribute significantly to the 
outcome. Too much time has been spent trying to sub- 
stantiate one theory at the expense of the others. The 
importance of a factor may vary with the stage of the 

response. Those interested in toxic factors seemed too 
concerned with the claims of a single substance instead 
of realizing that many metabolic factors are probably 
concerned from simple ions to circulating particulate 
matter such as “sludged’’ blood and fat emboli. The 
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FIG. 1. Examples of survival times after 4 hr. bilateral hind- 
limb ischemia in groups of rats (g-12/group) studied on different 
days and fed until the beginning of the experiment. Environ- 
mental temperature 18-22 °C. 

potentiation of one factor by another was usually ignored 

(Green and Stoner, 1950; Whiteley, 1954). This con- 
cept must be invoked with caution but it is probably a 
real phenomenon under these conditions. For instance, 
the intravenous injection of 0.05 ml/100 gm body wt. of 
rat fat did not kill any of nine rats (approx. LD5;9 0.1 ml/ 
100 gm body wt.) yet when this dose was injected 2 hours 
after a 4-hour period of unilateral hind-limb ischaemia 
eight of nine rats died within 24 hours. This period of 
limb ischemia alone was only fatal in one of nine rats. 

To-day the most neglected factors are the nervous 
ones. More work is required both on the effect of distant 
injury on the nervous system (Kovach and Fonyé, 1960) 
and on the influence of the nervous system on the bio- 
logical response to injury. The latter aspect has been 
surveyed by Remington et al. (1950). 

This is the classical field of research on shock but 
progress in it seems to have become slower. Further ad- 
vance towards understanding the link between the local 
and general responses is unlikely without a better picture 
of the nature of the response. 

Mechanism. To obtain a detailed knowledge of the 

mechanism of the reactions which comprise the response 
to injury should simplify the task of deciding how they 
are brought about. This knowledge should also form the 
basis of therapy. It is not easy to study these reactions 
for the body of the anima! in shock is a sea of change 
and it is difficult to know where to begin. 

The first step must be to decide on a measure of the 
response. From this point of view mortality rate and 
survival time only give a limited amount of information. 
Furthermore, although the mortality rate for a given 
set of circumstances does not vary much the survival 
time does, despite attention to the details mentioned 
above (Fig. 1). A continuous measure of the intensity of 
the response is needed. 

Yardsticks of this type are not found among the car- 
diovascular changes after injury. In the rat after 4 hour 
bilateral hind-limb ischemia the blood pressure and 
hepatic blood flow do not fall progressively (Koletsky 

and Klein, 1956; Stoner, 1958a, 1960). Although the 

rabbit’s blood pressure falls progressively after this in- 

jury the flow of blood through its tissues does not 

(Whiteley, Stoner and Threlfall, 1953; Stoner, 1954). 

The only continuous measures of the animal’s state after 

injury are those directly related to energy production, 

namely the total O: consumption and the tissue or core 

temperature. Oxygen consumption and temperature are 

depressed by all gross injuries. In the rat, at an air tem- 

perature of 18-22°C, the fall in colon temperature after 

limb ischemia is proportional to the duration of the is- 

chemia and is seen after injuries too small to alter the 

blood pressure (Stoner, 1958a, 1960). The early part 

of this fall is unchanged by effective saline therapy. Even 

when the temperature changes are altered by raising 

the air temperature to 30°C. the total O. consumption 

still falls after limb ischemia as in rats at 20°C (Stoner, 

1958a). These changes form an excellent starting point 
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Brain 

FIG. 2. Mean brain and liver 
temperatures during and after 4 36) 
hr. bilateral hind-limb ischemia 
in rats which subsequently died 
(O——O) and in those which Xe i 

recovered (@—-—®@). Environ- Y ---© 
mental temperature 18-22°C. e 
Details of these experiments are 332, 
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for the study of traumatic shock models using small 
mammals. 

Applying this idea and using tissue temperature to 
measure the effect of 4 hour bilateral hind-limb 
ischemia in the rat (air temp. 18-22°C; mortality rate 
85%) one finds that the response can be divided into 
two phases (Fig. 2). In the first, lasting a few hours, the 
temperature change bears no relation to the outcome of 

the injury, falling similarly in those which are going to 
die and those which will survive. In the second phase 
there is a strict correlation with outcome. In the fatal 
cases, and death can be predicted if the liver temperature 
falls below 30°C, the temperature continues to fall until 
finally it is little above the ambient air temperature. In 
the survivors the temperature gradually returns to nor- 

mal and they will then pass through the phase of in- 
creased energy output (Cairnie et al., 1957). 

An important point here is that for a few hours after 
the injury the whole group, whether they are going to 
survive or not, are behaving uniformly, much more uni- 

formly than would be anticipated from their variable 
survival times. This rather unexpected behavior during 
the early part of the response was also found in some 

metabolic studies carried out during this phase (Stoner, 
Heath and Collins, 1960; Threlfall and Stoner, 1960). 

Some of the differences between the two parts of the 
survival period in the fatal cases after limb ischemia 
have been described elsewhere (Stoner, 1954, 1958, 6, 

1960; Stoner and Threlfall, 1960). An essential differ- 
ence is in the degree of tissue oxygenation which becomes 
increasingly inadequate as the second phase proceeds 
This phase is dominated by a progressive hypoxia lead- 
ing to death and the changes accompanying it are those 
of death. From this analysis of the behavior of the model 
the first part of the survival period can be looked upon 
as the response to the injury. If the animal passes into 
the second phase its defence has failed. The study of the 

behavior of the traumatic shock model can thus be di- 
vided into four sections: +) The analysis of the early 

phase—the study of the response to injury. 2) The in- 

vestigation of the further changes in the fatal cases—the 
study of necrobiosis. 3) The examination of the further 
changes in those animals which survive the injury—the 
study of recovery. 4) The determination of the factors 
which decide the outcome. For instance, in a group of 
animals subjected to an injury which leads to the death 
of half the group, what has been the underlying differ- 
ence between animals which have died and those which 

have recovered? This is the study of the development of 
“irreversibility.” 

I think it is important to be clear on which aspect of 
the traumatic shock model is being studied. This will 
have a bearing on the precise model chosen. On the 
whole when fatal cases are being studied it is probably 
best to choose models with a long survival period. If the 

survival period is short the two phases will be telescoped 
into one another and the picture will become confused. 
Whatever aspect of the model’s behavior is examined, 
primary and secondary events in the model will not be 
distinguished unless the temperature and oxygenation 
of the relevant parts are known (see Whiteley et al., 
1953, for an example). This means that biochemical 
studies on the model must always be accompanied by 
physiological ones. Considering the four fields of research 
in turn: 

1) Response to injury. There are, no doubt, many ways of 
studying the response to injury but the pre-eminence of 
the changes in energy metabolism after injury, their 
correlation with its severity and with the clinical state 

of the model has led us to concentrate on the explanation 
of the fall in body temperature. 

The early fall in the body temperature after injury to 
small mammals at ordinary environmental temperatures 
is very striking and may well hold the key to the 
mechanism of their response. It is also a point of differ- 
ence between the behavior of the model and of man. In 
injured man the oral temperature often rises in the early 

stages due to the big fall in heat loss from the reduction 
in the skin circulation (Cohnheim, 1890; Hardy and 
Ravdin, 1952). It is not known if this conceals decreases 
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in heat production by the internal organs and further 

work with the methods of Graf (1959) would help to 
decide this possibility. There is, after all, a close simi- 

larity in the metabolic effects of injury in man and ani- 
mals. 

As there is no evidence of any increased heat loss in 
the injured rat the fall in temperaturepmust be due to 
decreased heat production. Heat is mainly produced in 

the liver and brain with a contribution from the gut 

(Federov and Shur, 1942; Birnie and Grayson, 1952; 
Grayson and Mendel, 1956). Most of the heat is lib- 
erated in the terminal energy-yielding reactions of oxi- 

dative metabolism (Krebs and Kornberg, 1957). Here 
the efficiency with which the energy liberated is trapped 
into adenosinetriphosphate remains the same leaving a 

constant fraction for dissipation as heat (Lehninger, 
1953) so that the only way of reducing heat production 
is by reducing the amount of substrate oxidized. The 
simplest way for this to happen would be through a fail- 
ure of Oz transport to the tissues. The numerous reasons 
for discarding this explanation of the early fall in tem- 
perature after injury have been discussed elsewhere 
(Stoner, 1954; 1958a; 1960; Stoner and Threlfall, 1g60). 

Since heat is a by-product of the oxidative phos- 

phorylation carried out by the mitochondria we have 
examined the behavior of liver mitochondria isolated 
from injured rats (Aldridge and Stoner, 1960). Jn vivo, 
at the lower temperature, their metabolic activity must 
be reduced. This does not seem to be due to any intrinsic 
defect in the mitochondria for their performance, in vitro, 
was absolutely normal even when they were taken from 
animals at the point of death. They could have been 
abnormal in situ and recovered during isolation but we 
have no evidence for this nor any reason for thinking 
that the changes in liver temperature are due to any in- 
trinsic defect in the mitochondria. 

After the intravenous injection of [C]-glucose at about 
the middle of the first phase of the survival period the 
specific activity of the plasma glucose falls more slowly 
in injured rats than in normal ones and at the same time 
the injured rats excrete less CO, (Stoner et al., 1960). 

TABLE 1. Effect of 4 Hour Bilateral Hind-Limb Ischemia 
in the Fed Rat on the Utilization of Glucose and the O xida- 
tion of Pyruvate Determined by the Intravenous Injection of 
[C'} Glucose and | 2-C'} Pyruvate 1.5 Hours After Removal 
of the Tourniquets 

Control Experimental % Change 
Rate of conversion of glucose 1.30 0.885 <2 

to metabolites (mg glucose/ 
min/100 gm body wt.) 

Percentage of glucose metabo- 94 72 
lites oxidized 

Rate of glucose oxidation (mg 1.22 
glucose/min/100 gm body 
wt.) 

Percentage of injected [2-C"] 84 
pyruvate oxidized 

0.638 —48 

—32 ou ~ 

Controls injected at the same time of day. Environmental 
temperature 18-22°C. Data from Stoner et al. (1960). 

TABLE 2. Effect of 4 Hour Bilateral Hind-Limb Ischemia 
in the Fed Rat on the Fructose-1-6-Diphosphate 

Concentration in the Liver 

Hr. After 
Removal of 

Method of Sampling Tourniquets Experimental Control 
umoles/gm wet wt. (mean + S.D.) 

Pentobarbitone oO 0.25+0.07 0.29+0.06 
(5) (6) 

Pentobarbitone 3 0.39+0.06*  0.27+0.05 
(6) (5) 

Guillotine 3 0.34-+0.09* 0.16+0.04 
(6) (6) 

Control rats sampled at the same time of day. Number of 
rats shown in parentheses. Environmental temperature 18-22°C. 
Data from Threlfall and Stoner (1960). 

* Difference from controls significant at P < 0.01. 

TABLE 3. Effect of 4 Hour Bilateral Hind-Limb Ischemia 
on Pyruvate Concentration in the Liver of the Fed Rat 

Hr. After 
Removal of : 

Method of Sampling Tourniquets Experimental Control 
pumoles/gm wet wt. (mean + S.D.) 

Guillotine Oo 0.031+0.011 
(5) 0.033+0.018 

Guillotine 3 0.2020. 120* (18) 
(12) 

Pentobarbitone 3 0,.031+0.013 0.047+0.019 
(10) (8) 

Control rats sampled at the same time of day. Number of 
rats shown in parentheses. Environmental temperature 18- 
22°C. Data from Threlfall and Stoner (1960). 

* Difference from controls significant at P < 0.001. 

Some of the conclusions from this data and from similar 
experiments with[2-C'*|-pyruvate are given in Table 1. 
In the injured rat the amount of glucose entering metabo- 
lism is reduced and there is an even greater reduction 
in the amount of glucose oxidized. These two differences 
are distinct and separate, their size is significant and 
they are not secondary to the fall in body temperature. 
The temperature fall in injured rats at the time of these 
experiments would only depress glucose utilization by 
19%. On the other hand this depression of glucose 
utilization could well cause the fall in temperature for 
the changes are of the right order and in the right place, 
the liver. There are a number of reasons for placing the 
main lesions in the liver (Stoner et al., 1960). The first 
difference in glucose metabolism in the shocked rat must 
be in the early stages of glycolysis and the second must 
concern the fate of pyruvate since its oxidation is in- 
hibited to about the same extent as that of glucose (Table 
1). The precise nature of the lesions is not yet known but 
their presence has been confirmed by quite different 
methods (Threlfall and Stoner, 1960). 

Chromatographic determination (Threlfall, 1957) of 
the concentrations of glycolytic intermediates in the 
liver at this stage showed that when its temperaure 
fell the fructose-1-6-diphosphate concentration rose 
(Table 2). There was also a large increase in the liver 
pyruvate concentration in samples removed from guillo- 
tined rats which, in this instance, we think give better in- 
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formation about the situation in vivo than samples from 

rats under pentobarbitone anesthesia (Table 3). 
If we knew the detailed mechanism of these changes 

we should, perhaps, be able to discover how injury to 
the hind-limbs produces these changes in the liver. From 
our use of the model we are able to say, with some con- 
fidence, that in small mammals injury is followed by a 
decrease in energy output. This may only be translating 

Paré’s description of 1582 into current scientific terms 

but even that should help towards the further elucidation 
of this response. 

2) Necrobiosis. From the practical point of view the 

least important of these fields of research is surely the 

study of the terminal changes in fatal cases. The 
dominant factor here is the progressive failure of Oz trans- 

port. In the rat after 4 hour bilateral hind-limb ischemia 
although its systemic blood pressure is well maintained 
its actual level (ca. 70-80 mm Hg) is around the critical 
level for the autoregulation of hepatic blood flow and 
Johnson (1954) has shown that this flow cannot be main- 

tained if the blood pressure is kept at the critical level 
for a long period. The failure of the O: transport to the 
tissues will contribute to the lowering of the body tem- 
perature in this stage. 
An important metabolic effect of this failure of Oy» 

transport is the consumption of the carbohydrate stores. 
From a state of hyperglycemia the animal passes into 
one of hypoglycemia. This is probably explained by the 
work of Morgan, Randle and Regen (1959) who have 

shown that anoxia increases glucose uptake by tissues by 
accelerating the transport of glucose across cell 
membranes and its intracellular phosphorylation. The 
tissue glycogen stores disappear at an increasingly rapid 

rate (Stoner, 1958b). Despite this, under ordinary en- 
vironmental conditions, the tissue concentrations of im- 
mediately available chemical energy in the form of 
adenosinetriphosphate are maintained until just before 
death. No doubt the low temperature protects the tissues 
to some extent by reducing their energy requirements. 
As discussed elsewhere (Stoner and Threlfall, 1954, 

1960; Threlfall and Stoner, 1957) the “energy deple- 

tion” hypothesis of McShan et al. (1945) and LePage 

(1946) can be discarded, at least asa general mechanism 

of shock. 

3) Recovery. The study of recovery has been reviewed 

by Cuthbertson (1957, 1960) who has been a leader in 

this field. The metabolic changes during the days and 

weeks following a nonfatal injury are well documented 

but more information is still required particularly about 

their control. Does this sequence of metabolic reactions 

form the best path to recovery or should we strive to 

alter it? Cuthbertson has called the early period of de- 

creased energy output the “ebb” period and this later 

recovery period of increased metabolic activity the 

“flow” period. Much more information is required about 

the way in which this metabolic tide turns in an injured 

animal, for instance in a rat surviving 4 hour bilateral 

hind-limb ischemia. From such knowledge it might be 

possible to devise ways of assisting the process. No doubt 
these matters will be discussed later in the symposium. 

Like the initial response there are both local and gen- 

eral aspects of the recovery process. The repair of the 
local damage produced by injuries has been the subject 
of a vast amount of research, the review of which would 

be beyond the scope of this symposium. Nevertheless 
work on the general changes in the body during re- 
covery should not be divorced from the study of the 

concomitant local repair. Most research on repair has 
been concerned with the reconstruction of tissues 
damaged by relatively minor injuries. More work, par- 

ticularly of a biochemical nature, is probably needed on 
the repair of the larger injuries commonly used in study- 
ing the metabolism of recovery. 

4) “Irreversibility.” The terms ‘reversible’? and ‘‘irre- 
versible”’ in relation to experimental shock have largely 
been developed in work on hemorrhage. In the rat after 

limb ischemia the two parts of the survival period cannot 
be equated exactly with these phases of experimental 
hemorrhagic shock since it is possible to save the rat 
during much of the late stage by reapplying the tourni- 
quets and giving large doses of saline (Koletsky and 
Gustafson, 1954). This has been interpreted as showing 
that for most of the terminal phase of the survival 

period hypoxia has not been severe enough to cause 
irreparable damage to vital structures, perhaps because 
of their low temperature. In other species the corre- 
spondence with the phases of hemorrhagic shock may 
be closer but these words should be used precisely if 
they are applied to traumatic shock models and this is 
not easy to do. 

Nevertheless in untreated traumatic shock models 

there is the problem of what determines whether a 
particular animal will live or die after a standard injury. 
It is tempting to draw a parallel between the point of 
the conversion of reversible to irreversible hemorrhagic 
shock and the point when the falling tissue temperatures 
in the fatal cases and survivors diverge. The conversion 
of ‘‘reversible” to “‘irreversible’”’ shock has been inten- 
sively studied in America during the last few years and 
an explanation currently offered by the Boston group 
(Fine, Rutenburg and Schweinburg, 1959; Fine et al., 
1960) is that it represents a loss of the ability to inacti- 
vate the bacterial endotoxin which is continually 
entering the body from gut. The uniform behavior of 
the animals during the early part of the survival period 
has been emphasized. There does not yet seem to be any 
biochemical or other test which can be applied in these 
early stages and which will predict the outcome. It is as 
if during a uniform response to a standard injury another 
factor is introduced to decide the issue and account for 
the variability in the survival time. Here lies the attrac- 
tion of Dr. Fine’s theory about the role of endotoxin, 
for this allows for the introduction of another factor 
not necessarily related in its intensity to that of the 
original injury and to which the response will partly 
depend on the previous experience of the individual 
animal. This is a difficult problem still far from being 
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solved and we are currently trying to assess the role of 
the reticuloendothelial system and bacterial endotoxin 
in the reaction to limb ischaemia. 

Although the reaction to injury must be one of the 
oldest medical problems the solution still seems far 
distant. Perhaps because of the fundamental nature of 
the problem progress has been slow. After the intensive 
research of the past 20 years we now have a much better 
idea of what constitutes a traumatic shock model and 
how it should be created experimentally. It is also 
possible now to define a number of the questions which 
we hope it will answer. These answers will only come by 
careful experimentation. 

SUMMARY 

Traumatic shock models in current use have been 
analyzed to see how well they provide biological systems 
for the study of the general pathological response to 
injury and the advancement of the treatment of injured 
persons. 

To give a useful experimental model the injury must 

fulfil certain criteria, namely, that its site and nature 

should be known, it must be reproducible and measur- 

able and its intensity must be controllable. A number of 
injuries have been considered in the light of these 
criteria. 

The technical aspects of these models have been 
considered with particular reference to the injury of 
limb ischaemia which fulfils many of the above criteria. 
Factors of general application are anesthesia, the relation 

of the injury to the animal’s biological rhythms, the 
environmental temperature, the previous environmental 
experience of the animal and infection. 

Traumatic shock models may be used to study either 
the causation and mechanism of the response to injury 
or its therapy. Some of the difficulties and problems 
of research into the therapy and causation of this 
response have been discussed. Progress should come 
from a better understanding of the mechanisms of the 
reaction to injury. The study of the behavior of the 
traumatic shock model is divisible into four parts: the 
analysis of the early changes (the response to injury), 
the study of the later changes in fatal cases (necrobiosis), 
the examination of the further changes in animals 
surviving the injury, (recovery) and the determination 

of the factors which decide the outcome of a standard 

injury. Some of the problems in these fields are discussed. 

Discussion of Papers by Dr. Selkurt and Dr. Stoner 

Dr. Grant: We have just heard two excellent papers 
on the models of hemorrhagic and traumatic shock. I 
have really nothing of moment to add to the analysis 
and can find but little to object to in their treatment of 
the models. But I should like to comment briefly, from a 
more general point of view, on three matters raised by 
these papers. The first is the use of the word ‘‘model,” 
the second the overemphasis on the model to the neglect 
of the human original and thirdly Dr. Stoner’s defini- 
tion of the word “‘shock.”’ 

Take the first point. Since the English and American 
languages do not always coincide in the meaning to be 
attached to words, I have looked up the 1934 edition of 
Webster. This gives 15 meanings for the word ‘“‘model”’ 
but only 2 of these seem at all applicable to the present 
occasion. One is “‘a model is a miniature representation 
of a thing” and the other ‘“‘a model is that which exactly 
resembles something.” We are using the word to indi- 
cate the use of an animal body smaller and more ex- 
pendable than that of man to study the effects of artifi- 
cially induced injury. But we can hardly regard any of 
the common laboratory animals as at all miniatures of 
or even resembling man. If we were to use monkeys, 
or better still the anthropoid apes as our experimental 
animals, the word “model” would be better justified. 
You have just heard that Professor Selkurt and _ his 
group have recently turned to a primate species, for 
their work on the effects of hemorrhage. I think we are 
gradually coming to recognize more clearly than ever 

before that the gross differences not only of anatomy 
but also of physiology, both physical and mental, of 
the laboratory animals from each other and from man, 
may render, and in fact have rendered the application of 
the results of animal experiment to man misleading. 
You may remember that failure to recognize the dif- 
ferent rates of dilution after hemorrhage in man and the 
animals led Bayliss and Cannon in the First World War 
to suggest some mysterious loss of blood rather than 
hemorrhage to account for the low blood volume after 
injury. Further if we take Dr. Stoner’s view that the 
deeper purpose of animal experiment is the study of a 

fundamental pathological reaction in any animal body, 
irrespective of man, then, surely, animal experiment is 
no longer a model but an original study in its own right. 

This leads to the second point, namely what seems to 
me the present overemphasis on the laboratory animal 
in our endeavors to improve our knowledge and treat- 
ment of injury in man. I have not time to develop this 
argument as I should like and must be content with a 
few remarks. Of course, strong arguments can be ad- 
vanced in favor of animal experiment. Thus it is said 
that in it we can control the nature and conditions of 

injury and we can isolate the various factors for separate 
study. But it is becoming clear that control and isola- 
tion are not by any means a simple matter and that there 
are many snags in the interpretation of the experiments 
themselves as well as much doubt about their appli- 
cability to man. For example, limb ischemia can provoke 
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circulatory failure in both animal and man; but the late 
death from renal failure, which is so outstanding a re- 
sult in man, does not happen in the animal, so far as I 
know. Again for example, prolonged low blood pressure 
occurs naturally as a result of untreated or inadequately 
treated injury in man, yet to provoke it in the laboratory 
animal we have to resort to something like the ingenious 
but entirely artificial device of a reservoir, into which 
blood flows or from which blood ebbs according to the 
level of blood pressure. This reservoir introduces a com- 
plicating factor and may itself profoundly affect the 
animal body to which it is attached. It may be true, 
as Dr. Stoner suggests, that if we could completely ex- 
plain the response to injury in any one experimental 
animal, then we might be able to apply our knowledge 
to man. But we are a long way from that happy state. 
If we keep our attention focussed on the animal we are 
liable to forget what are the problems in man that we 
are trying to answer. There is one other argument in 
favor of animal experiment that is seldom expressed and 
usually unrecognized. It is that animal experiment 
is easier than the close observation of the injured pa- 
tient. It is easier not only technically, but also it inter- 
feres less with our ordinary way of life. Patients inter- 
fere with meals, meetings and our ordinary bedtimes. 
But I know from personal experience that it is quite 
feasible to study the severely injured man and that use- 
ful information can be got from that study. Even though 
the injury is usually complicated, we come gradually, 
after the observation of many cases, to decipher the 
interaction of the various factors at work. Moreover, 
every now and again, nature presents us with a case of 
injury which is a clean experiment and we must be con- 
tinually on our toes not to miss the opportunity for 
study. There is one drawback to the peacetime study 
of injury in man which does not apply to animals, and 
that is the lack of an adequate supply of material in 
any one hospital; with only the odd case to study in- 
terest tends to sag and other matters gain the upper 
hand. But surely, severe injury is common enough and 
the cases might well be channeled into a special hospital 
or, and perhaps also, a mobile team might visit various 
hospitals. I wonder if any of you have felt as I have from 
time to time, that animal experiment is a second best. 
Though animal experiment can be all absorbing, yet 
I am inclined to have rather a sense of guilt that I am 
neglecting my proper vocation and wasting my time. 
It seems to me that what we need now is not so much 
more and better animal experiment but rather more 
and better observation of the injured man. I would like 
to suggest that it might be no bad thing if those of us 
who are medically qualified and work in hospitals and 

medical schools were debarred from animal experiment 
and constrained to work on man, leaving animal ex- 
periment to physiologists and pharmacologists and others 
who have not our special responsibility towards man. 
Even if we do not have at our disposal all the methods 
we require for human work, surely the necessity of hav- 
ing them would stimulate their devising. And I would 

not be at all surprised if limitation of animal experiment 
in the way I suggest did not quickly lead to a better 
understanding of the response to injury in man. I 
would remind you of the, at one time often quoted but 
now rather neglected, saying of Pope—that the proper 
study of mankind is man. 

Finally, I do not know if Dr. Stoner was trailing his 
coat or not with his definition of shock, but I tramp on 
it. He claims that his definition avoids confusion. It 
may not be confusing to Dr. Stoner, but Professor Sel- 
kurt does not seem to use it in that sense and to me it 
only adds to the already existing confusion of definitions. 
It exemplifies what Reeve and I wrote nearly 10 years 
ago; “in practice we found that the diagnosis of shock 
seemed to depend on the personal views of the individual 
making it, rather than on generally accepted criteria. 
Unless we were acquainted with these views we did not 
know what to expect to see when called to the bedside’ 
or, to bring it up to date, called to the conference table. 
Now we know that for Dr. Stoner, at least, shock is the 
general response to injury. 

Dr. KnisELy: This morning emphasis has been placed 
by a number of speakers on the need for the study of 
shock in animals. It has been implied that the essential 
nature of the shock phenomenon can only be studied in 
animals. Dr. Grant has strongly emphasized that “‘the 
proper study of man is man” and that to learn shock in 
man it is necessary to study human beings who are in 
circulatory shock. It might almost seem as though these 
are antagonistic viewpoints, though they are not. In our 
laboratory, over a 30-year period, one of our most im- 
portant findings, I believe, is that studies in animals and 
in man are both necessary. In our laboratory we are now 
thoroughly convinced that when we study pathologic 
processes in animals we do two things, and two things 
only: 7) We learn how to study, and 2) we learn how to 
recognize and understand phenomena. After that, and 
only after that, we can go to man to see if the phenomena 
we have already learned in animals also are occurring as 
parts of specific pathologic complexes in man. The study 
of animals is necessary, but by itself does not teach us 
what happens in man. May I emphasize, the study in 
animals does nothing but teach us how to study and how 
to recognize and understand phenomena. I agree strongly 
as is possible with Dr. Grant; we do not know what hap- 
pens in man until we study man. 

As an example of the above, in our laboratory over 
the past 15 years we have learned that following severe 
burns, or severe crushes, the blood of animals and of 
man becomes agglutinated. (Knisely, Eliot and Bloch, 
1945; Brooks et al., 1950) The blood cells stick together 
in wads or masses. We now know how to recognize these 
phenomena. From studies mostly in animals we know 
that masses of blood cells settle and remain stationary on 

lower sides of vessels for various periods of time. (Harding 

and Knisely, 1958; Knisely, 1959; Knisely, Warner and 

Harding, 1960; Knisely, 1961) In animals this has very 

severe consequences. But I must emphasize that we do 
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not yet know how severe such consequences may be in 
man, either in postburn shock or postcrush shock. We 

know that in man following severe hemorrhage alone 
(with no crushing of tissues) the blood cells de not 
agglutinate. But, to emphasize the main point made in 
this discussion, the significance of these phenomena in 

man can only be learned in man. Our animal studies 
are now ready to be carried to man. 

Dr. Gurp: This gathering is honored by the presence 
of one of the most revered pioneers in research on the 
physiology of shock. It is my privilege to call upon Dr. 

Carl J. Wiggers for any comments he might wish to 

make. Dr. Wiggers. 

Dr. Wiccers: As an observer on the side-lines, I 

came to these meetings to learn, not to contribute. The 

call to discuss being entirely unexpected, my remarks 

are unrehearsed and unoriented, and must necessarily 

be very brief. The many thought-provoking presenta- 

tions strongly indicate that a need exists for an inter- 

national standard definition of shock and its differ- 

entiation from shock-like states. Admittedly great care 
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should be exercised in carrying over deductions ob- 
tained on animals to man. However, I feel that Dr. 

Zweifach, quite unintentionally, has painted a too gloomy 
picture as to the future value of animal experimentation. 
We need only recall that it was by virtue of such experi- 
ments that it has been established that reduced return 

of blood to the heart is the initiating event in shock and 
that this has been the basis for early treatment in man. 
We must not lose sight of the purpose of animal experi- 
mentation so clearly set forth by Claude Bernard, 

namely to reproduce as nearly as possible Nature’s 
experiments in human beings, apply knowledge so 
gained to patients, and if found inconsistent with re- 
liable clinical findings—not clinical impressions—to 
shuttle the problem back to the laboratory. In this 
connection, I heartily agree with Dr. Grant that the 
time and energy of competent clinicians tend to be 
diverted from intensive personal examination of patients 

to mere survey of charts and of data acquired by technical 
services and a zeal to participate in laboratory experi- 
ments for which they have not had sufficient apprentice- 
ship training. Thanks for the opportunity of expressing 
the probably gratuitious remarks. 
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Dynamics of the heart in shock' 

ARTHUR C. GUYTON AND JACK W. CROWELL 

Department of Physiology and Biophysics, University of Mississippi School of Medicine, Jackson, Mississippi 

Wres WE WERE FIRST ASKED to write this article on 
the dynamics of the heart in shock, the subject seemed 
like a very formidable one because very little research 
work has been directed toward the function of the 

heart in shock in comparison to the voluminous reams 
of reports on the function of the peripheral circulation 

in shock. Yet, on deeper analysis it becomes immediately 
apparent that the heart plays a central role in every 
known type of circulatory shock. Either it fails in the 
terminal stages of shock, or, in some instances, it is the 
initial failing portion of the circulatory system. In this 
paper it is our purpose to show how the heart reacts in 
both of these instances—as the terminal failing organ in 
such types of shock as burn shock, and as the initial 
failing organ in cardiac shock. Indeed, later in the 
paper we will present evidence indicating that the 
heart might even be the primary failing organ following 
hemorrhage and that the damage to the peripheral 
circulation in hemorrhagic shock might well be of 
secondary importance. But for the present, we must 
delineate the different possible mechanisms by which 
the many types of shock can lead to final disintegration 

and acute failure of the myocardium. 
Table 1 lists the means by which many different 

types of insults to the circulation can lead to cardiac 
deterioration and thus to failure of the heart in the 

terminal stages of shock. For instance, nutritional 
deficiency of almost any type can lead to deterioration 
of the heart. Undoubtedly the most important nutri- 
tional deficiency in this regard is lack of oxygen, and 
this can result from either decreased oxygen in the air 
or from any condition that decreases the transport of 
oxygen to the myocardium. For example, low coronary 
blood flow caused either by sclerotic coronaries or by 
low arterial pressure can very readily lead to cardiac 
deterioration, causing the resultant syndrome of cardiac 
shock. Likewise, anemia can decrease oxygen transport 
so greatly that at least under some conditions the person 
dies a cardiac death in a shocklike state. A rather 
strange type of deficiency of oxygen transport can 
occur, at least in experimental animals, as a result of 
polycythemia, for polycythemia causes such intense 
increase in blood viscosity that blood flow to the body’s 
tissues becomes decreased to a far greater extent than 

‘The original investigations reported in this paper were sup- 
ported by grants-in-aid from the National Heart Institute, PHS. 

the oxygen carrying capacity of the blood is increased, 
thus resulting in a net decrease in oxygen transport 
(Crowell, 1959; Richardson, 1959; Guyton, In press). 

But, before leaving the topic of nutritional deficiency, 
we cannot neglect such factors as glucose, amino acids, 
lactates, pyruvates, and other substrates utilized by the 
heart for metabolism. Any condition that decreases the 
coronary blood flow would likewise reduce the avail- 

ability of these substances to the heart, and there are 
also instances even of vitamins that will lead to cardiac 
deterioration and final demise in a shocklike state. 

Table 1 also points out that myocardial disease can 
lead to shock. This can include, in addition to sclerosis 
or thrombosis of coronary vessels which were mentioned 
above, such diseases as myocarditis, endocarditis, and 
even valvular disease, all of which can lead to depressed 
effectiveness of the heart as a pump and finally to a 
shocklike state. Many investigators would prefer not to 
classify conditions such as these as shock, but anyone 
who has dealt experimentally with damaging influences 
on the heart and has observed the subsequent course of 
the animal can testify that in the terminal stages the 
animal passes through all the usual stages of shock that 
we normally study. 

In Table 1 we also note that various toxic factors 
could lead to damage of the heart and thereby decrease 
its pumping effectiveness, thus resulting in such dimin- 

ished cardiac output that a state of shock ensues. For 
instance, in burns a number of toxic products have 
been demonstrated in the circulating blood, including 
especially such factors as histamine and various proteo- 
lytic substances (Davis, 1949). Yet, unfortunately the 
precise effects of these substances on the heart and 
especially the degree to which they affect the heart in 
burn shock is yet completely beclouded. Likewise, 
many different toxic factors have been postulated in 
traumatic shock and hemorrhagic shock (Wiggers, 
1950), these in turn causing progressive depression of 
the heart. Here again, no single factor has been proved 
beyond doubt as the cause of cardiac deterioration, but 
this possibility must be kept in mind until such time as 
the cause of the cardiac deterioration is completely 

explained. 
Under the toxic types of shock we must also classify 

the shock that occurs in many different ‘bacterial con- 
ditions. Recently, particular stress has been placed on 
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the toxic effects of endotoxin from gram-negative 
bacteria as one of the factors leading to shock in serious 

bacteremias (Ross, 1957). 
A final factor listed in the table as a possible means 

by which factors outside the heart can cause cardiac 
deterioration is that of overloading the heart. One 
particular condition stands out in which the heart is 
frequently overloaded to the extent that it fails acutely, 
and that is pulmonary embolism. Typically, a patient 
develops acute right heart failure following a serious 
pulmonary embolism, and it is the inability of the 
right heart to pump blood effectively past the embolus 
that leads to shock and final demise of the patient. 
However, other types of overloading could also play 
a part in cardiac deterioration, such as experimental 
constriction of the aorta, or, in very rare instances, 
blockage of the aorta in some clinical conditions. This 

type of cardiac overloading is listed in the table not 
because of its common occurrence in clinical con- 

ditions, but simply to be complete in listing the different 
possible means by which extracardiac factors can lead 
to cardiac deterioration. 
Now let us summarize the discussion to this point in 

a very few words. Whatever the cause of a particular 
type of shock might be, death of a person finally ensues 
when the heart itself can no longer pump blood. In 
almost no type of circulatory shock, however far re- 

moved from the heart the initiating cause might be, 
does the heart not deteriorate in the terminal stages of 
the shock. 

Yet, more important to the present discussion is not 
the terminal failure of the heart but instead the possi- 

bility that the heart itself might be the initial failing 
factor in far more types of shock than we realize. For 
instance, in serious hemorrhagic shock a stage is reached 
at which the circulatory system begins to deteriorate 

rapidly, and this course of events then proceeds in a 
vicious cycle until the patient dies. Does this deteriora- 
tion originate in the peripheral circulation? Or does it 
originate in the heart itself? Most investigators have 
felt that it originates in the peripheral circulation 
(review by Wiggers, 1950), while a few have felt that 
it originates both in the peripheral circulation and in 
the heart (Wiggers and Werle, 1942) and still fewer 
have felt that the initial deterioration occurs primarily 
in the heart (Wiggers, 1945; 1947). Experiments from 
our laboratories have supported this latter viewpoint— 
that in hemorrhagic shock as well as many other types 

TABLE I 

A. Nutritional deficiency 
1. Diminished coronary flow 
2. Anoxia 
3. Deficiency of other metabolic substrates 
4. Defect in intermediary metabolism 

B. Toxicity 
1. Bacterial 
2. ? toxins in hemorrhagic and traumatic shock 

. Cardiac disease 
. Overloading of the heart 

1. Pulmonary embolism 
Ke) 

Factor initiating Input to 

feedback operative 

A system 

| 

| Y 

| Effect on Output from 
| initiating factor operative 

system 
(Negative or 

positive ) 

FIG. 1. Basic operating units of a feedback control system. 

of shock it is the heart itself that is the primary and 
lethal deteriorating structure of the circulation, and 
that deterioration which occurs in other parts of the 
circulation may very well not be lethal at all. It is in 
relation to this possibility that we wish to devote most 
of the remainder of this paper. 

VICIOUS CYCLE OF CIRCULATORY DETERIORATION IN SHOCK 

One of the most outstanding features of shock, what- 
ever its initiating cause, is that once it has reached a 
certain degree of severity it becomes progressive. That 
is, the shock itself creates a vicious cycle that breeds 
more shock. This we call the “progressive stage of 
shock,” and without therapy the animal or human 
being proceeds on to death. To understand this vicious 
cycle of circulatory deterioration we must divert our 
discussion temporarily to explain some of the _ basic 
principles of control systems and their applicability to 
the circulation in shock. 

Negative feedback as the principal mechanism of control in 
the circulatory system. All of the known control systems of 
the circulation are of the negative feedback variety 
(Guyton, 1961). We can explain this by referring to 
Figure 1 which shows a block diagram of the basic 
ingredients of a control system and Figure 2 which 
shows the response of a negative feedback control 
system. For instance, if some factor that is being con- 
trolled suddenly increases, the negative control system 
automatically decreases this back toward a normal 
mean value as shown in Figure 2. Conversely, if the 
factor decreases, the control system automatically 
increases it back toward the normal. We might apply 
these principles to the carotid sinus reflex as an example. 

If the arterial pressure rises too high, the reflex auto- 
matically decreases the heart rate and causes peripheral 
vasodilatation, thus reducing the arterial pressure back 
toward a normal value. In other words, the response of 
the blood pressure is negative to the original change in 

pressure. Or, if the pressure should fall to a low value, 
the reflex causes it to rise; this again is a negative re- 

sponse to the original change in pressure. 
Other instances of negative feedback control systems 

in the circulation include the following: 
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factor being controlled falls too 
low. 

| S riG. 2 Typical examples of $ a 
negative feedback, first, when 5 = 
the factor being controlled rises £ 
too high and, second, when the ‘i Mean 

' 
© o ] 
o — ra) o 
a 

FACTOR INITIATING FEEDBACK 

1) A very powerful negative feedback reflex, even 
much more powerful than the carotid sinus reflex, is 

the central nervous system ischemic reflex that is elicited 

by a decrease in arterial pressure to levels below 40 mm 

He (Sagawa and Guyton, submitted for publication). 

In such an instance the sympathetic nervous system 

becomes very powerfully stimulated, as much as 6 

times the stimulation following a maximal carotid sinus 

reflex, and this causes the arterial pressure to rise back 

toward a higher value. Thus, here again, the result is 

opposite or negative to the initiating change, the pressure 
rising in response to an initial fall in pressure. 

2) All the blood volume regulatory systems are 

negative feedback mechanisms. If the blood volume 

becomes too little, reflexes from the pressoreceptors and 
volume receptors enhance sympathetic and adreno- 

cortical activity thus causing renal vasoconstriction and 

salt retention, and this reduces the output of urine 
(Henry, 1956). That is, the decrease in blood volume 
causes a negative response that automatically increases 
the volume. Likewise, a decrease in blood volume tends 

to decrease the arterial pressure, which in itself de- 

creases urinary output (Langston, 1959) and thereby 
increases the blood volume back toward normal; this 
is another instance of negative feedback. Then, finally, 
a decrease in blood volume causes absorption of fluid 
into the capillaries from the interstitial spaces and 
gastrointestinal tract, which automatically increases 
the blood volume over a period of hours (Walcott, 
1945; Ingraham, 1945); this, again, is a negative feed- 

back response. 
3) Another very important negative feedback 

mechanism that probably helps immeasurably to 
maintain normal circulatory dynamics and also helps 
to prevent shock is the phenomenon known as “reverse 
stress relaxation.”? That is, when blood is removed from 
the circulation, the blood vessels—especially the veins— 

gradually increase their tonicity until they tighten 
around the decreased amount of blood left in the circula- 
tion. This effect has been illustrated many times in 

NEGATIVE FEEDBACK 

Regulated level, 

Mean 

Regulated level # 

Input 

isolated portions of the circulation or other smooth 

muscle organs (Remington, 1956; Sarnoff, 1952), but 
its importance in the whole circulation as one of the 
negative feedback control systems seems to have been 
completely neglected and even now has not been 
studied adequately. Figure 3 illustrates a study in 10 
dogs which were bled at a rate of 2 cc/kg/min. until 
their arterial pressures fell to an average of 57 mm Hg 
(Banks and Guyton, unpublished observations). The 
average amount of blood removed from the animals was 
28% of their total blood volume. These animals were 
then followed for several hours until their pressures had 
returned to normal. One might suspect that the rise in 
pressure was caused by circulatory reflexes, but this 
was completely ruled out for two reasons: First, circu- 
latory reflexes become fully active within 1-2 minutes 
after a change occurs in the circulatory system. There- 
fore, the circulatory reflexes undoubtedly had already 
performed their function while the blood was being 
removed from the circulation, and the subsequent rise 
in pressure over a period of hours had to be caused by 
some much more slowly changing effect. Second, we 
have seen the same recovery of blood pressure to control 
values following removal of blood from animals that 
had total spinal anesthesia, a procedure that abrogates 
the circulatory reflexes entirely (Guyton, 1951). 

One might also suspect that the return of the arterial 
pressure back to normal could have been caused by an 
increasing blood volume, but during this period of time 
there was no dilution whatsoever of the red blood 
cells, indicating that the blood volume had remained 
exactly the same as it had been at the end of bleeding. 
These studies, therefore, are circumstantial evidence in 
favor of some intrinsic vascular wall process, such as 
the reverse stress relaxation mechanism, for com- 
pensating for some detrimental effects of hypovolemia. 
We have dwelled on this problem of reverse stress 

relaxation rather long because it seems.to be one of 

the very important compensatory mechanisms of the 
circulation that has been almost completely overlooked 
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FIG. 3. Recovery of arterial pressure over a period of 4 hr. 
following hemorrhage of 28%% of the blood volume in 13 dogs. 
Note also that the hematocrit increased instead of decreasing. 
(The dotted and dashed areas represent the probable errors of 
the mean. ) 

and also a mechanism that will figure heavily in much 
of what we will have to say later in this paper regarding 
the deterioration of the circulation in progressive shock. 

If we should catalogue essentially all of the other 
control systems of the body for maintaining homeostasis, 
we would find that they too are negative feedback 
systems, operating continually to maintain the status 
quo, always trying to correct any conditions that change 
from the normal. 

Positive feedback as cause of circulatory deterioration in 
shock. The above discussion of negative feedback circu- 
latory control systems has been presented to provide a 
basis for understanding the opposite type of feedback, 
“positive feedback,” which unfortunately is inherently 
present in the circulation at all times (Guyton, 1956). 

This positive feedback is not part of the control systems 

but instead is a detrimental force that must always be 
overcome in order for the circulation to continue 
functioning at all. It can be described as follows: 

A decrease in cardiac output decreases the nutrition 

of all the bodily tissues including the heart and other 
portions of the circulatory system. This nutritional 
deficiency leads to a less effective circulatory system, 
causing a further decrease in cardiac output. We can 
immediately see that this is an entirely different response 

from all the negative feedback control systems that lead 
to homeostasis, for, in this instance, a decrease in cardiac 
output leads to further decrease in output, which is a 
positive feedback in contrast to the negative feedback 
of the homeostatic control systems. Obviously, the 
secondary fall in cardiac output could then further 
decrease the nutrition of the heart and this result in 
still more decline in cardiac output, the cycle of feed- 

back continuing again and again. 
On first thought, one might surmise that any factor 

which reduces the cardiac output a small amount 

would lead to a vicious cycle and result in death, but 
there are two reasons why this does not occur: First, 
positive feedback does not lead to a vicious cycle until 
its intensity rises above a certain critical value as will be 
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discussed below. Second, the negative feedback control 
systems discussed above continually oppose the positive 
feedback and thereby help to prevent its becoming a 
vicious cycle. Yet, despite both of these effects, there are 
times when positive feedback does become sufficient to 
cause a vicious cycle, and every serious student of shock 
must thoroughly understand the conditions under which 
this can occur, for it is the basic key to progression of 
the state of shock. 

Conditions under which positive feedback becomes a vicious 
cycle. To explain the difference between positive feed- 
back that does not cause a vicious cycle and that which 
does cause a vicious cycle, we need to define the term 

“gain” as it applies to positive feedback. If an initial 
decrease in arterial pressure initiates a cycle of positive 

feedback that leads to a secondary decrease in arterial 
pressure exactly equal to the initial decrease, the gain 
of the system is said to be one. If an initial decrease in 
arterial pressure leads to a secondary decrease one and 
one-half times as great as the initial decrease, then the 
gain is said to be 115, and, finally, if an initial decrease 
leads to a secondary decrease 14 the initial decrease, 
then the gain is said to be 1». 

One can show mathematically that, when the gain of 
the system is less than one, the positive feedback does 
not become a vicious cycle, but, when it is greater than 
one, it does become a vicious cycle. This effect is illus- 
trated in Figure 4 which shows four different instances of 
positive feedback, two of which cause elevation of the 
factor affected and two of which cause depression. 
Note in the first curve that an initial elevation in the 
factor causes a secondary increase equal to 114 times 
the initial increase after one cycle of feedback. This, in 
turn, after a second cycle of feedback, leads to further 

increase 114 times the first increase, and the third in- 

crease is 114 times the second, and so forth. Thus, the re- 
sponse after each cycle of feedback becomes greater and 

POSITIVE FEEDBACK 

(1) 

Loop gain \s Loop gain 
Input Increase 

INITIATING FEEDBACK 

-o- 

Decrease 

FACTOR 

FIG. 4. Examples of positive feedback, showing in examples 1 
and 2 that the response to the input signal grows to infinity when 
the loop gain is greater than 1 and showing in examples 3 and 4 
that the total response is a finite value when the loop gain is less 
than 1. 
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greater until finally it is infinite. Exactly the same is true 
when the factor begins to decrease : each response becomes 
greater than the original one until it becomes infinite. 
The last two curves of Figure 4 show positive feedback 

in which the gain of the system is 34, which is a value 
less than one. In these instances each succeeding re- 
sponse becomes less than the preceding response until 
finally the response becomes infinitesimally small. Thus, 

the feedback eventually dies out. 
Mathematically, one can express positive feedback 

by the following algebraic series: 

total response = S + SG + SG? + --- + SG* (7) 

or 

total response = S (1 + G+ G?+ ---+ G*) (1A) 

in which S is the initiating stimulus and G is the gain 
of the system. Students of mathematics will recognize 

this immediately as a divergent series approaching 
infinite response for values of G greater than one and 
as a convergent series approaching a finite response 
for values of G less than one. The total response will be 
equal to the sum of all the individual responses following 

each cycle of positive feedback. 
Formula 1 can be algebraically reduced to the fol- 

lowing formula: 

S(G* — 1) 
total response = —————— (2) 

G-1 

If we substitute into this formula any value that is 

greater than one, it becomes 

S(2« seh! aa 
eo (3) total response = 

Thus, one sees that a positive feedback gain of greater 
than one will lead to a vicious cycle that eventuates in 
an infinite response. 

On the other hand, if we substitute into formula 2 a 
gain of less than one, the formula becomes 

' S(o — 1) S (4) 
total response = ————~ = > 4 

One can see from this formula that the response is a 
finite value and does not lead to a vicious cycle. 

Effect of negative feedback control systems in offsetting 
inherent positive feedback of the circulation. Since negative 
feedback and positive feedback act in exactly opposite 
directions, the net gain of any given system is the sum 
of the negative and positive feedbacks. That is: 

total response = S + S (Gp — Gn) + S (Gp — Gn)? 
(5) 

+++ $5 Gp — Gay” 

in which Gp is gain of the positive system and Gn is 

gain of the negative system. From this formula we see 
that it is the sum of the positive and negative gains that 

iS) 

determines whether or not a vicious cycle will occur. 
If Gp — Gn is greater than one a vicious cycle will 
develop. If Gp — Gn is between zero and one there 
will be some further positive feedback, but this will have 
a finite limit. If Gp — Gn is less than zero, negative 
feedback will occur, and changes from the normal will 
be opposed, as is usually the case in the circulatory 
control systems. 

The negative gain of the carotid sinus reflex can be 
up to two in the dog (Scher, 1960), and the negative 
gain of the CNS ischemic reflex can be as great as 11 
(Sagawa and Guyton, submitted for publication). 
Likewise, the negative gain of the blood volume feed- 
back mechanisms and of the reverse stress relaxation 
mechanism can be very high. All of these directly 
oppose the inherent positive feedback response of the 
circulation. Therefore, ordinarily, the net gain of the 
system is so far in favor of negativity that normal arterial 
pressure, normal blood volume, and normal cardiac 
output are maintained. 

Under some conditions the negative control systems 
become abrogated, and simultaneously gain of the 
positive feedback mechanism becomes greatly increased. 
This is particularly true when an animal is bled to a 
very low blood volume. For instance, when the arterial 
pressure has fallen to 30-50 mm Hg, the negative gain 
of the carotid sinus reflex becomes essentially zero 
(Heymans, 1958), and when the arterial pressure has 
fallen to about 15 mm Hg, the negative gain of the 
CNS ischemic reflex becomes essentially zero (Sagawa 
and Guyton, unpublished observations). On the other 

hand, the gain of the positive feedback response at 
normal arterial pressure levels is relatively slight, 
because circulatory transport of nutrients normally far 

exceeds that required for adequate nutrition of the 
heart and other tissues of the circulatory system (Case, 

1954). However, when the arterial pressure falls below 
50 mm Hg, and, especially when it falls below 30 mm 
Hg, the heart begins to deteriorate rapidly, and the 
gain of the positive feedback response becomes greatly 
increased. 

Thus, we find that in the lower pressure range, the 
gains of many of the negative feedback mechanisms 
have become so low that they cannot contribute further 

to protecting the circulation, while the positive feedback 
response has become progressively more and more 
powerful. Therefore, from these considerations, we 
would expect that at some critical level of arterial 
pressure Gp — Gn would become greater than one, 
and thereafter a vicious cycle of circulatory deterioration 
would ensue. 

Applicability of positive feedback principles to progressive 
shock. Now we need to see whether the above analysis 
actually applies to experimental observations in shock. 
Figure 5 illustrates studies in 30 dogs divided into 
groups of 5 (Banks and Guyton, unpublished observa- 
tions). Each succeeding group was bled ‘progressively 

more severely at a standard rate of 2 cc/min. until the 
arterial pressures fell to predetermined levels. Figure 5 
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FIG. 5. Subsequent course of the arterial pressure after bleeding 
in six different groups of five dogs. The severity of hemorrhage 
was progresively increased in the groups I to VI. 

illustrates the average time course of the arterial pressure 
changes following the cessation of bleeding. Other 
studies besides these were not done so that excessive 
manipulation of the animals would not enter into the 
picture. Note that all of the dogs in the top three groups 
lived indefinitely while all the animals in the lower 
three groups died. This study illustrates that there 
truly is a thin line of balance between progression of 
shock and progression of recovery. In these studies all 
animals died when the pressure after bleeding was 
below approximately 47 mm Hg; above this value all 
the animals lived. 

Now, to summarize this discussion of the principles 
of positive feedback and their relationship to shock, we 
come to the conclusion that any factor tending to 
initiate shock can be overcome by the natural negative 
feedback control systems of the circulation provided 
the initiating factor has less than a certain critical 
intensity. But, if its intensity rises to a value great 
enough to abrogate function of the negative feedback 
control systems while at the same time enhancing the 
positive feedback response, a critical point will eventually 
be reached beyond which a vicious cycle of circulatory 
deterioration will result. 

EXPERIMENTAL EVIDENCE THAT THE HEART 
DETERIORATES IN SHOCK 

We have hinted earlier in this paper that in many 
instances the heart might be the initial portion of the 
circulatory system to deteriorate in shock, thus leading 
to the vicious cycle that ends in death. Now we need 
to see what evidence supports this postulation. 

First, we can point to many studies on the isolated 
heart that have shown again and again that any factor 
disturbing the nutrition of the heart leads to cardiac 
deterioration. In Patterson and Starling’s original 
studies that led to Starling’s law of the heart, the authors 
pointed out that, as a heart-lung preparation ages, the 
function curves depicting cardiac output in relation to 
right atrial pressure always decrease (Patterson, 1914). 
That is, for any given right atrial pressure the cardiac 
output becomes diminished. Figure 6 illustrates typical 
results from an experiment of this type which we have 
run in our student laboratory more than a hundred 
times. The upper curve of the figure illustrates the 

56 CONFERENCE ON SHOCK 

approximate cardiac output response of a normal 
dog’s heart to changing right atrial pressure. The 

second curve illustrates the response after the heart has 
partially deteriorated, and the third curve illustrates 
the response after the heart has deteriorated almost 
completely. 

In far more extensive studies of the function curves of 
the heart, Sarnoff and his colleagues have demon- 
strated three very important points applicable to our 
present discussion of the heart in shock (Welch, 1957; 

Sarnoff, 1958). 7) If appropriate measures are taken to 
insure an .adequate supply of nutrients to the heart in 
the heart-lung preparation, the heart does not deterio- 
rate as it does in the standard preparation; 2) Anemia 
beyond a certain stage of severity causes decreased 
cardiac function; and 3) mild decreases in coronary 
blood flow do not significantly affect the pumping 
effectiveness of the heart, but, beyond a critical diminish- 
ment of coronary flow, the effectiveness of the heart as 
a pump then decreases at a rapid rate. From these 
studies we can very readily see that any factor which 
causes the arterial pressure to fall and thereby decreases 
the coronary blood flow could readily lead to the 
positive feedback response discussed earlier, thus causing 
rapid deterioration of the heart. 

The next question is whether or not the deterioration 
that occurs in the isolated heart also takes place in the 
heart of an animal in shock. Two different series of 

studies have very definitely demonstrated the heart to 
be seriously involved in the deterioration of the circula- 
tion in hemorrhagic shock. One of these series of experi- 
ments was performed by Wiggers and his colleagues 
(Werle, 1942; Opdyke, 1946) and the other by one of 
the present authors (Crowell, unpublished data) and 
his co-workers. 

The Wiggers group demonstrated deterioration of 
the heart in shock in two very significant ways: First, 
studies of actual pressure and ventricular volume 
curves at different times in the course of hemorrhagic 
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shock demonstrated unequivocally that both the force 
of contraction of the ventricles and the volume of blood 
ejected by the ventricles become progressively and 
severely depressed as the gravity of the shock proceeds. 
Second, and equally as important as the first observa- 
tion, was the demonstration that in most instances of 
hemorrhagic shock the right atrial pressure does not 
decrease. This was shown to be distinctly different from 
the right atrial pressures in hemorrhagic hypotension. 
That is, when an animal was acutely bled, thereby 
causing simple hemorrhagic hypotension without 
shock, the right atrial pressure always decreased 1 to 3 
cm of water. On the other hand, in hemorrhagic shock, 
induced by first causing prolonged hemorrhagic hypo- 
tension and then reinfusing the blood that had been 
removed from the animal, the right atrial pressures 
were normal, but the cardiac outputs were greatly 
below normal, and, as the condition progressed on to 
death, the right atrial pressures remained normal or 
rose despite the fact that the cardiac outputs progressively 
decreased. If we refer back to the curves in Figure 6 
we can see that the conditions of the hearts in Wiggers 
shocked animals fit completely with the curves obtained 
in deteriorating isolated hearts. In the same manner 
that the cardiac outputs depicted by the curves decrease 
at each given right atrial pressure, so also did the cardiac 
outputs in Wigger’s shocked animals decrease while 
the right atrial pressure remained essentially normal. 
The experiments from this laboratory (Crowell) 

have demonstrated the deterioration of the heart in 
shock in a different way, which is illustrated by Figures 
7 and 8. Figure 7 shows an experiment in which a dog 
was bled very rapidly down to an arterial pressure level 
of 30 mm Hg and then held at this level until death 
ensued approximately 714 hours later. In order to 
maintain the pressure at the 30 mm Hg level, blood 
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FIG. 7. Progressive changes in left atrial pressure of a dog when 
the systemic arterial pressure is suddenly lowered to 30 mm Hg 
and held at this level indefinitely by means of a reservoir. 

Fic. 8. Progressive course of the left atrial pressure, right atrial 

had to be continually removed from the animal for the 
first 2 hours to keep the arterial pressure from rising. 
Thereafter, blood had to be continually infused to keep 
the pressure from falling below 30 mm Hg. Note par- 
ticularly that initial bleeding of the animal caused the 
left atrial pressure to fall approximately 2 mm Hg, and 
this pressure remained low until that point at which 
blood had to be infused back into the animal. There- 
after, the left atrial pressure rose steadily as more and 
more blood had to be reinfused. That is, in the early 
stages, the heart kept the left atrium pumped almost 
dry, but later the heart became progressively less able 
to do this. In the terminal stages of the experiment, 
tremendous quantities of blood had to be infused, and 
the left atrial pressure rose steadily until at death so 
much blood had been infused that the left atrial pressure 
equaled the arterial pressure. 

This experiment demonstrates very forcefully that 
once the shock became progressive—that is, at the 
point at which the animal began to require infusion of 
blood to prevent decay of the circulation—the left 
atrial pressure continually rose thereafter even though 
the arterial pressure did not rise. And, in the terminal 
stages, the left atrial pressure rose progressively to 30 
mm Hg even though arterial pressure still remained 
only at the 30 mm Hg level. Thus, the response of the 
heart was quite different from that of a normal heart 
which would have raised the arterial pressure immedi- 
ately anytime the left atrial pressure should have risen 
above about o mm Hg, much less up to values as high 
as 30 mm Hg. 

Figure 8 illustrates essentially the same experiment 
but this time showing the pressure changes in both 
sides of the heart. The upper curves show the effects on 
pulmonary arterial pressure and right atrial pressure, 
and the lower curves show the effects on systemic 
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pressure, and pulmonary arterial pressure when the systemic ar- 
terial pressure is first decreased to 30 mm Hg, held there for 334 
hr., and then returned to and held at 100 mm Hg thereafter by 
progressive infusion. 



arterial pressure and left atrial pressure. In this experi- 
ment, the animal was bled until his systemic arterial 
pressure fell to 30 mm Hg. The pressure was held at this 
level for 3 hours and 45 minutes at which time sufficient 
blood was suddenly reinfused to bring the systemic 
arterial pressure up to 100 mm Hg. The figure shows 
that the right atrial pressure and pulmonary arterial 

pressure rose essentially back to normal at the same 
time. However, by this time sufficient harm had been 
done to the circulation so that the animal continued to 
develop more and more shock despite the fact that the 

systemic arterial pressure was held at 100 mm Hg by 
continual reinfusion of blood. As the shock progressed, 
the right atrial pressure, the left atrial pressure, and the 
pulmonary arterial pressure all progressively rose, 

terminally rising to values equal to the systemic arterial 
pressure. Literally gallons of blood had to be added to 
the animal during this period of time to maintain the 
systemic arterial pressure at 100 mm Hg. All this time, 
the heart was becoming weaker and weaker, as was 
evidenced by the fact that more and more blood volume 
and higher and higher atrial pressures were required 
to keep the heart pumping against the systemic arterial 
pressure of 100 mm Hg. And, terminally, death was 
caused by failure of the heart to pump—not by failure 
of blood to come to the heart from the veins. Indeed, 
the volumes of blood entering the atria of the heart 
were actually tremendous, far more than is ever seen 
in normal or even pathological operation of the heart. 

The deterioration of the circulation in this series of 
experiments, therefore, was unequivocally caused by 
cardiac deterioration and not by any factor in the 
peripheral circulation preventing return of blood to 
the heart. 

Now, we might summarize the deterioration of the 
circulation in shock, particularly of the heart, by con- 
sidering the known effects of transfusing an animal or a 
human being during different stages of shock. Figure 9 
illustrates the typical effects on arterial pressure of 

transfusion in different stages of shock, showing that 
transfusion of an animal with very mild hemorrhagic 
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FIG. g. Effect of optimal amounts of transfusion on the mean ar- 
terial pressure at different stages of shock. 

58 CONFERENCE ON SHOCK 

hypotension, a condition frequently called ‘‘compen- 
sated shock,’’ causes immediate return of the arterial 
pressure to normal. Likewise, in more severe degrees of 
shock, even in the early phases of progressive shock, 
transfusion of a sufficient amount of blood can bring 
the arterial pressure all the way back to normal. But, 
finally, when the degree of shock has reached a very 

severe level, the shock becomes irreversible. Trans- 
fusion of even tremendous quantities of blood at this 
point cannot save the life of the animal. This does not 
mean that transfusion will not increase the cardiac 
output and arterial pressure, for many times in ir- 
reversible shock both the cardiac output and arterial 
pressure can be elevated all the way back to normal for 
temporary periods of time. Yet, if the animal has been 
in a state of shock long enough, despite continued 

transfusion his circulatory system will nevertheless 
proceed to deterioration, and the pumping effectiveness 
of the heart will eventually decrease to the point of 
circulatory standstill. Furthermore, measurements of 
total peripheral resistance in these terminal stages of 
shock show no essential change from normal (Wiggers, 
1944). Therefore, we can conclude that venous con- 
gestion or any other type of pooling of blood in the 
circulation is not the final cause of demise under such 

conditions, for far more blood will have been intused 
into the animal than that amount which has pooled 

anywhere in the body. Furthermore, we should restate 
again that under these conditions the atrial pressures 
are far greater than normal, not less than normal. 
Therefore, the problem is not diminished venous return, 
but, instead, inability of the heart to pump the blood. 

MECHANISM OF CIRCULATORY DETERIORATION IN SHOCK 

The mechanism of the deterioration of the circulation 
in shock has for years been an elusive problem; indeed, 
it is with this problem that this entire conference is 
primarily concerned. We can probably best summarize 
our present knowledge of the mechanism by stating 
simply that the ischemia throughout the body resulting 
from shock probably causes the heart and other circu- 
latory structures to deteriorate because of deficiency of 
necessary nutrients. However, we can perhaps go 

farther than this, for many lines of evidence are pointing 
to the conclusion that it is the deficiency of one nutrient 

above all others that is principally important in shock, 
and that is oxygen itself. It has already been pointed out 
earlier in the paper that the work output of the heart 
decreases tremendously in severe anemia, which is a 
condition that causes anoxia without diminishing the 

transport of other nutrients to the heart. Furthermore, 
additional studies by Sarnoff and his colleagues (Case, 
1955; Braunwald, 1958), Katz and his colleagues 
(1955-56), Wegria, (1949), and others have demon- 
strated quantitatively this very high dependence of the 
heart on oxygen for work performance. Therefore, it 
could be reasoned from these observations that inad- 
equate transport of oxygen to the tissues during the 
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FIG. 10. Course of oxygen consumption and of the systemic ar- 
terial pressures in a dog maintained at a hypotensive level almost 
to the stage of irreversible shock. Note that the accumulated oxy- 
gen debt at the end of the hypotensive period was 120 cc/kg. 

course of shock could cause circulatory deterioration. 
Crucial experiments have been performed in our labo- 
ratories by one of the authors (J. W. C.) which illustrate 
a quantitative relationship between oxygen deficiency 
and irreversibility in shock. The gist of these experiments 
is the following: 
A continuously recording oxygen consumption meter 

was devised (Guyton, 1959) and used to record, first, 
the rate of oxygen utilization by an animal in its control 
state. Then the animal was bled to a low systemic 
arterial pressure level and held in this state for varying 
periods of time. The oxygen consumption during this 
hypotensive stage was recorded continually as shown 

in Figures 10 and 11. Coupled with the oxygen usage 
recorder was an analogue computer that progressively 
integrated the oxygen debt accumulating in the animal 
during the period of hypotension (Crowell, 1960). 
Using this procedure almost all animals could survive 
an oxygen debt of up to 100 cc oxygen per kilogram if 
the blood was then reinfused and the arterial pressure 
brought back to normal before the oxygen debt had 
exceeded this limit. However, if the oxygen debt exceeded 
100 cc/kg, the shock in many of the animals became 
irreversible, and death ensued. And, in all animals 
that had developed an oxygen debt of greater than 150 
cc oxygen per kilogram, irreversible shock invariably 
developed despite all attempts at therapy. Figures 10 
and 11 illustrate typical experiments. In both figures, 
the upper curves are continuous records of oxygen 
consumption, and the lower curves are records of 

systemic arterial pressure. The total integrated oxygen 
debt that developed during the hypotensive stage in 
Figure 10 was 120 cc/kg. The subsequent course of the 
arterial pressure after reinfusion shows that the animal 
almost died but finally succeeded in recovering. Figure 
11 shows essentially the same experiment except that 
in this instance the total oxygen debt was 130 cc/kg, 
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FIG. 11. Course of oxygen consumption and systemic arterial 
pressures in a dog held at a hypotensive level long enough to 
produce irreversible shock. Note that the accumulated oxygen 
debt at the end of the hypotensive period was 130 cc/kg. 
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FIG. 12. Relationship of oxygen debt at the end of a period of 
hypotension to the per cent survival of the animals. 

HEMORRHAGE 

DECREASED OXYGEN TRANSPORT <— 

DECREASED OXYGEN AVAILABILITY 

OXYGEN DEBT 

\ 
UNKNOWN INTERMEDIATE STEPS | 

ACUTE CARDIAC FAILURE -———~ 
FIG. 13. Summary of the basic factors leading to progressive 

cardiac deterioration in hemorrhagic shock. 

and the subsequent course of the arterial pressure after 
reinfusion shows that the animal failed to survive. A 

summary of these results is illustrated in Figure 12 
which shows the per cent survival of dogs at different 
levels of oxygen debt. This graph shows complete 
survival up to 100 cc oxygen debt per kilogram, approxi- 
mately 50% survival at 125 cc/kg oxygen debt, and 
zero survival at 150 cc/kg oxygen debt. 

Also, the degree of hypotension in these experiments 
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was set at varying levels so that the oxygen debt would 
be accumulated in some instances very rapidly and in 
other instances very slowly. Yet, no difference was 

found in the results regardless of whether the oxygen 
debt was accumulated slowly or rapidly. In other 
words, it is the quantity of oxygen debt itself that seems 
to be the critical factor in determining whether or not 
tlie animal will pass into a state of irreversibility. 

Basic cause of irreversibility in shock. The heading of 
this section of the paper belies the actual information 
that can be conveyed at this time regarding the basic 
factors in irreversibility, for about this almost nothing 
is known except the correlation between oxygen debt 
and irreversibility. No single structural or chemical 
factor has been proved to be altered in the heart or 
other parts of the circulation that definitely leads to 
irreversibility. Some experiments have shown that 
prolonged anoxia of the heart can lead to increased 
permeability of the blood vessels in the heart (Meneely, 
1946), which would be actual structural damage to the 
heart. But, on the other hand, studies in animals that 
have been in severe shock have failed to show this 
increase in permeability. Many of the chemical con- 
stituents of the myocardium change in shock, including 
such changes as decreased glycogen, increased pyruvic 
acid, sometimes increased lactic acid (Burdette, 1950), 
and decreased adenosinetriphosphate (LePage, 1946). 
Also, the ability of the heart to utilize pyruvic acid is 
diminished (Edwards, 1954; Hackel, 1955). Yet, none 
of these factors can be pointed to with assurance as the 
single, or even as a contributory, cause of the final state 
of irreversibility in shock. Therefore, for the present, 
we must evade the issue of the basic mechanism of 
irreversible shock and simply point out that it seems to 
be closely related to oxygen debt. But, just how this 
oxygen debt leads to further deterioration of the circula- 
tion even after transfusion has returned the arterial 
pressure and cardiac output back to normal is com- 
pletely unknown. It might be speculated that, during 
the period of oxygen deficit, the cells of the myocardium 
and perhaps of other parts of circulation lose some 

metabolic substrate or develop some structural damage 
that makes it impossible for these tissues to utilize 
nutrients even after adequate supply is reinstituted. 
That is, once damage has been done beyond a certain 
critical degree, the tissues deteriorate at a more rapid 
rate than they can be repaired. 

SUMMARY 

To summarize the major theme of this presentation, 
we would like to refer to Figure 13. This illustrates the 
sequence .of events in hemorrhagic shock. Hemorrhage 
leads to decreased oxygen transport principally because 
of low cardiac output, and this in turn leads to decreased 
oxygen availability to the tissues of the body, including 
especially the tissues of the circulatory system itself, and 
even more especially to the myocardium. Over a period 
of time a considerable oxygen debt accumulates and 
along with it occurs serious tissue damage, either 
chemical damage or perhaps even structural damage, 
though the precise nature of this damage is almost 
completely unknown. The damage in turn leads to 
still further acute cardiac failure. Now comes positive 
feedback, the acute cardiac failure leading to further 
decrease in oxygen transport, thus initiating a second 
cycle of deterioration and then more cycles, the dete- 
rioration proceeding in a vicious cycle until death. 
But, if the negative feedback control systems of the 
circulation are more powerful than the positive feed- 
back, then the animal will recover instead. 

From these considerations we must come to the 
unalterable conclusion that the heart is one of the 
central keys in the development of progression and 
irreversibility in shock. And, though myriad abnormal- 
ities in other parts of the body may be the initiating 
cause of the shock, the heart always enters the picture, 
either as a terminal event in such types of shock as 
burn shock, bacteremic shock, and so forth, or as the 
first part of the circulatory system to be damaged, as is 
undoubtedly true in cardiac shock and probably even 
hemorrhagic shock. 



age 
lize 
ted. 
tain 
ipid 

ion, 

lage 
AUse 
ised 
ling 
and 
riod 
and 
ther 
age, 
nost 
s to 
itive 
ther 
‘ond 
lete- 
‘ath. 
the 

eed- 

the 
the 
and 
mal- 
iting 
ture, 
k as 
; the 
as is 
even 

Physiology of peripheral circulation in shock 

HAROLD D. GREEN 

Department of Physiology and Pharmacology, Bowman Gray School of Medicine 

Wake Forest College, Winston-Salem, North Carolina 

Jien MOST COMMONLY STUDIED TYPE of experimental 
shock is hemorrhagic hypotensive shock. Animals are 
bled progressively until the arterial pressure falls to 
some predetermined level, where it is maintained by 
successive bleedings. During the phase of progressive 
removal of blood there is always a decrease in the 
hematocrit reading (Fig. 1); this phase is designated 
hemorrhagic hypotension or ‘‘oligemic shock” (Wiggers 
and Ingraham, 1946; Wiggers, 1950). After either a 
predetermined time has elapsed or until it has become 
necessary to reinfuse a predetermined fraction of the 
withdrawn blood in order to prevent the animal’s 
pressure from falling further, all the withdrawn blood is 
reinfused and the subsequent course of the animal is 
followed. Beginning with reinfusion of blood and while 
the animal’s pressure still is remaining low, the he- 
matocrit reading begins to rise. It returns to the pre- 
hemorrhage level at about the time all the withdrawn 
blood is reinfused, and during subsequent periods tends 
to rise significantly (Green, 1947). With reinfusion the 
pressure often returns to control levels but subsequently 
declines progressively, and the animal usually dies in 
4-10 hours even if additional fluids are given. This 
latter phase will be designated irreversible or ‘“nor- 
movolemic”’ shock (Wiggers, 1950). 
Traumatic shock has been studied in rats by tumbling 

anesthetized animals repeatedly in a revolving cage, and 
in dogs and other animals by blows to thigh muscles or 
by applying tourniquets to both thighs or by wrapping 
both thighs, from ankle to groin, with stretched rubber 

tubing. The tourniquets are left in place for from 2 to 6 
hours. In all of these there is accumulation of a large 
amount of protein-containing fluid with swelling of the 
ischemic or traumatized tissues upon removal of the 
tourniquet or subsequent to the trauma. There is an 
initial rapid decline in arterial pressure sometimes 
followed by a rise and then a slower progressive decline 
in pressure (Fig. 2) (Green et al., 1944). There is no 
evidence that there is any significant contribution to 
the shock process in terms of toxins, etc., from the 
traumatized tissues themselves (Green et al., 1947). 
Unquestionably, in each of these forms of “shock” the 
initiating factor is a decrease in circulating blood 

volume. 
The events during these various forms of shock can 

be considered as being composed of: a) compensatory 
reactions which would tend to maintain arterial pressure 
and cardiac output and, b) decompensatory reactions 
which tend to interfere with such adjustments (Fig. 3). 
These correspond in a general way to Dr. Guyton’s 
negative and positive feedback. 

The compensatory and decompensatory phenomena 
associated with the heart have been discussed by Dr. 
Guyton. I shall consider the experimental data re- 
garding: a) the compensatory behavior of the resistance 
and capacitance vessels and of blood volume regulation 
during simple oligemic hypotension, and b) the behavior 
of these systems in the decompensatory phase of ir- 
reversible or “normovolemic”’ shock. 

COMPENSATORY PHENOMENA IN RESPONSE TO 
HYPOTENSION INDUCED BY BLEEDING 

Compensatory Changes in Vascular Resistance 

Total peripheral resistance. During the initial decline in 
arterial pressure shortly after a hemorrhage which 
lowered the pressure to 35 mm Hg, cardiac output was 
about 30% of control and total peripheral resistance 
(TPR) was questionably decreased (Fowler and Franch, 
1957). In another study TPR increased to 190% of 
control (Reynell et al., 1955). Similar variability of 
findings was noted in earlier studies as summarized by 
Wiggers (1950). 

Infusion of arterenol after hemorrhage to 35 mm Hg, 
in an amount sufficient to raise systemic arterial pressure 
to 70 mm Hg, elevated cardiac output to about halt of 
normal, and increased TPR above the control (Fowler 
and Franch, 1957). 

Thus there appears to be minimal to no significant 
net increase in TPR and, therefore, probably only 
minimal active generalized contraction of arteriolar 
vessels (resistance vessels) as a compensation for hypo- 
tension induced by hemorrhage. 

Regional resistances. KIDNEY. In an earlier study it was 
reported that during hypotension in man, renal blood 
flow was reduced more than cardiac output, and filtra- 
tion fraction was decreased suggesting afferent arteriolar 
constriction (Lauson, Bradley and Cournand, 1944). 
Selkurt (1946) measured renal flow directly and claimed 
that the reduction in flow that accompanied a graded 
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hemorrhage was greater than that produced by the 
reduced head of arterial pressure and that, therefore, 
there must have been active vasoconstriction. Balint, 
Kiss and Sturez (1959) claimed that the earlier studies 
with clearance techniques were in error due to an 
artifact in the clearance method at low flows and that 
direct flow studies demonstrate that flow is reduced 
only in proportion to the cardiac output. Abel and 
Murphy (1960) claim that there is little change in renal 

resistance with a hemorrhage of 5-10% of the blood 
volume, but that renal resistance rises sharply after 
removal of 20 % of the blood volume. 

skin. Skin temperatures and blood flow decline 
rapidly during hemorrhage (Green, Cosby, Lewis, 1942; 

Antos, 1944; Sharpey-Schafer, 1959). In anesthetized 
animals such changes could result from the wearing off 
of the anesthesia (Green et al., 1943). Resistance to 
flow in the iliac vascular bed increased after removal of 
5-10 % of the blood volume, and was augmented further 
by removal of another 10% (Abel and Murphy, 1960). 
While such increase in resistance could be due to oc- 

currence of active vasoconstriction, it has not been 
demonstrated that the changes are not due, in large 
part, to the drop in pressure plus the marked increase in 
vascular resistance that occurs in skin as the arterial 
pressure declines in the absence of active change of 
vasomotor tone (Fig. 4) (Green et al., 1944). 

MUSCLE. Except for Dr. Selkurt’s report this morning, 
adequate data on the changes in skeletal muscle flow 
during hemorrhage are not available (Green, Cosby, 

Lewis, 1942). Such as are available are difficult to in- 

terpret due to the sigmoid shape of the curve relating 
pressure to flow; this shape suggests the presence of an 
autoregulatory mechanism in the skeletal muscle vascu- 
lar bed (Fig. 5) (Green et al., 1944). 

SPLANCHNIC. Reynell et al., (1955) reported that after 
acute hemorrhage, splanchnic flow appeared to be re- 
duced about in proportion to cardiac output, but 
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FIG. 2. Ischemic compression shock. Compress: period during 
which the pentobarbital anesthetized dogs’ hind legs were com- 
pressed with rubber tubes wrapped lightly from ankle to groin; 
AP: systemic arterial pressure in mm Hg; H. hematocrit reading 
in vol. %; R: rectal temperature, QM: temperature of quadri- 
ceps muscle; FP: subcutaneous temperature of forepaw; HP: 
subcutaneous temperature of hind paw and RM: room tempera- 
ture in centigrade. 
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FIG. 4. Relationship between perfusion pressure (mm Hg) and 
venous outflow (ml/min.) from the cutaneous bed of the anes- 
thetized dogs’ hind leg, under conditions of constant “‘vasomotor 
tone.” 20 PRU = line of constant resistance. 

FIG. 5. Relationship between perfusion pressure (mm Hg) and 
stabilized flow (ml/min.) in skeletal muscle vascular bed of anes- 

returned towards normal more quickly than did cardiac 
output during spontaneous recovery; the splanchnic 
resistance rose to 124% of control as compared to 190 % 
of control for TPR. Abel and Murphy (1960) claimed 
that a marked increase in mesenteric resistance fol- 

lowed removal of 5-10% of the blood volume, but that 
the resistance in this bed did not rise further upon re- 
moval of another 20% of the blood volume. Similar 
data were obtained by Gilmore (1958) during measure- 
ments of estimated hepatic blood flow (EHBF); a 

marked increase in arterial-hepatic venous blood Oy, 
per cent differences occurred with the first bleeding 

(30% of initial volume), but the difference increased 
only slightly upon removal of an additional 18% of the 

initial blood volume. In each case infusion of levartere- 
nol increased arterial pressure without raising the EH- 
BF or changing significantly the arterio-venous O, 
difference, indicating that this bed was capable of a 
further significant elevation of resistance. 

On the other hand Selkurt and Brecher (1956) stated 
that the total splanchnic resistance, i.e., arterial pres- 
sure minus hepatic vein pressure did not increase sig- 
nificantly during such hypotension; and Levy (1958) 
and Friedman (1960) both claimed that portal flow 
decreased in proportion to mean arterial pressure and 
that the resistance to flow from artery to portal vein 

did not change with hemorrhage. Furthermore Sapir- 
stein, Buckley and Ogden (1955) noted that while the 
estimated hepatic blood flow (EHBF) was reduced by a 
hemorrhage from 550 to 317 ml/min, the ratio of 
EHBF to cardiac output increased from 0.17 to 0.34. 

O 5 10 Ss @ 2 we ww & 

thetized dogs’ hind leg under conditions of presumed constant 
vasomotor tone (so far as extrinsic influences are concerned). 
The inflection presumably represents the influence of intrinsic 
autoregulatory mechanisms in the range between 100 and 40 mm 
Hg perfusion pressure. 

CIRCULATION OF MESENTERY. Microscopic studies of 
the vasculature of the mesentery (Zweifach et al., 1944; 
Zweifach and Hersey, 1957; Zweifach, 1960) indicated 

that during the early phases of oligemic hypotension 
there was a reduction in the caliber of the arterioles and 
venules, increased vasomotion of the metarterioles, 
increased responsiveness of the small blood vessels to 
topically applied epinephrine and selective restriction of 
blood flow to the most central direct channels. 

ADRENAL. Adrenal flow was reduced in proportion to 
the level of the arterial pressure. The concentration of 

epinephrine in the adrenal vein blood increased several 
fold, so that there was an increase in the total number of 
milligrams secreted (Glaviana, Bass and Nykiel, 1960), 
and an increase in the epinephrine level in the peripheral 
blood (Greever and Watts, 1959). 

CEREBRAL. In animals, in patients with various forms 
of shock, and in human volunteer subjects bled until 
mental changes, nausea, cold, moist skin, increased 
respiration and hypotension occurred, a reduction of 
cerebral blood flow and an increased cerebral arterio- 

venous O, difference were noted. There appeared to 
be neither vasoconstriction nor adequate compensatory 
vasodilation (Fazekas, Kleh and Parrish, 1955; Stone 
et al., 1955; Kovach et al., 1958). 

coronary. As was reported last night by Dr. Simeone, 
during marked hypotension, coronary vascular resist- 

ance declined but coronary blood flow fell despite the 
decline in resistance (Opdyke and Foreman, 1947; 
Edwards, Siegel and Bing, 1954; Simeone, Husni and 
Weidner, 1958). 
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Responses to injected epinephrine as a measure of degree of 
compensatory change in resistance. Graded intravenous doses 
of epinephrine produced about the same magnitude and 
duration of rise of arterial pressure in the control period 
and after hemorrhage sufficient to reduce mean arterial 
pressure from 126 to 96 (Hilton, 1958). 

Summary of compensatory changes in resistances. There ap- 
pears not to be demonstrated a generalized and cer- 
tainly not a maximal increase in total peripheral resist- 
ance. A prominent active vasoconstriction does not ap- 
pear in any major bed, except possibly the renal, that 
would serve to shunt blood into the cerebral or cardiac 
beds. The changes that are noted may be, in consider- 
able part, a mechanical effect of the lowered head of 
arterial pressure. There is great variability in the re- 
ported data and much further study is needed. 

Compensatory Changes in Blood Volume and Vascular 
Capacity Following Reduction of Blood Volume 

Compensatory reabsorption of extravascular fluid after 
hemorrhage. With successive bleedings, entrance of extra- 
vascular fluid into the circulation, as indicated by de- 
creased hematocrit readings, began as soon as the mean 
arterial pressure started to decline (Fig. 1). This process 
continued to occur until decompensatory phenomena 
supervened. Plasma volume measurements indicated 
that, with bleeding sufficient to lower dogs’ mean arterial 
pressures to 35 mm Hg, 7.0-8.6 cc/kg of extravascular 
fluid were added to the circulation (Deavers, Smith 
and Huggins, 1958). Sixty per cent of this came from 
the stomach, intestine and skin (Dunn et al., 1958). 
Allen et al., (1959) computed that the compensatory 
fluid replacement amounted to 10% of the control 
blood volume. Sympathetic activity apparently aids in 
the fluid replacement (Chien, 1958). 

Optimum survival after hemorrhage was associated 
with a resulting hematocrit reading of 42%; higher 
readings resulted in excessive viscosity and lower read- 
ings in too great a decrease in oxygen carrying power 
(Crowell, Ford and Lewis, 1959). 

Shifts in blood volume following hemorrhage. During simple 
hypotension induced by bleeding, the volume of blood 
in the lower small intestine, estimated by continuous 
weighing of a segment of the small intestine of dogs, 
declined in 11 of 17 dogs; the changes were not corre- 
lated with the portal venous pressure (Johnson and 

Selkurt, 1958). These changes were considered to be 
due to enhanced sympathetic nerve activity; on the 
other hand the volume of the upper small intestine in- 
creased due, apparently, to increased adrenal medullary 
secretion (Johnson, 1960). Accompanying bleeding, 
the splanchnic blood volume, computed with the brom- 
sulfalein method, fell to about one-half its initial value; 
the degree of reduction was unaffected by prior splenec- 
tomy (Reynell et al., 1955). Similar results were ob- 
tained by Friedman (1960) using radio-albumin dilution 
techniques. The former authors concluded that this bed 
participates in compensatory adjustments more by a 

reduction in capacity than by an increase in arteriolar 
constriction. However, these methods do not distinguish 
active changes from those which might be secondary to a 
reduced head of pressure. 

During simple hemorrhagic hypotension, microscopy 
of the liver revealed reduction of blood flow, and narrow- 
ing of sinusoids, central venules and sublobular venules; 
with extreme bleeding, many of the sinusoids became 
bloodless and the open sinusoids were markedly nar- 
rowed at their junctions with the central veins (Fried- 
man, Milrod and Fine, 1953). In the mesentery there 

appeared to be a reduced volume of blood in capillaries 
and venules (Zweifach et al., 1944). 

Compensatory shifts of blood volume distribution in tourniquet 
shock. In “tourniquet shock,” there was movement 
of fluid and protein into the ischemic tissues and de- 

crease of blood volume upon release of the tourniquet. 
Accompanying these changes there was a decrease in 
the volume of plasma in all tissues except the lungs, in 
which the volume remained normal, and the muscles, 
in which it increased; the red cell volume usually de- 
creased in the liver and spleen, rose in kidney and mus- 
cle, and remained unchanged in other tissues (Fried- 
man, 1960). 

Changes in venomotor tone accompanying hemorrhage. The 
distensibility of the veins of the ileum was estimated by 
measuring the volume of blood required to raise the 
pressure in the veins of an isolated loop. Characteris- 
tically there was an inflection in the curve relating 
volume and pressure at the 20 cm of water level. The 
venomotor tone was expressed as follows: 

venomotor tone 

volume of blood to raise pressure from 20 to 30 cmH,O 

volume of blood to raise pressure from 10 to 20 cmH,O 

The constricted vein apparently showed a relatively 
larger uptake of blood in the 20-30 cm range than the 
dilated vein, yielding a larger ratio. During hemorrhage 
such venomotor tone ratio rose sharply (Alexander, 
1955). Venoconstriction occurred after reduction of 
carotid sinus pressure and the resulting increase in car- 
diac output accounted for a good part of the rise in mean 
arterial pressure (Bartlestone and Wang, 1960), thus 
suggesting a method by which the compensatory increase 
in venomotor tone was brought about. 

Excretion of salt and water after hemorrhage. In dogs 
bleeding was accompanied by a reduced renal excretion 
of sodium which was not well correlated with PAH or 
inulin clearances (Netravisesh and White, 1950). 

Summary of compensatory changes in blood volume and vascu- 
lar capacity in response to reduction of blood volume. It would 
appear from the available evidence, that active and pas- 
sive changes in vascular capacity, plus entrance of 
extravascular fluid into the circulation, may be more im- 
portant than increased tone of resistance vessels in com- 
pensation for loss of circulating blood volume, whether 
produced by hemorrhage or leakage of plasma into 
traumatized tissues. 
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DECOMPENSATORY PHENOMENA IN 
“IRREVERSIBLE” SHOCK 

Decompensatory Changes in Resistance Vessels 

Total peripheral resistance. In earlier studies (Wiggers, 
1950) there appeared to be, most usually, no significant 
change from the control level of the TPR during the 
phase of normovolemic “‘irreversible” shock until just 
before the terminal rapid decline in arterial pressure 
when a reduction in total resistance was usually noted. 
No comparable data were found in recent studies; how- 
ever, with a single protracted hemorrhage without re- 
infusion, the TPR fell slightly (Reynell et al., 1955). 

In five patients in shock due to infection, cardiac out- 
put was within the usual basal range and TPR was 
reduced (Gilbert et al., 1955). Injection of E. coli endo- 
toxin into eviscerated dogs caused a significant fall in 
arterial pressure and decrease in TPR (Hinshaw et al., 
1958). These changes may be related to release of 
acetylcholine at parasympathetic endings, leading to 
cardiac slowing and to peripheral vascular collapse 
(Vick and Hinshaw, 1960). 

Decompensatory changes in regional resistances. KIDNEY. 
In normovolemic ‘“‘irreversible” shock, renal blood 
flow and resistance appeared to undergo about the 
same changes with the declining arterial pressure as were 
noted during the initial oligemic phase (Seikurt, 1946). 

SKIN AND MUSCLE. There are no adequate data to indi- 
cate whether or not changes in flow and resistance in 
the cutaneous and skeletal muscle vascular beds are 
any different in the normovolemic irreversible as com- 
pared with the initial oligemic phases of hemorrhagic 
hypotension. 
SPLANCHNIC BED. After protracted hypotension, due 

to hemorrhage without blood replacement, there was a 
small decline in both TPR and in splanchnic resistance 

compared with that immediately after the initial onset 
of hypotension; there was no change in the per cent of 
the cardiac output which flowed through the splanchnic 
bed (Reynell et al., 1955). In the hemorrhagic hypo- 
tensive shock experiments in dogs, upon transfusion 
of the previously withdrawn blood, there was a marked 
overshoot in the portal vein flow, suggesting a reduction 
below control in the mesenteric artery bed resistance 
vessels. This was accompanied by a rise in portal vein 
pressure suggesting no change in hepatic vascular re- 
sistance. Near termination of the irreversible shock, 
some hours after retransfusion, hepatic artery, intes- 
tinal vascular and total splanchnic resistances rose 
again (Friedman, 1960) and appeared to be about the 
same as those noted in the control period (Selkurt and 
Brecher, 1956). 

Studies of regional distribution of flow in the intes- 
tine, using the rate of deuterium oxide as a measure, 
indicated that blood flow in the mucosa and submucosa 
was reduced proportionally more than that of the whole 
of the intestine (Rayner, MacLean and Grim, 1960). 

MESENTERIC CIRCULATION. Microscopic observations 
of the mesenteric circulation suggested that early in 

normovolemic irreversible shock, before the secondary 
decline in pressure, the arterioles were narrowed and 
vasomotor reactivity to epinephrine, and capillary 
flow, tended to return towards normal. However, as 
arterial pressure fell terminally, arteriolar caliber tended 
to increase and reactivity of the arterioles and precapil- 
lary sphincters to epinephrine and capillary flow de- 
creased much below control levels; and the terminal 
vessels developed unusual sensitivity to fluctuation in 
the temperature of the irrigating fluid and venous stag- 
nation, often to the point of complete stasis (Zweifach 
et al., 1944; Zweifach and Thomas, 1957; Zweifach 
and Hershey, 1957; Zweifach, 1958). 

ADRENAL FUNCTION. Measurements of adrenal vein 
blood indicated that, after prolonged hemorrhagic 
hypotension followed by retransfusion, the rate of 
epinephrine secretion, in micrograms per minute, re- 
mained elevated even when the blood pressure was tem- 
porarily restored to normal. An increased rate of secre- 
tion persisted to within minutes of the final complete 
cardiac collapse (Glaviana, Bass and Nykiel, 1960). 
There was no sign of adrenal medullary failure even 
during the “taking up” of blood (Walker et al., 1959). 
However, tl:e peripheral blood epinephrine levels ap- 
peared to be below normal in the terminal (normo- 
volemic) phase of hemorrhagic hypotensive shock, 
whereas they were elevated during the initial oligemic 
phase (Greever and Watts, 1959). 

Immediately after injection of lethal doses of E. 
coli endotoxin there was a temporary fall in systemic 
arterial pressure which was not accompanied by evidence 
of increased production of adrenal catecholamines. One 
hour later the arterial pressure began to decline again 
and this time fell steadily until death of the animal. 

During this second hypotensive phase, circulating cate- 
cholamines were elevated above, and adrenal gland 
content was decreased below control levels; the authors 
concluded that, at this time, the animals had become 
refractory to the increased levels of endogenous epi- 
nephrine and arterenol (Heiffer, Mindy and Mehlman, 
1960). 
Output of adrenal corticosteroids was 60-100% of 

control even when the adrenal blood flow was reduced 
to 17% of control. The observed secretory output did 
not correlate with the observed tolerance to hemor- 
rhagic hypotension (Frank et al., 1955). 
CORONARY CIRCULATION. No specific differences were 

noted in the coronary vascular resistance during the 
normovolemic (post retransfusion) shock period as 
compared with those seen in the oligemic hypotensive 
period (Edwards, Siegel and Bing, 1954). 

CEREBRAL CIRCULATION. No adequate data are avail- 
able regarding the cerebral circulation in irreversible 
shock. 

Evaluation of decompensatory changes by evaluation of 
effects of injected adrenergic agents during the phase of irre- 
versible shock. According to one group of investigators, 
infusion of arterenol during the phase of “irreversibility” 
from prolonged hypotension due to hemorrhage, either 
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before or after retransfusion, elevated arterial pressure, 
increased coronary, cerebral and adrenal gland blood 
flow, reduced renal biood flow and had no effect on 
hepatic blood flow or cardiac output. Total peripheral 
resistance, and regional resistances in the hepatic and 
renal beds were increased; coronary and adrenal gland 
resistances, decreased; but survival was not prolonged 
(Frank et al., 1956). However, another group of in- 
vestigators claimed that survival was improved by 
arterenol infusion, but that it operated by increasing 
cardiac output rather than total peripheral resistance 
(Lansing and Stevenson, 1958). 

Use of adrenergic blocking agents in evaluating decompensa- 
tory phenomena. Administration of an adrenergic blocking 
agent (Dibenamine) increased the survival in shock 
due to intestinal manipulation, to skeletal muscle trauma, 
and to prolonged hypotension induced by hemorrhage. 
Since the dose used was often sufficient to abolish pres- 

sor effects of injected epinephrine and carotid compres- 
sion, it was assumed that it prevented presumed delete- 
rious effects of compensatory vasoconstriction. However, 
the investigators did not find any difference in the 
terminal total pressures, flows or resistance values in 
the dogs that survived and those that did not. They con- 
cluded that the agent had its beneficial effects by alter- 
ing the distribution of flow to some vital region (Rem- 
ington et al., 1950; Remington et al., 1950). While renal 
blood flow was increased by Dibenamine, this did not 
prolong survival (Brandfondbrenner and Zeller, 1952). 

Summary of decompensatory changes in resistance vessels. 
From the above it appears that there is no clear cut 

difference in the behavior of the total peripheral re- 
sistance or in any of the regional resistances studied to 
date, between simple hypotension and the irreversible 
stage that follows a prolonged period of hypotension. 
There does not appear to be evidence of marked in- 
crease in regional or total resistances as a cause of re- 
versibility. There is some suggestion of refractoriness of 

the resistance vessels to intrinsic or injectedscatechol- 
amines but this is not established. It seems reasonable, 

therefore, to conclude that it has not been demonstrated 
that disturbances in the behavior of the resistance vessels 
are responsible for the decompensatory phenomenon in 
irreversible shock. 

Decompensatory Changes in Blood Volume 

In hemorrhagic hypotensive shock as well as in shock 
producd by a period of partial obstruction of the aorta 
just below the diaphragm (Smith and Grace, 1957), 

or by a period of occlusion of the mesenteric artery 

(Shapiro et al., 1958), the best criteria for the develop- 
ment of irreversibility seems to be the volume of blood 
“taken up” from the reservoir in order to keep the pres- 
sure from falling further. After injection of lethal doses 

of E. coli endotoxin into either intact or eviscerated 
dogs, there was an increased uptake of blood from a con- 
stant inflow pump system; such uptake was much greater 
in intact than in eviscerated dogs (Hinshaw et al., 1958). 

These findings suggest that irreversibility is closely 

related to an imbalance between vascular capacity and 
blood volume, but do not indicate which, if either, is 
the dominant factor. 

Volume of hemorrhage necessary to induce shock. Fifty per 
cent survival appears to be associated with removal of 
34-39 % of the initial blood volume (Allen et al., 1959; 
Rawson et al., 1959). 

Blood volume changes in tourniquet shock. In tourniquet 
shock the initial rapid fall in arterial pressure upon re- 

lease of the tourniquets may be related to the marked 
increase in blood flow in the ischemic extremities. The 

subsequent decline in arterial pressure is probably due 
to a decrease in blood volume caused by trapping of 
fluid extravascularly in the traumatized tissues. The 
evidence for this is as follows. a) The measured accu- 
mulation of edema is comparable to the volume of blood 
that must be removed by hemorrhage to induce a com- 
parable status of hypotension and shock (Green et al., 
1944); b) The edema has a high plasma protein content 
(Fine and Seligman, 1944) and its development is ac- 

companied by a marked rise in hematocrit reading and 
decline in serum albumin concentration (Westfall, 
Priest and Stets, 1953). ¢) Often the shock can be pre- 
vented by reapplication of the tourniquets, or by appli- 

cation of tight plaster casts to the legs prior to release of 
the tourniquet. d) Usually the shock can be prevented 
by administration of large amounts of saline, especially 
if the tourniquets are reapplied (Koletsky and Gustaf- 
son, 1954), or by plasma in amounts sufficient to pre- 
vent the rise in hematocrit reading (Fine, Seligman and 
Frank, 1944); such administration increases further the 
accumulation of fluid in the traumatized tissues (Milli- 
can, 1954). The accumulated protein appears to be- 
have as a stagnant pool with respect to the exchange of 
labeled protein (Millican, 1954). 

Blood volume changes associated with myocardial infarction. 
In shock due to experimental myocardial infarction in 
dogs (Meyers, Schoolar and Overman, 1954; Agress 
et al., 1951) there appeared to be a decrease in blood 
volume which tended to parallel the decline in cardiac 

output. 
Blood volume changes associated with liver injury. Dogs’ 

livers have been injured by intraportal injection of car- 
bon tetrachloride or rendered ischemic for from 1 to 
134 hours by temporary production of an Eck fistula 

plus occlusion of the hepatic artery. In either case there 
occurred hepatic necrosis with marked engorgement of 
the liver accompanied by persistent hypotension leading 
to death which was attributed to a decrease in effective 
circulating blood volume due to hemorrhage into the 

liver (State and Lichtenstein, 1956). 
Summary of blood volume changes in shock. Thus there is 

evidence of at least an initial decrease of blood volume 

in most forms of irreversible shock. 

Decompensatory Factors Which Contribute 
to Reduction in Blood Volume 

Reduced lymph flow. It has been reported that thoracic 
duct lymph flow decreased progressively in dogs sub- 
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jected to burn, hemorrhagic and tourniquet shock and 
that Dibenamine tended to increase the lymph flow 
(Wessely, 1958). This mechanism might be a factor 
which could contribute to reduced blood volume. 

Reduced protein regeneration. Regeneration of albumin, 
prothrombin and fibrogen are delayed or cease during 
shock (Lewis, Page and Glasser, 1950; Westphal, 1953). 
Changes in the latter two are, however, insufficient to 
interfere with blood coagulation (Frank, Frank and 
Fine, 1950). 

Decompensatory changes in vascular permeability. Imme- 
diately following reinfusion of the previously withdrawn 
blood in hypotensive shock, and following release of the 
tourniquets in ischemic compression shock, the hema- 
tocrit reading rises above the original level. However, 
the hematocrit reading shows little further increase 
during the latter part of the irreversible phase (Green, 
1947; Wiggers, 1950). Such changes as are observed 
may be due at least in part, to the sequential changes 
that follow barbital anesthesia (Green et al., 1943). 

In studies of hemorrhagic shock, Fine and Seligman 
(1944) and Baratz and Ingraham (1955) claimed that 
tagged plasma proteins did not disappear from the 
circulation any more rapidly during the phase of ir- 
reversible hypotension than during the initial phase of 
hypotension that initially followed hemorrhage. The 
quantity of tagged proteins in tissues generally was in 
about the same concentration as red cells, suggesting no 
generalized increase in capillary permeability in irre- 
versible shock. However, after saline administration, 
plasma proteins were carried out of the bloodstream with 
the saline; this occurred to a greater extent in “‘irre- 
versible” than ‘reversible’? hemorrhagic shock. The 
authors claimed that such plasma loss was small (Fine 
and Seligman, 1943, 1944). 

Deavers, Smith and Huggins (1958) estimated from 
plasma and red cell volume measurements that, while 
in simple hemorrhagic hypotension 8.6 cc/kg of fluid 
had entered the dogs’ circulation, during the secondary, 
normovolemic phase of hypotension this volume plus 
11 cc/kg of the dogs’ original plasma left the circulation. 
They also noted a loss of 3.7 cc/kg of red cells but this 
was not considered to be statistically significant. 
Lymph returning from traumatized tissues showed an 

increased rate of appearance of radio protein, but lymph 
returning from nontraumatized tissues of animals in 
shock did not show such increase (Cope and Moore, 

1944). 
The dye T-1824, injected intravenously, disappeared 

at approximately a normal rate in all forms of shock 
except those associated with burns and peritonitis where 
large surfaces were directly injured (Gregersen, 1946; 

Gregersen and Root, 1947). 
Summary of factors which contribute to decreased blood 

volume. There is clearcut evidence of increased capillary 

permeability to protein and fluids in traumatized tissues 
and in ischemic tissues after re-establishment of the cir- 
culation. It is less clear that there is any significant 
generalized increase in capillary permeability in the 

irreversible phase of either ischemic compression or 
hemorrhagic hypotensive shock (see also Wiggers, 
1950). 

Decompensatory Changes in Vascular Capacity 

Splanchnic vascular bed. The frequent finding of mucosal 
hyperemia and appearance of blood in the lumen of the 
gut suggests that a considerable part of the discrepancy 
between blood volume and vascular capacity may occur 
in the splanchnic (intestinal) vascular bed. Removal of 
the gastrointestinal tract and liver in rats also mini- 
mized the compensatory uptake of blood following pro- 
longed hypotension (Kelan and Zweifach, 1954). 
However, measurements of splanchnic blood volume by 
the bromsulfalein method (Reynell et al., 1955) and 
registration of the weight of segments of the intestine, 
either with the liver intact (Johnson and Selkurt, 1958) 
or with the portal blood shunted directly into the jugular 
vein (Selkurt, 1958) appear to indicate that, while 
splanchnic pooling and a rise of portal pressure (Zan- 
ette, 1952) may be a possible contributing factor, such 
pooling is not a necessary feature of hemorrhagic hypo- 
tensive shock (Friedman, 1960). 

During the initial phase of hemorrhagic hypotension, 
flow in femoral and intestinal beds was reduced, but 
uptake of rubidium 86 was increased. After development 
of irreversibility, flow in both regions fell again, accom- 
panied by an increased rubidium uptake in the hind 

limbs, but not in the intestine. The authors concluded 
that the altered exchange between Rb 86 and K repre- 

sented a distribution defect in the vascular bed of the 
intestine during irreversible shock which may be in the 
nature of shunting blood away from the nutrient chan- 
nels (Gouriz and Nickerson, 1960). 

Circulation of mesentery. Microscopic observations indi- 
cated that in the mesentery there was beginning capil- 
lary pooling and trapping of blood despite some reduc- 
tion of the caliber of the muscular venules in the early 
phase of normovolemic irreversible shock, before de- 

cline of arterial pressure. During the subsequent termi- 
nal fall of arterial pressure, the caliber of the muscular 
venules became greater and capillary pooling and trap- 
ping of blood increased progressively and the small 
veins showed failure to relax completely following con- 
strictor doses of epinephrine (Zweifach et al., 1944; 
Zweifach and Thomas, 1957; Zweifach, 1958). 

Endotoxins, released from the ischemic gut are thought 
to play a contributory role since injection of such agents 
induces vascular changes resembling those seen with 
prolonged hemorrhagic hypotension and trauma (Zwei- 
fach and Thomas, 1957). Progressively increasing doses 
of such agents markedly increased then decreased the 
reactivity to epinephrine of the terminal arterioles; 
the small veins which are normally least reactive, be- 
came more reactive than the arterioles and this per- 
sisted even with lethal doses, thus contributing to 
stagnation and peripheral pooling (Zweifach, Nagler 
and Thomas, 1960). However, presence of endotoxin 
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does not appear to be essential, at least in the rat to the 
development of shock since shock in response to hemor- 
rhagic hypotension was produced as readily in germ- 
free as in normal stock rats (Zweifach et al., 1958). 

Liver. In rats subjected to hemorrhagic hypotensive 
shock, microscopy immediately after reinfusion of the 
previously withdrawn blood, revealed dilation of all 
hepatic vessels except the portal venules; these changes 
were associated with a slowed rate of flow. However, 
the congestion gradually disappeared and flow in- 
creased so that within 30 minutes the field regained a 
normal appearance both in animals which remained 
at a stable normal pressure as well as in those which 

subsequently relapsed into irreversible shock (Friedman 
et al., 1953). 

Venomotor tone. Venomotor tone in the large veins, 
measured as described above by noting the rate of pres- 
sure rise with injection of blood into a vein, showed a 
tendency to venodilation after prolonged hypotension 
due to hemorrhage. Upon reinfusion, venomotor tone 
tended to be restored, and during the first part of the 
secondary decline even showed some compensatory 
increase. As shock progressed, however, a deficiency 
of venomotor compensation became evident, which the 
author considered to be an important factor leading to 
pooling of blood in the venous system (Alexander, 

1955). 
Factors related to decompensatory state. It has been postu- 

lated that the decompensatory changes in the peripheral 
circulation are due to the presence of circulating de- 

pressor substances (ferritin, etc.). However, the presence 
of such substances may be fortuitous, or able to exert 
an effect only at the site of their liberation since cross- 
transfusion does not transmit their effect to sensitized 
test animals (Green et al., 1947) and since infusion of 
such agents does not seem to intensify the decompensa- 
tory state (Stopak, 1953; Zweifach and Metz, 1955; 
Zweifach, 1958). 

Summary of decompensatory changes in vascular capacity. 
From the above discussion it appears that the primary 
decompensatory circulatory disturbance in the irrevers- 
ible phase of shock, especially of normovolemic hemor- 
rhagic hypotensive shock, is a discrepancy between 
blood volume and vascular capacity. 

It has not been demonstrated that this is due prin- 
cipally to a significant degree to extravascular loss of 
plasma protein and fluid into nontraumatized tissues. 
On the other hand, it has not been demonstrated that 
such loss does not play a contributory role. 

It does appear that there is probably peripheral pool- 
ing, trapping, and prolonged transit time, which is re- 
sponsible for a decreased ‘“‘venous return” and reduced 
cardiac output. However, the site or sites of such pool- 
ing remains to be demonstrated. They are probably 
sufficiently widespread that, even though the effect in 
any one region is small, the total effect is catastrophic. 
It appears that more discriminative methods are needed 
to demonstrate such generalized pooling. 

No attempt has been made to discuss possible etio- 
logical factors responsible for such pooling. 

Discussion of Papers by Dr. Guyton and Dr. Green 

Dr. Mayerson: Drs. Guyton and Crowell have 
presented interesting evidence implicating the heart in 
hemorrhagic shock. They have related the pattern in 
the development of changes to modern concepts of 
feedback mechanisms and have suggested that irreversi- 
bility occurs when there is an imbalance in feedback so 
that now positive feedback becomes predominant. 
They have admittedly side-stepped the issue of the 
basic mechanism which is the cause of the final irre- 
versibility in shock. The basic mechanism, they suggest, 
is closely related to oxygen debt, and they conclude 
“just how this oxygen debt leads to further deterioration 
of the circulation even after transfusion has returned the 
arterial pressure and cardiac output back to normal is 
completely unknown.”’ They speculate that during the 
period of oxygen deficit, the cells of the myocardium 
and perhaps of other parts of the circulation lose some 
metabolic substrate or develop some structural damage 

that makes it impossible for these tissues to utilize 
nutrients even after adequate supply is reinstituted. 
Dr. Bing will, in a few moments, present evidence that 
the myocardial metabolism is indeed altered during 
hemorrhagic shock, presumably by anoxia resulting 

from diminished coronary blood flow and that some of 
these changes persist after retransfusion to normal blood 
volume. This aspect of the problem seems to me to 
deserve considerable attention. What are the _ basic 
cellular processes which do not regain their usual 
functions or patterns of operation when transfusion 
presumably returns the blood volume and cardiac 
output to the prehemorrhage level? We need definitive 
information not only for the myocardium but for all 
systems that have been implicated in the irreversibility 
aspect of shock. Dr. Green points out that there is no 
adequate data available regarding changes in cerebral 
circulation in irreversible shock. This, I believe, is a 
serious lack. The brain, like the heart, cannot undergo 
oxygen debt. Certainly perfusion of the brain under 
conditions of hypotension existing in shock is poor and 
would be expected to result in disturbances in metabolism 
of brain tissue. It has been repeatedly suggested that 

the vasomotor and/or respiratory areas are implicated 
in the irreversibility of shock but there is no data to 
suggest just what definitive substances, substrates or 
enzymes, are involved. Are the same basic alterations in 

cellular metabolism present which Dr. Bing and _ his 
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colleagues have shown to be at fault in the myocardium, 
i.e., low oxygen usage with impairment of extraction of 
glucose, pyruvate and lactate? Do these alterations, if 
present, persist after transfusion (Kovach and Fonyo, 
1960)? Smith, Roth and Grace (1955) found that during 
the period of drastic hypotension in the development of 
hemorrhagic shock the reduction of blood flow through 
the splanchnic arteries results in an increased extraction of 
oxygen from the mesenteric blood by the extrahepatic 

abdominal organs as manifested by greatly increased 
arterial-portal oxygen saturation gradients. This results 
in a severe curtailment of portal oxygen supply to the 
liver during the hypotensive periods of experimental 
hemorrhagic shock and an increased dependence of 
the liver on hepatic arterial blood for its oxygen during 
this period. What specific metabolic mechanisms 
suffer irreversible changes because of the oxygen lack? 
Are these the same as in cardiac muscle? We can ask 
the same questions regarding other organs implicated 
at various times in irreversibility. My plea is, therefore, 
to shift our emphasis from organs to certain specific 
cellular processes and let’s follow these through. It 
may be productive. 

Dr. Green concludes that the primary decompensa- 
tory circulatory disturbance in the ‘“‘irreversible” 
phase of shock, especially of normovolemic hemorrhagic 
hypotensive shock appears to be a discrepancy between 
blood volume and vascular capacity and that more 
definitive work is needed to evaluate the relative impor- 
tance of changes in blood volume and vascular capacity. 
Here again we should focus our attention on funda- 
mental changes which appear to persist after transfusion 
has restored the blood volume and cardiac output to 
prehemorrhage levels. Much has been written about the 
question as to whether the capillary permeability to 
protein is increased in shock and the available data 
suggest that there is no significant increased leakage of 
protein except under extreme conditions. This is a 
reflection of the fact that the oxygen tension usually 
does not fall to the extremely low levels necessary to 
produce irreversible changes in capillary permeability. 
Thus, Schiller and Wool (1952) found that in intact 
rats, grades of hypoxemia corresponding to a tension of 
oxygen of 25 mm Hg or an oxyhemoglobin saturation 
of 30% do not produce hemodynamic or permeability 
changes which significantly alter transcapillary passage 
of plasma proteins. In later, more refined experiments 
using the perfused, isolated hind leg of the rat, Hendley 
and Schiller (1954) found that with moderate hypoxe- 
mia, 5-10 vol. % of oxygen, little or no increased 
filtration of protein occurred, but when the oxygen 
in the perfusing fluid was reduced to 0-2 vol. %, filtra- 
tion increased considerably. It is thus evident that 
capillary permeability is not measurably increased 
except under extreme conditions, but under these 
circumstances the exact mechanism concerned is still 
very much a mystery. 
An important area which appears to have been 

neglected is the behavior of electrolytes, particularly Na, 

during the ‘“‘irreversible’? phase of shock. Gelhorn, 
Merrell and Rankin (1944) studied the transcapillary 
rate of exchange of Na in normal dogs and in traumatic 
shock produced by muscle crushing. They found that in 
untreated traumatic shock the total number of milligrams 
of Na exchanged across the vascular membrane per unit 
of time is about 50 % of the normal. Immediately 
following replacement therapy with saline or serum, 
the total amount of Na that passes back and forth 
between the plasma and extravascular fluids is still 
only about 50 % of the normal value. The authors 
recognized that this data did not prove that the reduced 
rate of Na exchange was attributable solely to changes 
in the capillary membrane and that it might be reflecting 
the reduced functional efficiency of the capillary circu- 
lation. That reduced functional efficiency does occur is 
suggested by the results of Fogelman, Montgomery and 
Moyer (1952). Using deuterium oxide as a tracer, they 
showed that in splenectomized dogs approximately 
72 % of blood water or 23 % of total body water moves 
extravascularly per minute in the normal dog. Following 
hemorrhage only 30 % of blood water moves extravascu- 
larly per minute. The conclusions of Gellhorn, Merrell 
and Rankin are, however, pertinent and deserve 
emphasis at this time. They concluded “If the decrease 
in rate of movement of Na across the vascular membrane 
is characteristic of other ions and molecules as well, it 
may be a fact of some consequence in understanding 
the changes in tissue metabolism observed in traumatic 
shock.” 

In this connection, it may be pertinent to mention the 
observations of Keyl and North (1956) on the mechanism 
of the protective action of cardiac glycosides in tumbling 
shock. They were attracted to the report by Szent- 
Gyorgyi that DCA, progesterone and certain glycosides 
were capable of eliminating the “‘staircase”” phenomenon 
in the isolated frog heart. Szent-Gyorgyi (1953) postu- 
lated that this might be due to regulation of cell mem- 
brane permeability to maintain favorable electrolyte 
balance. They therefore decided to use cardiac glycosides 
prophylactically in rats subjected to tumbling shock. 
They found that digitoxin, ouabain and K-strophathin 
exerted a protective effect equal to or greater than 
atropine or Dibenzylene. In further work Keyl and 
North, (1957) again found that these glycosides as well 
as acetyldigitoxin were protective. The time course of 
protection is different from the cardiotonic action of the 
glycosides, but does parallel their effect on serum potas- 
sium levels. They interpreted this to indicate that the 
protective effect of the glycosides is not directly on the 
heart but upon potassium balance, the glycosides 
probably governing the rate of potassium re-entry in 
the cell. 

Dr. Green concludes “‘that there is probably peripheral 
pooling, trapping and delayed transit time, which is 
responsible for a decreased “‘venous return” and reduced 
cardiac output. However, the site or sites of such pooling 

remains to be demonstrated.” I should like to suggest 
that even if and when we know the sites of pooling in the 
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rat, cat or dog, these may not correspond to the sites 
in man. In these experimental animals, for example, 
muscles constitute a smaller mass relative to the splanch- 
nic organs than they do in man (Adolph, 1949). Cer- 
tainly Dr. Green is correct in implying that additional 
work with more discriminative methods is called for. 

Dr. Brapey:' One of the most puzzling features in 
any discussion of shock is the uncertainty that surrounds 
the definition of shock itself, and of what may be called 
the ‘“‘basal state’ of the animal upon which it is en- 
grafted. It has dominated the discussions this morning 
and will undoubtedly reappear in one form or another 
in the presentations to follow. Certainly, a variety of 
states involve a defective balance between cardiac 
output and total peripheral vascular resistance that 
results in a fall in arterial pressure. Not all of these can 
be referred to as shock, but several, differing in various 
respects, may merit the term. To make matters even 
more complicated, any given primary causative state 
characterized by arterial hypotension and the clinical 
features of peripheral vascular collapse may be compli- 
cated at some stage in its course by the development of 
one or more additional states which alone might give 
rise to a similar reduction in blood pressure. Thus, 

trauma and its attendant hypotensive state may have 
its effect augmented by the introduction of various 
toxic agents from damaged tissues into the _ blood. 
Hemorrhagic hypotension could conceivably be exag- 
gerated by a faulty intestinal absorptive process and 
defective reticuloendothelial function that result together 
in a high concentration of endotoxin circulating in 
the blood. Abnormal adjustments to various extraneous 

materials or humoral agents entering the blood stream 
may also contribute in the potentiation and perpetua- 

tion of the “shock’’ syndrome. Together with these 
considerations, due attention must be paid, or course, to 
the underlying state of the animal or man in whom shock 
has been induced by one cause or another. Vasoconstric- 
tion, induced perhaps by an anesthetic agent, may 
reduce the extent to which further vasoconstriction can 
be excited by a fall in arterial pressure. Consequently, 
it is hazardous to extrapolate from the findings obtained 
from the study of one state in the interpretation of the 
event observed in another, without precise definition 
and control of all the variables. To make these comments 
is, of course, supererogatory, but they necessarily 
spring to mind in a discussion of the papers we have just 
heard. 

Hemorrhagic hypotension is perhaps the simplest 
state, and certainly more easily controlled than any 
other. In his lucid and critical analysis of a remarkable 

array of experimental data, Dr. Green has properly, 
therefore, given emphasis to data obtained in the study 
of hemorrhagic hypotension. Perhaps too, this emphasis 
arises from the fact that much more work has been 

1 Much of the work mentioned herewith was supported by the 
New York Heart Association and the Department of Defense 
(Contract D.A. 49-007-MD-205). 

carried out in investigation of this form of shock. It is 
difficult to be certain, however, that these data are 
strictly comparable with those obtained in the course of 
traumatic shock produced by tumbling anesthetized 
rats in a revolving cage, by tourniquets of the leg, or by 
crushing the thigh muscles of anesthetized dogs and 
other animals. Dr. Green’s reading of the literature 
leads him to conclude that the compensatory changes 
that occur in response to hypotension affect vascular 
capacity either actively or passively with redistribution 
in the total blood volume. He believes the data suggest 
that there is no consistent change in resistance that can 
be interpreted as a compensatory response designed to 
maintain local blood flow or overall arterial pressure. 
Decompensatory phenomena (or irreversibility) appear 
to be more closely related to an imbalance between 
vascular capacity and blood volume with a ‘“‘decrease 
in blood volume”’ appearing to play a more prominent 
role, not as a result of the definite increase in vascular 
permeability in certain areas, but rather in consequence 
of a change in local capacity that results in “trapping” 

or “pooling,” or sequestration. With these inferences 
in general, I have no quarrel. It is in connection with 
certain particulars, however, that I find it difficult to 
follow Dr. Green all the way, and these particulars are 
such as to leave some uncertainty, in my mind at least, 
regarding the validity of these generalizations on the 
physiologic changes that may be said to occur in the 
peripheral circulation during shock. 

Our own experience (Cournand et al., 1943) is in 
complete agreement with Dr. Green’s conclusion that 
peripheral vascular resistance does not change in any 
consistent way during shock. However, this conclusion 
must be accepted with caution as a general statement 
owing to the variability in causation of shock and in 
the underlying states upon which shock has_ been 
imposed. In addition, species differences may have an 
influence. A further study has reinforced our belief 
that total peripheral vascular resistance is increased 

following hemorrhage (Reynell et al., 1955). Although 
some uncertainty must prevail regarding the total 
resistance, there is a great mass of evidence in favor of 
the view that renal vasoconstriction occurs regularly 
and out of proportion to vasoconstriction elsewhere in 

the body. The claim of Balint, Kiss and Sturcz (1959), 
is not acceptable in view of studies (Dole et al., 1946, 
for example) in which the clearance techniques have 
been corrected by measurements of the renal extraction 
of the material used in the measurement of blood flow. 
Further data collected in our laboratory in collaboration 
with Drs. Robinson, Wheeler, Epstein and Snell support 
our previous report (Reynell et al., 1955) that splanchnic 
blood flow decreases in proportion to cardiac output 
after blood loss in the dog, returning spontaneously 
toward control levels prior to restoration of cardiac 
output to normal. The point that deserves stress in this 

connection is the fact that splanchnic blood flow remains 
depressed when further blood loss is induced and arterial 

pressure maintained at a low level. Such a failure for 
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vasodilatation to occur during the course of ‘‘chronic”’ 
hypotension must be construed as a kind of compensation 

since absence of vasodilatation under these circumstances 
contributes importantly in the maintenance of arterial 
pressure. The mechanism by which this phenomenon is 
mediated is worthy of further investigation. The more 
recent studies of the splanchnic vascular response 
following blood loss confirms the early observation 
that splanchnic blood volume does not decrease to any 
greater extent than total blood volume. The earlier 
conclusion, therefore, that the splanchnic bed partici- 
pates in compensatory adjustments by an active reduc- 
tion in capacity rather than by an increase in arteriolar 
resistance, must be revised, for it seems more likely 
that the splanchnic vascular capacity may decrease 
passively in proportion to the reduction in filling pressure 
under these circumstances. I am inclined increasingly 
to believe that the major compensatory adjustments in 
shock are arteriolar, though shift of blood from depét 
areas cannot be excluded as an important contributory 

compensation. 
Irreversible shock as the major concern of this meeting 

deserves special consideration in our evaluation of the 
behavior of the peripheral vasculature following the 
development of the hypotensive state. Unfortunately, 
methodology has proved to be a most troublesome 
problem in the collection of valid data during this 
phase. Methods that require extensive surgical manipu- 

lation may in themselves induce changes that tend to 
obscure the fundamental physiologic responses. The 
indirect methods employed in the measurements in 
the intact animal become invalid under the extreme 
conditions of irreversibility. The extraction of para- 
aminohippurate falls to a minimal level, and the liver 

ceases to extract Bromsulfalein from the blood. More 
recent studies of hemorrhagic hypotension in our 
laboratory by Dr. Roscoe R. Robinson have provided 
more information on this point. In a study of 18 animals 
subjected to prolonged maintenance of the arterial 

pressure at a value of 30 mm Hg by repeated bleeding, 
followed by reinfusion of the shed blood, a significant 
reduction in hepatic removal rate and clearance of 
Bromsulfalein occurred, but with maintenance of the 
extraction by the liver within normal levels following 
hemorrhage and during the hypotensive period. Restora- 
tion of blood volume was followed by continued depres- 
sion of the values for Bromsulfalein clearance and 
removal and was marked by a striking fall in the per- 
centage Bromsulfalein extraction. The oxygen consump- 
tion in the splanchnic bed also fell during the hypotensive 
state in association with a rise in the splanchnic RQ. 
These changes occurred in association with a net “‘loss”’ 
of glucose and lactate from the splanchnic area. The 
oxygen consumption and RQ returned toward control 

values following transfusion. At the same time, relative 
increases in net splanchnic glucose and lactate uptake 

were observed. The reduction in Bromsulfalein extrac- 
tion following the reinfusion of blood interfered with 
accurate measurement of splanchnic blood flow, but 

in those animals in whom measurements could be made, 
no evidence of splanchnic pooling was adduced either 
during the hypotensive state, or after the reinfusion of 
blood. As others have shown, reinfusion was associated 
with an apparent recovery hemodynamically, even 
though the metabolic disturbance evident in diminished 
Bromsulfalein extraction and removal persisted. It must 
be emphasized, of course, that subsequent pooling may 
have occurred in association with the final drop in 
blood pressure that led to death in 50% of these animals. 

In the dog, a variety of mechanisms may be evoked 
to explain splanchnic pooling that would not be immedi- 
ately evident following restoration of the blood volume 
after a prolonged period of hypotension. The hepatic 
venous sphincters are, of course, well developed in the 
dog (Thomas and Essex, 1949), but there is good 

reason to believe that similar structures may be operative 
also in man (Gibson, 1959). Perhaps a mechanism 
similar to that suggested by Dr. Shoemaker in the 
preprints received by the participants in this conference 
may play a role. The extent to which hepatic parenchy- 

mal turgescence with encroachment upon the sinusoidal 
spaces contributes might be worth investigation. In 
addition, large extensive potential uptake sites exist 
outside the acknowledgedly voluminous splanchnic 
vasculature. In recent studies carried out in collaboration 
with Drs. R. Harvey, I. Ferrer and H. Wheeler upon 
the changes in splanchnic circulation following the 
administration of digitalis to patients with congestive 
heart failure, it has been found that compensation is 
associated with a significant and large reduction in 
splanchnic blood volume in association with an increase 
in cardiac output and a fall in central venous pressure. 
Since it seems unlikely that the redistribution of blood 

during digitalization can be attributed to displacement 
into the lungs or into the arterial system, it must be 
inferred that a large fraction of the blood volume is 
accommodated by venular radicals throughout the body 

as a whole. In this view, the improvement in cardiac 
function secondary to digitalis, results from the elimina- 
tion of a widespread venous constriction with resultant 
augmentation in the capacity of the finer radicals of 
the central venous reservoir exclusive of the splanchnic 
venous system. In view of the large quantity which is 
transferred over a period of 1 hour or less following 
intravenous administration of Digoxin, it seems not 
unlikely that “pooling” could occur to a detrimental 
extent in the same regions during “‘irreversible’”’ hypo- 
tension. 

An additional comment upon the role of vascular 
reactivity would seem to be in order at this point. Dr. 
Green has called attention to the evidence that /- 
norepinephrine does not seem to be particularly bene- 
ficial in the reversal of the hypotensive state (Catchpole, 
Hackel, and Simeone, 1955) (Kory et al., 1956) (Frank 
et al., 1956). Now there is growing reason to believe 

that vascular adjustments, both in arteriolar cross 
section and venous capacity, are mediated to a large 
extent in the splanchnic vasculature by neural mecha- 
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nisms. In our own work, we have found that the splanch- 
nic blood volume decreases and splanchnic arteriolar 
resistance increases in normal and hypertensive subjects 
following assumption of the upright position. With 
bilateral lumbodorsal sympathectomy, this capacity 
appears to be lost and hypotension tends to develop in 
association with an increase rather than a reduction in 
splanchnic blood volume, with lack of a demonstrable 
change in splanchnic arteriolar resistance. The persistent 
introduction of catecholamines into the blood by the 
adrenal medulla and excessive release at nerve endings, 
during hemorrhagic hypotension, may ultimately have 
a detrimental effect. In the dog, but not in man, we 
have observed a tendency for infusion of norepinephrine 
to give rise to evidence of hepatic disfunction. It has 
been impossible for us to evaluate the effect of infused 
norepinephrine in the dog, owing to the difficulty of 
achieving a steady state of maintained hypertension. 
In man constant infusion of norepinephrine regularly 
produces a rise in blood pressure which can be main- 
tained almost indefinitely at some set level. In the dog, 
by contrast, Combs and Wheeler have found that blood 
pressure remains at a relatively constant elevated level 
for a period of 20-30 minutes, then falls progressively to 
a normal value. Increasing the rate of infusion of nor- 
epinephrine results in a restoration of blood pressure to 
tne former elevated level, only to be followed by repeti- 
tion of the fall to control levels. As the rate of infusion 
of norepinephrine is increased, a fall in Bromsulfalein 
extraction has been observed ultimately to levels too 
low to permit measurement of blood flow. The defective 
hepatic metabolism implicit in this observation could 
conceivably be produced also by the endogenous 
infusion of progressively larger amounts of the cate- 
cholamines. 

Dr. Binc:! The changes in myocardial metabolism in 
shock are primarily the result of myocardial anoxia; 
the response of the heart to anoxia is specific and well 
defined (Danforth and Bing, 1958). It has been suggested 
on the basis of pressure and volume curves obtained 
from dogs during various phases of hemorrhagic shock 
that the deterioration of myocardial expulsive power 
resulting from anoxia may contribute to circulatory 
failure and that this myocardial depression is responsible 
for the irreversible shock during the normovolemic 
phase of hemorrhagic shock (Wiggers, 1950). It was 
assumed by Wiggers that the trigger mechanism for 
myocardial depression was a decrease in the coronary 
flow. The present discussion will deal with a general 
description of cardiac metabolism in the anoxic heart 
with special reference to myocardial metabolism in 
hemorrhagic shock. 

The response of the myocardium to hypoxia is 
uniform, although the conditions which may produce 

1 Work supported by Public Health Service Grant No. H-5043, 
The American Heart Association, Michigan Heart Association, 
The Life Insurance Medical Research Fund, and the Tobacco 
Industry Research Committee. 

hypoxia may vary. Myocardial ischemia and hypoxia 
have been observed in cardiac arrhythmias such as 
atrial and ventricular fibrillation and_ ventricular 
tachycardia (Klarwein, Kako, Chrysohou, and Bing, 
in press); it occurred following partial or complete 
interruption of the coronary circulation, and it has been 
experimentally produced in hemorrhagic shock in the 
dog (Bing et al., 1956; Siegel, Edwards, and Bing, 1954). 

In the heart deprived completely of its coronary blood 
supply for various periods of time, ATP declines rapidly 
(Michal et al., 1959). The loss of ATP is more rapid 
than the decline in myocardial oxygen consumption. 
Part of this decline in ability to use oxygen is probably 
the result of the destruction of coenzymes and other 
compounds which require ATP for resynthesis. It is 
likely that in the anoxic heart muscle, the breakdown of 
ATP extends beyond ADP. The diminution in phos- 
phocreatine observed during anoxia is considerably 
less than that of ATP. These studies have indicated 
that oxygen lack leads to rapid dephosphorylation of 
high energy phosphate compounds and to the subse- 
quent formation of inorganic phosphorus (Michal et al., 
1959). In the heart completely deprived of oxygen, glyco- 
gen also disappeared rapidly. The rate of glycogen 
breakdown is not dependent upon the initial amount 
of glycogen until the glycogen content of heart muscle 
reaches very low levels. 

Studies on the fibrillating heart and of atrial or 
ventricular muscle during atrial or ventricular fibrillation 
present a similar metabolic pattern (Klarwein et al., 
in press). In addition, significant changes in the ratio 
of phosphorylase a to total phosphorylase were dis- 
covered. For example, ventricular tachycardia and 
fibrillation result in a transitory increase in this ratio 
and similar changes are observed in atrial fibrillation. 
These results agreed with those of Cori on skeletal 
muscle; he found that when the anoxic gastrocnemius 
muscle of the rat was stimulated at a rate of 20/sec. 
for 12 seconds, there regularly occurred an increase in 
the level of active phosphorylase (Cori, 1956). The 
observation that phosphorylase a content first rises and 
then declines during ventricular fibrillation and tachy- 
cardia can be explained on the basis of activation of 
the two enzymes which catalyze the conversion of the 
phosphorylases. Apparently at the onset of ventricular 
tachycardia and fibrillation, heart muscle becomes 
alkaline, thus favoring formation of phosphorylase a. 
Accumulation of lactic acid then lowers the pH, depress- 
ing phosphorylase a content. One may therefore speak 
of “‘fatigue’”’ of heart as well as of skeletal muscle: 
accumulation of lactic acid with diminution of phos- 
phorylase a activity. 

The alterations in the carbohydrate intermediates 
observed during ventricular tachycardia and fibrillation 
are also commensurate with myocardial anoxia (Klar- 
wein, Kako, Chrysohou, and Bing, in press). There is 
an increase in myocardial lactate and a fall in myo- 
cardial glycogen concentration. Glucoe-6-phosphate 
rises. Cori has found that during anoxia, stimulation of 
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the frog gastrocnemius resulted in accumulation of 
G-6-P, indicating that the reaction glycogen to G-6-P 
occurs more rapidly than the reaction G-6-P to lactic 
acid; this points to phosphofructokinase as the rate- 
limiting step for lactic acid formation during contraction. 

It is likely that the changes in carbohydrate inter- 
mediates are the result of myocardial anoxia, since 
the oxidation reduction potential as calculated from 
the ratio lactate/pyruvate and from the ratio alpha- 
glycerophosphate to dihydroxyacetonephosphate _be- 

comes more negative. 
The extent to which individual members of the 

electron carrier system within the heart muscle shift 
toward the reduced form during anoxia will be deter- 
mined by the inherent redox potential of the system in a 
manner reminiscent of the way that pK of a buffer 
system governs shifts in pH. Diphosphopyridine nucleo- 
tide (DPN) has the lowest potential in the carrier system. 
As Huckabee has pointed out, the rates of oxidation for 
energy production are not altered until DPN has been 
affected (Huckabee, 1958). When the oxidative poten- 
tial has become low enough, the metabolic systems 
are involved; the first DPN coupled system to be reversed 
will be the one with a potential close to that of DPN: 
DPNH: or the lactic dehydrogenase system. (Pyruvate) 
+ (DPNH:) —@ LDH (Lactate) + (DPN). An increase 
of DPNH2 would, by mass action, shift the equation to 
the right with the production of lactate and the oxidation 
of DPN. Because lactate does not take part in any 
other equilibrium, this reaction acts as a safety valve in 
the presence of hypoxia, thereby permitting other 
metabolic oxidative systems to continue to function. 
Huckabee has demonstrated the correspondence of 
the magnitude of excess lactate production in oxygen 
debt in the whole body. If, despite hypoxia and rela- 
tively high concentration of DPNHb, the reaction 
continues to the left of the equation because of excess 
lactate or because of diminished production or the 
rapid removal of pyruvate, one might expect the 
lactate utilization to be less normal. Experiments from 
this laboratory have shown that anoxia results in a 

decreased myocardial extraction of lactate and similar 
results have been reported in dogs breathing 5 % oxygen 
by Hackel and co-workers (Hackel, Goodale, and 
Kleinerman, 1954). Extraction ratios of glucose and 
pyruvate also fell in these dogs, and pyruvate extraction 
decreases markedly in dogs rendered completely anoxic. 
Because glucose and pyruvate have complicated alternate 
metabolic pathways, it is not possible to delineate 
individual reactions as has been done for lactate. 
The alterations in the ratio phosphorylase a to total 

phosphorylase encountered in myocardial anoxia due 
to ventricular fibrillation are absent in the fibrillating 
heart with adequate oxygen supply and in the heart 

performing increased work without an increase in its 
rate (Klarwein, Chiba, Chrysohou, and Bing, in press). 
Here, no changes in phosphorylase and no glycolysis 
are encountered. Apparently, activation of phosphorylase 
occurs only under special circumstances, such as, for 

example, anoxia and through the mediation of cate- 
cholamines. 

The changes in myocardial metabolism so far observed 
in shock fall into the general metabolic pattern of anoxia. 

During hemorrhagic shock in dogs the oxygen content 
of the blood remains normal, but coronary blood flow 
diminishes both during the oligemic and normovolemic 
phases (Siegel, Edwards, and Bing, 1954). As a result 
of failure of oxygen extraction to increase, myocardial 
oxygen usage declines. In the hypovolemic phase of 
shock, blood levels of glucose rise to high peaks, but the 
rise in glucose extraction is statistically not significant. 
Myocardial pyruvate extraction declines, and negative 
coronary arteriovenous differences frequently occur. 
Blood lactate rises to very high levels, presumably as a 
result of anaerobic glycolysis elsewhere in the body. 
Total myocardial extraction of lactate is actually higher 
than during control periods, but not as high as one 
would have expected in a fully oxygenated heart. 
After retransfusion to normal blood volume, the myo- 
cardial extraction of lactate and pyruvate remains 
diminished, while blood glucose levels fall to normal 
with increases in the blood volume. Myocardial glucose 
extraction is statistically not different from that during 

the control period; however, in several instances, 
concentrations of coronary vein glucose exceed those in 
arterial blood. Thus, the essential changes in coronary 

blood flow and myocardial metabolism in hemorrhagic 
shock persisted during the normovolemic phase. In 
both stages, myocardial oxygen usage is low and the 
extraction of glucose, pyruvate and lactate is impaired 
(Siegel, Edwards, and Bing, 1954). 

It is possible, on the basis of results performed on the 

anoxic heart during ventricular tachycardia and 

fibrillation, that changes in phosphorylase a activity 

also occur in the heart muscle during shock. Whether 

during hemorrhagic shock the enzyme phosphofructoki- 

nase is the rate-limiting enzyme in heart muscle 
remains to be established. 

The changes in myocardial metabolism during hemor- 

rhagic shock are therefore not isolated occurrences but 

follow the general pattern of myocardial anoxia resulting 
from diminished coronary blood flow. 

Dr. ENGEL: I think Dr. Guyton in his very stimulating 

talk made a few points which are very pertinent to 

the subject this afternoon. He referred to the positive 

and the negative feedbacks—or maybe I should have 

said the negative and the positive feedbacks. I think 

it’s good, before we get into the discussion of the neuro- 

endocrine and metabolic aspects, to remind everyone 

that the same sort of feedbacks that are spoken of for 

the vascular system hold for the neuroendocrine system 

and for enzymatic reactions too. 

Another point that Dr. Guyton made in the last 

diagram he showed, was what he referred to as the 

unknown, intermediate steps after the decompensation 

of the circulation and the oxygen debt. It is these 
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unknown intermediate steps which are really the subject 
of the discussion this afternoon, i.e., the unknown 
intermediate steps in the neuroendocrine function and 
unknown intermediate steps in metabolism. Are these 
among the critical factors that serve as causes of “‘irre- 
versibility?”’ 

Interest in the metabolic and endocrine aspects of 

the shock problem is much younger than the interest in 
the circulation. I think the first conference to be held 
on the relation of metabolism to shock was in 1942 in 
New Haven. This was a small conference sponsored by 
the Josiah Macy Jr. Foundation before they had their 
regular shock conferences. I notice there are several 
people here who attended that conference. 
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Some neurohumoral and endocrine 

aspects of shock 

IRVINE H. PAGE 

Research Division of the Cleveland Clinic Foundation, and _ the 

Frank E. Bunts Educational Institute, 

ST ssn. CONFINE MY DISCUSSION largely to the problem 
of hypovolemic shock, if for no other reason than that 
it is the most common and, in some ways, the most 
dangerous form of shock. This brings me, then, to the 
problem of why the heart and blood vessels fail when 
blood volume becomes critically reduced for a sufficient 
length of time. I shall usually refer to the heart and 
blood vessels as a unit, fully recognizing, however, the 
importance of the specialized aspects of various parts of 
the vascular system as emphasized, for example, by 
Mellander (1960) and Folkow (1960), and the different 
responses of the vessels within different organs. 

All of us will readily admit that whenever one speaks 
of shock, the stage of it should be defined. Unfortunately, 
we have few criteria with which to define stages and 
this lack has led to much confusion. 

I do not find the term “‘irreversible” a useful one and 
much prefer ‘‘terminal.”’ “Irreversible” takes the position 
that all is lost. I am sure we will ultimately find a way 
of reversing, ‘‘irreversible’’ shock. For the purposes of 
our own work, Glasser and I (Glasser and Page, 1946, 
1948) characterized the terminal phase of shock by the 
following criteria: 7) maintenance of steady pressure at 
the hypotensive level with take-up of blood from the 
reserve, 2) loss of response to pressor substances not 
restored when blood is retransfused. 

Often another important complicating factor is the 
need to use anesthesia during experiments on animals. 
I think many of us hoped that anesthesia would not 
seriously interfere with the results of such experimenta- 
tion but I am afraid that out hopes are completely 
unrealized. Wiggers, Ingraham and Dille (1945) 
observed that unanesthetized dogs are more susceptible 
to hemorrhagic shock than dogs under barbital. The 
more I have worked in recent years on the action of 
drugs on the cardiovascular system of unanesthetized 
animals, the more convinced I am that their actions are 
altered fundamentally by anesthesia. It is only by 
studying drug actions both in the presence, and the 
absence, of anesthesia that the picture becomes clearer. 
I am afraid much of the work in hemodynamics does 
not have the relevance that it should, just because of 

the anesthetic. 
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NATURAL HISTORY OF HEMODYNAMICS OF HEMORRHAGE 

To set the stage for my assigned concern with the 
problem of hemorrhagic shock, I shall first show you 
the results of some experiments of Mr. Frederick Olmsted 
and myself using his method for measuring cardiac 
output continuously in unanesthetized dogs. This 
method consists essentially of an electromagnetic flow 
sensing unit implanted around the aorta (Fig. 1). A 
paper on phase detection and the flowmeter appeared 
in the January, 1961 issue of the Journal of Applied 
Physiology. 

The start of an experiment is shown in Figure 2 and 
in all subsequent figures the recorded data are shown 
in the left column. From the top down they are 7) flow 
velocity curve in the ascending aorta, 2) aortic arch 
pressure pulse, 3) step by step stroke volume, summed 
and recycled to give cardiac output every 4 seconds, 
4) mean arterial pressure, 5) heart rate and 6) peripheral 
resistance every 4 seconds. Channels 3 to 6 are derived 
from 1 and 2 by electronic computers as the recording 
is made. 

The first half of the figure is the control period. The 
response to angiotensin is brisk. The second half shows 
the first effects of hemorrhage; there is no change in 
mean pressure, but stroke volume and cardiac output 
are much reduced. The heart rate is slower and resist- 
ance is sharply raised. 

The next figure (Fig. 3) shows the latter part of the 
period following a large hemorrhage (39 ml/kg). The 
mean pressure was not low, yet the animal was in “‘clini- 
cal’’ shock. Stroke volume was greatly reduced, rate was 
rapid and cardiac output reduced about two-thirds and 
peripheral resistance was very high. Since the response to 
angiotensin was still present though much reduced, I did 
not think the animal was in terminal shock. But the 
response to angiotensin had changed. During the control 

period it caused a fali in cardiac output but following 

hemorrhage a rise rather than a fall occurred. During this 

phase you will note that pressure, cardiac output and 

peripheral resistance gradually fell and this, I believe, 

leads to the terminal phase of shock. 

The next figure (Fig. 4) shows the rapid recovery 
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FIG. 1. Upper half shows a diagram of the electromagnetic 
flow sensing unit. A is an artery; M, electromagnet; S, plastic 
sleeve with slot to introduce artery. E and L are part of the electrode 
wire loop connections. Lower half shows method of measuring 
the aortic arch blood pressure. SC is the subclavian artery, rein- 
forced with pressed “‘Ivalon” sponge to hold the plastic tube where 
the vessel erodes. V is a small valve in the skin button (B) which is 
turned off when not recording pressure. G is a Statham pressure 
transducer, attached to the dog’s shoulder harness. The flow 
sensor is shown as implanted. 

when all of the blood was returned. The dog was in 
good condition as shown by the fact that it walked up 
several flights of stairs to the kennels. 

When anesthesia was used, blood pressure was not 
nearly as well maintained and resistance usually fell 
rather than rose. This probably reflects the partial loss 
of the compensatory cardiovascular reflexes. 

I further studied the change in response to the sympa- 
thetic ganglion stimulating drug dimethylphenylpi- 
perazinium iodide (DMPP). Rise in blood pressure 
results from this stimulation as well as from the cate- 
cholamines released from the adrenal glands (Table 1). 
When blood pressure begins to fall from hemorrhage 
in either unanesthetized or anesthetized dogs, the 
response to DMPP rises quickly and may be several 
times as great as during the control period. Concurrently, 
the response to norepinephrine falls off. Only late, 
when terminal shock approaches, does the response to 
DMPP diminish. The control responses are quickly 
restored to control levels when the blood is reinfused, 
provided terminal shock has not supervened. 

This evidence supplied further strong support for 
the view that there is a high degree of activity of the 
sympathetic nervous system during the development of 
shock. 

CONFERENCE ON SHOCK 

But to understand what happens late in shock we must 
first consider several facets of cardiovascular change 
which occur relatively early. One of these is how the 
tone of the blood vessels and heart is affected at the 
various stages of hypotension and shock. 

Maintenance of Cardiovascular Tone 

The problem of the maintenance of cardiovascular 
tone during shock has two sides: 1) the mechanism of 
its increase when blood volume is falling; 2) the mecha- 
nism of its decrease during the terminal phase. 

I think that most of us would agree that as blood is 
lost the cardiovascular system adjusts to accommodate 
the smaller volume and that, initially, this adjustment 
is mediated by the vasomotor nerves along with the 
help of an increased plasma level of catecholamines. 
This means an increase in vasomotor tone. 

Early during World War II, this view was not widely 
accepted. There was so much doubt about it that 
Abell and I (Abell and Page, 1943; Page and Abell, 
1943) studied the caliber of blood vessels through mica 
windows placed in rabbits ears and in the mesentery. 
Vasoconstriction was shown clearly to be a regular 
accompaniment of the early stages of shock induced by 
a variety of means. Moderate vasodilatation appeared 
only about an hour before death. Intense vasoconstric- 
tion developed in the kidneys and persisted even after 
blood volume was fully restored by transfusion as 
Corcoran and I (Corcoran and Page, 1943) showed by 
clearance methods. The spleen was also greatly con- 
tracted. Efferent impulses in the splanchnic nerve of cats 
increased markedly when the animals were bled accord- 
ing to Gernandt, Liljestrand and Zotterman (1946) just as 
they did during asphyxia. Elimination of the buffer 
nerves caused this response to disappear. This is inter- 
preted as a compensatory change, mediated by the 
carotid sinus and aortic buffer mechanism when the 
shock mechanism is set in motion. Indeed, Landgren 
and Neil (1951) showed a heavy chemoceptor discharge 
due to stagnant hypoxia which was correspondingly 
reduced by increasing the systemic pressure again. 
Hence, after hemorrhage section of the sinus nerves 
may cause a further drop in arterial pressure. 

Not all agree that increase in tone is an important 
mechanism compensating for acute blood loss. Field 
and Laverty (1958) perfused isolated innervated rat’s 
hind legs with blood from a donor animal. Instead of 
neurogenic vasoconstriction, dilatation was observed 
following repeated episodes of blood loss. Humoral 
vasoconstrictor material, as detected by a rise in periph- 

eral resistance of the perfused leg, was found, however, 
even in animals with their kidneys and adrenal glands 
removed. This may be the same substance found by 
Page (1943 b) a number of years ago in the blood of 
animals subjected to scalding and hemorrhage. 

Important as the vasoconstrictor fibers are, tone is 
maintained even when they are blocked. Destruction of 
the spinal cord from C-6 downward does not prevent 
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FIG. 4. Shows reinfusion and 
recovery. With 400 ml of blood 
returned, stroke volume is larger, 
pressure raised, rate lower, and 
resistance reduced. When most 
of the bloed is returned, pressure 
is normal, and stroke volume 
larger, but still reduced. The dog 
was in good condition, and 
walked up several flights of 
stairs to the kennels. (Total of 3 
exp., all similar.) 
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the blood vessels from quickly restoring their tone and 
with it, what appears to be adequate and distinctive 

distribution of blood—all without benefit of vasometor 
nerves. 

This aneural tone could be due to humoral agents, to 
rhythmic contraction of the vascular smooth muscle 
(vasomotion), to local release of substances controlling 
tone, to change in cardiovascular reactivity, or, more 
probably, all four. The evidence for the occurrence of 
humoral agents, or their lack, is slim. It has always 
seemed to me naive to expect to find amounts of vaso- 

excitor substances in blood similar to those which elicit 
pressor responses in test animals. Aneural tone has to 
be maintained for long periods; it is slow to become 
established at a constant level and its changes are 

laggard. With such characteristics, it would be expected 
that only minute changes in the composition of the 
plasma bathing the vessels might change vascular tone. 
Those substances usually thought of as pressor, or 
vasoconstrictor agents, are only part of this chemical 

environment. Changes in electrolytes and pH, to name 

but two, could be equally important. Methods for 
determining the concentratioi:: of the few known 
excitor substances are, for the most part, neither highly 
specific nor highly sensitive. Those for the catecholamines 
are currently the most highly developed but methods for 
the rest are almost nonexistent. Without much more 
penetrating and sophisticated study, I find it hard to 

RETURN TO 650 mi 
SV 17 ml 

TABLE 1. Pressor Effect of DMPP and Norepinephrine in 
Unanesthetized Dog Subjected to Bleeding 

Dose, B.P., Rise in B.P., 
Drug mg Time mm Hg mm Hg 

DMPP 0.2 9°45 150 76 
Norepineph. 0.01 10:05 152 38 
DMPP 0.1 10:11 146 60 
Bleeding 10:18 160 —110 
Norepineph. 0.01 10:29 50 52 
DMPP 0.1 10:34 46 114 
Norepineph. 0.01 10:58 46 16 
DMPP 0.1 11:08 52 82 
Reinfused blood 11232 70 64 
Norepineph. 0.01 11337 126 44 
DMPP O.1 11341 124 52 
DMPP O.1 11257 120 66 

form any sound opinion as to the importance of humoral 

agents in control of cardiovascular tone. 
Distention of blood vessels increases their tone. In the 

vessels of the bat’s wing the rate of the rhythmic vaso- 
motion increases in response to distention (Wiedeman, 

1957). The duration of the constrictor phase is increased 
which leads to an increase in tone. The importance of 

this mechanism has not been determined; in shock there 
is lack of distention. 

Local release of vasodilator substances has been more 
carefully studied than vasoconstrictor ones. The release 
of a proteolytic enzyme which splits off bradykinin from 

secretions of the salivary gland on stimulation of para- 
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sympathetic fibers is an example. But vasoconstrictors 
are also released from the kidneys in response to a variety 
of stimuli, including hemorrhage (Huidobro and Braun- 
Menendez, 1942). Thus, the proteolytic enzyme renin is 
freed to act on alpha-2 globulin to produce angiotensin. 
It is not, however, necessary to think always in terms of 
the actions of these more complex substances such as 
angiotensin, bradykinin, histamine, serotonin, etc. 
Rather, there are chemically more simple substances 
such as CO: which effectively change aneural tone. In- 
deed, in the field of hypertension the sodium ion is, for 
the time, the chief offender in maintaining, or increasing, 
tone. How long it will maintain preeminence I don’t 
know but that it will take its rightful place I do not 

doubt. 
Lastly, changes in the responsiveness, or cardiovascular 

reactivity, could elicit wide changes in tone in either 
innervated or denervated heart and blood vessels. 
Anyone who has seen the manifestations of the exquisite 
supersensitivity to vasopressor agents elicited by the 
ganglioplegic agents can hardly doubt that, if this occurs 
under natural circumstances, it is an important mecha- 
nism for increasing, or decreasing, tone. McCubbin and I 
(Page and McCubbin, 1954) have been busy with this 
problem for a number of years and are more impressed 
than ever that wide shifts occur spontaneously and often. 
The problem of the changes in specific portions of the 

vascular tree, of the “resistance” and “capacitance” 

vessels, I shall leave to be discussed by the several others 
present who are truly competent, such as Dr. Harold 
Green, who is on this program. 
By now, as I think you can sense, I am convinced we 

have a long way to go before we can describe accurately, 
and completely, the mechanisms concerned with tone. 
The maintenance of tone, I suspect, is only one aspect 
of both arterial hypertension and shock. The three states 
are all part of the same picture. Even though the labor 
union lines have been drawn quite sharply, I can see 
great advantage in crossing them. It is an interesting 
commentary on specialization that shock is considered 
a prerogative of surgeons—chiefly, perhaps, because 
they usually produce it; normal hemodynamics a 
prerogative of physiologists—chiefly because no one else 
thinks he understands it, and hypertension a prerogative 
of cardiologists—chiefly because they are supposed to be 
able to read electrocardiograms and this has nothing to 
do with elevated vascular tone. 

One more point needs emphasis. We speak glibly of 
hypotension causing shock, without further defining 
what we mean. An experience with a patient who took 
arsenic for suicidal purposes gave us a good object lesson 

on this score. He walked into the hospital and when his 
supine arterial pressure was measured, it proved to be 
38 mm Hg mean pressure. But his skin was warm and his 
other tissues were obviously well perfused, with the ex- 
ception of his kidneys. His cardiac output had doubled. 
In short, this man had severe hypotension but he kept 
his tissues well perfused by doubling the output of his 
heart and dilating the peripheral blood vessels (Page, 

Taylor and Kohlstaedt, 1943). It seems to me that shock 
develops only when there is hypotension and poor tissue 
perfusion. 

From this point out there is confusion, disagreement 
and fragmented observation. But again, there is agree- 
ment about the terminal phase of shock in the sense that 
it reflects generalized dissolution of the body with all 
sorts of abnormal metabolic change. The cardiovascular 
system shares importantly in this dissolution. 

RESPONSE OF CARDIOVASCULAR SYSTEM DURING 
SHOCK (““SCARDIOVASCULAR REACTIVITY” 

Our interest in the problem began in 1941 when we 
were studying the cardiovascular action of what we then 
called angiotonin, now angiotensin. I found (Page, 
1943 a) that injury of a gross sort to the nervous system, 
such as concussion, as well as prolonged hypotension, led 
to failure of the pressor response to angiotensin (Fig. 5). 
This refractoriness developed even after prior removal of 
the kidneys or adrenal glands. Elevation of the blood 
pressure with gum acacia failed to restore the response. 
The muscle of the heart, as well as of the blood vessels, 
participates in this failure of response as shown in Figure 
6 (Kohlstaedt and Page, 1944). 

The principle underlying these studies was extended 
to show that norepinephrine, and a variety of other 
vasoactive agents, also elicited altered responses in ani- 

mals, and in man, during the various stages of shock. 
Within a few minutes after shock was initiated by scald- 
ing, the response was greatly increased but within an 
hour or two it was severely depressed, often before serious 
hypotension had developed. 

In a study on the natural history of hypovolemic shock 
in dogs, Glasser and I (Glasser and Page, 1946, 1948) 

found that one of the surest signs of later irreversibility 
was the uptake of blood from a reservoir open to the 
arterial tree. This means that to maintain a steady 
arterial pressure at low levels, blood must be returned to 
the circulation. Failure of cardiovascular reactivity to 
angiotensin or norepinephrine was another hallmark of 
this phase of shock. If after suitable repair of the blood 

loss, responsiveness did not return, the chances of sur- 

vival were not good. I would like to emphasize that 

while we think the development of refractoriness an im- 

portant part of shock, it is only one part of the mecha- 

nism and by no means the whole. 

The mechanisms that control cardiovascular reac- 

tivity are poorly understood. McCubbin and I (Page and 

McCubbin, 1954) have outlined the problem for those 

who are interested. It is clear from early work of Cannon 

and others (Cannon and Rosenblueth, 1937) that de- 

nervation results in a greatly augmented response to a 

variety of drugs. Taylor and I (Page and Taylor, 1947) 

found that ganglioplegic drugs also produced supersensi- 

tivity and, unlike surgical denervation, produced it im- 

mediately. The important thing for our thesis is that the 

nervous system importantly affects cardiovascular re- 
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FIG. 5. Development of angio- 
tensin refractoriness in a dog 
nephrectomized just before in- 
jury to the brain. The brain was 
progressively sliced and _ after 
each operation angiotensin was 
injected. Refractoriness devel- 
oped despite the fact that arterial 
blood pressure was higher at the 
end than during the start of the 
experiment. (From J. Exp. Med. 
78: 41, 1943.) 

FiG. 6. X-ray photographs taken of a dog before and during 
prolonged hemorrhagic hypotension. ;. Prehemorrhagic period; ’ 
2: hypotensive period when cardiometer indicated the greatest 

activity. In shock when reactivity is sharply reduced, 
ganglion blockade does not restore responsiveness. 

There have been a number of investigations showing 
that pretreatment with ganglioplegics (Glasser and Page, 
1948) and adrenergic blocking agents (Wiggers et al., 

1948) increases considerably the rate of survival of ani- 
mals subjected to shock. It would appear from this that 
vasomotor compensation for reduced blood volume is a 
bad thing. I suspect, however, it really is not but rather 
it is partially explained by the difficulty of removing the 

same proportionate amount of blood to achieve a stable 

reduction in cardiac size; 3: just before intra-arterial transfusion 
was begun, dilatation was beginning, indicating approach of the 
terminal phase of shock. (Courtesy of Surgery 16: 430, 1944.) 

hypotension; less blood need be removed to achieve 
“shock”’ levels in animals with blocked vasomotor nerves. 
This is not by any means the whole explanation, as Dr. 
Nickerson will show you that protection is found in pre- 
treated animals with equal bleeding volumes. He feels 

that a major effect of vasoconstriction or vasodilatation 
is to change pressure relations in the microcirculation 
such that vasoconstriction promotes loss of fluid and 
vasodilatation promotes retention. 

Certainly vasoconstriction can persist, as we have 
shown in the kidneys, long after blood pressure is re- 

sto 
fac 
an 
de 
int 
dil 
ag 
tis: 
str 

shi 
wa 
dis 
ha 

thi 

th 

th: 
qu 
gre 
of 
of 

Cia 



“angio- 
a dog 
re in- 
iN was 

after 
in was 
devel- 

arterial 
at the 
of the 

. Med. 

fusion 
of the 

Lieve 
rves. 
; Dr. 
pre- 
feels 

tion 
tion 
and 

nave 
; re- 

CONFERENCE ON SHOCK 81 

stored to normal. Such persistent vasoconstriction in the 
face of lowering arterial pressure can only lead to more 
and more inadequate tissue perfusion. You remember I 
described a severely hypotensive patient who did not go 

into shock, probably because he kept his blood vessels 
dilated and increased his cardiac output. Vasodilator 
agents can do much the same and so tend to keep the 
tissues better perfused during the stage when vasocon- 
striction can no longer keep the arterial pressure up. 
But this aspect of the problem may not apply to rats 

put into shock by use of the Noble-Collip drum. 
Nickerson and Carter (1959) found that the vasodilator, 
hydralazine, reduced the incidence of acute traumatic 
death while Dibenzyline eliminated all late deaths from 
shock and increased over-all survival whether trauma 
was mild or severe. Fortunately, Dr. Nickerson is here to 
discuss the problem and I shall leave it in his capable 
hands. 

I find it hard to understand the mechanism of the pro- 

tection against hemorrhagic shock found by Lillehei and 
MacLean (1959) when dogs were made tolerant to 
epinephrine by giving repeated doses. Bacterial endo- 
toxin tolerance seems to do the same thing. 
These kinds of changes are not the only ones because, 

on rather nebulous evidence, I suggested that the vaso- 
motor nerves somehow positively change the responsive- 
ness of the heart and blood vessels, much as I think 

Sarnoff and Rushmer are suggesting the sympathetic 
nerves to the heart control its work. For instance, I found 
that percussive injury to the head quickly produced 
cardiovascular refractoriness. Thus, I think what occurs 
to the nervous system when shock is initiated is not a 
matter of indifference to the subsequent fate of the cardio- 
vascular system. 
The need of the cardiovascular system for neuro- 

humoral agents is illustrated by some recent work of 
Kako, Choudhury and Bing (1960) in which they found 
that the contractility of actomyosin bands prepared from 
isolated failing hearts was impaired. Since diminution of 
cardiac work was greater than the increase in myocardial 
oxygen consumption, myocardial efficiency fell. In the 
heart-lung preparations they used to produce the failing 
heart a liver and spleen could, at will, be included in the 
perfusion circuit. When this was done, myocardial 
efficiency was raised as a result of lowering the oxygen 
usage of the heart. Further, the addition of small quanti- 
ties of norepinephrine or dopamine increased efficiency. 
The point I want to emphasize is that minute amounts 
of humoral agents have important long-time effects on 
the efficiency, and ultimately, the survival of tissues. 
The reason this has not been appreciated lies in the fact 
that such small amounts of the humoral agent are re- 
quired and the time period over which they act may be 
great. I suggest that failure of this kind of participation 
of humoral agents is an important facet of the mechanism 
of shock. 
Hypoxic acidosis and hyperglycemia regularly accom- 

pany shock and the elevation of glucose has been asso- 
ciated with the elevation of blood catecholamines. Both 

reduction in blood volume and infusion of lactic acid 
decreased arterial pH, whole blood total CO, and CO,- 
combining powers, which in turn resulted in depression 
of ventricular isometric systolic tension and the response 
to norepinephrine (Darby et al., 1960). Correction of 
the acid-base changes resulted in immediate increase 
in systolic tension and norepinephrine response despite 
a further increase in blood lactate level. 

Increase in tissue CO, markedly depressed the heart. 
Forced CO, ventilation caused marked depression of 
ventricular systolic tension and of the response to nor- 
epinephrine. Correction of the respiratory acidosis by 
the administration of the hydrogen ion acceptor 
2-amino-2-hydroxymethyl, 1,3-propanediol (THAM), 
which increased the CO,-carrying capacity of the blood, 
resulted in immediate improvement. Page and Olmsted 
(1951) long before had shown that forced breathing of 
CO, produced hypotension and severe vascular refrac- 
toriness in dogs. The refractoriness was prevented by 

total sympathectomy. Thus it appears that, in part at 
least, refractoriness results from stimulation of autonomic 
ganglia by COs. 

Failure of venomotor system. Alexander (1955) has calcu- 
lated an index of venomotor tone from distensibility 
diagrams and found that venomotor tone rises sharply 
with hemorrhage, much as with the arterial and arterio- 
lar vessels, but with prolongation of the hypotension it 
is not well maintained. Venodilatation occurs at levels 
of hypotension which are known to be shock-inducing. 
When all the withdrawn blood is re-infused, venomotor 
tone, after a brief period of persisting venodilatation, 
returns toward normal. But if shock progresses, serious 
deficiency of venomotor compensation occurs. Clearly 
then, failure of venomotor mechanisms, just as with the 
arterial system, is an important factor in shock, leading 
to pooling of blood in the venous system and reduced 
cardiac output. 

Metabolic effects of shock on the heart. Shock produced by 
bleeding or trauma in rats decreases oxygen consumption 
of heart muscle, especially in the later stages (Burdette, 
1952). The mechanism of this depression is poorly under- 

stood. Caliva et al. (1959) found that myocardial oxygen 
availability parallels very closely the fall and rise in 
blood pressure seen in experimental hemorrhagic hypo- 
tension. They believe myocardial hypoxia responsible 
for the failure of the myocardium late in shock. Hackel 
(1960) found what he calls an “abnormal myocardial 
metabolic pattern” during shock which is abolished by 
blood infusion but not by norepinephrine. This consists 
of a negative myocardial extraction of pyruvate along 
with decreased extraction of lactate. He suggests that the 
reason norepinephrine treatment alone, without re- 
lieving the oligemia, does not increase survival rate is 
because it does not correct the metabolic abnormality, 
while concurrently imposing a heavier burden of work 
on the heart due to further increase in vascular resistance. 

These metabolic changes may, in part, be a reflection 
of the changes in mitochondria seen in shocked animals. 
Strawitz and Hift (1956) found that those from the 
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heart differed in size and shape from normal dogs. Iso- 
lated by differential centrifugation, they retained nor- 
mal oxidative capacity for Krebs cycle substrates but 
tended to have impaired activities in the presence 
of the hexokinase system. Other enzymatic changes 
are reflected in the plasma. Thus, enzymic hydrol- 
ysis of the peptides leucylglycine, leucyldiglycine and 
leucinamide acetate are increased following shock 
from hemorrhage or tourniquets in dogs and cats 
(Croxatto et al., 1951). There was no change in trypsin 
or carboxypeptidase. Marked elevation of plasma lactic 
acid dehydrogenase occurs and the change parallels 
several of the facets of biological deterioration (Vesell et 
al., 1959). Since this enzyme has widespread sources 
in the body this might be expected. No elevation of 
beta-glucuronidase, alpha-glucosidase, leucine amino- 
peptidase occurred. 

Now I must limit myself to a brief discussion of 
humoral agents whether of neural, endocrine or other 
origin that possibly might be concerned in the mecha- 
nism of shock. There is currently little evidence to form 
an assured opinion about the importance, if any, of these 
substances. We also recognize fully that these humoral 
agents constitute only one facet of the problem of the 
progressive dissolution of the cardiovascular system in 
terminal shock. 

VASOACTIVE HUMORAL SUBSTANCES 

VDM, VEM and ferritin. Despite an almost over- 
powering interest and a great amount of work at one 
period on the participation of an unidentified vasoexcitor 
material (VEM) and a vasodepressor material (VDM), 
which seems to be ferritin, their participation in shock 
and hypertension as a major determinant has been 
shown by Zweifach and Metz (1955) to be untenable. 
It is a pity that many became so overstimulated by this 
concept that the fundamentals on which it rested were, 
until recently, not critically examined. Only a few years 
back, it was not much fun being a part of a small and, 
I think, critical, but loyal, opposition. The moral to this 
episode is that if a theory has importance it must stand 
the severest critical examination without too active par- 
ticipation of the diencephalon. This test, the theory of 
VEM-VDM did not pass (Scott et al., 1955; Stopak, 
1953; Wayne et al., 1954; Hampton et al., 1952; 
Rothstein et al., 1960). 

Renin. Hamilton and Collins (1942) found that samples 
of arterial and renal vein blood of dogs taken during 

hemorrhagic shock were pressor when injected into 
nephrectomized recipients. The response was either 
renin-like or shorter, resembling angiotensin. Renal 
vein blood usually gave greater responses than the cor- 
responding arterial blood. Further, pressor responses 
were not obtained from blood from nephrectomized- 
adrenalectomized shocked dogs. The response to in- 

jected renin in dogs maintained at shock levels of blood 
pressure was very poor, or failed. In contrast, nephrec- 
tomized dogs under similar circumstances gave an 

average response to renin. These results suggest that 
during hypotension, the kidneys liberate enough renin to 
cause tachyphylaxis and thus disables one compensatory 
mechanism. 

Sapirstein, Ogden and Southard (1941) demonstrated 
the presence of a renin-like substance in five dogs after 
severe hemorrhage using guinea-pig ileum as test ob- 
ject. The assay method is not specific. 

Huidobro and Braun-Menendez (1942) also found 
renin liberated by hemorrhage in intact anesthetized 
dogs. It was not detected in nephrectomized dogs after 
hemorrhage. 

VASOACTIVE PEPTIDES 

Vasopressin. Several reports have offered evidence that 
antidiuretic hormone appears in the blood after hemor- 
rhage but there has been doubt about the specificity of 
the methods used for identification of the substance. 
Recently, Weinstein, Berne and Sachs (1960) have 
elaborated a relatively simple method which they think 
offers convincing evidence that the vasopressor sub- 
stance extracted from blood samples collected from the 
superior vena cava is vasopressin. Within a few minutes 
after lowering arterial pressure, massive discharge of 
vasopressin occurs. 

One other aspect may have importance. All of you 
who have worked with hypophysectomized dogs know 
how vulnerable they are to slight hemorrhage. An alert, 
frisky animal may be put into irreversible vascular col- 
lapse by removal of 50-100 ml of blood. Frieden et al. 
(1954) found administration of subpressor doses of 
Pitressin returned the susceptibility to hemorrhage back 
to normal. 

Angiotensin. Recently this octapeptide was synthesized 
at the Cleveland Clinic and concurrently at Ciba 
Pharmaceutical in Switzerland. It is by far the most po- 
tent pressor agent known. Whether it plays any part in 
the mechanism of shock is not surely known though often 
suggested. Currently it is being widely studied in the 

treatment of shock. 
Bradykinin. This is a nonapeptide and has been very 

recently synthesized. Usually it behaves as a powerful 
depressor substance and further causes increased capil- 
lary permeability. Again, its role in shock, as in the case 
of angiotensin, has not been studied sufficiently to have 
any clear idea of its participation. I am sure Dr. Rocha 
Silva is in an admirable position to discuss this problem 
since he discovered bradykinin. Whenever there is tissue 
injury proteases may be liberated which in turn have the 
possibility of liberating vasoactive materials such as 

angiotensin, bradykinin and other kinins. 
Peptides in Babesia infection. The cause of death of ani- 

mals infected with protozoa is often obscure. Beraldo 

(1955) described a peptide, substance U, which was 
found when urine and a trace of blood were mixed. 
Macgraith, Grilles and Devakul (1957) suggested from a 
study of the pathology of those infected animals that the 

process was common to a number of diseases and not 
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specific. The factors initiating fatal shock may be sub- 

stances from the parasite or arising from the host-para- 
site reaction. The blood and urine of mice and rats in- 
fected with Babesia were shown by Goodwin and 
Richards (1960) to contain materials that stimulate iso- 
lated intestine. The amount of the active materials in- 
creased as the severity of the infection increased. Both 
chemical and pharmacological evidence strongly suggest 
that the materials are peptides. 

Histamine. Histamine is historically probably the first 
humoral agent suggested as a “‘shock toxin.’’ Until re- 
cently most work suggested that it elicited hemodynamic 
changes not consistent with those of shock. Recently 
Schayer (1960 a; 1960 b) has found that stress, with its 

concurrently released catecholamines, increases the 
activity of the enzyme which synthesizes histamine, 
histidine decarboxylase. This may mean an increased 
formation of histamine within the body as a result of the 
augmentation of the decarboxylase activity by the cate- 
cholamines. Schayer suggests that if during stress the 
supply of either histamine or catecholamine fails, the 
remaining amine may be toxic to the microcirculation. 
Since Dr. Schayer is here I am sure he can present his 
views with more understanding and conviction than I. 

This sort of evidence and speculation is of interest to 
me because the same pattern may be duplicated with 
many of the other vasoactive substances I have men- 
tioned. I see no reason why a number of them should not 
be simultaneously involved in the chemical regulation of 
the heart and blood vessels. 

Other substances. Thoracic duct lymph becomes blood- 
stained after release of tourniquets applied to the hind 
legs of dogs. Injection of 7 ml or more into dogs anes- 
thetized with pentobarbital may cause prolonged fall in 
blood pressure (Katzenstein, Mylon and Winternitz, 
1943). But the effects are variable hence the problem 
needs much more study before the phenomenon can be 
considered established. 

Page (1943 b) demonstrated the occurrence of a vaso- 
constrictor substance in plasma of animals in shock from 
various procedures. It did not originate in the kidneys 
or adrenal glands. Evidence from application of a method 
for fatiguing specific receptors in smooth muscle sug- 
gested that the substance was the same whether burns, 
bleeding or tourniquets were used to produce the shock. 
Little is known of its chemical nature. 

Epinephrine and norepinephrine. Arterial blood  epi- 
nephrine levels were found to be elevated after hemor- 
rhage using the rat uterus as assay method (Watts, 1956). 
The amounts observed during the initial hypotensive 
period were great enough to produce significant physio- 
logical effects (Watts and Greever, 1956). The levels 
increased from control values of less than 1 ywg/l. to a 
maximum of 29 ug/l. during early hemorrhage and then 
decreased to about 7 wg/l. during ‘“‘spontaneous”’ rein- 
fusion of the blood. After complete reinfusion, the blood 
pressure of the dogs returned to normal and epinephrine 
largely disappeared frorn the blood. The blood pressure 
level then gradually fell, despite normovolemia, and the 

animals died in shock without the reappearance of large 
quantities of epinephrine (Greever and Watts, 1959). 
Essentially the same was found by Walker et al. (1959) 
by measuring the catecholamines in the adrenal vein 
blood. Initially the secretion was chiefly composed of 
epinephrine rather than norepinephrine. There was no 
sign of adrenal medullary failure in dogs dying from 
shock even during the period when the dogs showed 
“take up” of blood from the reservoir. 
When hemorrhagic hypotension was produced in 

open-chested dogs, Walton et al. (1959) found the plasma 
epinephrine levels increased, progressively reaching ex- 
treme values during the terminal stages; norepinephrine 
was only moderately increased. The force of the heart 
and the pressor responses to injected norepinephrine 
progressively decreased, in association with progressive 
acidosis. 

There is another, and perhaps more important, aspect 
of the actions of the catecholamines which may be rele- 
vant to the problem of the loss of reactivity as shock de- 
velops. Burn and Rand (1958) have proposed the view 
that several pressor drugs, such as tyramine and 
amphetamine, are dependent for their action on the local 
release in the blood vessel walls of norepinephrine. 
Reserpine causes the extractable norepinephrine to dis- 
appear from the blood vessels and then both tyramine 
and sympathetic nerve stimulation as well are without 
effect. Infusion of norepinephrine causes increased re- 
sponse to both. Guanethidine can block the release of 
norepinephrine and consequently elicits much the same 
response pattern. There is, however, a difference in this 
pattern from that in late shock. When norepinephrine is 
depleted, or its release blocked, the peripheral vessels 

become more, rather than less, sensitive to injected 
norepinephrine. So far as I know, no one has studied the 
norepinephrine response in animals for long periods 
following depletion by reserpine or other means. 

The picture is admittedly complicated and I mention 
it simply because I think there is an important lead in the 
relationship of the catecholamine content and their re- 
lease from blood vessels and heart and the shock state. 

Serotonin. The action of serotonin was probably first 
clearly recognized by its vasoconstrictor action following 

what was believed to be its release from platelets (Page, 
1949). From this the notion easily arose that serotonin 
release served the function of causing an injured blood 
vessel to contract down on a forming clot and so aided 
hemostasis. No one has yet proved or disproved this 
hypothesis. 

But whether serotonin has any important part in the 
mechanism of shock is not known. It has many cardio- 
vascular actions which suggest that it might actively 
participate but so far this is only speculation. Since 
serotonin was the first substance to be demonstrated to 
be released by reserpine, this aspect of it, just as with the 
catecholamines, needs to be kept in mind. I suggest that 
it would be profitable as a working hypothesis to look 
upon serotonin as biochemically more primitive norepi- 
nephrine and epinephrine. 
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Heparin. Some evidence suggests that blood becomes 
hypercoagulable during prolonged periods of hypoten- 
sion and this may lead to formation of large numbers of 
small clots. Crowell and Read (1955) found that 10 
mg/kg of heparin given before experimental bleeding in 
dogs protected most of them against irreversible shock 
and death. I have seen no further work on this subject. 

Adrenal cortical hormones. With the appearance of each 
new cortical hormone there has been a wave of specula- 
tion, and often widespread clinical trial, of it in the treat- 
ment of shock. I suppose this routine had its inception 
in the photomicrographs of shock-exhausted adrenal 
glands first shown by Dr. George Crile at the Cleveland 
Clinic. In rereading his book on shock, it is surprising 
what a modern ring it has. 

Many of you will remember the recommended routine 

use of DCA for shock or for its prevention, widely 

heralded by one large company; many steroids have 

followed but have been recommended with progressively 

less enthusiasm. There is, however, an aspect of this 

problem that needs mentioning. Adrenalectomy without 

supportive treatment leads to a state of vascular col- 

lapse during which blood vessels become less reactive. 

The hemodynamics are not the same as hypovolemic 

shock but there is enough similarity not to dismiss the 

possibility of the participation of the adrenal corticoids 

in some phase of the mechanism of shock. Walker et al. 

(1959) found marked increase in corticoids in the dog’s 

adrenal vein blood after acute blood loss but adreno- 

cortical failure did not occur even after an hour or more. 

Replacement of the lost blood was associated with re- 

duction of corticoid secretion. 

But there is much more to this aspect of the problem. 

Dr. David Rioch will have much of importance to say 

about the neural control of adrenal secretion and Dr. 

David Hume will present some penetrating and sig- 

nificant studies on the responses of the adrenal glands to 

varied forms of surgical stress before and after inacti- 

vating various parts of the nervous system. This is a com- 

plex field which I could only approach inexpertly. For 

this reason I can with great relief defer to these experts. 

SUMMARY 

The development of hypovolemic shock in unanes. 
thetized dogs is described from measurements made by 
continuous registration of cardiac output, stroke volume, 

arterial pressure, heart rate and peripheral resistance, 
Much of the confusion and uncertainty of what 
transpires is removed by avoiding surgical trauma, 
anesthesia, and unnatural posture. Under these cir- 
cumstances, with little change in mean pressure, stroke 
volume and cardiac output are sharply reduced, heart 
rate slows and peripheral resistance rises sharply. As the 
period of hypotension progresses, cardiac output in re- 
sponse to angiotensin rises, instead of falls, as it had before 
hemorrhage. As the terminal phase approaches, cardiac 
output and peripheral resistance gradually fall and 
pressor responses to angiotensin and norepinephrine 
are greatly reduced. 

The changes in response to sympathetic ganglion 
stimulation during developing shock demonstrate their 
high degree of activity. It is only late that the ability of 
sympathetic ganglia to respond is lost. 

Several mechanisms concerned with maintenance of 
aneural tone are described. 

Changes in cardiovascular reactivity occur spon- 
taneously, and often, in both anesthetized and unanes- 
thetized animals and are importantly initiated by the 
nervous system. The blood vessels and heart during the 
development of shock are singularly affected by what 

occurs in the nervous system. Reactivity decreases as the 
terminal phase of shock approaches and this decrease 
probably reflects the failing ability of involuntary muscle 
to contract effectively. The cause of this failure is only 
part of the mechanism leading to terminal shock. 

Those vasoactive humoral substances which might be 
part of the mechanisms of cardiovascular control are 
described, along with some endocrine secretions which 
may also participate. 

It is clearly recognized that these facets of shock are 
only a part of the clinical picture of generalized dissolu- 
tion of the organism. Shock seems to be a state in which 
involuntary muscle fails to respond effectively following 
prolonged periods of inadequate tissue perfusion. 

Discussion of Paper by Dr. Page 

Dr. Riocu: Dr. Page has presented a detailed sum- 
mary of the present status of studies on the neurohumoral 
aspects of shock and has emphasized the variety of 
humoral and other agents which need to be taken into 
account in future work. Of particular interest from the 
standpoint of neurophysiology and neuroendocrinology 
was Dr. Page’s comment that “what occurs to the nervous 
system when shock is initiated”’ is probably of importance 
to the further course. I should like to outline briefly a 
few recent observations which bear on this subject and 

indicate certain directions future research may well take. 
In order to develop adequate concepts for dealing 

with the variety of phenomena which have been de- 
scribed in different conditions of stress and shock it is 
probably necessary to bear a number of general princi- 
ples in mind. Of the more important principles we may 
list the following: 7) The study of any behavior—includ- 
ing the phenomena of stress and shock—is the study of 
the interaction of the organism with the environment 
and of the temporal structure or organization of the 
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course of this interaction. 2) Hughlings Jackson’s prin- 
ciple that with increasing injury to central nervous (or 
other somatic) systems the changes in behavior—often 
described as “symptoms” represent the functional 
capacities of the extant, surviving central nervous (and 

other somatic) mechanisms. It is not useful to classify 
these symptoms as negative or loss phenomena in the 
investigation of the further course. 3) The holistic con- 
cepts of “‘stress’” and of “‘homeostasis” have been useful 
as first approximations. It is now necessary, however, 
to differentiate their component parts further. Thus, 

for example, the tendency for the living organism to 
maintain the constancy of the internal milieu is the 
result of a considerable number of separate neural cir- 
cuits, each controlled by one or a group of sense organs 
(transducers) and each directing an effector organ or 
system. It would further appear that the integration of 
these separate circuits is not only a function of the 
peripheral “effects” of the activity of one stimulating the 
transducers of another, but is to a large extent a function 
of coordinating circuits in the brain-stem, probably in 
the limbic system and possibly also in the neocortical 
systems. Thus, with injury to the brain (from trauma, 
drugs, decreased blood flow, etc.) or with unusual 
“symbolic activity’ (precipitated by extreme situations 
and by threatening situations not previously experi- 
enced) it is not surprising to find a variety of patterns of 
“disorganization” of the so-called homeostatic mecha- 
nisms such that over- or under-activity of one or another 
circuit may be rapidly fatal. 4) Another general principle 
in the study of behavior is that central nervous functions 
must be recognized as continuous only over relatively 
narrow ranges. Below such a range—e.g., due to central 
inhibition—the function may be completely absent, 
and above the range the function may result in initiating 
some independent factor leading to a completely different 
symptomatic course. 5) The last principle to be noted 
here has been discovered relatively recently. It is that 
many biological processes show cycles or rhythms, some 
of which are rapid (several cycles per second or per 
minute), others are slower and measured in hours to 
years. A series of significant diurnal or circadian! rhythms 
have been described. In a recent summary of studies on 
the clinical significance of several circadian rhythms 

Halberg (1960) points out that the results of many 
experiments may be determined by the timing of the 
procedure with respect to the rhythm. 

Consideration of these general principles emphasizes 
the need for the development of operational criteria 

which can be used to define the different patterns of 
temporal structure of overt and covert behavior in shock. 
To a certain extent differences in the longitudinal pat- 
terns can be defined by the experimental methods, use 
of restraint, use of anesthesia or other drugs, metabolic 
status of the animal, etc. Due to the fact, however, that, 

especially in the early stages of stress and shock, distant 

1Derived from the Latin circa = approximate, about, and 
dies = day. 

and recent previous experience of the animal or human 
patient, genetic factors and other factors which are 
rarely controllable play a considerable role, intrinsic 
criteria becomes necessary for defining the longitudinal 
patterns which then may be compared for isolation of 
the relevant factors. 
A variety of data which have a bearing on the problem 

of the brain and shock have been recently reviewed in a 
panel discussion of ““The Psychophysiology of Death” 

to be published in a volume on ‘““The Physiology of the 
Emotions” by the Kaiser Foundation Hospitals. Certain 
of the more pertinent data will be noted here together 
with other data from experimental studies on central 
nervous control of hormonal and autonomic activity. 

There is a great deal of anecdotal evidence in clinica! 
lore that the attitude of the patient to his illness or to an 
anticipated operation seems, in occasional cases, to 
play a major role in the course of his condition. Most 
physicians with several years of experience can cite cases 
both of recovery and of death contrary to the course 
predicted on the basis of usual clinical experience. Such 
cases, however, are rare—as well as being unexpected— 
and so are scarcely open to investigation. This is an area 
in which electronic instrumentation with automatic 
recording may provide very useful information. 

Probably the most striking, well documented instance 
of an unusual somatic response to severe situational stress 
is the ‘“‘weakness” experienced by troops in the landing 
on Omaha Beach. This was studied by debriefing the 
surviving units by S. L. A. Marshall, Brig. Gen. (retired). 
Marshall obtained remarkably consistent reports from 
both veteran soldiers and from naive recruits of physical 
weakness and collapse, having to crawl instead of walk 
and even of seeing comrades drown in 2-3 ft. of water. 
Attempts to account for this response on the basis of 
massive sympathetic-adrenal medullary activity have 
failed (personal communication from Dr. Ralph Gerard) 
One is left to speculate on some rare “emotional” 
response evoking a _ hypoglycemia, hypotension, 
myesthenia or other such reaction. The syndrome has 
been anecdotally noted in other circumstances, but to a 
less disastrous extent and, hence, Omaha Beach was not 
a unique episode in this regard. 

Most attempts to study situational and psychological 
stress experimentally in animals have evoked increased 
sympathetic and adrenal activity and increased move- 
ment (struggle) on postural tension and trembling. A 
series of experiments, however, by Dr. Curt P. Richter 
(1957) provided results suggesting that animals are 

subject to deleterious psychological reactions similar to 

those of humans. In studying the problem of survival 
under severe stress with confusion Dr. Richter subjected 
rats to a series of threatening maneuvers. The rat was 
startled into running from his cage into a black velvet, 
conical sack; he was restrained and then held there; the 
sack was peeled back; the rat’s whiskers were cut (re- 
moving an important orienting organ), and finally he 
was dropped into a cylinder of water. Under ordinary 
circumstances rats put into water will swim for hours. 



86 CONFERENCE ON SHOCK 

These “‘frightened”’ or “threatened” rats dove and swam 

to the bottom of the cylinder within seconds and died. 
Autopsy showed there was no water in the lungs and 
they had not drowned. On taking the EKG it was found 
that the heart rather suddenly slowed and stopped and 
that it did not escape from the presumed vagal block. 
Protection of the rat by drugs and also protection by 
giving previous experience in parts of the total pro- 
cedure demonstrated the central nervous, ‘‘emotional”’ 
character of the response. Dr. Richter has emphasized 
the “‘hopelessness” aspects of the rat’s behavior in con- 
trast with the fight or flight reaction which implies that 
*“‘something”’ can be done about the situation. 

Quite apart from the extreme effects of certain ‘“‘emo- 
tional” or disturbed patterns there are a number of recent 
observations which indicate that the course of the shock 
reaction is modified by the hormonal pattern at the time 
and that the hormonal pattern is to a considerable extent 
controlled by certain nervous mechanisms in the brain. 

A great deal of work in endocrinology now supports 
the thesis that the effects of hormones on the target 
organs are due to the combined activity of two or more 
hormones acting together and that in the absence of one 

of the pair or group the results may be quite different 
from those normally found. An extensive review of these 
aspects of endocrinology with reference to the adrenal 
cortex and the sympathetic nervous system has recently 
been published by Ramey and Goldstein (1957). It has 

been shown, for example, that an adrenalectomized 
animal shows few to no abnormal symptoms as long as it 
is maintained quiet and relaxed. With arousal, threat or 
excitement and the concomitant sympathetic activity 
the typical signs of adrenalectomy appear (cf. also Gold- 
stein, 1961). Dr. Goldstein and Dr. Theresa Harwood 

(1956) carried out a series of experiments demonstrating 

the synergism between testosterone and the sympathetic 
nervous system. Using heparin rabbits were bled through 
a cannula in the carotid to a reservoir adjusted to main- 
tain the systolic pressure at 60—70 mm Hg. Mature male 
rabbits continued bleeding for some 20 minutes, suf- 
fered severe shock and died in approximately 60 minutes. 
Females, castrated mature males and immature males 
reached the lower pressure sooner and survived for 
periods of 3-7 hours. Replacement therapy with testos- 

terone returned the castrated males to their precastrate 
pattern. The use of drugs, particularly chlorpromazine, 

which reduce vasomotor reflexes, resulted in shorter 
bleeding times to the set level of hypotension and the 
animals of all types survived for 22 or more hours. It 
appeared that the synergistic effect of testosterone not 
only caused greater blood loss in this experimental 
design but also probably resulted in early tissue ischemia. 

It is quite apparent, however, from these data that at- 
tention needs to be directed to other possible synergistic 
and antagonistic effects. 

The use of blood pressure as the major criterion for 
estimating the status of the cardiovascular system needs 

also to be called into question. It appears rather that 
one must consider the blood flow per unit mass of tissue 

per minute in comparison with the oxidative needs of 
the tissue for a) maintenance of function and b) main. 

tenance of recoverability. In the case of cerebral blood 

flow the systemic blood pressure is probably a better 
indicator than it is for most other tissues. That it is an 

indirect indicator, however, is demonstrated by recent 
studies by McHenry, Fazekas and Sullivan (1960). They 
found that syncope occurred when the cerebral blood 
flow fell to the neighborhood of 30 cc of blood/100 gm 

of brain per minute, regardless of the mean arterial pres- 
sure which varied from 46 to 78 mm Hg in their series 
of cases. 

To réturn to problems of the brain, behavior and hor- 
monal secretion we may note here several results obtained 
by Dr. John W. Mason and his associates in the course 
of their program investigating stress (chiefly psychologi- 

cal) and hormonal patterns. It has been evident for some 
time that pituitary secretion is largely controlled by 
hypothalamic systems. Dr. W. J. H. Nauta (1959) has 
systematized the extensive connections from structures in 
the limbic lobe and from the medial limbic area of the 
midbrain to the hypothalamus. By means of localized 
electrical stimulation and by precise ablation Mason 

et al. (1959) have shown that the amygdaloid complex 
includes very potent mechanisms for stimulating the 
hypothalamo-pituitary mechanisms as shown by the 
blood level of 17-hydroxycorticosteroids. Stimulation 
of the amygdala results in a maximal rate of rise of these 

adrenal cortical steroids in the blood. Ablation of the 
amygdala results in marked reduction of the normal 
response to psychological stress. In contrast, stimulation 
of certain anterior parts of the hippocampus results in 
delayed, but profound, depression of the level of the 

17-OH-CS in the blood lasting for 36-48 hours. Studies 
are now in progress on the effects of these procedures on 
other hormones. 

In another series of experiments Dr. Mason and Maj. 
Joseph V. Brady (1958) have found that the blood level 
of epinephrine remains extraordinarily constant in a 

variety of situations, in spite of marked behavioral signs 
of “emotional” disturbance and of pronounced rise of 
the blood levels of 17-OH-CS and of norepinephrine. 
After careful search it was found that rise in blood level 

of epinephrine only occurred in completely novel situa- 
tions (e.g., the first experience of electric stimulus to the 
leg; not the second), in ambiguous, threatening situa- 

tions and in well learned situations which were then ex- 
perimentally altered so as to give unexpected, threaten- 
ing results. Although the psychological features of these 
experiments still require further analysis these experi- 
ments clearly indicate that the rises in blood levels of 
epinephrine and of norepinephrine are under the control 

of different central nervous functions. 
It is also clear from these and other experiments that 

the changes in the adrenal medullary hormones are 
rapid and fleeting, the whole rise and fall being over ina 

period of minutes. The responses of the adrenal cortex 
are longer maintained but are so sensitive to modifica- 
tion by events that the normal changes in the diurnal 
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rhythm must be determined for an adequate baseline. 
In contrast many other hormones under the control of 
the pituitary respond slowly to psychological stress but 
maintain elevated levels for days or weeks after the stress 
js terminated. Investigations in these areas are now in 
progress and definitive data are not yet available. It 
may be categorically stated, however, that there are 

many endocrine responses in the stress reaction which 
are independent of the adrenal glands and that the 
effects of these responses on metabolic, autonomic and 
behavioral processes following stress need careful study 
and evaluation to determine their significance for disease 

and other insults, including shock. Research into the 
nature of these phenomena is difficult and the difficulty 
is increased by the fact that the responses to a given stress- 
ful situation vary with repetition. Studies of psychological 
stress, situationally precipitated, are rapidly reaching the 
stage of requiring knowledge of the previous life experi- 
ences of the organism as well as data on age, consti- 
tutional characteristics, nutrition, etc. 

In closing this discussion attention may be called to a 
potentially useful preparation for studying the role of the 
sympathetic division of the autonomic nervous system in 

homeostatic and other defensive functions of the body. 
The work has recently been summarized by the principal 
investigators, Drs. Rita Levi-Montalcini and Stanley 
Cohen (1960). Hyperplasia of the sympathetic system, 
with hypertrophy of the ganglion cells and increased 

fibers to blood vessels and hair follicles resulted from 
injecting a nerve-growth factor extracted from the 
salivary gland into newborn mice. An antiserum to this 
nerve-growth factor was also prepared. Injections of this 
antiserum did not impair the development of young mice, 
rabbits or one kitten, but the sympathetic chains were 
atrophied and only 1 % of the cells remained. Injections 

into adult mice resulted in destruction of some two- 
thirds of the ganglion cells. Although these observations 
chiefly are of interest to experimental embryology and to 
the problems of the chemical control of growth, the re- 
sulting effects could quite possibly be used in the study 
of a variety of physiological problems. 

Dr. Hume: In this rather brief discussion of some of the 
neurohumeral and endocrine aspects of shock, six general 

topics will be touched upon. These are: 7) The effect of 
shock on adrenal corticosteroid and catecholamine 

secretion; 2) emotional and anesthetic modification of 
this response; 3) the mechanism by which trauma leads 
to endocrine participation; 4) the effect of bacterial 
endotoxin on adrenal cortical and medullary secretion; 
5) factors tending to increase and decrease adrenal 
secretion in the patient undergoing surgical trauma; 
6) factors which may alter observed results. 
The effect of hemorrhage on adrenal venous blood 

corticosteroid and catecholamine secretion in the dog is 
shown in Figure 1. In these experiments, an adrenal 
venous cannula was placed in the right lumboadrenal 
vein by a method previously described (Hume and 
Nelson, 1955 a; Hume, 1958 c), and the animal was 

allowed to recover from the operation. At a subsequent 
time, the animal was placed on the table and a needle 
was inserted in the left femoral artery under local anes- 
thesia. The animal was allowed to remain quietly on the 
table and was petted throughout the course of the experi- 
ment. After obtaining control samples of 17-hydroxy- 
corticosteroids, epinephrine, and norepinephrine, the 
animal was bled through the femoral needle into a plastic 
blood bag. The bleeding was allowed to progress as 
rapidly as possible until 30% of the blood volume had 
been removed. A sample of adrenal venous blood was 
obtained immediately after bleeding and showed that 
there had been a marked increase in adrenal secretion of 
17-hydroxycorticosteroids per minute, and a similar in- 
crease in the output of epinephrine. The blood was then 

given back to the animal in increments of 100 cc, spaced 
about 7 minutes apart, by squeezing the plastic bag. As 
the blood was replaced, the minute output of 17-hy- 
droxycorticosteroid and epinephrine progressively de- 
clined and had reached control levels when there was 
still 160 cc of blood to replace. The minute output of 
corticosteroid, epinephrine and norepinephrine after all 
the blood had been replaced, was of precisely the same 

order as that seen during the control period. All during 

the experiment, the animal had remained completely 
calm and contented, and except for increase in respira- 
tion and pulse rate, seemed almost unaware that the 
hemorrhage had occurred. 

In Figure 2, the same experiment was repeated, but this 

time a rather agitated nervous dog was used. The control 
values for epinephrine, norepinephrine and corticosteroid 

output were similar to those found in the first experiment, 
and there was again a sharp rise in corticosteroid and 
epinephrine output following the hemorrhage. As the 
blood was being replaced, however, the animal became 
more and more agitated. There was a progressive rise in 
corticosteroid and epinephrine output, so that by the 
time all of the blood had been replaced, the adrenal 
secretion of corticosteroid and epinephrine was much 
greater than it had been immediately following the 
hemorrhage. These values are equivalent to those seen 

during massive operative trauma under anesthesia, and 
are in striking contrast to the first experiment. This 

illustrates the marked effect of emotional trauma on 

adrenal secretion. 
In Figure 3, the same experiment was repeated, this 

time under Nembutal anesthesia. Following the induc- 

tion of the anesthesia, the minute output of epinephrine 
was less than it had been during the control period just 
prior to the anesthesia. Once again the hemorrhage pro- 
duced a marked increase in corticosteroid output, though 
it was slower to develop in this animal than in the 
previous experiments. There was a very minimal re- 
sponse in epinephrine output and this was transient. 
With replacement of the blood the corticosteroid se- 
cretion began to decrease while the epinephrine output 
remained very low throughout. This experiment illus- 
trates that while Nembutal anesthesia permits a marked 
increase in corticosteroid output in response to hemor- 
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dominal laparotomy for insertion of an adrenal venous 
cannula under ether anesthesia. The secretion of cor- 
ticosteroid was much lower on the first postoperative day. 
On the second postoperative day, the animal was put to 
sleep with Pentothal-induced ether anesthesia. The anes- 
thesia was maintained for an hour, during which time 
there wasa progressive rise in corticosteroid, epinephrine, 
and norepinephrine secretion. At the end of this period 

of anesthesia, an abdominal laparotomy was performed 
and there was an additional rise in corticosteroid, epi- 
nephrine, and norepinephrine output. Thus ether anes- 
thesia alone provides a stimulus to adrenal cortical and 
medullary secretion, and superimposed operative trauma 
produces a still greater effect. 

The effect of Nembutal anesthesia is shown in Figure 5. 
It may be seen that while operative trauma under 
Nembutal anesthesia was accompanied by a marked 
secretion of corticosteroid, there was only a very modest 
increase in epinephrine and norepinephrine output. The 
values seen with Nembutal anesthesia alone were lower 
than those seen in the unanesthetized animal. When 

operative trauma was superimposed upon the Nembutal 
anesthesia, there was a prompt and marked increase in 
corticosteroid output, but again, a very modest increase 
in norepinephrine output and no detectable increase in 
epinephrine secretion. 

Some of the mechanisms for the control of corticos- 
teroid and catecholamine secretion are shown in the fol- 
lowing figures. Figure 6 shows the adrenal venous blood 
corticosteroid secretion in response to trauma in a dog 

with a cord section at the level of C-7. It may be seen 
that a severe burn of the right leg produced no increase 
in corticosteroid secretion over that seen in the control. 
The injection of 5 units of ACTH intravenously produced 
a prompt and marked increase in corticosteroid output, 
indicating the ability of the adrenal to respond to ACTH 
had this hormone been released from the pituitary. The 
experiment was repeated the following day, this time 
under Nembutal anesthesia. Again, there was no signifi- 
cant response to a burn of the leg, while a burn of the 
neck above the area of denervation showed a marked and 
prompt increase in corticosteroid output. This experi- 
ment illustrates the importance of the afferent nervous 
connections between the site of injury and the brain. This 
is further illustrated in the experiment shown in Figure 7. 
In this experiment, performed in our laboratory by Dr. 
Richard Egdahl (Egdahl, 1959), the hind leg was pre- 
pared so that it was connected to the body only by one 
nerve, one artery and one vein. The animal was given 
Nembutal anesthesia and the prepared leg was burned. 
There was a marked increase in corticosteroid output. At 
the height of this increase the nerve was cut, while the 
artery and vein were left intact. There was a prompt fall 
in corticosteroid output. The leg was then reburned in 
the same way as it had been initially, but this time, of 

course, the leg was denervated. There was no increase in 
corticosteroid output in response to the burn. When 

ACTH was injected into the isolated leg, it produced a 
marked increase in corticosteroid output, illustrating the 
adequacy of the circulation to the leg and the ability of 
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Fic. 6. Adrenal venous blood 
17-hydroxycorticosteroid output 
in wg/min. in an animal with 
cord section at the level of C-7. 
The effect of burning the de- 
nervated area on two occasions, 

17-OH CORTICOSTEROIDS pg/ MIN. 
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neck, and intravenous ACTH ad- ’ [=] 4 
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any substance which might have been released in the leg 
to acquire access to the circulation. This again demon- 
strates the dependency of ACTH release from the ante- 
rior pituitary on intact nervous pathways between the 
injured area and the brain. The site in the brain re- 
sponsible for ACTH control has been shown to be the 
hypothalamus (Hume, 1953; 1958 a, 1958 b; Hume and 
Egdahl 1959 b; Hume and Jackson, 1959; Hume and 
Nelson, 1955 b). 

Similar studies were performed in the human (Hume 
and Bartter, to be published). In Figure 8, the adrenal 

venous blood corticosteroid secretion in a patient under- 
going gastrectomy is shown on the right side of the dotted 

line. The secretion of 17-hydroxycorticosteroids from one 
adrenal was in the range of 70 yg/min. An injection 
of 25 units of ACTH intravenously produced no further 
increase in secretion, apparently because the endogenous 
ACTH output elicited by the operation was sufficient to 
produce maximal adrenal stimulation. By contrast, the 
response seen in a paraplegic patient undergoing gas- 
trectomy is shown to the left of the broken line. It may be 
seen that adrenal venous blood corticosteroid output in 



92 CONFERENCE ON SHOCK 

HUMAN ADRENAL VENOUS BLOOD !7-0OH CS 

Intra- Operative Samples 

AVB 17-OH CS yg min 

N w eo uo oa N @ ° co) ° °o ° ce) re) 

ro) 

oO 

ACTH 
R.C. Normal 

Gastrectomy 

ACTH 

L.W. Paraplegic 
Gastrectomy 

Fic. 8. Adrenal venous blood 17-hydroxycorticosteroid output 
in wg/min. in the human. The patient on the right was undergoing 
gastrectomy for duodenal ulcer. The corticosteroid secretion 
during operation was about 70 wg/min. under the stimulus of the 
endogenous ACTH released as a consequence of operative trauma. 
There was no further increase in corticosteroid output with exog- 
enous ACTH 25 units intravenously. On the left of the dotted 
line, the same studies are shown on a paraplegic patient with a 
cord transection at T-4 undergoing gastrectomy for duodenal 
ulcer. Almost no corticosteroid was secreted during the operation 
because of the failure to release endogenous ACTH. Twenty-five 
units of exogenous ACTH given intravenously produced a prompt 
and marked increase in adrenal secretion of corticosteroid. 

response to the operative trauma was virtually absent, 
indicating the failure of the injury to provoke endogenous 
ACTH release. The administration of 25 units of ACTH 
intravenously produced a prompt and marked increase in 
adrenal venous blood corticosteroid secretion up to the 
range seen in the normal patient. This indicates that the 
adrenal glands were capable of responding to ACTH had 
endogenous ACTH release occurred. Further studies on 
other paraplegic patients have shown that increases in 
corticosteroid production do not occur in response to 
operative trauma if the section of the cord is sufficiently 
high above the level of trauma to block afferent impulses 
from this area. 

It may be seen in Figure g that there was also a de- 
creased secretion of epinephrine and norepinephrine in 
the adrenal venous blood of the paraplegic patient as 
compared to the normal. Patients undergoing operations 
under epidural anesthesia and hypothermia likewise show 
a reduced corticosteroid secretion when compared to 
other patients undergoing operation under inhalation 
anesthesia, as shown in Figure 10 (Hume and Bell, 1959; 
Hume and Egdahl, 1959). The failure of epidural anes- 
thesia to block epinephrine and norepinephrine secretion 
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FIG. 9. On the right side of this diagram, the adrenal venous 
blood epinephrine and norepinephrine secretion in pg/min. is 
shown in a patient undergoing subtotal gastrectomy for duodenal 
ulcer on the left, and for a paraplegic patient undergoing gastrec- 
tomy for duodenal ulcer on the right. Considerably less epinephrine 
and norepinephrine were secreted by the paraplegic patient. 

was probably a consequence of the fact that it was main- 
tained at a rather low level, and one which was below the 
point at which the sympathetic fibers enter and exit from 
the cord. Profound hypothermia decreases adrenal 
cortical (Egdahl et al., 1955) and medullary (Hume and 
Egdahl, 1959 a; Hume et al., 1956) function. 

In Figure 11 the four hourly urinary excretions of 
epinephrine and norepinephrine are shown for a patient 
undergoing colectomy under Pentothal-oxygen-nitrous 
oxide-Demerol anesthesia (Bell and Hume, to be pub- 
lished). It may be seen that although there was a modest 
increase in norepinephrine and epinephrine output 
during the operative period, there was a much sharper 
increase in norepinephrine excretion on the day after 
operation during a period of apprehension which ensued 
when the patient was told she had a malignancy. 

It will be pointed out later that it may be difficult to 
obtain an accurate idea of adrenal cortical or medullary 
secretion during operative trauma, or in the agonal 
period, by means of urinary measurements. This is be- 
cause: /) the urinary excretion of corticosteroids is largely 
in the conjugated form, and factors associated with 
operative trauma or shock may alter the ability of the 
liver to conjugate corticosteroids, thus producing a low 
urinary excretion at a time when there is a very high 
level in the blood of effective free corticosteroids. 2) there 
may be severe alterations of renal hemodynamics associ- 
ated with these states which is accompanied by a reduced 
excretion of corticosteroids and catecholamines. Urine 
volume may influence excretion of corticoids in the nor- 



AVB Eand NE pwg/min. 

enous 
in. is 
»denal 
astrec- 
»hrine 

nain- 
w the 
from 
renal 
> and 

ns of 
tient 
trous 
pub- 
odest 
utput 
arper 
after 
1sued 

ilt to 
lary 
ronal 
s be- 
rgely 
with 
f the 
1 low 
high 
there 
ssoci- 
luced 
Jrine 
- nor- 

CONFERENCE ON SHOCK 93 

HUMAN ADRENAL VENOUS BLOOD 
60 

® EPINEPHRINE & NOR- EPINEPHRINE 
SECRETION 

40 J ° | 09 
@ EPI 

AV BF 
CC/MIN. 50 | e 0 _N-E | os 

omEEEA ®@ eer 

Py WP ii. o. ameom | 07 AVB 

17-OH C-S SECRETION EPI & 

N-E 
120, e 4 L 0.6 

AVB aS po/MIN. 

17-OH 
100 J . 0.5 

C-S 

po/MIN. 
80 J  ) r 0.4 

td] 
° 0 

60 J . 0.3 
oe 

40, e @,00em a Oe | 0.2 

e e 

@ 
20} 8 ‘ oto} o L on 

ae 
Se 8 

a pia. T T O T T te Tr 0.0 
PENT EPIL HYPO. PENT. EPIL HYPO. 

NITROUS DURAL THERMIA 

Fic. 10. Adrenal venous blood 17-hydroxycorticosteroid, epi- 
nephrine, and norepinephrine output in yg/min. are shown for a 
series of human patients during operative trauma. Circles are 
average values obtained for individual patients and bars are 
average values for all patients of that category. It may be seen 

NITROUS DURAL THERMIA 

that the secretion of corticosteroid was less under epidural anes- 
thesia or hypothermia than it was under Pentothal-induced 
nitrous oxide-Demerol-curare anesthesia. The values for epineph- 
rine and norepinephrine secretion were not lower in the patients 
with epidural anesthesia or hypothermia. 
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mal patient (Brown and Asher, 1958); 3) transient 
changes may occur which could easily be detected in 
adrenal venous blood samples, but which may not persist 
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Another common cause of shock in the surgical patient 

in addition to the type created at the operating table, 
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already alluded to by Dr. Page, is that caused by bacterial 
endotoxin in patients with severe infections, with or with- 
out septicemia. The effect of endotoxin on adrenal venous 
blood corticosteroid and epinephrine secretion was in- 
vestigated in our laboratory by Dr. Richard Egdahl 
(Egdahl, 1959 b). In figure 12 it may be seen that a dose 
of 0.01 mg of endotoxin given intravenously produced a 
marked increase in corticosteroid secretion, while a dose 
of 0.2 mg produced in addition an increased secretion of 
epinephrine. No further corticosteroid secretion was pro- 
duced by 25 units of ACTH injected intravenously. By 
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Fic. 14. A diagram to indicate the method of control of pituitary 
ACTH secretion in response to trauma. Afferent nervous stimuli 
ascend the cord and stimulate the hypothalamus which in turn 
releases a humoral agent (CRF) which stimulates pituitary ACTH 
release. Stimulatory impulses also come from the cerebral cortex. 
Another mechanism for pituitary ACTH release is located in the 
hindbrain and is normally inhibited by impulses coming down 
from higher centers. In the absence of cortical inhibition, this 
area releases a substance (MCRF or HBF) which leads to pituitary 
release of ACTH. (Reproduced from Hume and Egdahl, Ann. 
Surg. 150: 697, 1959.) 

Fic. 15. A diagram indicating 
some of the other factors con- 
trolling pituitary ACTH release. 

Cerebra/ 
Cortex 

Impulses arising in the reticular cee g 
formation stimulate the _ hy- 
pothalamus which in turn re- 
leases a substance that stimulates 
the pituitary to release ACTH. 
The reticular impulses are in- 
hibited by impulses passing down 
from the cerebral cortex, and the 
hypothalamus and pituitary dis- 
charge in a continuous fashion 
when this inhibiting influence is 
removed. The hindbrain is in- 
hibited by the thalamic centers "BASAL" STATE 

contrast it may be seen in Figure 13 that while the cor- 
ticosteroid response persisted in animals with the spinal 
cord transected, the epinephrine response was now com- 
pletely absent. It may be inferred from these experiments 
that the site of action of bacterial endotoxin is in the 
brain, and that in the absence of descending pathways 
through the spinal cord to the adrenal medulla in the 
cord-section animals no increased adrenal medullary 
secretion followed. In other experiments Egdahl has 
shown that increased epinephrine secretion in response to 
burns will occur when all of the brain has been removed 
except the medulla, cerebellum and pons (Egdahl, 1960). 
This would suggest that the center which is essential for 
reflex nervous control of epinephrine secretion is located 
in the hindbrain. The control of ACTH secretion seems 
to be dependent upon two centers in the brain, one lo- 
cated in the hypothalamus and the other in the hindbrain 
(Hume and Egdahl, 1959 b; Egdahl, 1960). The hypo- 
thalamic center is responsive to stimuli originating in the 
periphery and ascending to the hypothalamus through 
afferent nervous pathways, as well as emotional stimuli 
originating in the cerebral cortex. The hindbrain center 
is ordinarily inhibited by cortical and thalamic impulses, 
but is capable of discharging spontaneously when re- 
leased from this inhibition, and showing a still further 
increase when the animal is subjected to physical trauma. 
These pathways are shown diagrammatically in Figures 
14 and 15. 
Some of the factors controlling aldosterone secretion 

are listed below (Bartter and Gann, 1960; Bartter et al., 
1956; Bartter et al., 1960; Farrell et al., 1956; Laragh et 

al., 1960; Muller et al., 1956) :.7) Decreased intravascular 

volume. a) sodium restriction; b) hemorrhage; c) vena 

caval constriction; d) dehydration. 2) Body potassium 

increase. 3) ACTH. 4) Renal factors. 5) Other mecha- 

nisms. 

These factors are shown diagrammatically in Figure 
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16. Operative trauma in the human in the absence of 
ACTH release produces an increased secretion of 
aldosterone in adrenal venous blood (Hume and Bartter, 
to be published). Aldosterone output is further increased 
by administering ACTH. This increased secretion of 
aldosterone occurs also in the resting state with the ad- 
ministration of ACTH (Hume and Bartter, to be pub- 
lished). It is probable that aldosterone along with the 
17-hydroxycorticosteroids, epinephrine, norepinephrine, 
and probably also vasopressin—all of which show an in- 
creased secretion in response to trauma—have an effect 
upon vasomotor tone in various types of shock. 

It has been an attractive theory that adrenal cortical 
failure might be a common cause of death in severe 
trauma and shock. This feeling has been further height- 
ened by the long standing observation that the Addison- 
ian patient is poorly able to withstand any sort of trauma 
and frequently dies when his condition has not been 
recognized at the time when trauma is inflicted. The fact 
remains however, that the vast majority of people who 
die following trauma show a very high level of blood 
corticosteroids just before death. This has been shown for 
the very severely burned patient (Hume et al., 1956), for 
patients dying in endotoxin shock (Melby et al., 1960; 
Melby and Spink, 1958), and for patients dying of many 
other causes (Done et al., 1958; Mach, 1956). Neverthe- 
less, adrenocortical failure does sometimes occur in pa- 
tients undergoing trauma or shock (Mandelstom et al., 

Kidney 

@ Fol Intra - 
Vascular Volume 

ALDOSTERONE 

Fic. 16. A diagram indicating some of the factors controlling 
adrenal cortical secretion of aldosterone. A fall in intravascular 
volume leads to stimulation of the carotid sinus which in turn 
leads to stimulation of some center of the brain. The brain stimu- 
lation in turn leads to the release of hypertensin from the kidney 
which stimulates the adrenal cortex to release aldosterone. Release 
of hypertensin itself from any cause can lead to increased release 
of aldosterone. A potassium load can lead to increased secretion 
of aldosterone. Pituitary ACTH also  ontributes to increased 
aldosterone secretion, and some other hormone from the pituitary 
may be involved as well. 

P.—30% Third Degree Burn 

Staphylococcal Septicemia 

TABLE 1. W. 

Free Conj. Urine Urine Urine Urine 
cs cs Vol. r. Na kK 

Day we% ue% cc/24 hr. mg/24 hr. mEq/24 hr. mEq/24 hr. 

3 27 58 2840 9-9 14 34 
5 14 15 1590 3.9 81 60 
7 16 oO 925 2.5 17 52 

BUN 20 mg %; died gth day. 

1958). The most common circumstances under which 
this may occur are listed below: 

1) Pre-existing Addison’s disease. It has been pointed 
out that Addison’s disease can exist in the absence of any 
discernible abnormality on physical examination. The 
only indication of adrenal insufficiency is the failure of 
blood corticosteroids to go up in response to an infusion 
of ACTH (Hayden et al., 1958). 

2) Adrenal hemorrhage may occur as a consequence 
of trauma or anticoagulation therapy (Chokas, 1958). 
We have seen three cases on heparin therapy. 

3) Septicemia may produce adrenal insufficiency. 
Such a case is illustrated in Table 1. This patient had a 
30 % third degree burn and developed a staphylococcus 
septicemia. By the third post-burn day, he had elevated 
levels of free corticosteroid in the peripheral blood and an 
even greater elevation of conjugated corticosteroid. By 
the fifth day, there was a decrease in free corticosteroids 
and a marked decrease in conjugated corticosteroid. By 
the seventh day, the conjugated corticosteroid had fallen 
to levels too low to measure. It was felt that this repre- 
sented liver damage secondary to the septicemia with 
failure of hepatic conjugation of the corticosteroids. How- 
ever, it will be seen that the patient’s free corticosteroids 
did not become elevated (Tyler et al., 1954) in spite of 
the fact that the patient had a high fever, was terminally 
ill, and the corticosteroids were not being conjugated 
normally. The fall-off in urinary corticosteroid excretion 
mirrors the decreased conjugation. The patient died on 
the ninth post-burn day in shock. It would seem that 
some measure of adrenal cortical insufficiency was present 
in this patient. The patients reported by Melby and 
Spink, dying as a consequence of septicemia and endo- 
toxin shock, had terminal plasma 1 7-hydroxycorticoster- 
oid values averaging 73 wg %, the lowest value being 39 
ug % (Melby and Spink, 1958). 

4) Prolonged corticosteroid therapy is certainly the 
commonest cause of adrenal insufficiency in patients sub- 

jected to trauma (Bennett and Kelby, 1953; Frazer et al., 

1952; Johnson and Fuller, 1958). 

It should be pointed out that pharmacological doses of 

corticosteroids are sometimes useful even when the pa- 

tient’s own adrenal is putting out large quantities of these 

substances. The most obvious example is endotoxin 

shock where doses of 2,000 to 4,000 mg/24 hr. of hydro- 

cortisone given intravenously may produce dramatic 

results (Melby et al., 1959; Spink, 1959, 1960). We have 
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several patients who seem to have benefited from this 
form of pharmacological dosage. Aldosterone has also 
been used in this manner (Bein and Jaques, 1960). 

Lastly, it should be stated that adrenal medullary 
failure has been implicated in the death of patients who 
are in shock as a consequence of a severe burn (Goodal 
and Haynes, 1960). These data are based upon the 
urinary measurements of catecholamines, however, and 
may reflect declining excretion of catecholamines rather 
than insufficient production. Adrenal content of epi- 
nephrine was depressed which may reflect insufficiency, 
as suggested by the authors, or simply rapid turnover 
without insufficiency. 
A great deal of work remains to be done in sorting out 

the role of the adrenal cortical and medullary hormones 
in various types of shock. 

Dr. Nickerson: Dr. Page has appropriately provided 
extensive rather than intensive coverage of substances 
which might be involved in the genesis of shock. For 
many of the materials mentioned, this is the only possible 
approach, for we know even less of their actions in the 
body under normal or abnormal conditions than we do 
of the etiology of the rather nebulous and apparently un- 
definable condition which is the subject of this Sympo- 
sium. 
A partial exception to this general lack of information 

is provided by the sympathetic nervous system and the 
catecholamines released by its activity. Our knowledge 
of this system, and particularly of its relation to shock, 
still is far from complete, but sufficient information is 
available to provide a reasonable basis for discussion. 
Three observations mentioned by Dr. Page are of par- 
ticular interest in this connection. He referred to the 
general observation that anesthetized animals appear to 
be more resistant than unanesthetized animals to hemor- 
rhagic shock, to the fact that vasoconstriction rather than 
vasodilatation is characteristic of most types of shock up 
to the point of terminal decompensation, and to the 
absence of shock in a patient with a very low blood pres- 
sure associated with vasodilatation. The last is a common 
observation in our clinical experience, and indeed, aside 
from the relatively unreliable criterion of the blood pres- 
sure itself, all of the clinical signs generally accepted as 
indicative of shock and of a poor prognosis are character- 
istic of increased sympathetic nervous system activity and 
vasoconstriction (pallor, cold, sweaty extremities, col- 
lapsed peripheral veins, sluggish capillary filling). In 
addition, it is generally recognized that factors such as 
pain or cold, which intensify vasoconstriction, potentiate 
the development of shock. 
A similar picture is seen in animal experiments, which 

appear to correlate well with clinical experience. In- 
fusion of a catecholamine or section of buffer nerves 
(Remington et al., 1950), or stimulation of sensory 
nerves (Overman and Wang, 1947) all increase adrener- 
gic vasoconstriction, and all potentiate the shock process. 
Indeed, prolonged infusion of noradrenaline, in amounts 

comparable to those received by some patients, can pro- 
duce death associated with the characteristic signs of 
shock in lightly anesthetized dogs subjected to no other 
noxious influences (Yard and Nickerson, 1956). The role 
of endotoxin in the development of irreversibility in 
various types of shock still is somewhat controversial. 
However, bacterial endotoxin is known to potentiate 
both local (Thomas, 1956) and generalized (Gourzis and 
Nickerson, unpublished observations) adrenergic vaso- 
constriction, and it appears probable that in situations in 
which this material is involved in the development of 
shock, it acts via this mechanism. 

Conversely a variety of agents and procedures which 
inhibit vasoconstriction, including many anesthetic 
agents, provide protection against both hemorrhagic and 
traumatic shock (Nickerson, 1955; Nickerson and Carter, 
1959). The mechanism of this protection is not entirely 
clear, and Dr. Page has suggested that, in the case of 
hemorrhagic shock, it may be due merely to a reduction 
in the amount of blood removed to reduce the pressure 
of treated animals to a standard “‘shock”’ level. It is true 
that bleeding volumes are reduced in many experiments 
with agents which induce vasodilatation. However, under 
appropriate conditions, protection can be demonstrated 
in the absence of any change in bleeding volume. This 
has been demonstrated in experiments on dogs pretreated 
with phenoxybenzamine (Dibenzyline) 18-24 hours prior 
to bleeding, and on animals given hydrazaline (Apres- 
oline) after completion of bleeding and clamping of the 
connection to the bleeding reservoir (Zingg, Nickerson 
and Carter, 1959). In experiments of the latter type, 
alteration in the degree of hemorrhagic stress to which 
the animal is subjected cannot come into question be- 
cause bleeding is completed prior to administration of 
the vasodilating agent. Representative blood pressure 
records for a control animal and a dog treated with 
hydrazaline and subjected to our standard hemorrhagic 
shock procedure are shown in Figure 1. It will be noted 
that the blood pressure of the treated animal fell rapidly 
after administration of the vasodilator. However, it then 
stabilized and tended to increase throughout the re- 
mainder of the shock procedure, whereas that of the 
control fell progressively. In a series of 16 experiments of 
this type, hydrazaline increased survival from 31 to 69 % 
(P < 0.01). 
Although the survival rate can be improved by treat- 

ment with a vasodilating agent without an alteration in 
the external blood loss, this does not necessarily mean 
that the effective residual blood volume is not greater in 
treated animals than in controls. It is well known that 
adrenergic vasoconstriction causes hemoconcentration 
and decreases circulating blood volume (Freeman, 1933). 
Conversely, we have been able to demonstrate that treat- 
ment with Dibenzyline causes a prompt and marked in- 
crease in plasma volume, readily demonstrable within 15 
minutes. Although the over-all effects of vasoconstriction 
and of vasodilatation on circulating volume are clear, the 
relative contributions to these changes of trapping in the 
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\ ---- Hydroiazine 0.5 mg/kg 

/ FiG. 1. Arterial pressure records of a 
representative pair of dogs subjected to 
shock-inducing hemorrhage. After 
bleeding to 45 mm pressure and sub- 
sequent stabilization at 70 mm, the con- 
nections between the animals and the 
blood reservoirs were clamped and one 
of the pair was given hydralazine 
intravenously. (Reproduced from Zingg, 
Nickerson and Carter, Surg. Forum IX, 
23, 1958.) 
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microcirculation and of altered pressure relations shifting 
fluid between intravascular and extracellular spaces have 
not yet been clearly delineated. 

Mechanisms other than endogenous alterations in 
circulating volume also may be involved in the effects of 
vasoconstriction and of vasodilatation on the develop- 
ment of shock. This is suggested by the observation that 
stimulation of a sensory nerve during the induction of 
hemorrhagic shock leads to death at a residual blood 
volume which would have been compatible with survival 
in control animals (Overman and Wang, 1947). It is 
quite possible that changes in circulating volume and in 
resistance to flow, induced by alterations in sympathetic 
tone and in levels of circulating catecholamines, may 
synergize in promoting or restricting the delivery of 

nutrients to critical areas. 
The large number of diverse observations which sug- 

gest that increased sympathetic vasoconstriction po- 
tentiates, and that vasodilatation protects against or re- 

tards the development of experimental shock led us to 
attempt to treat clinical shock of varying etiology by 
blockade of sympathetic vasoconstriction with Di- 
benzyline. Cases of severe shock resulting from mechani- 
cal trauma, extensive surgery and sepsis, most involving 
more than one factor, have been studied. Shock due to 
uncomplicated hemorrhage is not included, as we have 
encountered no cases in this category which did not re- 

spond to adequate transfusion. An attempt first was 
made to manage the patient with adequate blood and 
other fluid volume replacement, and only when such 
therapy had failed, was Dibenzyline administered. This 
sequence was utilized both because it facilitated interpre- 
tation of the response to the vasodilator agent, and be- 
cause hypovolemic patients are extremely sensitive to 
vasodilatation, and respond to very small doses of the 
blocking agent with a precipitous fall in blood pressure. 
This response is exactly parallel to that observed in 
hypovolemic laboratory animals. 

Although it still is too early to evaluate the results of 
the vasodilator treatment accurately, they are most en- 

T 
3 

couraging. A considerable number of patients who had 
failed to respond to adequate blood volume replacement 
began to improve within 2 to 4 hours after the adminis- 

tration of Dibenzyline, and others who had failed to 
maintain improvement induced by one or more large 
transfusions did so after administration of the blocking 

agent. The most common pattern was a relatively small 
(10-15 mm) fall in blood pressure during the administra- 
tion of Dibenzyline, which was given over a period of 
14-1 hour, followed by a widening of the pulse pressure 
and a subsequent gradual rise in the mean blood pressure 
without additional specific therapy. In many cases, even 
in patients who had been severely oliguric for 24 hours or 
more, adequate urine output began shortly after the 
blood pressure reached the level necessary for glomerular 
filtration. 

Although many details of the mechanisms involved 
still are obscure, the accumulated evidence appears to be 
adequate to attribute a major deleterious role in the de- 
velopment of shock to excessive adrenergic vasocon- 
striction, and to suggest that this role is very similar in 
laboratory animals and in man. 

Dr. EnceEL: Thank you very much. In keeping with 
what Dr. Nickerson just said, I think it might be interest- 
ing to comment on the fact that there have been several 
cases of pheochromocytoma described who developed 
shock during or following periods of marked hypo- 

tension (Engel et al., 1942). We described such a case 

many years ago and there have been several since; so I 
think this fits with your notion that the dog and the man 

are similar in this respect. 

Dr. Corcoran: Melby, St. Cyr and Dale (1960) be- 

lieve that they have shown that large doses of triperanol 

(MER-29) impair adrenal cortical responsiveness to 

ACTH. Should this be commonly the case at usual dose 

levels, perhaps patients taking this drug should be given 

prophylactic steroid support when they come under the 

stress of operation or injury. 

a“ i) —— a” So ae oe ee ae ee a a eee a ee ee 

nse 8h tees a mm 

Dp F&F —_—_ -|-= rm =| DH = FF wee 

Fee conte omumal 

= 6 © © 



ls of a 
ted to 
After 

1 sub- 
€ con- 
id the 
id one 
lazine 
Zingg, 
m IX, 

» had 
ment 
ninis- 
d to 
large 
cking 
small 
istra- 
od of 
ssure 
ssure 
even 
Irs OF 
- the 
rular 

alved 
to be 
e de- 
con- 
ar in 

with 
rest- 
veral 
oped 

lypo- 
case 

so I 
man 

) be- 

ranol 

ss to 

dose 

xiven 

r the 

Nutritional and metabolic aspects of shock 

STANLEY M. LEVENSON, ALBERT EINHEBER, AND OLE J. MALM 

Walter Reed Army Institute of Research, Walter Reed Army Medical Center, Washington, D. C. 

im TERM “SHOCK”? HAS BEEN USED to embrace a 
number of seemingly similar abnormal physiologic 
states induced by a wide variety of agents and conditions. 
Shock is not generally defined in precise terms and if a 
precise definition is hazarded by one investigator it is 
rarely accepted wholeheartedly by others. Ample evi- 
dence has already been presented at this symposium of 
our basic inability to arrive at a universally accepted 
definition of shock. To paraphrase Adolph’s (1959) 
statement about physiologic regulation, shock often 
remains a hazy term, perhaps because any definition 
would narrow it too much. No one can accuse Dr. Stoner 
of narrowing the shock syndrome with his definition of 
shock, the general response to injury. It certainly en- 

compasses a broad area, so broad, in fact, that for us it 
does not focus enough on the special responses which 
may be peculiar to shock per se, rather than to the initiat- 
ing injury itself. For purposes of this paper the term 
“shock” will be used to connote a syndrome whose 
central feature is a precarious state of the circulation 
resulting in an over-all insufficiency of blood flow. When 
prolonged, the deficient flow results in variable and 
inadequate perfusion and nourishment (in its broadest 
sense) of certain organs and tissues, and, ultimately, 
in their dysfunction. This impairment, as we all know, 
is characteristically correctable at an early stage of 
development but later becomes “‘irreversible,” that is, 
refractory to current therapeutic measures. Are there 
specific metabolic disturbances which determine ‘“ir- 
reversibility” and thereby inexorably lead to death from 
shock despite treatment? This question, and its corollary, 
namely, to what extent and how rapidly can the meta- 
bolic defects be repaired, have been the basis for many of 
the studies aimed at determining the metabolic changes 
of shock. The underlying thesis is that prolonged shock 
leads to a whole series of biochemical events which 
intensify the physiologic disturbances and which, if 

uncorrected, cause death. 
While there is no doubt that a whole series of bio- 

chemical changes follows shock, it is not known if any 
of these changes causes irreversibility. No biochemical 
change has yet been described which is unequivocally 
accepted by all investigators as the cause of irreversi- 
bility. In fact, some investigators have proposed that 

since most of the reported biochemical changes caused 
by shock can be prevented or modified without altering 
the irreversibility of shock, these changes could not be of 
primary importance. We agree in part, but we would 
not generalize from this, as others have done, that little 
attention need therefore be paid to the biochemical 
changes of shock. Instead, we feel that the critical meta- 
bolic measurements have not yet been made. Surely, the 
myocardial failure stressed by Guyton (this volume) 

‘the altered CNS function described by Kovach (this 
volume), and the failure of RES function stressed by 
Fine (this volume) have at their roots fundamental 
changes in one or more of the basic biochemical activi- 
ties of these tissues. Our task is to determine what these 
changes are, how to prevent them, and how to treat 
them effectively. 

Until recently, a large majority of the studies of the 
metabolic changes presumably caused by shock have 
dealt with changes in the blood, urine, and tissue masses. 
Less often, measurements of over-all organ chemical 
changes have been made in vivo and in vitro, but only a 
handful of attempts have been made to study these 
problems at the cellular and subcellular levels. The view 
of the blood as an integrating force enabling the or- 
ganism’s self-regulated “‘free way of life” plus the ease of 
obtaining samples of blood for analysis, explain the wide 
attention which has always been given to estimation of 
blood components. The shortcomings of these determina- 
tions are well known. It is clear that increasing attention 
must be directed at the tissue cells. The increased in- 
vestigative difficulties involved in no way lessen the vital 
need for such studies. 

The recent great impact on the biological sciences of 
the long awaited wedding of cytology and biochemistry 
at the confederated altars of electron microscopy, differ- 
ential ultracentrifugation and allied arts of particle 
fractionation, and microchemical analysis, is being felt 
by all. Provocative concepts have been put forth re- 
regarding the importance of specifically organized 
structural and spatial arrangements (e.g., organized 
enzyme complexes associated with intracellular organ- 
elles) that subserve special cellular functions. It is now 
fairly safe to generalize that subcellular structure plays 
a protective barrier role by isolating essential cellular 
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constituents such as proteases and hydrolases (lysosomes) 
which are, nevertheless, potentially destructive. Sub- 
cellular structure also plays a synthetic role, presumably 
by providing the postulated specific configurational 
(“template”) requirements for molecular synthesis. 
Most importantly, subcellular structure figures in bio- 
logical energy transformations via the precise structure- 
bound mitochondrial systems of electron-transport and 
oxidative phosphorylation, the activities of which may 
have an influence on active transport and maintenance 
of ion gradients. Green (1961) has pointed out that the 
discoveries of at least three lipoproteins in the electron 
transfer chain offer a clue to its organization and func- 
tion. The available evidence corroborates the view 
that the flavoproteins and cytochromes are connected 
with one another through lipoproteins which function 
as restricted access highways for the electrons being 
transferred through the mediation of compounds such as 
coenzyme Q. 

Investigators of the metabolic changes caused by shock 
must attempt to correlate these changes at biochemical, 
anatomical (molecular, microscopic, and gross) and 
functional levels. The coordination of experimentally 
observed alterations of cellular chemistry, structure and 
function and the interpretation of their biological signifi- 
cance against a no less dynamic background of visceral 
physiopathology is indeed a great challenge for the 

shock investigator. The task of unraveling the mysteries 
of shock is magnified by the shortness of the fatal course 
of the syndrome, most of the disturbances running their 
course within 24 hours, and even less. As an example, 
consider the critical 4- to 5-hour period of severe oligemic 
hypotension in the dog during which refractoriness to 
transfusion and a fatal outcome are determined. When 
tightly interrelated qualitative and quantitative changes 
of cellular structure, metabolism and tissue blood flow 
are occurring, the difficulties in viewing and establishing 
the probable progression of events and their cause and 
effect relationships are indeed great. One is limited by the 
sensitivities of the analytical methods used and by the 
obvious fact that temporally related events are not 
necessarily causally related. 

In the final analysis, we are concerned with the 
lethality of shock and we are obliged to discover which 
processes founder within the massive plexus of substance 
and reaction of the injured animal and prevent its 
sustenance either by its own physiologic efforts or by 
our therapeutic interventions. We must ultimately 
translate this fatal pattern of events into chemical terms 
and events. In a broad sense, we are interested in the 
relative susceptibilities and limits of endurance of the 
component parts (at all dimensional levels) of the 
organism, and in their determinants. While we are 
mindful that the failure of a single part or of several 
parts, early or late, may spell disaster for the whole, we 
are equally mindful that in all probability a disturbance 
of most, or all, of the interlocking parts must sooner or 
later occur in prolonged shock. 
Much of our information regarding the metabolism 

of shock has been obtained from animal experimentation, 
the shock having been produced by various methods 
and under diverse conditions. Many of the controversial 
and often contradictory findings may be reconciled 
through consideration of these variables. Stoner (this 
symposium) has pointed out how critical is the method 
of sacrificing animals for obtaining samples for chemical 
analysis. 

The shock syndrome is the result of a noxious stimulus, 
the direct effects of this stimulus, and, most importantly, 

the reactions of the organism to it. The nature, extent, 
and persistence of these reactions depend upon: a) the 
preshock physiologic status of the organism, 6) the 
nature, intensity and duration of the noxious stimulus, 
and c) the promptness of the removal of the stimulus, 
the correction of its immediate damaging effects, and 
the speed of the provision of an “‘adequate”’ amount of 
the best available local and systemic resuscitative meas- 
ures, the shock reversing potential of which is related to 
a and b. 

Zweifach (this volume) has emphasized that species, 
heredity, sex, age, nutritional status, diet, previous 
exposure, emotionality, activity, and bacterial pattern 
are, in the words of Ingle (1951), some of the “extrinsic 
and intrinsic variables which affect the nature and 
extent of metabolic adjustment.” Ingle (1951) has called 
these variables ‘“... ‘heteropoietic’ for when they 
change in value they tend to cause differences in meta- 
bolic responses.”” In addition to the problem of hetero- 
poietic variables, one must take into account the 
shock-inducing procedures themselves and the assort- 
ment of arbitrary criteria that are used for recognizing 
the existence of shock. These procedures and criteria 
determine to a large extent which metabolic alterations 
will occur at a particular “stage” of shock and which 
metabolic alterations the experimenter will recognize 
as signs of a fatal or favorable eventual outcome. Many 
of the biochemical analyses have been made with 
specimens obtained from animals dying or sacrificed in 
untreated shock, often erroneously termed irreversible 
shock. Since these animals were not treated, it is not 
possible to assess the irreversibility or relative per- 
manence of the observed changes and one cannot, 
therefore, decide on the possible relevance of these 
changes to the ultimate fate of the animal. 

Before discussing some of the specific metabolic 
changes of shock, we would like to comment briefly on 
one point, namely, how the metabolic response of the 
animal to shock may be dependent on his present and 
past microbial experience. Acute deprivation of food is 
a common feature of many shock experiments, and, 
for small mammals, the effects of fasting in the presence 
of injury markedly influences the biochemical picture. 
What we see is the effect of the combined insult, the 
injury and the food deprivation. Clearly, then, what 
conditions the animal’s response to starvation is of 
first rank importance. We have shown that germfree 
mice are more sensitive to the lethal effects of starvation 
than their conventional counterparts or mice mono- ee ee ee a a 
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contaminated with E. coli. This is just one more piece of 
evidence to add to the point made by (Dr.) Zweifach 
that what we are, and how we react to various stressful 
situations, is conditioned in large measure by our micro- 
bial experiences. That is so for growth, wound healing, 
resistance to infections, and, as will be brought out later 
in the conference, reaction of the animal to shock and 
endotoxins. 

There is a general pattern of metabolic changes which 
seems to be characteristic of the shock syndrome, but 
not necessarily specific to it. This involves proteins, 
carbohydrates, fats, water, electrolytes, vitamins, and 
hormones; the response is dynamic, with an ever- 
changing, but generally predictable pattern. The early 
metabolic responses of shock are generally indistin- 
guishable from the pattern of reactions that results from 
many other stresses. Some of these early biochemical 
alterations may be spontaneously reversible if the injury 
is not severe, or may be readily corrected by prompt 
and suitable therapy. The sustained changes which 
follow injury have been described fully elsewhere 
(Cuthbertson, 1960; Moore, 1959; Levenson et al., 
1959); they will not be discussed in this paper. The 
biochemical alterations that occur as shock progresses 
have, in large measure, been identified as the results of 
the hypoxia that accompany persistent deficiency in 
blood flow. However, it is clear that factors other than 
hypoxia per se are also involved. 
Hypoxia is common during shock, irrespective of the 

type of initiating stimulus. Inadequate circulation is its 
root cause; curtailment of oxygen and nutrient delivery 
are its main features. In addition, as a result of dimin- 
ished venous blood flow and probable diminished 
lymphatic flow, except from areas directly traumatized 
where lymph flow is generally increased, there is an 
“accumulation” of various metabolites. These metab- 
olites may affect the local tissue circulation and metab- 
olism and also may affect the metabolism and 
circulation of other areas to which they are carried. 
Furthermore, certain intracellular metabolites may 
escape and exert widespread “toxic” effects. Profound 
metabolic changes result which, in turn, lead to more 
disturbances. Despite the difficulties involved, differ- 
entiation should be made among changes caused by the 
primary injury, independent of shock, such as organ 
malfunction from direct damage, those changes due to 
altered cellular and organ function caused by shock, 
and those changes seen in shock which are due only to 
altered blood flow per se, resulting in slowed delivery 
and removal of metabolites, but not accompanied by 
basic changes in cellular or organ function. 

Effects of hypoxia manifest themselves earlier in some 
tissues than in others. The sequence is probably due to 
the varying susceptibility of different tissues to oxygen 
deficiency, to the pattern of compensatory circulatory 
adjustment, including variations in blood flow to various 
areas, and to the redistribution of blood flow within a 
given organ. In addition, if an inability of tissues to use 
oxygen develops, or if the reactivity of target tissues 

alters, these would further contribute to metabolic 
abnormalities. The vascular compensatory activities 
compromise the circulation to the kidneys, particularly, 
and to certain splanchnic viscera. Guyton (this volume) 
has already described the special problems of the heart 
and Kovach (this volume) will discuss the central 
nervous system. The requirements for immediate survival 
of the organism are met by sacrifice of function of some 
of its parts; once the crisis is over, however, impairment 
of organ function, such as that of the kidney, may be 
permanent and result in death. 

Some of the usual features of the metabolic changes in 
shock are decreased oxygen consumption and body 
temperature, hyperglycemia early, but hypoglycemia 
later, lactacidemia, pyruvic acidemia, and impaired 
glucose tolerance, acidosis (metabolic at first, later 
respiratory acidosis and hypoxia are superimposed as a 
result of reduced pulmonary flow); increased breakdown 
of certain tissue proteins and azotemia; electrolyte and 
water shifts, including hyponatremia, hypochloremia, 
hyperkalemia (at times), lessened excretion of sodium, 
chloride, and water; an abrupt drop in blood ascorbic 
acid and a decreased excretion of ascorbic acid, ribo- 
flavin, thiamin, and nicotinamide metabolites. There is 
generally increased pituitary-adrenal activity with 
associated depletion of adrenocortical cholesterol and 
ascorbic acid and an increase in secretion of some 
adrenal hormones, both medullary and cortical, nor- 
epinephrine, and ADH. Liver function is often impaired 
as evidenced by an increase in bromsulfalein retention, 
a decrease in the rate of conjugation of certain adrenal 
steroids, a decreased ability of the liver to synthesize 
glycogen, to deaminate certain amino acids, and, as a 
late phenomenon, to make urea. 

All metabolites are interrelated, and in the final 
analysis all must be considered together. Changes in 
one metabolite may affect functional or quantitative 
changes in other metabolites and the response of certain 
target organs and tissues. The forthcoming separate 
description of the behavior of certain metabolites in 
shock is arbitrary and was adopted to facilitate ex- 
position. 

WATER AND ELECTROLYTES 

Although a distinction should be made between the 
effects of the injury per se and those caused by shock, 
this is not always possible since the separate effects are 
incompletely known and the changes often blend 
together. Sudden serious disturbances of water, electro- 
lytes, erythrocytes and plasma proteins may result 
directly from the initial injury, independently of shock 
and not as a consequence of it. These changes may, in 
fact, be the primary initiators of certain forms of shock, 
e.g., burn. It has long been known that the early move- 
ment of blood constituents into, adjacent to, and from 
the injured area may lead to fatal functional “depletions” 
of water, electrolytes, erythrocytes and protein; if 
adequate replacement therapy is provided in time, death 
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is averted. Blood volume is generally low after extensive 
injury; interstitial space is variable, depending primarily 
on the nature and extent of the blood, plasma and fluid 
losses. In traumatic shock, blood volume is decreased, 
since the fluid influx into injured areas comes in large 
measure from the blood. In the absence of whole blood 
loss, this decrease is principally of the plasma, but there 
are also fluid and electrolyte shifts into the injured area 
from uninjured areas resulting in their dehydration. 
Millican (1960) has pointed out that the possible role of 
hormones in the production and regulation of the swell- 

ing at the site of trauma has not been clarified. The 
extent of the extracellular and intracellular volume 
shifts is not definitely known since these estimates are 
based on inadequate measurements. In _ particular, 
quantitative electrolyte and fluid changes of specific 
organs and tissues are incompletely known; most of the 
available information deals with changes in skin and 
muscle. 

There is a slackening of transcapillary water move- 
ment in shock as measured by D2O which has been 
interpreted as due primarily to a decrease in functional 
capillary area. Present evidence indicates that there is 
no generalized increase in capillary permeability in 
shock, but that only the capillaries in the injured area 
definitely “leak,” though in some species (dog and rat) 
the capillaries of the intestinal tract and heart are 
congested, bleed, and may be abnormally permeable in 
the late stages of severe shock. There is no clear evidence 
to suggest that these changes stem from alterations in 
endocrine function. 

Plasma sodium and chloride concentrations may be 
normal or low early after severe injury, while plasma 
potassium is normal or slightly high. There is a shift of 
sodium, hydrogen and chloride ions into injured cells 
with a concomitant outward flow of potassium. Sodium 
and chloride excretions are initially low after injury, 
while potassium excretion is high. These changes in 
urinary electrolyte excretion are complex in their origin. 
They seem to primarily reflect the changes in fluid and 
electrolyte distributions in the injured animal. There 
may be also direct hormonal influences on the kidney, 
such as may result from increased adrenal cortical 

activity, e.g., aldosterone, and increased antidiuretic 
hormone activity. An important mechanism underlying 
the sodium retention is its accumulation in the injured 
area. In untreated limb ischemia injury, the fluid 
accumulates in the injured area at the expense of the 

uninjured tissues; Williams, Tabor, Méillican and 
Rosenthal (1951) estimated that half of the fluid in the 

injured area came from blood and half from extra- 
vascular tissues. 

If shock supervenes, urine output slows or stops, and 
sweating, vomiting, distention and diarrhea may occur; 
sodium enters cells and potassium leaves, resulting in 
hyponatremia and hyperpotassemia. These electrolyte 
shifts occur not only in injured areas, but also generally 
in areas distant from the primary injury, and may result 
from the iissue hypoxia of shock. Fuhrman (1960) has 

raised the question whether this systemic response 
depends on a metabolic failure of the sodium “‘pump.” 
Plasma potassium concentration may also rise as a 
result of cellular release of potassium associated with the 
net breakdown of tissue protein and glycogen. As Kt 
leaves the cells, Na+ and H* enter, and possibly also 
basic amino acids, e.g., lysine (Fuhrman, 1960). The 
abnormal intracellular Na*+ and H* concentrations may 
interfere with cellular metabolism. Though the hyper- 
potassemia is usually quantitatively small during shock, 
the untreated shocked animal (mouse and rabbit) may 
become increasingly sensitive to extracellular potassium. 
Concentrations sufficient to cause death may be en- 
countered near death. Tabor and Rosenthal (1945) 
found that the tourniquet-shocked mouse died from 
injection of Kt in an amount one-eighth that required 
to kill a normal mouse. Ravin (1954) found no increase 
in the sensitivity of shocked rats to a given [K*] in the 

plasma but the [K*] in the blood of the shocked rat was 
remarkably increased following intraperitoneal injection. 
The toxic effects of potassium may be accentuated by 
hyponatremia, hypocalcemia, or acidosis, all of which 
may be seen in shock. Serum Ca may occasionally be 
high in fatal tourniquet shock. Millican (1960) has 
raised the question whether potassium may adversely 
affect organs other than the heart. Plasma magnesium 
and calcium concentrations may rise late in shock. 

PROTEINS, AMINO ACIDS, AMINO CONJUGATES 

Present evidence best supports the idea of a dynamic 

interchange of most body constituents. Borsook and 
Keighley are generally considered the originators of this 
concept while Schoenheimer and others developed the 
picture of a dynamic steady state among body proteins 
in adults. This thesis rests on the existence of three 
possible continuing processes: a) proteins are completely 
degraded into amino acids which are then resynthesized 
into new proteins; 6) proteins could be partially degraded 
to peptides which would then be reassembled into 
different proteins; and c) synthesis of certain proteins 
could occur by transformation of existing proteins. For 
mammals, only the existence of the first process has 

firm support to date. 
Schoenheimer, Rittenberg and associates demon- 

strated with isotopically labeled amino acids that 
constituent amino acids of most proteins interchange 
with the free amino acids of their environment at a rate 

depending on the protein involved. In order to maintain 
this apparent steady state characteristic of the healthy 

adult, there must be a precise balance between protein 
synthesis and degradation. This steady state is altered 
during shock so that there is an increased breakdown of 
certain body proteins. The specific mechanisms under- 
lying this have not been fully defined. Some are local, 
perhaps unique to areas directly damaged by the 
initiating trauma while others are general, and seemingly 
similar for a wide variety of injuries. While the over-all 
systemic metabolic reaction to injury results in a net 

in 

ce 
ste 

an 
an 
ba 
Cz 



mse 
” 

5 a 
the 
Kt 

also 
The 
nay 
er- 
ck, 
nay 
im. 
en- 

45) 
‘om 
red 
‘ase 
the 
was 
on. 

ich 
be 

has 
ely 
um 

mic 
and 
this 
the 
eins 
ree 

tely 
zed 
ded 
nto 
eins 
For 
has 

on- 
hat 
nge 
rate 

fain 

thy 
tein 
red 
n of 
Jer- 
cal, 
the 
igly 
--all 
net 

CONFERENCE ON SHOCK 103 

increase of total tissue catabolism over total tissue 
anabolism, each tissue presumably metabolizes in its 
own fashion, and there are strikingly different net 
anabolic and catabolic rates among various tissues 
(Levenson et al., 1959). 
The changes in metabolism of specific tissue proteins 

in shocked animals are not known. 
Plasma protein concentrations may change in shock, 

particularly traumatic and burn, due not only to the 
shifts and losses of water and electrolytes already de- 
scribed, but also to shifts and losses of the plasma pro- 

teins themselves. Plasma protein may be lost directly 
from the site of injury (for example, from superficially 
burned areas) or by hemorrhage, or it may be tem- 
porarily sequestered in injured areas. As time goes on 
plasma protein which at first had entered and left the 
injured areas rapidly, now exchanges more slowly, and 
its entry into the injured area and reentry into the 
lymph or blood is delayed (Millican, 1954). This is in 
contrast to sodium, which seemingly continues to ex- 
change fairly rapidly. It suggests a) recovery of permea- 
bility characteristic of the endothelial cells, etc., or 6) 
increased tissue pressure. In untreated hemorrhagic 
shock, mild hypoproteinemia develops as a result of the 
plasma loss and its partial replacement by protein-poor 
extravascular fluid; the decreases of albumin and 
“globulin” are proportionate. In contrast, plasma 

albumin in severely burned or wounded subjects drops 
disproportionately as a result of the faster passage of 
albumin through the directly damaged capillaries. 

Plasma prothrombin and fibrinogen decrease in 
severe shock, usually accompanied by an increase in 
fibrinolytic and other proteolytic activities (Tagnon 
et al., 1946). Properdin may decrease abruptly; the 
significance of this is not established (Frank et al., 1955). 

These matters are discussed at length in the talks and 
Round Table devoted to this subject. Frank et al. (1950) 
reported a delay in the synthesis of albumin, prothrombin 
and fibrinogen by the liver of the severely shocked dog; 
the increase in liver protein synthesis early after mild 
injury is discussed by Fonnesu (this volume). There is a 
lack of information of protein turnover in shock. 

Increases in plasma nonprotein nitrogen concen- 
tration are almost constant accompaniments of severe 

shock. The over-all net increased tissue protein break- 
down and the oliguria characteristic of severe injury and 
shock combine to elevate the concentrations of most of 
the plasma nonprotein nitrogen components, e.g., urea, 
creatinine, uric acid, and amino nitrogen. Generally, 

these increases are proportional to the severity of the 
initial injury and the severity of the succeeding shock. 

The behavior of amino acids during shock has re- 
ceived special attention during recent years, an interest 
stemming from the central role of the amino acids in the 
metabolism of proteins and in the interrelationships 
among proteins, carbohydrates and fats. Postulates of 
amino acid “pools” have been put on an experimental 

basis by the use of isotope experiments, and studies by 
Campbell et al. (1957), Miller et al. (1954) and Borsook 

et al. (1935) have shown that in rats, rabbits, and mice, 
plasma amino acids have an extremely rapid turnover 
rate of the order of minutes. The plasma amino acid 
concentrations might be subject to at least the following 
influences: food intake, intestinal absorption, trans- 
capillary and transcellular exchange, deamination, 
transamination, decarboxylation, interchange among 
amino acids, protein, carbohydrates and fats, and renal 
excretion and reabsorption. The plasma amino acids in 
normal people are relatively unchanged from day to day 
except for effects of diet. Any wide fluctuations unrelated 
to feeding assume great significance indicating probably 
a basic upset in the body economy, but interpretation of 
the data is extremely difficult. 

Increases in the plasma concentration of the total free 
amino nitrogen have been reported to occur during 
severe experimental shock (Sayers et al., 1945; Engel 
et al., 1943; Russell et al., 1946). This increase may 
begin early and then rise progressively as shock becomes 
more profound and prolonged. Indeed, Sayers and her 
associates (1945) found that an early rise in plasma 
amino nitrogen during the initial one hour bleeding used 
by them to initiate hemorrhagic shock in rats meant 
death for these animals if untreated, while similarly 
bled and untreated rats without the early rise in amino 
nitrogen lived. However, even marked rises in plasma 
amino nitrogen had no adverse prognostic significance if 
appropriate transfusion therapy was given. 

The rate and degree of plasma amino nitrogen 
elevation varies with the type of shock. These are greater 
if there is direct tissue damage (tourniquet, crush, burns). 

There is evidence that amino compounds are ‘“‘produced”’ 
in disproportionately large amounts in the injured area 
and in these types of shock, account for the earliest 
increase which may precede the onset of hypotension. 
Later, as other organs (including the gastrointestinal 

tract) become ‘‘damaged”’ as a result of the reduced 
circulation, there is a more generalized tissue contri- 
bution of amino compounds to the plasma. The increased 
release of amino acids from certain peripheral tissues 
(e.g., muscle) of the shocked animal presumably reflects 
an increased protein breakdown to protein synthesis 
ratio, a change from the normal steady state. Not only 
do amino compounds enter the plasma in increased 
amounts late during severe shock but their rate of 

“removal” from the plasma by the liver may be de- 
creased. Liver slices from rats in severe hemorrhagic 
shock deaminate amino acids and form urea slowly 

(Wilhelmi, 1948). Similarly, the ability of liver slices 
from burned rats to deaminate alanine is impaired 

(Engle, 1952). This may be due to hepatic anoxia. 
Engle et al. (1944) found that arrest of the circulation 
to the liver of rats in vivo leads to progressive failure of 
the liver to remove amino acids from the blood. The 
nephrectomized rat subjected to lethal hemorrhagic 
shock forms urea following injection of an amino acid 
mixture at a slower than normal rate (Engle et al., 

1946). Wilhelmi and Long (1948) have pointed out 
that urea synthesis and deamination seem to be affected 
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to the same degree, since there is an increase in liver 
tissue amino nitrogen during shock, without an increase 
in ammonia, at a time when urea metabolism is greatly 

diminished. The liver seems particularly vulnerable in 
shock; Wilhelmi (among others) wonders whether this 
is caused by its peculiar blood supply and glycogen 
depletion response, i.e., the liver may be depleted of 
glycogen at a time when its requirement for this substrate 
is increased due to decreased supply of oxygen. He also 
raises the question of whether free fatty acids accumulate 
in the liver cells during anoxia in concentrations high 
enough to inhibit tissue respiration. Shocked dogs, 
though, retain the ability to clear certain amino acids 
injected intravenously in large amounts. Seligman and 
his associates (1948) interpret this to mean that the 
aminoacidemia of shock reflects deficient blood flow to 
the liver rather than specific impairment of liver function 
per Se. 

Unfortunately, most of the information regarding 
plasma amino compounds in shock comes from studies 
in which only total amino nitrogen concentration has 
been measured by one or more colorimetric methods not 
wholely specific for amino acids. In a few investigations, 
the more specific gasometric ninhydrin method has been 
used, but it also yields information only about the 
behavior of the 20+ amino acids lumped together. 
When 19 amino compounds were measured individually 
by an ion exchange chromatographic technique in 
ultrafiltrates of plasma and serum from normal and 
untreated severely burned rats (20% mortality in 12 hr.), 
the free amino nitrogen rise was not proportionate among 
the individual amino compounds. In fact, about three- 
quarters of the rise was accounted for by an increase in 
taurine and a newly found amino conjugate fraction 
(Rosen et al., 1953). Asparagine, isoleucine, leucine, 
tyrosine, phenylalanine and histidine were also increased, 
while proline and valine were decreased. The amino 
conjugate fraction rose fourfold (proportionate to the 
plasma NPN and urea); its composition was similar in 
the normal and unburned rats—glutamic acid and 
glycine were predominant, alanine, proline, serine, 

threonine, valine and leucine were present in lesser 

amounts. 

Very little is known about the response of the plasma 

amino acids of man to shock, and the little known is 

difficult to interpret, since the patients studied had 

undergone many severe stresses which might influence 

plasma amino acid levels (Levenson et al., 1955). These 

stresses included the initial severe wounding (compli- 

cated and variable), hemorrhage, shock, anesthesia, 

operation, fluid and electrolyte imbalance, fever, infec- 

tion, antibiotics and intravenous infusions (blood, 

albumin, gelatin, etc.). During shock no general increase 

in the plasma amino acids of these patients occurred; 

the concentrations of alanine, in particular, and phenyl- 

alanine, tyrosine, lysine and taurine, were usually 

increased, while those of isoleucine, proline and glycine 

were decreased. In patients with severe liver diseases but 

not shock, methionine, tyrosine and phenylalanine were 
most commonly elevated (Iber, 1957). 

Various hormones affect amino acid metabolism, and 

thereby the levels of the plasma amino acids. Evidence 
has recently been presented suggesting that many 
hormones modify the rate of transport of amino acids 

across cell membranes (Noall et al., 1957). It is not 
known what roles the various hormones play in the 
changes of plasma amino acids during shock. Increase 
in plasma amino nitrogen concentration follows ad- 

ministration of large doses of certain adrenal hormones 
to rats, but an intact pituitary-adrenal system is not 
essential for the amino-acidemia which occurs in burned 
rats. Although injection of insulin will lower the con- 
centration of amino nitrogen in the plasma, the amount 
ot insulin required is enough to produce signs and 
symptoms of hypoglycemia. 
Though renal dysfunction is a constant accompani- 

ment of severe shock, it can play only a secondary role 
in amino-acidemia (Rosen et al. 1953). 

Levenson, Rosen and their colleagues (1953, 1955) 
have found an elevation of an amino conjugate fraction 
in the plasma of severely wounded men as in the case of 
burned rats. In patients, this fraction is almost certainly 
made up of several amino components, whose exact 
natures, origin and physiologic significance are still 
undetermined. These compounds, though, are not 
peptides in the usual sense. 

The release of various peptides, activation of certain 
proteolytic enzymes, and the increased sensitivity of 
severely injured and shocked animals to exogenous 
proteolytic enzymes will be described elsewhere in this 
symposium (Miles, this volume; Ungar, this volume). 

Elevations in blood ammonia concentration are 
commonly observed late in severe shock (Cowley et al., 
1960; Nelson and Seligson, 1953), but as far as we know, 
significant toxicity almost never results, except in 
patients with serious liver disorders and severe gastro- 
intestinal tract bleeding. The rise of ammonia stems in 
part from an increased hydrolysis of urea in the gut, 
absorption of the ammonia into the portal blood and a 
decreased ability of the liver (rat) to form urea. 

CARBOHYDRATES 

Carbohydrates provide precursors for the formation 
of amino acids, lipids and nucleic acids, and, most 
importantly, are responsible for much of the production 
of useful energy required for biological work and molec- 
ular synthesis. It is readily apparent why the role of 
the intermediary metabolism of carbohydrate in shock 
has long occupied the attention and thoughts of many 
shock investigators. 

The reported changes in carbohydrate metabolism 
have been reviewed elsewhere (Davis, 1949; Wiggers, 
1950; Wilhelmi, 1948; Engel, 1953; Green, 1954; Haist, 
1946; Stoner et al., 1952). Few investigations in this 
area approach the detailed, persistent, and provocative 
efforts of Stoner, Threlfall and their co-workers (Threl- 
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fall, 1954; Stoner, 1958; Stoner et al., 1960; Stoner et 
al., 1960; Bernard, 1877). We will first describe briefly 
some of the generally observed alterations of carbo- 
hydrate in the shocked animal, and then select some 

specific observations for more detailed discussion. 
Claude Bernard (1877) is credited with being the 

first to show that hemorrhage produces hyperglycemia. 

This observation has since been confirmed in various 
species with diverse shock-inducing procedures, _ill- 
nesses and injuries. Hyperglycemia usually persists into 
advanced shock until the terminal stages, when blood 
glucose may fall to subnormal level (Drucker, 1960; 
Beatty, 1945; Strawitz, 1960), especially when environ- 
mental temperature is high (Trusler et al., 1939). 

In hemorrhagic shock, hyperglycemia is accompanied 
by an increase in blood lactate and pyruvate levels which 
continue to rise concomitantly with liver and muscle 
glycogen depletion as shock progresses. The metabolism 
of glucose by the peripheral tissues is seemingly increased 
early in hemorrhagic shock, but not in tourniquet shock 
(Wilhelmi, 1948; Stoner and Threlfall, 1960). There is 
ultimately a proportionately greater increase in lactic 
acid resulting in an elevated lactate-pyruvate ratio 
which is thought to reflect a predominance of anaerobic 
over aerobic carbohydrate metabolism; the liver does not 
appear to play an important role in this (Russell et al., 
1944). Intravascular glycolysis as a consequence of 
prolonged hypoxemia may also contribute to this change 
(Seligman, 1947). 
Although the processes of carbohydrate mobilization 

are highly complex and incompletely known, it is 
generally agreed that hepatic glycogenolysis, presum- 
ably by epinephrine that is reflexly released, is chiefly 
responsible for the early hyperglycemia. Other evidence 
suggests that in addition, nervous stimuli and blood 
flow alterations may act directly on the liver and thereby 
influence glycogen breakdown. 

Adrenal demedullation, adrenalectomy, evisceration 
(hepatectomy), preinjury depletion of carbohydrate 
stores by fasting, or occlusion of the afferent and efferent 
blood flow of the liver not only prevent the postinjury 
rise in blood glucose but usually result in hypoglycemia. 
Glucocorticoids inhibit peripheral utilization of glucose 
and promote gluconeogenesis and glycogenesis. However, 
the hyperglycemic response occurs after trauma of the 
adrenalectomized animal that is maintained on saline 
and DOCA and fed, or, instead, fasted and given a fixed 
dose of corticoid that alone does not alter the blood 
glucose level (Engel and Fredericks, 1957). New forma- 
tion of carbohydrate from lactate, pyruvate, and possibly 
amino acids deriving from peripheral tissues helps 
maintain the hyperglycemia as the glycogen stores are 
being depleted; this is evidenced by a sustained hyper- 
glycemia in the prefasted but otherwise normal rat after 
hemorrhage. 

As already mentioned, the precise role of the adrenal 
hormones and their intimate interrelationship with other 

hormones after injury and shock are unknown. After 
hemorrhage, adrenalectomized dogs have an elevation 

of blood lactate and pyruvate, as do intact animals, 
but the blood glucose level falls; unlike the response of 
normal dogs, blood lactate and pyruvate remain elevated 

after transfusion, possibly because of the absence of 
corticoids and the gluconeogenesis which they support. 

Continuous intravenous infusion of epinephrine into 
normal dogs results in changes of blood lactic and 
pyruvic acids that are not as marked as those occurring 
after hemorrhagic shock (Seligman et al., 1947). These 
observations suggest that the alterations of blood lactic 
and pyruvic acids in hemorrhagic shock are not solely 
attributable to epinephrine or corticosteroids, and are 
not necessarily correlated with the blood glucose level. 
The possible participation of glucagon in the glycemic 
response has not been evaluated, nor is there presently 
any quantitative information on the sequential altera- 
tions of growth hormone or insulin activity during 
shock. 

The hypoglycemia that develops later in severe shock 
is generally considered a result of a depletion of liver 
and muscle glycogen as the circulatory impairment and 
anoxia progress. The absence or reduction of gluco- 
neogenesis and glycogen formation and the previously 
mentioned increased glucose metabolism by the periph- 
eral tissues under certain conditions underlie these 
depletions. This last is based on the observations that 
hemorrhage results in a very rapid fall of blood sugar in 
adrenodemedullated eviscerated rats (Wilhelmi, 1948). 

Dogs in late oligemic shock have elevated blood levels 
of pyruvate and lactate with an increase in the L/P 
ratio. Reinfusion of the shed blood is followed by a 
prompt return of these constituents to normal levels 
whether or not the animals subsequently die. Blood 
clearance studies of lactate, pyruvate or glucose injected 
during hemorrhagic hypotension of dogs (Lamson bottle 
technique) indicate that such dogs clear lactate as well 
as nonhemorrhaged dogs, but the clearance of pyruvate 
is somewhat below normal and that of glucose is mark- 
edly reduced. When the blood is returned, the blood 
clearance of glucose and pyruvate return to normal. 
These observations may mean that the piling up of these 
metabolites during hemorrhagic shock results from poor 
blood flow and that a critical hepatic enzymatic de- 
rangement is not involved (Seligman et al., 1947). 

Some other experiments suggest though, that impair- 
ment in certain aspects of liver metabolism do occur late 
in hemorrhagic shock. 

Cowley et al. (1960) found that blood glucose levels 
varied widely during hemorrhagic shock in dogs. Half 
of the dogs showed a sharp rise during the first hour, 
with a subsequent rapid decline, while others showed a 
continuing fall from the onset of shock. In a group of 20 
dogs which were perfused (extracorporeal bypass with 
disc oxygenator) at 80 mm Hg pressure for 1 hour 
starting at the end of the reinfusion of shed blood, the 
blood glucose fell sharply in all dogs, often to unde- 
tectable levels in the terminal stages. 

Strawitz and Hift (1960) found evidence of marked 
hypoglycemia at death in hemorrhagic shock in dogs. 
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Blood glucose levels were compared in two groups of 
rats subjected to a bleeding procedure with a mean blood 
loss of about 53% in 2 hours (blood volume estimated 
from body weight). One group of animals was fasted 
for 24-36 hours prior to bleeding while the other group 
was allowed to feed up to the time of bleeding. Blood 

glucose immediately prior to bleeding was significantly 
higher in the fed group. All rats mobilized glucose 
following the initial bleeding. There was no difference 
in mortality between the fed and fasted groups. However, 
the average survival time after the 2-hour bleeding 
period was 36 minutes in the fasted animals and 65 
minutes in the fed group; the difference was statistically 
significant. The faster the decline in blood sugar, the 
sooner death occurred. The surviving rats remained 
hyperglycemic, with gluconeogenesis going on. Assay 
of liver glycogen showed that both fasted and fed 
survivors were actively synthesizing liver glycogen, 
while the nonsurvivors did not have this capacity. 

In recent years, many of the studies of carbohydrate 
metabolism in shock have dealt with experimental limb 
ischemia. A summary of some of the findings of Stoner 
and his colleagues of their experiments with rats and 

rabbits will serve as the basis for our further discussion 
of this subject. Stoner and Threlfall (1960) have reviewed 
many of these studies in their article in ““The Biochemical 
Response to Injury”’ and the description to follow draws 
heavily on their review. They have considered the 
changes in carbohydrate metabolism in relation to 
three time periods after tourniquet applications: a) 
tourniquets in place, b) 3 to 6 hours after release of the 
tourniquets, and c) terminal phase. a) While tourniquets 
are in place (bilateral hind limb, 4 hr., environmental 
temperature 18-22°C, 85% mortality, 13 hr. average 
survival time), the rats show a rise in liver and cardiac 
glycogen and a fall in the ischemic and uninjured muscle 
glycogen; brain glycogen is unaltered. Plasma pyruvate 
and lactate are increased as is extracellular glucose. 

“Total body glucose,” the calculated sum of the free 
glucose of the extracellular space and the glucose present 
in the tissues as glycogen, decreased rapidly during this 

period. 6) During the early period (3-6 hr.) after release 

of tourniquets, glycogen levels in the liver and uninjured 

muscle fall with some recovery of glycogen by the 

ischemic hind limb. Heart muscle keeps gaining glycogen 

while brain glycogen remains unaltered. Blood sugar 

rises to a maximum. Oxygen consumption and tissue 

temperature are falling, despite the fact that the liver, 

brain, and muscle seem adequately oxygenated. Plasma 

lactate and pyruvate continue high; glucose “‘tolerance” 

is impaired. ‘“Total body glucose” continues to fall, but 

at a slowed, near “normal fasted” rate. c) The terminal 

phase begins 3-6 hours after tourniquet release and 

corresponds to the beginning of the circulatory failure 

and failure of oxygen transport. Liver, heart, muscle 

and brain glycogen fall and the ‘“‘total body glucose” 

disappears at an increasingly rapid rate, and is ascribed 

to progressive anoxia. Extracellular sugar falls, plasma 

lactate and pyruvate rise higher than in previous periods, 
with some differential increase in lactate. 

To cast light on the mechanisms for the observed 
changes in carbohydrate metabolism, Stoner and his 
colleagues carried out parallel experiments with fed, 
fasted, adrenalectomized, and adrenal medullectomized 

animals. They found that pretourniquet fasting reduces 
the magnitude of most of these changes except for the 
glycogen lost from the uninjured muscles in the first and 
second periods; onset of terminal hypoglycemia was 
accelerated. Adrenal medullectomy suppresses the 
changes of the first period and second period except 
those of the heart ventricles of fed rats which gain a 
small amount of glycogen; medullectomy prevents this 
in fasted rats and in fed adrenalectomized rats. Stoner 
suggested that the source of the increased heart glycogen 
may be the circulating pyruvate and lactate. 

The presence of the adrenal medulla and therefore 
epinephrine is required for the hyperglycemia and the 
decrease in glycogen of the uninjured muscle. Since fed 
medullectomized rats, which can maintain their blood 
sugar levels on fasting, have no increase in extracellular 

glucose after tourniquet injury, Stoner suggested that 
neither cortical steroids (‘‘permissive action” in glu- 
coneogenesis) nor an adequate level of liver glycogen 
explain the ordinarily observed hyperglycemia conse- 
quent to limb ischemia, but rather emphasizes the 
etiologic role of epinephrine. 

During the induction of limb ischemia, i.e., while the 
occlusive device is in place, there is a rise in lactate and 
pyruvate which is ascribed to sympathetic stimulation 
from the pressure of occlusion. Adrenal medullectomy 
does not prevent release of lactate and pyruvate from 
the damaged muscle just above the tourniquets. As 
shock progresses, the hyperglycemia is sustained while, 
for the most part, the L/P ratio does not deviate mark- 
edly from normal. Terminally, blood lactate accumu- 
lates again as the blood sugar falls to subnormal levels. 

Glycogenolysis induced by epinephrine and_ glucose 
formation from the lactate and pyruvate resulting from 
glycogenolysis by uninjured muscle are said to be more 
than sufficient to account for the elevated extracellular 
glucose levels of both fed and fasted rats in the 1st and 

2nd periods, though glucose from noncarbohydrate 
sources cannot be absolutely excluded. This calculates 
to be the case even allowing for the cost of the conversion 
of lactate and pyruvate in the Cori cycle to glucose. 
Recycling of the latter is given as an explanation for 

the loss of ‘total body glucose,’ rather than to the 
accumulation of glycolytic intermediates which it is 
stated cannot account for this. 

The partial glycogen recovery in the ischemic muscle 

in the second period appears to correlate with the 
extent of the hyperglycemia, but as with nucleotide 
regeneration (to be discussed later), it does not occur if 
ischemia is prolonged for 6 instead of 4 hours. Glycogen 

synthesis may be restricted to muscle fibers that recover 
after ischemia. Earlier findings (Haist et al., 1944) of a 
generalized inability of rats to store glycogen after fatal 



ods, 

‘ved 
his 

fed, 
ized 
uces 
the 
and 
was 

the 
cept 
ina 
this 
yner 
gen 

fore 
the 
fed 
ood 
ular 
that 

glu- 
gen 
nse- 
the 

the 
and 
tion 
omy 
rom 

hile, 
ark- 
mu- 
vels. 

cose 
rom 
aore 
ular 
and 
rate 
ates 
sion 
Ose. 
for 
the 

it is 

iscle 
the 

tide 
ur if 
gen 
over 
of a 
fatal 

CONFERENCE ON SHOCK 107 

limb ischemia have been considered to be due to the 
more severe injury used in these studies, viz., 12-15 
hours rather than 4 hours of bilateral hind-limb ischemia. 
The fact that glycogen deposition occurs in the face of 
a presumably elevated level of epinephrine has led to the 
suggestion that there is a defect of epinephrine activation 
of phosphorylase as a consequence of the ischemia. 

In vitro studies of minced posttourniquet ischemic 
muscle indicate inhibition of the phosphorylation of 
glycogen (Kovach et al., 1952). The rapid fall of liver 
glycogen promptly on removal of the tourniquets from 
the rat does not depend on the presence of the adrenal 
medulla, and at this time, on the basis of blood flow 
and other measurements, probably not on anoxia. The 
mechanism appears to be unknown, but the suggestion 
has been made that it may be associated with alteration 
of the electrolyte composition of the liver. 

The maintenance of the cerebral glycogen level is 

consistent with the fact that the brain is seemingly 
adequately oxygenated for most of the survival period; 
when we examine the data for the calculated “‘total body 
glucose,” and that of the individual compartments 

(extracellular space, liver, heart, brain, and muscle 
inclusive and exclusive of damaged hind limbs) com- 

prising it, for the fed intact, fasted intact, fed medullecto- 
mized and fed adrenalectomized rats, we are struck by 
the fact that fasting alone over the course of the experi- 
mental procedure percentage-wise accounted for the 
major part of the carbohydrate losses in the tourniqueted 
animals, as is evident when these changes are compared 
with those of the nontourniqueted concurrent controls. 
This clearly demonstrates an important problem com- 
mon to the experimental investigation of shock, viz., 
that of dissociating the effects of incidentally imposed 
fasting conditions from those of the induced injury 

per se. We would like to point out, as Stoner has also, 
that concurrent fasting controls may not provide the 
answer. The effects of fasting in the presence of injury 
may so dominate the picture that many special qualita- 
tive and quantitative features of the injury may be 
obscured and its precise nature misinterpreted. Although 
environmental temperature has often been stressed, the 
incidental fasting problem is especially important in the 
smaller mammal. 

Stoner (1958) has studied and considered some of the 
quantitative and qualitative aspects of blood flow to the 
liver and brain of rabbits and of blood flow to the liver 
of rats after their subjection to limb ischemia. He has 
decided that while late reductions in recorded tem- 
perature of these tissues may be caused by reduced blood 
flow, observed early reductions in temperature, i.e., 
during tourniquet application and for some hours after 
their removal, occur before a significant reduction in 
blood flow and oxygen transport. This conclusion is 
based primarily on the simultaneous measurement of 
tissue blood flow (thermal conductivity) and tem- 
perature by the method of internal calorimetry, on 
inferences of the adequacy of perfusion of brain and liver 

within previously determined arterial blood pressure 

limits (autoregulation), on the persistence of uniform 
arterial oxygen saturation of blood, and of apparently 
satisfactory tissue oxygen extraction (compensatory), 
oxygen tension (extracellular) as measured polaro- 
graphically, and levels of ‘high-energy’ compounds (PC 
+ ATP) levels in brain (Stoner and Threlfall, 1960). 
By way of further demonstrating that after limb 

ischemia in the rat, the early temperature fall in the 
liver is a primary metabolic rather than hemodynamic 
event, Stoner, Heath and Collins (1960) recently gave 
intravenous injections of (2-C'*) pyruvate, (C'*) glucose, 

or (C") fructose to rats 1.5 hours after tourniquet 
removal. The concentration of labeled glucose in the 
plasma fell more slowly in the injured rats than in the 
controls. Similarly, excretion of CO, after any of the 
three labeled compounds injected was slower in the 
injured rats. The concept of ‘pools’ was used to interpret 
the results quantitatively. They found a 48% and 32% 
reduction in the glucose being oxidized (metabolic loss 
of glucose as CO) and metabolized (amount leaving 
plasma, liver water and interstitial fluid), respectively; 
pyruvate oxidation was likewise depressed 33%. They 

think that the reduction in carbohydrate utilization is 

the cause rather than the consequence of the reduced 
liver temperature seen in the shocked rats at this time. 
“Although the rate of disappearance of ‘total body 
glucose’ at this stage is the same as in the controls even 
this may be too fast, for their body temperature may be 
as much as 5° below that of the controls and the Qyp 
for glycolysis is 1.47—1.63” (Stoner, 1958). An additional 
finding (Stoner et al., 1960) is that the rat after limb 
ischemia did not form more CQO, from (C") fructose 
than from (C") glucose; in fact the curves of CO, 
expiration were almost superimposable. This was 
interpreted to mean that the disturbance of carbo- 
hydrate metabolism early after limb ischemia differs 
from that in diabetes mellitus and acidosis. Tourniquet 
shock animals (12-15 hr. bilateral clamping) have a 
reduced tolerance for administered glucose, which 
correlates with the duration of limb ischemia and their 
inability to store glycogen in liver and muscle even on 
insulin administration which, however, lowers the blood 
sugar (Haist et al., 1944). Since exogenous insulin 
reduces blood sugar in the shocked animal, the presence 

of hyperglycemia suggests that during shock the blood 
sugar level is either not regulating endogenous insulin 
secretion, or that normal insulin activity may be de- 
ranged or blocked. The later fall of blood glucose in the 
shocked animals, below that of control animals, while 
the liver and muscle stores of glycogen are being depleted 
suggests that either carbohydrate is not being formed 
from noncarbohydrate sources or that greater amounts 
of sugar are being metabolized peripherally, or that 
both are involved (Haist, 1946; Haist et al., 1944). 

The failure of Aldridge and Stoner (1960) to find a 
defect in in vitro mitochondrial activity which they 
could interpret as significant and which might help 

explain the early reduced fall in liver temperature has 
led them to the view that the defect in carbohydrate 



108 CONFERENCE 

metabolism may occur in the catabolic steps preceding 
the tricarboxylic acid cycle, viz., in the early steps of 
glycolysis and later in the handling of pyruvate. Increases 
in fructose 1-6 diphosphate observed early during 
reduced liver temperature after limb ischemia suggests a 
block of the triose phosphate dehydrogenase reaction; 
pyruvate concentration in liver was also high at this 
time. The details of the chemical mechanisms involved 
are not known. Disturbance of pyruvate metabolism of 
the heart of the dog in hemorrhagic shock also has been 
observed (Edwards et al., 1954); the mechanism here is 
likewise unknown (see Bing, this volume). Further 
information on the mechanisms causing the defect in 
liver metabolism that is apparently unrelated to hemo- 
dynamics and oxygen supply, but is nevertheless, re- 
motely effected by the ischemic limbs is certainly 
desirable. Liver blood flow and temperature were studied 
by Stoner (1958) in the rat subjected to acute hemor- 
rhage, using the same techniques as after limb ischemia. 
Liver blood flow always fell, but unlike the unanes- 
thetized rat that always showed a fall in liver tempera- 
ture after bleeding, the pentobarbitalized rat (and 
rabbit) had a short-lived small rise soon after hemor- 
rhage followed by a prolonged fall. In consideration of 
the significance and mechanism of the reduction of 
liver temperature in the presence of an apparently 
satisfactory liver blood flow (as determined by internal 
calorimetry within the limits of error and admitted 
technical difficulties) and oxygenation via the hepatic 
artery (autoregulation down to a pressure of 80 mm 
Hg), it should be recalled that in the hemorrhaged rat 
at least “‘... the portal venous circulation is the main 
determining factor in the ability of the liver to clear 
amino acids from the blood and that the hepatic artery 
cannot play a very significant role in compensating for 
portal venous insufficiency due to shock” (Engel et al., 
1944). That the hepatic artery under such conditions 
could not compensate to a significant degree for the 
decrease in portal blood flow in shock was demonstrated 
by the fact that ligation of the artery in rats did not 
affect the liver’s ability to deaminate amino acids, nor 
did hemorrhage in hepatic artery-ligated rats produce a 
greater rise in the blood amino nitrogen than a similar 
hemorrhage in normal rats. On the contrary, on abolition 
of portal vein flow, the ability of the liver to metabolize 
amino acids was barely maintained and ‘“‘any reduction 
in the arterial blood flow because of hemorrhage else- 
where results in a rapid rise in blood amino acids” 
(Engel et al., 1944). There was also a high degree of 
correlation between the fall in portal venous oxygen 
saturation and the rise in blood amino acids. This may 
very well be the case with the rat subjected to limb 
ischemia, especially since the removal of tourniquets is 
followed in the rat by a rapid fall in the oxygen saturation 
of the portal venous blood from a control level of 60% 
to 45%, where it remains for at least 4 hours (Stoner 
and Threlfall, 1960; Stoner, 1958). 

It may also be pertinent that oxygen administration, 
while it does not affect mortality, does cause an elevation 
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of liver and brain temperatures of rats after release of 
tourniquets, provided tissue temperature has not 
already fallen below 30°C (Stoner and Threlfall, 1960). 

Krebs and Kornberg (1957) suggest the possibility 
that for the amino acids, tyrosine, phenylalanine, 
methionine, and lysine and ornithine, ‘‘where the 
enzymic mechanisms for a few oxidative steps in the 
breakdown and deamination, respectively, are not yet 
fully known...” the free energy of these specialized 
reactions is not utilized and lost as heat. This may be 
one of the factors responsible for the rise of the basal 
metabolic rate when protein serves as the source of 
energy—the “specific dynamic action of protein.” As 
the amino acids in question form a relatively small 
proportion of the protein molecule, the loss of energy 

would be small.” Consequently, if this phase of the 
metabolism of these amino acids by the liver is impaired 
because of critically reduced portal venous blood flow 
following release of the tourniquets, even though hepatic 
arterial flow may be adequate for other functions, a 
possible source of heat production may be lost and 
possibly account for some reduction in liver temperature. 

Of special interest in this regard is the discovery of a 
defect in tyrosine oxidation in rat liver homogenates 
prepared several hours after tourniquet (McElroy et al., 
1958; Anderson et al., 1958; Anderson and McElroy, 
1959). In these homogenates, hydroxyphenyl pyruvate 
accumulated because of the inhibition of oxidation of 
tyrosine via transamination and oxidation of p-hydroxy- 
phenyl pyruvate. A normal rate of oxidation was 
obtained if additional ascorbic acid was added to the 
system. As suggested by Knox and Behrman (1959), 
adrenal hormone (glucocorticoid) induction of tyrosine 
transaminase during stress is possibly the mechanism 
for this defect. They further suggest that, “‘since excess 
p-hydroxypheny! pyruvate inhibits it own oxidation and 
increases the requirement for ascorbic acid in this system 
an increased rate of p-hydroxypheny! pyruvate formation 
from a high induced level of tyrosine transaminase could 
account for the observations made on the injured rats” 
(Knox, 1955). Interestingly, this fits in with Stoner’s 
hypothesis regarding the preservation of glucose as 
largely extracellular substance for the recovery period 
after injury, since he includes the participation of 
adrenocortical hormones which complement epineph- 
rine’s glycogen depleting activity “by inhibiting the 
enzyme mechanisms of glucose utilization” (Stoner, 
1958; Stoner and Threlfall, 1960). 
During the first 3 hours after removal of the tourni- 

quets in rats the reduction of brain and liver temperature 
are the same for ultimate survivors and nonsurvivors. 
After this time the temperatures diverge depending on 
outcome, ultimate survivors showing an increase in 
temperature towards normal (tissue temperature 32-34° 
for 36-48 hr afterwards), and nonsurvivors showing 
further poikilothermic decline, the brain temperature 
falling more rapidly. Death always occurred when liver 
temperature fell below 30°C (at death 24°C). Others, 
working with different experimental conditions, have 
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not found a distinct correlation between body tempera- 
ture fall and survival. Dibenamine and _ antibiotic 
prophylaxis of rabbits subjected to superior mesenteric 
artery occlusion enabled them to survive though they 
manifested reductions in rectal temperature (30°) 
comparable to those of the untreated nonsurvivors 
(Fine, 1960). Dibenamine pretreated tourniquet shock 
dogs survived though undergoing a lower rectal tem- 
perature than the controls which died (Kovach, 1960). 

Methods or agents employed to raise the temperature 
(metabolic rates) of tourniquet-injured rats usually 
precipitate an earlier demise, leading to the suggestion 
that the reduced temperature may be part of a ‘‘defense”’ 
mechanism (Tabor and Rosenthal, 1947; Green and 
Stoner, 1954). The thought is that the reduction in 
tissue temperature will slow down chemical reactions 
and lengthen the time before deterioration becomes 
uncorrectable. 

Several investigators have shown an “optimum” 
environmental temperature for survival following 
various forms of injury and shock. This was unexplained 
by measurement of blood, NPN, liver glycogen, or blood 
inorganic phosphates. Haist and his coworkers (Haist, 
1960) have studied the responses of cold-acclimatized 
rats to tourniquet injury. They found that such rats 
show an elevated oxygen consumption at normal air 
temperature and demonstrate an increase in survival 
rate and time after limb ischemia. During limb occlusion, 
oxygen consumption of the cold-acclimatized rats 
approached that of the control rats. After release of 
tourniquets, there was a slower fall in oxygen consump- 
tion and body temperature (colonic) in the previously 
acclimatized rats than in the controls. The administra- 
tion of cortisone, thyroxine and cortisone plus thyroxine 
shortened survival times of shocked rats; this was so 
even though thyroxine-treated rats had slower falls in 
colonic temperature. Fonnesu (1960) has suggested that 
the thyroxine effect may be related to “‘uncoupling”’ of 
oxidation under its influence. 
The greater resistance of the previously cold-accli- 

matized rat to limb ischemia is not explainable on the 
basis of differences in muscle chemistry and temperature 
during and following limb ischemia or in the increase of 
water of muscle after ischemia (Threlfall and Stoner, 
1957). The mechanism of the greater resistance is 
presently unknown. Haist (1960) suggests the possibility 
that the cold-acclimatized rats utilize energy more 
efficiently and thus energy stores are not depleted so 
rapidly. Stoner (1960) reports that blood temperature 
in rabbits is normally below that of the liver and brain 
and that removal of tourniquets results in a fall in blood 
temperature. During the later part of the survival 
period the temperature of the liver and brain falls 
below that of the blood; muscle at this time has the 
highest temperature. 
Although time factors would be critical here, we 

wonder whether the auto-regulated hepatic arterial 
flow suggested by Stoner as operating after removal of 
the tourniquets might not at some time be providing a 

relatively ‘“‘cooler” blood to the liver, which becomes 
important only insofar as the possibly ““warmer’’ blood 
contribution of portal venous flow is sharply reduced. 
We could not locate further specific information that 
would definitely refute or support this possibility. It 
should be pointed out that a spontaneous or induced 
reduction in temperature, per se, does not reveal the 
biochemical mechanisms behind it, and comparable 
quantitative reductions in body temperature in injured 
animals pretreated with an agent may not necessarily 
reflect the same causation as in the untreated injured 
animals. In fact, knowledge of this difference, if such 
there be, may be very important; the etiologic or accom- 
panying features of a reduced temperature rather than 
the temperature per se may be the important factors 
underlying survival. 

Several possible explanations are offered for the more 
rapid onset of the terminal phase and shortening of the 
survival period in adrenalectomized, medullectomized 
tourniqueted animals. Stoner (1958; Stoner and 
Threlfall, 1960) suggested on the one hand that the co- 
operation of adrenal medullary and cortical hormones 
effect a defensive maneuver by, respectively, getting the 
carbohydrate stores into the extracellular space and pre- 
venting their utilization, thus preserving them for the 
period of recovery. This teleologically attractive scheme 
could not happen in the absence of medulla or adrenal 
gland. On the other hand, extirpation of the adrenal or 
its medulla may adversely influence the cardiovascular 
system’s ability to compensate for the fluid loss and other 
effects of the injury. In this case earlier onset of deficient 
oxygen transport would result and the identical changes 
as described would occur without involving an effect on 
an enzymatic mechanism of carbohydrate metabolism. 

Untreated animals dying of prolonged shock almost 
invariably die in hypoglycemia. Do they die because of 
the hypoglycemia? Or, to ask the question differently, 
are the changes in carbohydrate metabolism reflected 
by the hypoglycemia among the basic biochemical 
changes underlying irreversibility? We do not think a 
clear-cut answer to this can be given. It is true that under 
certain experimental conditions shocked animals whose 
blood sugar is kept near normal by infusions of glucose 
or dialysis still go on to die. But, we don’t think we know 
enough about what happens at the cellular level under 
these conditions to rule out the thought that fundamental 
changes in CHO metabolism may still be occurring in 
these “‘treated” animals. Dr. Kovach will discuss this 
point further in his presentation of some of the current 
concepts regarding the high energy phosphate com- 
pounds and mitochondrial structure and function in 
shock, with particular reference to the brain. 

Recent discoveries of new pathways of carbohydrate 
metabolism inmammals that already have demonstrable 
clinical significance complicate interpretation of the 
reported changes in carbohydrate metabolism (Marks, 
1956; Touster, 1959; Stetten et al, 1955;. Wolfe, 1958). 
Although there is considerable knowledge of these path- 
ways, their precise interrelationships and contributions 
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to cellular economy in both the normal and shocked ani- 
mal remain to be elucidated. “Problems of cellular 
differentiation and hormonal control may have their 
solution in part in terms of competition of the several 
pathways for common intermediates and in their 
localization within subcellular elements. Metabolic 
differences between cells may also be explicable in terms 
of specific transport mechanisms that may make sub- 
strates available to the metabolic apparatus in high or 
low concentration and thereby enable them to operate 
at maximal or submaximal levels” (Horecker and Haist, 
1958). 

LIPIDS 

Masoro (1960) has recently reviewed some of the 
effects of traumatic injury on lipid metabolism. Lipid 

changes in blood and tissues specifically during and fol- 
lowing shock have received scant attention by investi- 
gators. The effects of hemorrhagic anemia on plasma 
lipids were studied first by Boggs and Morris (1909). 

However, it can be inferred that their rabbits, made 

anemic by repeated daily bleedings, were not in shock 
and their findings may be relevant only to the metabolic 
changes which may follow hemorrhage in animals which 
recover from shock. They observed gross lipemia with 
increases in plasma total fat to 2-4.5 gm %. Usually, 
bleeding for 8-16 days was required to reach maximum 
milkiness of the plasma. Horiuchi (1920) repeated and 
extended these observations in rabbits. After an initial 
bleeding of 2-2.6% of body weight, followed by daily 
bleedings of 0.5-0.6 % body weight there was no visible 
lipemia (opalescence) after 24 hours, but the following 

day, the plasma became milky and began to clear by the 

4th day. Compared to prebleeding values, total fatty 
acids, lecithin and cholesterol had increased by a factor of 
2.5, 1.4, and 1.7, respectively, by the 2nd day. Maximal 

increases of lipid components were observed on the 4th 

day, in spite of clearing of milkiness of plasma at this 
time. TFA, lecithin and cholesterol were at this point 
increased by factors of 12.6, 4.6 and 6.5, respectively, in 
the animal which showed the most marked deviations 

from prebleeding values. Abnormal ratios persisted for 
14-18 days after the initial bleeding, although the plasma 
remained clear. Lipemia of hemorrhagic anemia also 
occurs in man and guinea pig, but not in the dog (Bloor, 
1921). 

Severe blood loss, acute or chronic, induces mobiliza- 
tion of fat from adipose tissue stores. The lipemia is to a 

large extent a “transport lipemia’’ of mobilized fat. Ani- 
mals subjected to chronic hemorrhage become emaciated 
with disappearance of gross body fat. Disturbances of 

lipid metabolism may involve decreased activity of lipo- 
protein-lipase (clearing factor) since Spitzer and Spitzer 
(1955) found impaired activity of heparin-induced 
clearing in their bled rabbits. Mietinen (1957), and 
Robinson and Harris (1957) could not confirm this. 

Tourniquet shock in the rabbit leads to a marked in- 

crease in plasma glycerides, phospholipids and cho- 
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lesterol (Johnson and Svanborg, 1956). Johnson and 
Wadstrém (1956) interpreted their findings as evidence 
of increased clearing activity in tourniquet-shocked rab- 
bits. Studies related to liver lipid metabolism in shock 
are equally scarce. Drum shock was found to cause an 
apparent block in hepatic acetate activation (Koltun 
and Gray, 1957). Stoner’s (this volume) findings do not 
support this. 

Engel and Hewson (1953) found that the fasting keto- 
sis of rats anesthetized with Nembutal is promptly sup- 
pressed by mild hemorrhage. Severe hemorrhagic shock 
(associated with a rise in plasma amino nitrogen con- 
centration) results in a progressive hypoketonemia and 
an inhibition of a rise in blood ketones following infusions 
of sodium octanoate. These same changes were noted in 
adrenalectomized rats maintained on DOCA and saline 
solutions, subjected to hemorrhagic hypotension and 
shock. Engel and Hewson point out that these findings 

may be due to either a depressed hepatic production of 
ketone bodies or an accelerated utilization by the 
peripheral tissues, or both. The hepatic production of 
ketones may be depressed because of impaired delivery 

of ketone precursors to the liver secondary to reduced 
hepatic blood flow or to impaired oxidation of fatty 
acids by the liver. 

Adrenal cortical lipids (total and cholesterol) de- 
crease rapidly in domesticated rats subjected to hemor- 
rhage, tourniquet, burn, and traumatic shock. Coinci- 
dentally, there is a drop in adrenal ascorbic acid. In 
many feral species, these changes do not occur; nor do 
they in domesticated rats adapted, by repeated ex- 

posures, to the stressor (Woods, 1957). Increases in 

certain lipoproteins, cholesterol, and lipid phosphorus 

follow many types of injuries in which tissues are directly 
damaged, but these changes are not consequent to shock. 

Acute mobilization of lipids from adipose tissues 

following trauma, and presumably also during shock 

states, may be chiefly mediated by hormonal stimuli of 
lipolytic processes in fat cells. Epinephrine and norepi- 
nephrine accelerate lipolysis of triglycerides to free fatty 
acids which enter the circulation. Mobilization of free 
fatty acids, cholesterol and lipoproteins is dependent 
upon intact adrenal function and in particular on the 
simultaneous availability of cortisone or cortisone-like 
steroids (Shafrir and Steinberg, 1960). Havel and Gold- 
fein (1959) have suggested that the activity of the sym- 
pathetic nervous system is a factor in control of FFA 
mobilization in the normal individual; this may also 
apply to the acutely traumatized and shocked organism. 

Insulin, glucagon, thyroxine, TSH, ACTH, and growth 
hormone all seem to participate in the hormonal inter- 
play influencing adipose tissue metabolism and, 
indirectly, plasma lipid levels. Since no studies specifi- 
cally planned to investigate such interrelationships 
during shock have been reported, attention is called to 
this unharvested field in future studies of lipid metabolism 
in shock. 

As emphasized by Drabkin (1959), fat is the main 

survival “‘fuel.”” The concept (Drabkin, loc. cit.) that 
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fat is utilized for energy purposes to conserve carbohy- 
drate may apply to energy metabolism in shock. It is 
not known whether neurohormonally induced lipolysis 
of stored fat which presumably occurs after hemorrhage 
and in shock is a purposeful attempt at providing emer- 
gency fuel, or whether fat mobilization is an inevitable 
consequence of the increased levels of circulating cate- 
cholamines present during shock. 

NEURO-ENDOCRINE FACTORS 

Page, (this volume), Hume (this volume) and Rioch 
(this volume) have already discussed various aspects of 
the neurohumoral responses during shock. As _ they 
have mentioned, and as we have also pointed out in 
this paper, certain pituitary-adrenal hormones are 
apparently secreted after injury and during shock in 
amounts that are capable of causing metabolic upsets 
when given in nonstress situations. Furthermore, many 
of the biochemical responses to injury seem to be related 
to the presence of an injury of a certain severity rather 
than to one of a specific type, and in this sense seem 
nonspecific. Since many of these metabolic changes are 
similar to those induced by administration of certain 
pituitary and adrenal hormones, increase in CNS, 
hypothalamic, pituitary, and adrenal activity has been 

considered important in the development of the meta- 
bolic reaction to injury. This thesis has gained some 
support from the findings that a) many of these changes 
do not occur in the unsupported hypophysectomized or 

adrenalectomized animal, and b) some of the metabolic 
changes and the apparent increased adrenal hormones 
secretion (medullary and cortical) roughly parallel the 

severity of the injury. 
“The adrenal cortical steroids and the epinephrines 

appear to operate largely as a functional unit physio- 

logically. The multiple sites of action and character of 
tissue and organ responses to the two species of hormones 

are strikingly similar. Many actions attributed to the 
steroids may be ascribed, in effect, to action of the 
epinephrines. Many actions of the epinephrines are not 
elicited in the absence of steroids. Corticoids and neuro- 

humors are not interchangeable, however. Steroids 
maintain the integrity and responsiveness of tissues in 
the process of reacting to the epinephrines. This relation- 
ship is best seen on exposure to stress, when the defect 
of steroid lack may be elicited by heightened sympa- 
thetic-medullary activity. In the absence of the corticoids, 
responses to the neurohumors are progressively lost, 

while the destructive symptoms of adrenal insufficiency 
are progressively exhibited’ (Ramey and Goldstein, 

1957). 
Some studies have demonstrated the occurrence of 

some of the biochemical changes associated with injury 
in the presumed absence of any concomitant increase in 

adrenal hormone production. Ingle (1954) calls this the 
“permissive” or ‘‘supporting’’ action of the adreno- 
cortical hormones and Selye (1954), from a different 
point of view, speaks of the “‘conditioning” action of 

these hormones. Certain responses to the adrenal steroids 
are modified by associated systemic stress which modifi- 
cations may result from a decrease in “inactivation” 
of circulating steroids by the liver or a change in target 
tissue reactivity. Furthermore, the possibility exists that 
the accessory adrenal tissue of adrenalectomized animals 
kept on maintenance doses of adrenocortical hormones 
may respond to trauma with increased activity. We will 
have to await further measurement of steroid activity 
in injured adrenalectomized animals and patients for 
clarification of these points (Dudley et al., 1959). 

It should also be pointed out that the particular 
response to injury which appears to be similar for the 
normal intact animal and the corticoid-maintained- 
adrenalectomized animal may be a result of different 
metabolic mechanisms. The metabolic and functional 
significance of the increased levels of corticoids (hyper 
corticalism) after injury of the intact animal remains 
unclarified. 

There is no clear evidence of adrenal failure in trau- 
matic shock, though there is evidence that the action 
of certain of the adrenal hormones is modified by some 
of the metabolic changes, e.g., acidosis, caused by 
shock. Target tissue reactivity may be altered. 

Considerably less information is available regarding 
the behavior of the other endocrine glands after injury 

and during shock. There is an increased secretion of 
antidiuretic hormone (ADH) which doubtless affects 
renal function (Mirsky et al., 1954). ADH liberation 
may be one of the mechanisms by which the secretion 
of ACTH is stimulated. 

While the presence of active thyroid hormone seems 
necessary for the usual metabolic response to injury, our 

knowledge of the behavior of the thyroid during shock is 
extremely limited. Hamolsky, Gierlach and Jensen 
(1951) reported an early progressive, but reversible 

disturbance in the uptake of I'*' by the thyroid of rats 
during tourniquet shock. The rate of conversion to 

organic-bound iodine was decreased reversibly during 

the late stages of shock, which they point out may 
represent either an increased or decreased thyroid 
activity. Similar changes occurred in tourniquet shocked 
rats which had been adrenalectomized 3 weeks earlier 
and maintained on sodium chloride postoperatively. 

One of the factors which makes one cautious in 
generalizing from experimental work of hormonal 
activities in shock to man is the wide species variations 

in hormone synthesis, secretion, excretion and metab- 
olism. Furthermore, the relationship between in vitro 
and in vivo hormone and gland studies is not always 
clear. The effects of extensive surgical procedures which 

are often required in in vivo endocrine studies also 
raises many questions. An additional complication is 
incomplete knowledge of the effects of conjugation on 
the biological activity of hormones. 

Finally, the orderliness of metabolism and activity of 
unicellular organisms which (as far as we know) do not 
possess the counterparts of neurons or endocrines, 

should not be forgotten. If we further consider that a 
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properly cared-for animal may progressively adapt to 
the deficiencies created by ablation of portions of its 

nervous or endocrine faculties, and that this animal will 
behave and appear normal if not exposed to emergency 
situations, we can see that “‘control’’ and ‘‘adaptive” 
modalities in higher organisms do not ultimately reside 
in the highly specialized transmission and mediation 
systems as they appear to in emergency situations, but 
in the peripheral tissues, more precisely, their cells and 
their “‘primitive’’ control mechanisms. The regulatory 
influences of these keystones of homeostasis in the higher 
organism are abetted but masked by the super-incum- 
bent actions of the hormones and neurohumors (Levine, 
1953; Krebs, 1957). However, it has been amply demon- 
strated that the nervous and endocrine systems serve as 
“buffers”’ during emergency situations. 

VITAMINS 

There is a surprising paucity or even absolute lack of 
information on the metabolism of the various water- 
and fat-soluble vitamins during shock, and of the 
enzymes for which some of these vitamins in modified 
forms are cofactors. That information which is available 
is rife with uncertainty. The possible derangement of 
vitamin and enzyme (coenzyme and/or apoenzyme) 

functions resulting from hypoxia and related sequelae 
of shock, and its possible relevance to the metabolic 
responses already mentioned, are clearly of fundamen- 
tal interest. Thiamine, pantothenic acid, pyridoxine, 
nicotinamide, and riboflavin are functionally interrelated 
in hormone, carbohydrate, lipid, amino acid metabolism, 
and cellular respiration. The inadequacy or cumber- 
someness of the analytical methods, and the uncertainties 

of the specific actions of, and requirements for the 
various vitamins in the normal person, let alone the 
injured, have been some of the primary deterrents to 
intensive investigation of these in shock. ‘“That symptoms 
of vitamin deficiency result from partial failure of one 
or more metabolic functions for which the missing 
vitamin is essential is a truism. It is an interesting com- 
mentary on the present state of our knowledge, therefore, 
that in almost no instance is it possible in higher animals 
to correlate the presence of a given symptom of vitamin 
deficiency with hypofunction of a known enzymatic 
reaction for which that vitamin is essential. Until this 
becomes possible, our knowledge of the relationship of 
these bodily catalysts to physiological function is incom- 
plete” (Snell, 1953). 

Soon after shock there is an abrupt and often sustained 
drop in blood and urinary ascorbic acid, and apparent 
decrease in tissue ascorbic acid saturation as judged by 
“load tests” (Levenson et al.,1946). ACTH-stimulated 
secretion of ascorbic acid from the adrenal gland of the 
rat into his adrenal venous effluent precedes the release 
of corticosterone; the ascorbic acid discharged by the 
adrenal can be quantitatively recovered from the adrenal 
venous effluent, (Slusher et al., 1957). Little is known of 
the metabolic fate of ascorbic acid in shocked animals. 

ON SHOCK 

Levenson and his colleagues have shown in burned 

guinea pigs that the “biochemical scurvy” reflects 
“physiologic scurvy” as judged by the metabolism of 
tyrosine (Emery et al., in press) and the healing of 
incisions (Levenson et al., 1957). 

Some shock studies have been performed with ascorbic 
acid pretreatment. When guinea pigs, which like man 
require a dietary source of vitamin C, were pretreated 
with large doses of ascorbic acid before being subjected 
to hemorrhagic shock, there was a dramatic increase 
in survival rate (de Pasqualini, 1946). No beneficial 
effects were noted in ascorbic acid-primed rats subjected 
to hemorrhagic shock (Sayers et al., 1945), nor did 
ascorbic acid, given to mice after the release of tourni- 
quet, have any significant effect on survival (Millican 

et al., 1956). By contrast, Strawitz, Temple and Hift 
(1958) found that early death of mice from acute 
severe bleeding (without blood replacement) was delayed 
by ascorbic acid and methylene blue; reasons for this 
are not apparent. Further studies in animals requiring 
exogenous ascorbic acid are needed. 

Some vitamins may be active only when combined 
with other factors to form coenzymes. This implies that 
a plethora of “‘free’’ vitamins does not exclude a possible 
deficiency of coenzyme. It also seems reasonable that 
the hypoxia and hyponutrition of the tissues in shock 
may result in a “functional” derangement and altered 
metabolism of certain enzymes and enzyme systems. 
Furthermore, known ionic imbalances (especially 
required metallic ions), pH, and fluid shifts may con- 
tribute to enzymic alterations during shock. 

Lamson, Greig, Govier (Greig and Govier, 1943; 
Lamson and Greig, 1944; Greig, 1944) and their asso- 
ciates were brought to the problem of studying certain 
coenzymes and their associated vitamins during shock 
by their earlier findings of liver glycogen depletion and 
the inability of insulin to alter the glycogenolysis and 
hyperglycemia of shocked dogs. They were aware of 
the carbohydrate disturbances accompanying thiamine 
deficiency and a reported effectiveness of thiamine 
therapy in severely burned patients. They subjected 
dogs to fractional hemorrhage to a low level of arterial 
pressure with no replacement therapy; generally, 
control dogs died in 3~4 hours from the start of bleeding. 
These workers first found that thiamine administration 
results in a decrease of blood pyruvate (keto acids) and 
an increase of both the blood pressure and survival 
times. They next found that the pyrophosphate ester of 
thiamine, cocarboxylase, was being dephosphorylated 
in skeletal muscle, duodenum, and liver, chiefly in the 
former two tissues. However, while Alexander, (1944) 
who studied the free and phosphorylated (total) thiamine 
content of the dog liver and muscle under different 
experimental conditions of hemorrhage, likewise found 
a decrease of muscle cocarboxylase, he nevertheless 
noted an increase in total and phosphorylated thiamine 
in the liver. (Alexander’s dogs were given extra thiamine 
for 2-4 days prior to bleeding). Greig further found that 
vitamin-containing coenzymes, such as cozymase (nico- 
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tinamide) and alloxazine adenine dinucleotide (ribo- 
flavin) were decreased in brain, muscle and liver (in 

this order) after hemorrhage, that cozymase decreased 
most consistently and that the apoenzymes were also 
possibly being inactivated, since in vitro studies indi- 
cated that the apoenzyme activity of lactic dehydro- 
genase and amino acid oxidase was destroyed under 
anaerobic conditions. 
Although the relationship between in vitro and in 

vivo studies is not always apparent, it has been demon- 
strated that in contrast to the above findings, the addi- 
tion of thiamine or cocarboxylase to a homogenate of 
brain tissue after anoxia did not result in improvement 
of the decarboxylation of pyruvate. This was taken to 
indicate that neither destruction of the respiratory 
enzymes nor a critical deficiency of coenzymes is a 
primary result of anoxia (Rosenthal et al., 1945). 

Others have found that as opposed to anoxia which 
causes an in vitro reduction of hexokinase activity in 
brain, tourniquet shock in rats results in an increase 
in in vitro hexokinase activity of aqueous extracts of 
brain but a reduction in muscle. It is not known whether 
this relationship holds true in vivo. Kovach (this volume) 
may discuss some of these matters in more detail. 

ATP, OXYGEN CONSUMPTION, ACID-BASE BALANCE 

ATP is one of the prime movers of normal biological 
processes. It is the chief energy-carrier between energy- 
yielding catabolic reactions and the energy-requiring 
needs of cells. The aerobic energy-yielding metabolism 
of carbohydrates, fats, and proteins results in a coupled 
synthesis of ATP from inorganic orthophosphate and 
ADP (adenosine diphosphate); the utilization of ATP 
results in its breakdown to inorganic phosphorus and 
ADP. Intimately connected is the creatine-phospho- 

creatine reaction. The enzymatic details of the important 
aerobic process of oxidative phosphorylation, which 

probabiy accounts for go% of all the ATP generated 
from ADP and phosphate at the expense of the energy 

liberated during the catabolism of foodstuffs, are still 
incompletely known (Lehninger et al., 1958). 

Extensive investigations were reported in 1945 and 
1946 on biological energy transformations in hemor- 
rhagic, tourniquet and Noble-Collip drum shock in 
rats, by a group of investigators at the University of 
Wisconsin (McShan et al., 1945; LePage, 1946). These 
workers found generally decreased tissue levels of 
high-energy phosphate compounds and energy-yielding 
substrates; they also noted increased blood levels of 
certain pentoses and inorganic phosphorus and products 
of protein and carbohydrate catabolism. Following 
hemorrhage in rats, the liver and kidneys seemed to be 
most affected, whereas brain, heart and skeletal muscle 
energy stores were less affected; the changes in Noble- 
Collip drum shock were comparable to that of hemor- 
rhage, but those following tourniquet shock were less 
severe. They interpreted their data as consistent with 
their hypothesis that the state of shock, in general, 

involves a critical depletion of energy reservoirs (ATP 
and phosphocreatine). Depending on the type of shock 
(initiating cause), they hypothesized that there may be 
either a primary breakdown (as by “overwhelming 

stimulation,” e.g., Noble-Collip drum shock), a failure 
of resynthesis of ‘high-energy’? compounds (hemor- 

rhage), or a combination of both (tourniquet shock). 
Commenting on these findings, Wilhelmi (1948) said: 
“It is...regrettable that the data, representing a 
coordinated study of blood and tissue chemistry in the 
rat in shock induced by three different methods, are 
presented almost entirely in figures so small and complex 
that an accurate appraisal of quantitative differences 
between individual values is impossible.” 

During hemorrhagic shock in dogs, the “high-energy 
phosphate” content of liver is found to decrease. How- 

ever, the extent of the decrease is not found to correlate 
with the ultimate response (favorable or unfavorable) of 
the dog to transfusion of the shed blood. Whether or 
not dogs survive following transfusion, the hepatic 
pyro-phosphate level is rebuilt to the extent that arterial 
pressure has improved at the time the liver sample is 
taken (Rosenbaum et al., 1957). These findings are in 
general agreement with those previously mentioned 
regarding the rapid restoration of normal blood levels of 
lactate, pyruvate and amino acid metabolism following 
transfusion after oligemic shock in dogs (Seligman 
et al., 1947). 

Several other studies (Goranson et al., 1948; Stoner 
and Threlfall, 1954, 1957) have not supported the 
generalized ‘energy depletion” hypothesis of shock 
promulgated by the Wisconsin Group. Limb ischemia 
(tourniquet) of rats kept in a room at about 20°C did 
not cause significant changes in the ‘“‘energy-rich”’ 
phosphate concentration of muscle outside the damaged 
area; turnover rates of adenosine triphosphate and 
phosphocreatine were not altered significantly outside 

of the damaged limbs. Stoner and Threlfall (1954) felt 
that the fall in body temperature of the shocked animal 
decreases the energy demand resulting in a temporary 
balance between production and utilization of energy- 
rich bonds which allows the animal to survive for an 
extended period of time. However, at higher environ- 
mental temperatures, 30°C, a generalized tissue de- 
pletion of high-energy materials was found during fatal 
limb ischemia. Stoner and Threlfall suggested that the 
elevated environmental temperature prevents the fall 
in body temperature that usually ensues in tourniquet 
shock and as a consequence, energy production is not as 
severely depressed. However, the energy requirement 
appears to be disproportionately increased since survival 
time is shortened and the decrease in tissue “‘high- 
energy” phosphorus is exaggerated. 

The restoration of energy-rich phosphate levels in 
muscle appears to depend not only on the duration of 
ischemia, but also on the degree to which circulation is 
restored following release of occlusion. If the limb is 
ischemic for more than 2 hours, inorganic phosphate 
and nucleotide disappear from the damaged muscle. 
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Although the fate of the nucleotide has not been estab- 
lished it is believed that it is “‘washed out” from the 
postischemic muscle as inosine monophosphate together 
with inorganic phosphate. This would appear to tie in 
with the observations to be mentioned later of the 
abnormal! ultraviolet absorption spectra (possibly 
ascribable to inosine) of blood filtrates of patients in 
shock (Hoffman et al., 1951). Tremolieres and Derache 
(1960) feel that while the muscle content of total acid- 
soluble P and inorganic P is reduced after restoration of 
blood flow to ischemic limbs, the degree of fall of the 
latter ‘“‘would seem insufficient to account for the rise 
in the inorganic P level of the plasma and the tissues 
outside the damaged area.” 

Stoner and Threlfall (1960) report that when rats are 
subjected to limb ischemia at 18-22°C the phospho- 
creatine and adenosine triphosphate levels in the brain 

do not change up to the time of death. Chromatographic 
methods of analysis have shown that 13 hours after 
tourniquet removal (Stoner’s tourniquet method) the 
liver ATP content was normal, while the total adenine 

nucleotide content early after tourniquet removal was 
increased. The conclusion they have reached is that 
there is no general reduction in the stores of immediately 
available chemical energy after limb ischemia at environ- 
mental temperatures of 18-22°C up to the time of 
agonal anoxia. 

Kovach will discuss his studies elsewhere in the 
symposium. Briefly, in studies of rats subjected to 
freezing of both hind limbs with liquid air, Kovach and 
his co-workers (1960) found that in the terminal stages 
of the ensuing shock process the cerebral phospho- 
creatine, ATP, and adenine nucleotides are significantly 
reduced. ADP is increased and AMP (adenosine mono- 
phosphate) unaltered. They consider that the final de- 
crease in energy-rich P content may be related to the 
terminal cerebral hypoxia. Increases in true inorganic P 
occur before the decrease in the phosphocreatine or ATP 
levels; therefore, although the inorganic P is released 

from some organic compound (organic esters), it 
apparently occurs without change in the energy-rich P. 

When coma sets in earlier in shock, they are unable to 
detect significant decreases in the energy-rich P content 
of the brain. They conclude that “‘it seems that there is, 
then, no direct correlation in shock between the func- 
tional state of the central nervous system and the energy- 
rich P level. The fact that the phosphocreatine does not 
diminish parallel with the functional deficiencies does 
not mean that the rate of breakdown or synthesis of the 
energy-rich compounds is unchanged. It is possible 
that there are local changes which cannot be demon- 
strated by investigating the entire brain.”” They further 
suggest that: “It might be assumed that the total energy- 

rich P content of cells remains constant, though there is 
a change in its distribution amongst the different con- 
stituents of the cell, e.g., mitochondria versus cytoplasm, 
etc. It is also possible that less energy-rich P is used as a 
consequence of diminished function.”’ The mitochondria 
in the cerebral cortex of animals in shock were observed 

to become swollen. The reduction of ATP or phospho- 
creatine content of the brain of the shocked animal by 
electric shock is not followed by the resynthesis seen in 
normal animals after the same treatment; artificial 
respiration or improvement of blood flow does not seem 
to restore these depressed synthetic capabilities. In some 
in vitro studies with brain slices, Fonyo et al. (1958) 
found that increases in potassium ion concentration 
appeared to “uncouple”’ oxidative phosphorylation and 
suggest that in shock increases in intracellular potassium 
may be responsible for some of the observed changes in 
high-energy P components. Kovach and Fonyo (1960), 

however, emphasized the present difficulties of attempt- 
ing to assess intracellular potassium. Furthermore, the 

possible relationship between in vitro and in vivo 
observations is not readily apparent. 

Oxygen consumption is generally lowered in severe 
prolonged shock. This reflects primarily the slowed blood 
flow. However, functional and anatomical deterioration 
may set in before oxygen consumption fails quantita- 
tively (as judged principally by in vitro studies). 

Consequent to the inadequate oxygen and nutrient 
delivery and slowed venous blood flow in shock, a 

metabolic acidosis results; there is a decrease in blood 
pH, COs, and bicarbonate contents, and increases in 
pyruvate, lactate, phosphate and sulfate. Pulmonary 
ventilation or diffusion changes may alter this pattern; 
at times a respiratory alkalosis with hypoxemia may 
result, or a respiratory acidosis and hypoxemia may be 
superimposed on the metabolic acidosis. Renal blood 
flow is sharply curtailed and urinary output slows and 
finally stops; thereby, the regulating effects of the kidneys 
on acid-base balance are lost to the severely shocked 
individual. Changes in pH, extracellular and intracellu- 
lar (no information available yet in shock regarding the 
latter), and electrolyte shifts may in turn lead to various 
metabolic changes. 

Wiggers and his colleagues (1950) have found in their 

studies of experimental hemorrhagic shock of dogs that 
despite evidence of compensatory mechanisms which 
tend to support coronary circulation, myocardial 
depression (‘‘deterioration of myocardial expulsive 
power’) may occur during oligemia which may 
contribute to the progressive circulatory failure at this 
time, and following transfusions which prove to be of 
temporary benefit only. These findings were based 
primarily on cardiac pressure and volume curves. They 
made it clear that although their evidence suggested 
that myocardial depression is a “frequent and important 

complication” it might not be a factor in all states of 
shock and its severity would be conditioned by the 
variations in the preshock functional status of the 
myocardium (muscle and vessels) of patients or experi- 
mental animals. We will not discuss myocardial function 
further since Guyton, Bing and others have discussed 

the functional and metabolic changes of the heart in 
shock elsewhere in this symposium. 

In vitro findings on oxygen consumption of the brain 
of shocked animals are controversial. In hemorrhagic 
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and ischemic shock Kovach and his co-workers found 
that the in vivo and in vitro oxygen consumption of the 
brain does not decrease, but instead rises even though 
the circulation to the head is reduced; this is accom- 
panied by an unaltered utilization of glucose. However, 
Kovach and Fonyo (1960) point out that while the 
amount of blood perfusing the head of the shocked 
animal after retransfusion is normal, this ‘‘does not 
mean that within the brain the blood supply to all areas 

is equally sufficient.” 
Selkurt and Brecher (1956) made in vivo measure- 

ments of oxygen utilization during hemorrhagic shock in 
the dog. Their findings suggested that “impaired oxygen 
utilization by the intestine may be a key mechanism 
accountable for the inadequate splanchnic vascular 

compensation during hypotension and its ultimate 
failure.”” Both hepatic and mesenteric oxygen utilization 
fell significantly during drastic hypotension; after 
transfusion, liver utilization became normal, but mesen- 
teric returned to only 74% of normal. 

Mitochondria are considered to be the cellular “‘power 
plants.”” They contain, among other things, the enzymes 
of the tricarboxylic acid cycle, electron transport system 
and phosphorylation factors. They are considered to be 
the major intracellular site of adenosine triphosphate 
formation and, therefore, the prime source of metabolic 
energy. Since the possible failure of energy metabolism 
(reduced oxygen consumption and body temperature) 
has been implicated as being of importance to the 
development of fatal shock, several groups of workers 
have undertaken to study some mitochondrial activities 
in vitro. 

Strawitz and Hift (1956) subjected dogs to 3-5 hours 
of hemorrhagic hypotension at 40 mm Hg. The dogs 
were sacrificed at the end of hypotension without prior 
blood replacement. They found that mitochondria iso- 
lated from heart, liver and kidney had altered structure 
relative to those obtained from normal dogs. While the 
heart mitochondria from shocked dogs were found, in 
vitro, to retain normal oxidative capacities for Krebs 

cycle substrates, their phosphorus and oxygen uptakes 
(P/O ratios) were interpreted by these workers as 
signifying a decrease in oxidative phosphorylation in 
the presence of, and possibly due to the hexokinase 
system (added together with carbohydrate as a “‘phos- 
phate trap’’). The significance of the latter finding has 
been questioned on the basis of the paucity of data and 
the small differences observed; this criticism seems 
justified to us. 

In further studies with heart mitochondria isolated 

from similarly hemorrhaged dogs, Hift and Strawitz 
(1958) attempted to obtain evidence for the presence of 
an abnormal component or loss of a normal constituent. 
Absorption spectra of heart mitochondria from control 
and shocked dogs were compared and protein, nitrogen 
and phosphate levels determined (water and perchloric 
acid extracts). Spectral analysis gave negative results. 

However, they found that heart mitochondria of shocked 
dogs had increased amounts of phosphate and that some 

of their proteins (intramitochondrial) became more 
readily extractable with water. Since in both papers by 
these workers the shed blood was apparently not re- 
placed, we find no basis for their statement that their 
“dogs were subjected to irreversible hemorrhagic shock.” 

Packer, Michaelis and Martin (1958) studied the 
phosphorylation processes in mitochondria prepared 
from heart and brain of rats killed 1-2 hours after 
being subjected to highly lethal shock induced by either 
the tourniquet, Noble-Collip drum or hemorrhagic 
techniques. The details of the shock procedures are 
not given. They claim to have found a decreased syn- 
thesis of adenosine triphosphate in drum shock, lowered 
P/O ratios with heart mitochondria of all three types 
of shock when compared with normal preparations, 
and unchanged adenosine triphosphatase activity. They 
report that after drum shock, the electrolyte composition 
of heart mitochondria showed an increase of total 
phosphorus and potassium, a decrease in sodium, and 
only slight differences in calcium and magnesium. Since 
increased phosphate content, they cite, may result in 
decreased efficiency of phosphorylation (Packer et al., 
1958), they conclude that the “electrolyte changes 
appear to be responsible for the structural and functional 
changes in mitochondria of animals in shock.”” However, 
inspection of their electrolyte data (the only data for 
which P values are given) indicates that only the increase 
in total phosphorus was statistically significant (P = 
0.05), all the other electrolyte differences had identical 
P values of o.10. Furthermore, examination of their 
quoted reference (ig60) regarding the depression of 
phosphorylation in mitochondria by increased phosphate 
revealed that liver and not heart mitochondria were 
used, and that the phosphate was inorganic not total 
phosphate. We found no justification or experimental 
basis for relating the two sets of findings, nor would we 
equate the effective inorganic phosphate concentration 
with the reported increase in total phosphate of shock 
mitochondria found by Packer et al. We do not think 
the data warrant the conclusions they have drawn. 

Aldridge and Stoner (1960) dismiss the observations of 
Packer et al., because ‘“‘the statistical evaluation of their 
published data is not possible.”’ 

The behavior of liver mitochondria isolated from rats 
with different body temperatures several hours after 
limb ischemia has been studied by Aldridge and Stoner 
(1960). They claim to have found no correlation between 
any of the mitochondrial properties studied and the 
colonic temperature of rats after limb ischemia. How- 
ever, when the results were pooled it was revealed that 
oxygen uptake of the mitochondria from tourniqueted 
rats, both with and without apyrase stimulation, is signif- 
icantly higher than that of the controls, but the degree of 
stimulation by apyrase is the same for both groups. Fur- 
thermore, the adenosine triphosphatase activity of the ex- 

perimental mitochondria is less than that of the controls, 
but again in both groups, the same degree-of activity can 
be produced by maximal stimulation with added 2: 4-di- 

nitrophenol. These workers question the importance of 
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the differences they found which they consider slight, 
and state that a change in the composition of the liver 
after limb ischemia, e.g., loss of glycogen, altering the 
physical state of the homogenate and producing slight 
differences in the sedimentation of the particles and a 
lesser contamination of the “‘experimental’’ mitochon- 

drial preparations by other material, may well explain 
the differences. 

In view of the limited observations available, the 
difficulties associated with the isolation and study of 
mitochondria, the inability to always correlate in vitro 
and in vivo findings, and, especially, the problem of how 
to mimic or precisely reproduce in vitro, the true, in 
vivo “shock” environment (or at least not inadvertently 
correct or mask in vivo defects by in vitro techniques 
and media), we agree with Aldridge and Stoner that 
“significant changes in the mitochondria isolated from 
animals subjected to physical injury have yet to be 
determined.’ Since final answers to shock problems 
are likely to come from studies at all ‘levels of biological 
disorganization,” certainly much more work is necessary 
in this area. 

TOXINS, INFECTION, AND TOXEMIA 

Cannon and Bayliss (1919) and Dale, Laidlaw and 
Richards (1919) in 1918 after much work presented 
evidence that shock following muscle injury might be 
due to the absorption of a toxic substance(s) formed in 
the injured muscle. The toxin theory of shock with its 
implied humoral vector has remained a most provocative 
subject. 

The realization that the contribution of a burn or 
wound to an ensuing shock process is dynamic and 
protracted has led to much speculation and study on the 
nature of possible local factors, other than fluid and 
electrolyte shifts and losses, that might arise from regions 
of direct tissue damage and subsequent secondary tissue 
damage that could cause adverse systemic effects and 
hasten the shock process to a fatal conclusion. Rosenthal 
(1960) has suggested that the early drop in liver tempera- 
ture noted by Stoner in tourniqueted rats may be caused 
by ‘‘toxic factors” arising from the injured limbs. This 
view is based in part on the following findings. Many of 
the observed changes in carbohydrate metabolism after 
tourniquet injury in rats could be reversed by re-occlud- 
ing the ischemic limbs, i.e., by isolating them from the 
rest of the body, even after swelling and fluid loss had 
presumably reached its maximum (Haist and Hamilton, 
1944). Even though survival may follow reclamping 
alone or together with the administration of heroic 
amounts of electrolytes and water, the decrease in 
oxygen consumption, the fall in rectal temperature, as 
well as the circulatory impairment that follow tourniquet 
injury in mice are not measurably influenced by available 

therapeutic measures other than the ligation of the 
injured tissues. 

After hemorrhage in mice, when no local tissue damage 
is present, Tabor and Rosenthal (1947) reported that the 

fall in body temperature can be restored by oxygen or 
by whole blood therapy, which suggests that these 
changes are, in this instance, a consequence of a reduced 
oxygen transport capacity. Printzmetal et al. (1944) 
found that when rats were burned deeply and severely 
so that there was relatively little measured fluid loss, 

many of the rats died in shock in the first 24 hours and 
48 hours. This was in contrast to the behavior of other 
rats burned more lightly over a similar area. Many 
less of these latter rats died though they seemingly lost 
much more fluid than the more deeply burned rats. 
The suggestion was made that this was consistent with 

the “production” and release of toxic material at the 
burned site. Of particular interest is the failure of 30% 
body weight saline, even when supplemented with 
plasma or whole blood and antibiotics, to spare mice 
subjected to more than one lethal dose of trauma (tour- 
niquets to four legs), and for the failure of available 
therapeutic measures to counteract high temperature 
scalds (go-100°C) (Haist and Hamilton, 1944). 

While hemorrhage as studied in the mice mentioned 
above may not be accompanied by possible toxic factors 
of local tissue damage, severe, prolonged hemorrhagic 
hypotension resulting in so-called ‘“‘irreversibility” 
to transfusion may, by virtue of the accompanying 
severe tissue hypoxia, result in ischemic tissue or organ 
damage which is in effect similar to that accomplished 
by tourniquet-induced limb ischemia, with the added 
concomitant of disturbed organ function. Perfusion 
studies and extirpation experiments have often been 
reported to benefit or prevent the development, of 
ordinarily refractory, lethal shock (Frank et al., 1946; 
Seligman et al., 1947; Lillehei, 1957). Benefit derived 
from such manipulations and measures on liver, intestine 
and brain may reflect their relatively greater oxygen 
requirements and hence greater susceptibility to the 
oxygen deficit from the reduced oxygen transport of 
shock. They also reflect on their possible role as sites 
for the formation or modification of toxins. The possible 
roles of bacteria and their products are discussed else- 
where in this symposium. Although the kidneys suffer 
early functional impairment in shock, inconclusive 
evidence exists as to their contribution (beneficial or 
detrimental) in shock. The ineffectiveness of artificial 
kidney dialysis in preventing or curing irreversible 
hemorrhagic shock (Frank et al., 1952) would appear 
to obviate the possibility that hypothetical toxins would 
be of dialyzable size. However, this might not be ex- 
cluded if such hypothetical toxins: a) were natural 
components derived or being split off from or being 
carried by large nondialyzable molecules, especially if 
these were present in large supply as the plasma proteins, 
or 6) were rapidly cleared from the blood and fixed in 
remote tissues (including cardiovascular) in effective 
toxic concentrations, or c) if they originated in damaged 
tissues and had their effects there before being released 
and made subject to excretion and absorption (and 
possible modification) by other tissues in the interim. 
Indirect evidence some years ago suggested to Green 



gen or 
these 

duced 

(1944) 
verely 
d loss, 
rs and 
F other 
Many 
ly lost 
1 rats. 
t with 
at the 
f 30% 
| with 
> mice 
(tour- 
ailable 
rature 

tioned 
factors 
rhagic 
bility” 
nying 
organ 
lished 
added 
‘fusion 
been 

nt, of 

1946; 
erived 
testine 
xygen 

o the 
ort of 
S sites 
»ssible 
1 else- 
suffer 
‘lusive 
ial or 
‘ificial 
rsible 
ppear 
would 
Ye EX- 
atural 
being 
ally if 
teins, 
ed in 
ective 
aged 
eased 
(and 

erim. 
sreen 

CONFERENCE ON SHOCK 117 

(Bielschowsky and Green, 1943) that ‘‘toxic” products 
from damaged or ischemic tissues might represent ATP 
or its breakdown products. This has not been supported 
by more recent work using more direct measurement 
methods. Threlfall and Stoner (1957) stated that “the 
absence of significant amounts of pharmacologically 
active nucleotides and their derivatives from the blood 
of the rat after limb ischemia helps to supply a negative 
answer to the question—do the adenine nucleotides play 
any part in the causation of the general response to 
injury?”’ Rosen and Levenson (1955) came to a similar 
conclusion in a study of burned rats. Hoffman et al. 
(1951) using a combined enzymatic and spectrophoto- 
metric method for determining ATP, ADP (adenosine 
diphosphate), and AMP (adenosine monophosphate) 
have assessed these adenine compounds in the blood of 
patients in various kinds of shock. No significant changes 
in the blood levels of these compounds were found, nor 
were they detected in the serum. However, alterations 
in the ultraviolet absorption spectrum of the blood 
filtrates suggested that there was an increase in the 
blood level of a substance closely related to the adenine 
nucleotides; the addition of sodium inosine monophos- 
phate to normal blood gave an abnormal spectrum 
exactly comparable to that found in the patients with 
severe shock. Others (Van Slyke, 1948) have found some 
increases in plasma uric acid concentration in shock. 

Increase in activity of certain proteolytic enzyme 
activities in the plasma of animals in severe traumatic 
shock has been reported by several investigators. 
This will be discussed in detail elsewhere in this sympo- 
sium. Ambrus et al. (1960) have found that severely 
burned rats (about 50% surface area, full thickness, 
contact burns at 240°C) showed a significant increase 
in mortality rate following intraperitoneal injection of 
various proteolytic enzymes. The increase in mortality 
was evident within the first 24-48 hours, e.g., with 20 
mg/kg trypsin; the 1-day mortality was go % as against 

5% in the controls, and the 2-day mortality was 95 % 
and 20%, respectively. Papain, chymotrypsin, human 
SK-activated plasmin and beef-spleen cathepsin C were 
also toxic, in decreasing order although administered in 
equal doses of proteolytic activity based on casein assay. 
The enzymes were injected on three successive days, the 
first injection was given immediately following burning. 
Trypsinogen and chymotrypsinogen, inactive in in vitro 
assay, in doses of 20 mg/kg, did not increase mortality 
following the first injection, however, the mortality 
became significantly raised following the second and 
third injection, suggesting activation in the traumatized 
organism. Injections of active enzymes and precursors in 
up to four times the dose given to burned animals, were 
harmless or only slightly toxic in unburned rats (14 days 
observation following 3 injections). 

That the lethal effect of proteases and precursors 
superimposed on a thermal injury was linked to proteo- 
lytic activity and not to a “foreign-protein” effect was 
suggested by the finding that DFP-inactivated trypsin 

increase mortality over that seen in control animals. The 
authors concluded that toxicity was presumably not due 
to intravascular clotting since heart and large vessel 
blood was fluid in animals autopsied immediately after 
death. A systematic search for microthrombi was not 
made. However, in one series of 20 trypsin-injected 
burned rats, sacrificed when moribund, histologic studies 
of lungs, adrenals, liver and kidneys did not reveal any 
thrombi. That severe coagulation defects were probably 
not present in enzyme-injected animals was suggested 
by the absence of signs of bleeding intra vitam or at 
autopsy, and the fluid blood coagulated rapidly in glass 
vessels at room temperature. 
The problems of infection and toxemia will be discussed 

elsewhere in this volume. We would like to point out, 
though, that the biochemical changes associated with 
injury and shock may play vital roles in the resistance 
of animals to endogenous or exogenous infection and 
toxemias. Dubos (1955), describing some of his observa- 
tions of experimental infection in animals subjected to 
abrupt changes in dietary intake, has recently stated: 
“It is likely that disturbances in the general state of 
health often bring about qualitative and quantitative 
changes in the biochemical characteristics of the inflam- 
matory area. These in turn may interfere with the 
processes which control the activities of microorganisms 
within the lesion. As a result, the response of the body 
to infection and consequently the microenvironment in 
which the infectious process follows its course, are under 

the control of factors which may be metabolic or psychic 
in origin. This concept accounts in part for the fact 
that susceptibility to infection can change independently 
of the immunological state of the infected individual. 
Since changes in susceptibility can occur rapidly, and be 
extremely transient, the intensity of exposure to an 
infectious agent may be less decisive than the physiologi- 
cal state of the exposed individual, determining whether 
infection fails to take hold, becomes established, runs an 
abortive course, or evolves into overt diseases.’’ The 
reader is referred to the publications of Berry (1960) 
relative to this general subject. 

PLASMA-BOUND IRON IN SHOCK 

One of the theories advanced in recent years to ac- 
count for irreversibility in various forms of shock pro- 
poses a defect in the metabolism of ferritin giving rise to 
a vasodepressor effect through release of iron into the 
circulation (Shorr et al., 1954, 1955; Zweifach, 1958). 
Elevated levels of circulating iron have been reported 
during hemorrhagic shock in the dog (Mazur et al., 
1955) and in the rat and rabbit (Janoff, Zweifach and 
Shapiro, 1960). By contrast, Janoff et al. (1960) found 
depressed plasma-iron levels in rabbits in shock fol- 
lowing endotoxin injection or lethal infusion of epineph- 
rine or norepinephrine; the same observation was made 
in dogs in shock following 4-hour occlusion of the superior 
mesenteric artery. Neither portal nor hepatic plasma- 

in equimolar dose to the active trypsin injected, did not_ , iron patterns became elevated during this experiment. 

- \ 
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As pointed out by these authors, elevated plasma-iron 
levels seem to be a special effect of hemorrhage. The 
progression of shock cannot be attributed to release of 
tissue-bound iron into the circulation in the forms of 
normovolemic shock studied by them. The source of 
elevated levels of plasma iron is believed to involve 
stores of ferritin and hemosiderin in liver and spleen. 
They postulate that the development of anemic and 
stagnant anoxia in these organs should favor anaerobic 
recovery of oxidative enzymes, among which is xanthine 
oxidase which may be recovered through reduction of 
ferric iron of ferritin and hemosiderin to the ferrous form. 
Divalent iron readily dissociates from its binding protein 
and enters the circulation (Mazur et al., 1958). The 
transfer of tissue iron to the globulin (transferrin )-bound 
iron pool of the circulation is enhanced by tissue hypoxia; 

furthermore, liver hypoxia appears to specifically sup- 
press the uptake of circulating iron by reticuloendothe- 
lial elements in the liver. In this way, levels of plasma 
iron are further increased in hypoxic, hemorrhagic 
shock animals (Janoff, Zweifach and Shapiro, 1960). The 
possibility still exists that ferrous iron bound to ferritin 
may act as a vasodepressor during shock, both hypovole- 
mic in nature. The argument is that small but biologi- 
cally effective amounts of reduced ferritin may be 
released in normovolemic shock states concomitantly 
with large amounts of transferrin-bound iron being 
phagocytized by cells of the RES. Further research is 
needed to clarify this point. An interesting recent sugges- 
tion by Janoff and Zweifach (1960) involves a possible 
tie-up between two theories of irreversibility mecha- 
nisms in shock, those of vasodepression through iron- 
release into the circulation and of endotoxinemia. 
Janoff and Zweifach (1960) found that ferrous iron 
(FeSO,) inactivated both endotoxin (E. coli) and exo- 
toxins (Cl. perfringens alpha toxin and C. diphtheria toxin) 
in vitro, so that injections of iron-incubated toxins were 
no longer lethal in mice, rabbits and guinea pigs. Inter- 
estingly, the iron-incubated endotoxin, while no longer 
lethal and tissue-necrotizing in the rabbit, had retained 
its pyrogenic properties. Addition of a chelating agent 

(Versene) to iron-detoxified endotoxin resulted in partial 

recovery of lethal effectiveness. The authors point out 

that although no evidence has been obtained to support 

the view that there is a relationship between the inactiva- 

tion of endotoxin and the storage iron in the RES of 

shocked animals, their observation of an in vitro inactiva- 

tion of endotoxin warrants consideration of such a 
mechanism. 

A new treatment, claimed to be effective in various 

forms of clinical shock has been introduced by Goldberg 

in the USSR (1958). Intravenous or intra-arterial 

injections of colloidal iron (ferrofusin) are said to prevent 

capillary paresis and restore blood circulation. Ferrofu- 

sin contains about 50 mg colloidal iron per liter of 

isotonic solution, at neutral pH. NaCl, NaHCO; glucose, 

Na-salicylate and gelatin compound the solution which 

is stable at room temperature for 1 year and claimed to 

have no adverse side effects. The papers of Goldberg and 
others should be consulted for details. 

ACQUIRED RESISTANCE TO SHOCK 

One of the most troublesome yet intriguing problems 
of shock research is the frequently seen striking spectrum 
of variation in the ‘natural’ resistance of individual 
animals for standardized forms of injury and shock in- 
ducing procedures. Zweifach (1960) has discussed this 
briefly in this symposium. Equally intriguing are the 
observations of several investigators that the resistance 
of animals to shock may be modified dramatically by a 
variety of experimental procedures. Rosenthal, Tabor 
and Lillie (1945) studied mice that had survived as a 
result of saline therapy after application of tourniquets to 
their front or hind limbs. When such mice were subjected 
21 or 38 days after the first injury to another tourniquet 
application at the same sites as at the initial episode, 
they exhibited a high degree of resistance; i.e., relatively 
few mice died despite the fact that no saline 
treatment was given. However, if the tourniquets were 
applied to the legs which had not been tourniqueted 
initially, no resistance was apparent. Analyses of the 
injured legs (hemi-sections not made in this study) 
revealed the degree of swelling (‘‘fluid loss”) to be about 
the same in all groups. The mechanism underlying this 
acquired local resistance is unknown. 

A number of years ago Noble and his co-workers 
(Noble, 1943) observed that rats and guinea pigs de- 
veloped increased resistance to tumbling injury when 
they were subjected to repeated sublethal episodes of 
this injury, i.e., they could tolerate an amount of injury 
that was otherwise fatal to normal ‘“‘nonconditioned’’ 
animals. These observations have since been corrobo- 
rated by many workers, and it has been found that rats 
made resistant to drum trauma in this way are also more 
resistant to hemorrhagic shock and to shock from bowel 
ischemia. Such ‘‘conditioning”’ once established requires 
reinforcement by subsequent exposures at intervals, 
otherwise tolerance wanes and disappears. It has also 
been found that while small doses of bacterial endotoxin 
can be used to sustain drum conditioning, the latter 
state does not generally provide an increased tolerance 
for lethal doses of endotoxin. Tolerance for ordinarily 
fatal doses of endotoxin induced by repeated sublethal 
injections of endotoxin, though, does confer protection 
against Noble-Collip drum trauma. Exposure to drum 
trauma likewise sustains an induced tolerance for bacte- 
rial endotoxins. 

The mechanism of this systemic conditioning is not 
yet known, although several theories have been postu- 

lated. Alterations in function of the RES have attracted 
considerable attention as the basis for the observed 
acquired systemic resistance (Zweifach, 1960; Reichard 
et al., 1960). A most interesting and unique finding is 
the ability of the liver of Noble-Collip drum tolerant 
animals to inactivate VDM aerobically in vitro after it 
has previously been exposed for 2 hours of anoxia in 
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vitro, which regularly destroys the inactivating capa- 
bilities of normal rat liver (Zweifach et al., 1951). Only 
a very limited number of studies have been undertaken 
to determine the biochemical responses of resistant 
animals to trauma (Chytil and Hruza, 1958; McShan 
et al., 1945). A factor complicating interpretation of 
these experiments is the possibility that the degree of 
initial local injury may not be identical for the nonresist- 
ant and resistant animals, despite the ‘‘application”’ of 
a standard trauma by the investigator. We are convinced 
that more intensive investigation of the nature of and 
the factors involved in acquired local and systemic re- 
sistance to injury and shock will help solve some of the 
current problems and controversies in the field of shock. 
This area has been neglected too long. 

CONCLUSION 

We have discussed some of the metabolic changes 
associated with shock, and have presented some of the 
limited information regarding their pertinence. Unfortu- 
nately, many of the reports have been concerned princi- 
pally with changes in concentration of various 

metabolites in blood and plasma. There have been few 
in vivo measurements of specific tissue and cellular 
metabolism. Interpretation of blood chemical changes 
is complicated by the factor of differential circulation 
rates per se superimposed on the possible basic changes in 
the metabolism of the organs or tissues involved. Since 

many of the qualitative biochemical alterations found 

in shock are likewise observed after injury without 
shock, the precise significance of these alterations as 
regards the ultimate fate of the individual is incompletely 
known and remains largely speculative. In a like vein, 
our knowledge of the specific mechanisms responsible 
for the evolution and progression of these alterations is 

limited. 
Our underlying thesis has been that prolonged shock 

leads to a series of biochemical events which intensify 
the physiological disturbances and which, if uncor- 
rected, cause death. We feel that the critical metabolic 
measurements have not yet been made. The task is to 
determine what these critical changes are, how to 
prevent them, and how to treat them effectively. The 
coordination of experimentally observed alterations of 
cellular chemistry, structure and function and the 
interpretation of their biological significance against a 
no less dynamic background of visceral and integrated 
animal physio-pathology is a great challenge. 
We have high hopes that new approaches to the shock 

problems made possible by the use of some of the recently 
developed scientific techniques and the recognition of 
the phenomena of “natural” and acquired local and 
systemic resistance will provide us with some answers 
to fundamental questions which plague us today and 
thereby bring us closer to our goal as physicians and 

researchers. 

Discussion of Paper by Dr. Levenson 

Dr. Fonnesu: There is very little one can add to the 
excellent review which has been presented in such a 
competent manner by Dr. Levenson. The complete- 
ness and thoroughness of his presentation enable me to 
feel more free to discuss for a while a particular aspect 
of the problem, namely, the effects of various injuries 
on the incorporation of amino acids into the proteins 
of liver. 

Preliminarly, however, I must say that criticisms by 
Dr. R. T. Grant to the work done on laboratory animals 
in the “endeavour to improve our knowledge and treat- 
ment of injury in man,” fully apply in my case. In 
spite of my medical qualification, I have no direct ex- 
perience with injured men, and, what is worse, I have 
been interested for several years in the response to in- 
jury of the cell, rather than in that of the animal as a 
whole. I agree perfectly with Dr. Grant that animal 
experiment is a very second best and I must confess 
that, after having left the hospital for basic research, I 
also asked myself, as he does, whether I was doing a 
work useful to medicine or whether I was wasting my 
time. The reason for continuing to do animal experi- 
ments is not that they “interfere less with my ordinary 
way of life,’ but rather that I can easily imagine what 

medicine would be today without experiments on ani- 
mals. 

In contrast to the wide variety of injuries which may 

affect the cells, the basic responses of the cell to injury 
are relatively few. The restricted number of cell reac- 
tions to injury becomes even smaller if one considers 
that some different aspects actually represent subsequent 
links of the same chain of events and that some differ- 
ences depend not so much on the type of response to in- 
jury as on the particular physiological functions of the 
cell which is being injured. These facts, which might 
have appeared surprising some time ago, are indeed 
understandable nowadays since we know that the basic 
biochemical processes are relatively few and so strictly 
interlocked that the effects of agents primarily acting on 
different sites may be equivalent for the general economy 
of the cell. Furthermore, there is ample evidence that 
close interrelationships exist not only among the various 
metabolic processes but even between structure and 
function of the cell. Over the past 10 years we have re- 
peatedly emphasized the significance of this relative 
“‘monotonousness” of the cell response to injury 
(Ciaranfi, 1953; Ciaranfi and Fonnesu, 1957). 

The earliest histological evidence of cell injury is the 
so-called ‘‘cloudy swelling.”’ This is the mildest, the most 
easily reversible and, probably, also the most frequent 
cell degeneration. Cloudy swelling may be observed as a 
response to a variety of injuries, either it is the only 

\ 
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change that occurs or it represents a transition stage 
towards more severe cell alterations. It is hardly neces- 
sary to remind you that cells affected by cloudy swelling 
appear enlarged, their cytoplasm is cloudy and granu- 
lar, the nucleus is enlarged and stains are paler 
than normal. Mitochondria are constantly changed. 

For detailed informations on cloudy swelling, see 
Fonnesu (1960). 

In studying the metabolism of the cells affected by 
cloudy swelling we found that the incorporation of 
glycine-1-C" into the proteins of slices of livers showing 
cloudy swelling was 57% increased as compared with 
normal liver slices (Ciaranfi, Fonnesu and Guidotti, 
1957). In this series of experiments cloudy swelling of 

the liver was produced by injecting intraperitoneally 
rats, 24 hrs. prior to the experiment, with the smallest 
dose of S$. typhi murium toxin which was lethal within 4 
days. From one point of view the above finding was 
somewhat surprising since the results of previous ex- 
periments indicated that in cells affected by cloudy 
swelling, probably because of the alteration of the mito- 
chondria, the availability of high-energy phosphate 
bonds (~P) is reduced (Fonnesu, 1960). Now, there is 
evidence that the incorporation of amino acids into pro- 
teins requires ~P, mostly supplied by oxidative phos- 
phorylation (Borsook, 1954). Although the incorpora- 
tion of amino acids into proteins does not necessarily 
mean protein synthesis, in this case there was circum- 
stantial evidence in favor of actual synthesis. In fact, 
the absolute amount of proteins in the liver was increased 
while the electrophoretic pattern of cytoplasmic liver 
proteins was unaltered (Ciaranfi and Di Sabato, 1956). 

Previous work (Fonnesu and Severi, 1954) had shown 
that one of the best methods for producing experi- 
mentally cloudy swelling was the intoxication with 2.4- 
dinitrophenol (DNP), a compound which is known to 
uncouple oxidative phosphorylation. It should be noted 
that DNP added in vitro is the most consistent and most 
powerful inhibitor of amino acid incorporation and of 
peptide and protein synthesis. It seemed therefore worth 
while to study the incorporation of amino acids into the 
proteins of liver slices from rats intoxicated with DNP. 

Rats were given subcutaneously for either 1 or 10 days, 
twice a day, 10 hours apart, 1.5-2.2 mg of DNP/100 gm 
body weight and were killed 12 hours after the last in- 
jection. Surprisingly enough, it was found that in liver 
slices from rats treated either 1 or 10 days with DNP the 
incorporation of leucine-1-C' into the proteins was 
markedly higher than in normal liver slices, the per cent 
increases being 58 and 49 after 1 or 10 days of treatment, 
respectively (U. Del Monte, A. Perin, C. Severi-Fonnesu 
and A. Fonnesu, unpublished experiments reported in 
Fonnesu, 1960). Livers of DNP-treated rats, like those of 
rats treated with S. typhi murium toxin, were enlarged and 
the increase of their mass could not be accounted for as 
water or lipids. At the moment, no explanation can be 
given for the opposite effects produced by DNP when 
administered in vivo or added in vitro. 

Since cloudy swelling may be observed as a response to 

a number of injuries (either physical, chemical or bac- 
terial), it is tempting to suppose, at least as a working 
hypothesis, that the increase of amino acid incorporation 
into the proteins of the liver (and perhaps of other or- 

gans) represents a rather general feature of the response 
to injury. It seems to me that some data in the literature 
fit this hypothesis well. 

Thyroxine is known to uncouple oxidative phos- 
phorylation either when administered in vivo or when 
added in vitro (Lehninger, 1956; Martius, 1956). 

With the purpose of finding clues to the availability of 
energy in the thyrotoxic animal, F. Lipmann and C. H. 
Du Toit (Du Toit, 1952) studied the influence of thy- 
roxine administered in vivo on an energy-requiring 

reaction, namely the incorporation of labeled alanine 
into the proteins of liver slices. They found that the 
incorporation of alanine into proteins was 67 % reduced 
in liver slices from thyroidectomized rats as compared to 
normal liver slices. Thyroxine given in toxic rather than 
replacement doses to thyroidectomized animals stimu- 

lated the incorporation of alanine into the proteins of 
liver slices. The increase of incorporation was 73% as 
compared to thyroidectomized-rat liver and 20% as 
compared to normal rat liver. More recently Sokoloff 
and Kaufman (1959) investigated the effects of in vivo 
and in vitro administration of thyroxine on the incorpora- 
tion of leucine-1-C into the proteins of rat liver homog- 

enates. They found that both thyroxine pretreatment 
in vivo and thyroxine addition in vitro at a concentration 
1.3 X 10~> M increased the rate of amino acid incorpora- 
tion into liver proteins, the percent increases being 46 
after thyroxine pretreatment in vivo and 1g after thy- 
roxine addition in vitro. Experiments carried out with 
all possible combinations of mitochondria, microsomes 
and supernatant derived from livers of thyroxine- 
pretreated rats, demonstrated that most, if not all, of 
the increased radioactivity was localized in the mito- 
chondrial fraction (15,000 X g for 15-20 min.). Since 
Mgt, either administered in vivo (Vitale et al., 1957a, 
b) or added in vitro (Lehninger, 1956), counteracts the 
uncoupling action of thyroxine, the observation of 
Sokoloff and Kaufman (1959) is of interest that the effects 
of thyroxine addition in vitro on the incorporation of 
leucine into proteins of liver homogenates were com- 
pletely eliminated by doubling the Mg** concentration 
of the medium. It should be added that thyroxine- 
pretreated animals used by these authors were intact 
rats given daily an intraperitoneal injection of 100 yg 
of sodium thyroxine for at least 6 days. Now, this 
treatment appears well suited to produce cloudy swelling 

of the liver (Fonnesu and Severi, 1957). 
Passing to other kinds of injury, it is worthy of mention 

that an increase of the incorporation of labeled precursors 
into tissue constituents, including proteins, has been 
repeatedly observed under the effects of irradiation 
(Hevesy and Forssberg, 1955). An increased incorpora- 
tion of acetate-2-C™ into proteins of the organs of 
irradiated mice, in contrast with a decreased incorpora- 
tion into DNA, was first reported by Hevesy (1949). 
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As an index of protein synthesis in the liver of rat follow- 

ing irradiation, Kay and Entenman (1956) measured 
the incorporation of glycine-1-C" into the proteins of 
liver slices from whole-body irradiated rats (2,500 r of 
250 kvp x-rays at a rate of 194 r/min. and at 35 cm 
target-to-skin distance). The results of this study show 
clearly that at times between 24 and 72 hours after 
irradiation the liver slices incorporated more radioactive 
glycine into proteins than did normal liver slices. It is of 

interest to note that the weight of the liver increased 
considerably following the irradiation. An increased 
incorporation in vivo of phenylalanine-3-C" into liver 
proteins of whole-body irradiated rats (500-1,000 r at a 
25 r/min. of 250 kv x-rays) has been reported recently by 
Butler, Cohn and Crathorn (1957). 

Last but not least there are the experiments of Leven- 
son and co-workers on burned animals. Indeed, it is 
the results of these experiments which gave me the 
idea of a discussion on this topic. Levenson et al. (1960) 
studied the incorporation of N"-glycine into plasma and 
tissue proteins of both burned and unburned rats and 
found that the N® incorporation into proteins of the 
skin and carcass of the burned rats was equal to that of 
the control unburned rats. However, in the liver, heart, 
kidney, adrenal, gastrointestinal tract and plasma of 
burned animals, the incorporation of N" into the proteins 
was definitely higher than in the corresponding tissues 
of unburned rats. The same authors followed the decline 
of N“ concentration of plasma proteins in both normal 
and burned rats fed daily with tracer doses of N'°-glycine 
for 4 days prior to burning. It was found that N® 
concentration of plasma proteins declined faster in the 

burned rats than in normal ones. For the purpose of 
the present discussion the finding is of interest that the 
protein content of some organs such as liver changed 
little, while the protein content of the carcass fell, 
accounting mathematically for most of the excess urinary 

nitrogen loss. Although the report quoted above does 
not contain information about the morphology of the 
tissues of burned animals, it is possible that liver, kidneys 
and heart were affected by cloudy swelling as it is well 
known (Anderson, 1953; Favilli et al., 1958) that burns 
are often associated with this change. In view of the 
experiments of Glinos (1958) showing that the depletion 
of plasma proteins by plasmapheresis initiates active 
growth of intact resting liver, and since hypoproteinemia 
and particularly hypoalbuminemia do occur in severely 
burned animals, Levenson et al. (1958) studied liver 
growth and regeneration after partial hepatectomy in 
burned rats. They found that, under suitable experi- 
mental conditions, liver growth after partial hepatectomy 
was actually more rapid in burned animals than in 
unburned controls. 

Results somewhat comparable to those of Levenson 
et al. (1960) on burned rats, had been obtained by 
Yuile et al. (1953) in dogs with sterile abscesses induced 
with turpentine. 
Summarizing the findings cited, it appears that an 

increased incorporation of amino acids into liver proteins 

has been observed in animals following a variety of 
injuries, i.e., treatment with bacterial toxins (S. typhi 
murium toxin); chemical poisons (DNP); toxic doses of 
a hormone (thyroxine); x-irradiation and thermal 
injury; and acute inflammation (turpentine abscesses). 
Let me say once more that all these injurious conditions 
are known to produce cloudy swelling. It is also to be 
noted that an increased incorporation of amino acids 
into proteins following various injuries only occurs in 
those organs such as liver, kidney and heart, which 
exhibit typical pictures of cloudy swelling. To quote a 
textbook of pathology certainly familiar to you: ‘While 
many organs may show changes which may be classed 
as cloudy swelling, it is best seen in the liver, kidneys 

and heart” (Anderson, 1953, p. 71). I like to think that 
a typical cloudy swelling (the main feature of which is 
the enlargement of the cells and then of the organ) can 
be only seen in those cells (and organs) which respond to 
injury with an increased protein synthesis. As mentioned 
earlier, although it is not yet established whether amino 
acid incorporation into proteins signifies protein syn- 
thesis, there is circumstantial evidence that, at least in 
some of the above conditions, protein synthesis is 
actually increased in the liver. In any case, the amino 
acid incorporation is a universal biological phenomenon 
and certainly it has a great biological significance. 
‘Whether it is the same process as net synthesis of 
protein or not, it obviously figures largely in the economy 
of the dynamic steady state of the cell” (Borsook, 1954). 

As to how and why the increase of amino acid incorpo- 
ration into proteins is brought about, there would be 
ample matter for speculations including teleological 
ones; the lack of space is not the main reason why I 
give up. However, since the amino acid incorporation 
into the proteins requires energy, it may be worth 
emphasizing that an acceleration of such a process occurs 
in cells in which the availability of energy is, or is likely 
to be, reduced. This probably means that in the normal 
liver the availability of energy greatly exceeds that 
needed for protein synthesis (see also: Quastel and 
Bickis, 1959), the remaining of the available energy 
being utilized for other hepatic functions. In the liver of 
injured animals a greater amount of energy would be 
channeled toward protein synthesis (or amino acid 
incorporation), most probably to the detriment of other 
functions. Indeed, some disturbance of liver functions 
has been revealed by functional tests in severely injured 
patients and animals (Levenson and Watkin, 1959). 

Whether the considerations made above for animals 
also apply to man, I cannot say. It should be noted that 
cloudy swelling, although it occurs in humans as fre- 
quently as in animals, is not very popular among physi- 
cians since it is an easily reversible change that does not 
produce disturbances sufficiently severe to indicate 
biopsy. On the other hand, in human post-mortem 
material it may be very difficult, even impossible, to 
distinguish cloudy swelling from early autolytic changes. 
In a recent report on the biology of surgical convales- 
cence, Moore (1958) discusses the nitrogen loss occurring 
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in patients following extensive operation and injury, 
and concludes: “Clearly this nitrogen comes from 
muscle. .. .The viscera do not yield nitrogen, the heart, 
the liver, the gut and the lung do not shrink after injury. 
In fact, certain viscera, particularly the heart and the 
liver, may become larger after trauma.” It seems to me 
that this is just what happens in animals following 
various injuries. It would be very interesting to look at 
the microscopic appearance of those ‘‘enlarged”” human 
organs. 

Evidence has been presented up to now in favor of the 
view that an increase of amino acid incorporation into 
liver proteins represents a common response of the liver 
to a number of injuries. However, it could seem unfair 
to neglect completely the injurious agents and conditions 
which depress the incorporation of amino acids into the 
proteins of the liver. In some cases the type of response 
may depend on the intensity of the noxa and/or on the 
time elapsed after its application. Phenomena of this 
kind are so common that any comment would be super- 
fluous. In other cases, however, the type of response may 
depend on the type of injurious agent. It is clear, for 
instance, that agents effecting protein denaturation and 
agents acting directly on the incorporation mechanisms 
or sites (e.g. amino acid analogues, alkylating com- 
pounds, etc.), once entering the cell, can only inhibit 
the incorporation of amino acids into proteins. The 
intoxication of female rats with ethionine (Simpson, 
Farber and Tarver, 1950; Farber, 1959) and the intoxi- 
cation of rats with dimethylnitrosamine (DMN) (Magee, 
1958; Hultin et al., 1960) cause a strong inhibition of the 
incorporation of amino acids into liver proteins and 
probably represent injuries which affect directly the 
incorporation mechanisms. Both ethionine and DMN 
seem to act on the so-called ‘‘microsomal structures” of 
the liver cells, and, according to a very recent report 

(Farber and Magee, 1960), they would act by alkylating 
liver RNA to produce chemically abnormal components. 
It is of interest that the concentration of adenosine 
mono-, di- and triphosphate was not significantly altered 
in the liver of DMN-treated rats (C. J. Threlfall, 

personal communication to Magee, 1958), and that 
oxidative phosphorylation and the induction of adenosine 
triphosphatase were unimpaired in the mitochondria 
isolated from these livers (Hultin et al., 1960). 

One last bit of information: Bernelli-Zazzera and 
Guidotti (1958), in our laboratory, found that the 
amino acid incorporation into the proteins and the 
p-aminohippurate synthesis (taken as a model of peptide 
synthesis) were impaired in slices of vacuolated rat liver. 

To produce vacuolation of the liver the animals were 
kept for 2 hours in an atmosphere of 3% Ov» and 97 % 
No. It is almost needless to stress the difference between 
this treatment and the hypoxia that accompanies per- 
sistent deficiency in blood flow during shock. It should 
be noted that a typical and widespread vacuolation 
occurs only in the liver, and that, for vacuolation to 
occur, the intrasinusoidal pressure should be increased 
or at least normal. After 2 hours of hypoxia as specified 

above, there was a marked fall in the ~P levels of 
various tissues including the liver, but, except in the 
liver, the ~P levels recovered rapidly when the animals 
were restored to air (Bernelli-Zazzera, Bazzano and 
Cassi, 1956). In the liver, neither the level of ~P nor 
the ability to incorporate in vitro amino acids into 
proteins recovered when the animals were restored to 
air for 15 minutes before killing. After 30 minutes of 
hypoxia, the liver was not yet clearly vacuolated and its 

ability to incorporate amino acids into proteins was still 
normal (Bernelli-Zazzera, Caradonna and Cassi, 1960). 

In contrast with the nonreversible fall of the ~P level 
in the liver of hypoxic rats, oxidative phosphorylation 
and adenosine triphosphatase activity were unchanged 
in the mitochondria isolated from these livers (Bernelli- 
Zazzera and Bassi, 1955). This indicates that the mito- 
chondria of vacuolated cells are not actually changed 
and that something inside the cell hinders their activity. 
A possible explanation of the decreased incorporation 
of amino acids into the proteins of liver slices from these 
hypoxic rats is that the 2-hour hypoxia (or the vacuola- 
tion per se) affects in some way the so-called “micro- 
somal structures”’ of the cell without affecting appreci- 
ably the mitochondria. 

This discussion was not supposed to be a thorough 
review of all the pertinent data and you should certainly 
agree that, from this point of view, I have not deluded 
the expectancy. The discussion has been confined almost 
exclusively to the liver and the few examples I gave 
were those I had at hand. If somebody is expecting, as 
a conclusion, a brilliant hypothesis or a well-constructed 
theory, I must disillusion him. However, I hope to have 
said enough to gain your interest in the problem and I 
do hope some of you will contribute further data as well 
as ideas. Probably you know that there seems to be a 
biblical prophecy of this kind of conference or sympo- 
sium in which contributors from different countries and 

continents come to discuss their work. In Chapter 12 of 
the book of Daniel, it says: ‘‘Many shall run to and fro and 
knowledge shall be increased.”’ This does not mean a mere 
exchange of information (there are so many journals!) 

but rather it means direct discussion as a starting point 
for future advance. Oscar Wilde said ‘Everything 
nowadays is settled by symposiums’. I am sure that 
no one of us believes that the problem of shock will be 
settled by this or by the next meeting, but there is no 
doubt that we all will leave this Conference with new 
ideas and lines of research to follow. 

Dr. KovAcu: Severe physical trauma or hemorrhage 
produces a condition which finally leads to so-called 
irreversible shock in which the life of the animal can 

no longer be preserved by transfusion. One of the most 

important problems in shock research is the cause of 

the irreversible state. The responsible factors are obvi- 

ously associated with the degree and duration of injury. 

The irreversibility has been variously explained as 

due to the liberation of various toxic substances, to 

changes in the activity of the blood vessels, to disturb- 
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ances in hemodynamic conditions produced by fluid 
loss in the injured areas, to electrolyte shifts, to derange- 
ments in energy production, presence of toxins derived 
from infection and finally as due to an impairment of 
the regulatory functions of the central nervous system 
(Moon, 1942; Wiggers, 1950). 

This report is concerned principally with investigations 
carried on in our institute in Budapest on four main 
aspects of shock: 7) the role of the sympathetic nervous 

system and the mechanism of dibenamine protection, 
2) functional changes in the central nervous system and 
their significance in regard to irreversibility of shock, 
3) biochemical changes in the central nervous system and 
4) alterations in carbohydrate metabolism of the muscles 
and their rate of restoration during recovery from shock. 

FUNCTIONAL CHANGES IN THE NERVOUS SYSTEM 

Effect of isolated perfusion of the head on development of 
tourniquet and hemorrhagic shock. Using a cross-perfusion 
method, the head circulation of the dog was isolated 
from that of the body, and the head was then perfused 
with blood from donor dogs. Only the spinal cord and 
the vago-sympathetic tract remained intact between 
the head and the body of the acceptor dog (Kovach, 
1954; Kovach et al., 1957), the purpose being to deter- 
mine whether supply of normal blood to the head would 
modify the course of shock. Ischemic shock was induced 
by applying tourniquets bilaterally to the hind limbs for 
5-7 hours. Hemorrhagic shock was induced by the 
method of Wiggers, i.e., maintaining the blood pressure 
at 50-60 mm Hg for 45-60 minutes, then at 30-40 mm 
Hg for 45-60 minutes (Wiggers, 1950). 

Isolated head perfusion had a decided effect upon the 
survival of dogs in ischemic shock; the survival time of 
the controls was 2 hours and of the head-perfused animals 
4 hours and 40 minutes; the difference was statistically 
significant, ¢ = 5.145, P < 0.01 (Kovach et al., 1958). 
The survival time of control animals in irreversible 

hemorrhagic shock was 3 hours and 36 minutes, com- 

pared to 6 hours and 34 minutes in the head-perfused 
shock group. This difference also was significant, ¢ = 
2.688, P < 0.02. 

Intracarotid transfusion at a rate of 50 ml/min. also 
affected considerably the survival time of animals in 
hemorrhagic shock, and in some cases resulted in com- 
plete survival despite the fact that an equal quantity of 
blood was continuously withdrawn from cannulas in 
the jugular vein and the femoral artery. The transfusion 
was maintained during the entire hypotensive period 
after which enough of the withdrawn blood was retrans- 
fused to achieve the original volume. Of the eight dogs, 
one died 4 hours after the blood was reinfused, another 
the following morning and two on the third day after 
induction of shock. Four dogs survived the otherwise 
irreversible hemorrhagic shock (Kovach et al., 1958). 

Higher nervous activity in shock. Changes in central 
nervous system activity were investigated in rats sub- 
jected to sublethal ischemic shock. Immediately after the 
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FIG. 1. Restoration of positive conditioned reflexes to sound 
stimuli (open column) and light stimuli (ruled column) in rats 
after a sublethal period of limb ischemia. 

inception of shock an inhibition of the positive condi- 
tioned reflexes was found in 13 of 14 animals tested. 
This applied to both the sound of a bell and to light 
stimuli. In the later stages, these conditioned reflexes 
gradually returned in most animals. In Figure 1 the 
clear columns indicate the percentage inhibition of 
sound reflexes and the shaded columns that of light 
reflexes immediately after release of the tourniquets from 
the limbs, as well as 4, 8 and 24 hours thereafter. It is 
apparent that the initial, almost complete, inhibition 
gradually subsides and that 24 hours after ischemia 
inhibition is demonstrable in only 16% of cases. In 
addition, the greatly prolonged latent period observed 
during the early shock phase returned continuously 

toward normal. After ischemia the animals differentiated 
the negative conditioned reflexes more effectively than 
the positive ones (Biré, Biiki and Kovach, 1956; Bird 
et al., 1958). The increased inhibition of reflexes found 
in early shock may be considered a protective reaction. 
Shapot, et al. (1953) showed that during such inhibition 
the sensitivity to hypoxia is diminished. 

Electrocorticographic (ECoG) investigations in hemorrhagic 
and ischaemic shock. The ECoG changes in reversible and 
lethal shock were studied in 21 cats and 17 dogs. All 
animals were unanesthetized. Both in hemorrhagic and 
ischemic shock significant changes were found in the 
ECoG (Kovach, and Fonyé, 1960). Impairment of 
activity occurred initially at 50-60 mm Hg blood pressure 
and, after a period of 20-30 minutes at 30-40 mm Hg, 
activity ceased almost entirely. Decreases in frequency 
and amplitude also were characteristic and were similar 
to those seen in anoxia. Restoration of blood pressure, 
even for many hours failed to reverse the abnormalities 
in the ECoG patterns. In some cases a further transfusion 
was given, in addition to the blood removed, again 
without improvement in the ECoG. In animals bled to 
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a reversible extent, the ECoG pattern recovered almost 
completely in 14-1)4 hours after retransfusion. In some 
cases monophasic spindle activity as well as spikes were 
seen during recovery and occasionally changes similar 
to petit mal were observed (Kovach, Mérey and Grastyan, 
unpublished). 

In ischemic shock, about 44-1 hour after release of 
the tourniquets, (and with a satisfactory blood pressure), 
the electrical activity decreased considerably, and usually 
ceased entirely before circulatory failure occurred. In 
this terminal stage, transfusion was of no avail. Prior to 

complete cessation of activity injection of blood or 
saline was followed by a temporary increase in activity. 

The changes demonstrable in ECoG activity are 
partly of nervous (reflex) and partly of humoral origin. 
These changes cannot be attributed purely to cerebral 
hypoxia because in ischemic shock the decrease in 
electrical activity began before the diminution of blood 
flow and O, consumption of the head had fallen signifi- 
cantly. 

In hemorrhagic shock hypoxia plays a more important 
role in producing changes in central nervous system 
activity. However, regardless of the mechanism by 
which the ECoG changes are produced, their presence 
strongly suggests that in the development of irreversible 
experimental shock the damage to the central nervous 
system must play an important role. 

Responses of the blood vessels and autonomic nervous system 

in shock. There are differing opinions concerning the 

change in epinephrine sensitivity in shocked animals. In 
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FIG. 2. Changes in blood pressure, splanchnic and adrenaline 
responsiveness in dogs in hemorrhagic or ischemic shock, as well as 
in control dogs. Ordinate to the left: splanchnic and adrenaline 
responses in mm Hg. Ordinate to the right: blood pressure in 
mm Hg. © splanchnic response, adrenaline response, — blood 
pressure. Hemorrhagic shock: 1. Prior to bleeding; 2. After 15 
ml/kg bleeding; 3. After 35 ml/kg bleeding; 4. Immediately 
following reinjection of blood; 5. At 2 hours following reinjection 
of blood. Ischemic shock: 6. Prior to the inducement of shock; 
7. In shock; 8. After the administration of 300 ml of Tyrode solu- 
tion. Control: 9. At the beginning of the experiment; 10. After the 
lapse of 8 hours. 
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FIG. 3. Changes in adrenaline response and in hemoglobin con- 
centration in ischemic (tourniquet) shock on Tyrode infusion. 
Ordinate to the left, lower section: adrenaline response in mm Hg; 
upper section: Hb %. Ordinate to the right: blood pressure in 
mm Hg. Abscissa: 7, initial phase; 2, in shock; 3, after 100 ml of 
Tyrode; 4, after 200 ml of Tyrode. 0 adrenaline response; @ ——® 
blood pressure; —— Hb %. 

order to determine the responsiveness of the vascular 
system during and after shock induced by hemorrhage, 
tourniquet, or muscle trauma we studied: a) the condi- 
tion of the vasomotor center (pressure and carotid sinus 
responses), 0) irritability-efferent vasomotor nerves 
(splanchnic) and c) the pressor effect of epinephrine. 

The experiments were carried out in dogs anesthetized 
with chloralose. In the course of development of hemor- 
rhagic, as well as ischemic (tourniquet) shock, pressor 
reflexes, splanchnic nerve stimulation and epinephrine 
responses all undergo gradual diminution (Fig. 2). 
However, all responses could be returned to their original 
level by infusions of blood or Tyrode solution. When the 
circulatory blood volume was restored to normal and the 

level of hemoglobin concentration was returned to its 
original value, epinephrine sensitivity also rose to normal 
(Fig. 3). The reappearance of the carotid sinus reflex 
suggests that the vasomotor center had not been irreversi- 
bly damaged. Our results indicate that it is the fluid loss 
and the resultant reduced plasma volume which pri- 
marily determines splanchnic and adrenaline responsive- 
ness in shock (Kovach and Takacs, 1952). 

Importance of vagus in development of shock. in chloralose- 
anesthetized dogs we investigated the effect of intra- 
coronary injection of blood from animals in irreversible 
shock. Shock was produced by applying tourniquets 
bilaterally to the hind limbs for 5 hours. Blood was 
removed during the terminal phase of shock just before 

the death of the animal. Whole blood or plasma from 
the shocked dog was injected directly into the coronary 
artery of an open-chest normal dog in which coronary 
blood flow and arterial pressure were recorded. After 
injecting 10 ml of whole blood or plasma from shocked 
animals, the arterial blood pressure of the dogs fell 
immediately about 20-40 mm Hg, and after another 
5-7 minutes the blood pressure level returned to normal. 
The effect was repeatable in the same dog with no 
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tachyphylaxis noted. Intravenous injection of the same 
amount of shocked blood had no effect. 

Following transection of the two vagosympathetic 

trunks at the level of the neck, the blood pressure lower- 
ing effect was not obtained, indicating that the demon- 
strated effect was a reflex mediated through the vago- 
sympathetic trunk. It is possible that the efferent or 

afferent pathways or both of this reflex are in the vagus 
nerve (Erdélyi and Kovach, in press). 

In another series of experiments the effect of intra- 
pericardial injection of procaine solution (2-4 ml of 10% 
solution) was determined on the survival time of dogs in 
ischemic shock. The procaine was administered after 
thoracotomy; in the control group thoracotomy was per- 
formed without procaine treatment. The chest was 
closed after the operation and the procaine injected 
after release of the ligatures. The mean survival time 
of the control group of 15 shock dogs was 137 minutes, 
that of the procaine treated group 296 minutes, the 
difference being statistically significant. The same in- 
creased survival time was observed in another group of 
animals in which the two vagosympathetic tracts were 
transected at the neck level after release of the ligatures 
on the two hind legs (Erdélyi and Kovach, in press). 

These findings suggest that the vagus nerve and 
chemoreceptors in the pericardium or in the heart are 
involved in the late stages of shock. The reflex changes 

in the blood pressure following intracoronary injection 
of shock blood follow pathways which are perhaps 
identical with those of the Bezold-Jarisch effect. 

Effect of hypothalamic lesions on susceptibility to shock in rats. 
Because of the importance of the hypothalamus in the 
central regulation of the circulation and in endocrine 
and metabolic processes it was of interest to study the 
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Fic. 4. Schematic diagram of the hypothalamus to show the 
locations of the various lesions produced. S indicates supraoptic; T 
indicates tubular; J is infundibulary; and M indicates mammillary 
portions of the hypothalamus. 

effects of hypothalamic function on the development 
of shock. Hypothalamic lesions were performed according 
to the method of Szentagothai (1957) using stereotaxic 
equipment. The extent of each lesion was shown on 
later histological examination to result in destruction of 
no more than one-eighth of the total hypothalamus. The 
various lesions were placed so as to destroy either the 
mamumillary, infundibulary, tubular, or supraoptic, both 
medial or lateral regions of the hypothalamus. Thus, 
eight separate areas were affected as shown in Figure 4. 

Shock was produced by one of three methods: 17) 
freezing of both lower extremities with liquid air, 2) 
bilateral hind leg tourniquets or 3) the Noble-Collip 
drum. Animals were subjected to these procedures 2 
weeks following the production of hypothalamic lesions 
in 187 rats. 

All animals with hypothalamic lesions died sooner 
following the shock inducing procedures except those 
with lesions in the medial tubular and medial infun- 
dibular areas. The latter survived for a similar period as 
the controls. 

These experiments demonstrate that destruction of the 
hypothalamic regulatory centers reduce the resistance to 
shock. It is of interest that such a large area of the hypo- 
thalamus can influence the susceptibility to shock. It is 
impossible to determine from these experiments which 
functions of the hypothalamus were important in altering 
the sensitivity of the animals to injury. 

It is well known that adrenalectomy diminishes 
resistance to shock. Previous work in the laboratory 
demonstrated that hypothalamic lesions depress the 
adrenal response to trauma or epinephrine injection. 
The most pronounced effects occurred with lesions of 
the suprachiasmatic, paraventricular, arcuat and ante- 
rior nuclei, that is the anteromedial portion of the hypo- 
thalamus. Significant depression of adrenal response 
also occurred with lesions in the tubular and infundibular 
regions. However, in the present experiments, animals 
with lesions in these latter areas exhibited a normal 
resistance to shock. It is possible that this difference may 
be due to the effects of these centers on thyroid function. 
After lesions in the tubular-infundibular portions of the 
hypothalamus the rate of I'! thyroid uptake is reduced 
(Monos et al., 1959). In addition, depression of thyroid 
activity with methylthiouracil resulted in an increased 
resistance to shock (Fig. 5). Contrariwise elevating the 
basal metabolic rate with thyroxine, epinephrine or 
dinitrophenol made the animals more susceptible to 
shock (Kovach et al., 1957). It is possible that the 
difference in sensitivity of animals with tubular-infundib- 
ular lesions as contrasted to damage to other portions 
of the hypothalamus may be connected with the observed 
reduction in thyroid activity. 

CIRCULATORY AND METABOLIC CHANGES IN 
THE BRAIN TISSUE IN SHOCK 

Cerebral circulation in shock. A rotameter was inserted 
between the peripheral and the central trunk of the 
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FIG. 5. A: Susceptibility to shock of control rats (12), rats treated 
for 1 week with powdered thyroid gland (11); for 3 weeks (8); and 
with methylthiouracil (12). Ordinate: mortality rate, in per cent. 
Abscissa: survival time in hours. 7: controls; 2: 1-week thyroid 
powder treatment; 3. 3-weeks thyroid powder treatment; 4: group 

carotid artery and the blood flow continuously measured 
in the dog after tying the vertebral arteries. In this 
way circulation to the head was measured in hemorrhagic 
and ischemic shock. 

In ischemic shock, before release of the tourniquets 
there was no great change in the quantity of blood 
perfusing the head (Fig. 6). Head flow was 105 ml/min. 
during the 5-hour tourniquet period compared to an 
initial 108 ml/min. For a few minutes after release 
there was a temporary increase, followed by a fall; the 
secondary drop to 86 ml/min. was significant (¢ 
3.008, P < 0.01); but it did not reach a sufficiently low 
level to seriously impair the brain’s Oz supply. The 
percentage decrease in blood flow perfusing the head 
was less than the percentage fall in cardiac output. The 
fraction of the minute volume perfusing the head 
increased twofold even during the ligated period, and 
until the terminal state, remained considerably higher 
than normal. Thus, a decline in minute volume was not 
accompanied by a corresponding fall in blood flow to 
the head, indicating a decrease in vascular resistance in 
that area (Kovach et al., 1958). 

In hemorrhagic shock, when the arterial pressure was 
maintained at 60 mm Hg, the quantity of blood perfusing 
the head decreased from the initial 111 ml/min. to 
62 ml/min., but rose again so that at the end of the 
hypotensive period the average flow was 85 ml/min. 
In the 30-40 mm Hg hypotensive period, the blood 
flow to the head fell to 40 ml/min. After complete re- 
transfusion, the head blood flow rose temporarily above 
the initial value, but after 10-15 minutes stabilized at 
a value corresponding to the initial value; thereafter, it 
followed the changes in blood pressure. Vascular resist- 
ance in the head at the beginning of the hypotensive 
period decreased markedly whereas beginning with the 

second half of the 30-40 mm Hg hypotensive period, 

the peripheral resistance no longer decreased but slowly 

20 

treated with uracil. B: Susceptibility to shock of control rats (8) 
and rats treated for 3 weeks with thyroid gland powder (10), and 
with thiouracil (12). Ordinate: mortality rate in per cent. Abscissa: 
survival time, in hours. 1: controls; 2: group treated with thyroid 
gland powder; 3: group treated with uracil. 
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Fic. 6. Cardiac output (minute volume) and blood flow through 
the head during and after a 5 hr. period of limb ischemia. 



L 

> 

irs 

rats (8) 
(0), and 
\ bscissa: 
thyroid 

les 

af 

through 

CONFERENCE ON SHOCK 127 

returned to the control level. Subsequently, the head 
vascular resistance remained unchanged during the en- 
tire normovolemic period. During this interval, the com- 
pensating activity of the circulatory system no longer aids 
cerebral circulation; this is probably a consequence of an 
earlier impairment of the nervous system (Kovach et al., 
1958). 
The facts that 7) in ischemic shock the amount of blood 

perfusing the head does not diminish to a value low 
enough to produce hypoxia of the brain and 2) that, in 
hemorrhagic shock after retransfusion the amount of 
blood perfusing the head was normal, do not guarantee 
that the blood flow distribution to all areas within the 
brain is adequate and sufficient. It is known that with 
functional or pathological changes, changes in blood 
distribution within the brain may occur by means of 
increase or decrease in local vascular resistances. 
(Kérnyey, 1954; Bakay, 1955; Landau et al., 1955; 

Kety, 1957). 
To compare the distribution of blood in the capillary 

circulation in different parts of the brain, we studied 
the cerebral circulation of cats in ischemic and hemor- 
rhagic shock by the benzidine method (Slonimski and 
Cunge, 1937). It was found that in both types of shock, 
large differences occurred in the distribution of blood 
within the brain, both from the quantitative and topo- 
graphical points of view. (Kérnyey, Kovach, Mérey and 
Grastyan, Unpublished). The most pronounced changes 
were ischemia of the cerebral cortex and breaking up of 

the normal capillary pattern; here and there empty 
capillaries were seen and there was marked intravascular 
“sludge”? formation. The capillary pattern was better 
maintained in the diencephalon, mesencephalon, 
cerebellum and medulla oblongata. The veins were full 
and their shape was clearly visible. Using red blood 
cells labeled with P*, the quantity of blood in the brain 
was found to be increased in traumatic shock, but a 
good deal of this increased blood volume did not take 
part in the active circulation (Erdélyi et al., 1958) 
(Menyhart, Kovach, Mitsanyi, Bodolay-Varga, Un- 
published). 
The foregoing circulatory changes also obviously 

imply biochemical injury in these areas. Histochemical 
studies of cytochrome c oxidase, revealed the presence 
of the “swollen mitochondria” phenomenon in the 
cerebral cortex. 

Cerebral O2 consumption in shock. It is generally accepted 
that after different types of trauma the Oz consumption 
of the organism is reduced. In irreversible shock, a 
reduction of 30-50 % has been described. An important 
question is whether the reduction is due to a decrease 
in the Oz supply or to a decrease in the demand of the 
different organs. 

The “in vitro” experiments on the Oz consumption of 
brain tissue deal with hemorrhagic shock. Beecher and 
Craig (1943) found no change in the O» uptake of the 
cerebral cortex of cats; Rosenthal, Shenkin and Drabkin 
(1945), also working with cats, found differences in the 
homogenates of brain tissue of animals in severe hemor- 
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rhagic shock. Wilhelmi et al., (1944) in rats in hemor- 
rhagic shock observed a decrease in the final stage as 
well as a sharp decline in O, consumption of the liver, 
Danilov (1952) found in traumatic shock no difference 
from the normal in the O, uptake of brain slices. 

Our own (Kovach et al., 1957) ‘‘in vitro” results 
with brain slices in animals in traumatic shock indicated 
that even in the final stage no decrease in O2 consumption 
was to be found; in fact a significant rise was observed 
(Fig. 7). These results tend to confirm the view that in 
traumatic shock the Oz requirement of brain tissue is 
not lowered. However, it is difficult to draw conclusions 
from ‘‘in vitro” results as to the Oz consumption of the 
brain “‘in vivo.” In the investigations discussed below 
an attempt was made to throw some light on the “‘in 
vivo” Oz consumption of the brain of animals in shock. 

These experiments (Kovach et al., 1959) indicated 
that the A-V Oz difference of the head does not change 
during the tourniquet period (Fig. 8); but after release 
it quickly rises from the normal mean of 7.2 volumes 
per cent to about 12 volumes per cent. The A-V Oz: 
difference increases as the blood flow to the head 
decreases. In the terminal stage in spite of a further 
decline in blood flow to the head, there is no longer any 
further rise in the A-V Oz difference. During the tourni- 
quet period the O2 consumption of the head remains 
essentially unchanged but after release it increases from 
the normal, initial 7.65 ml/min. to 10 ml/min. This 
rise is statistically significant (¢ = 2.988, P < 0.01). 
With the increasing severity of shock the O» uptake 
diminishes, falling before death to 8.0 ml/min. and 
terminally to 5.2 ml/min. The ultimate O2 consumption 
as compared with the initial value is significantly lowered 

(t = 2.805, P < 0.01). 
The head fraction of total O2 consumption during the 

tourniquet period increased considerably and during 
the entire course of shock was significantly higher than 
normal (¢ = 5.221, P < 0.001). It may be concluded 
that in traumatic shock the O2 consumption of the 
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brain is not lessened but, on the contrary, both “‘in 
vitro” and “‘in vivo’’ it increases to a degree which is 
statistically significant. 

The increased O2 uptake, together with slowing of the 
circulation, causes a reduction in the Oz tension of the 

venous blood. The question arises as to whether stagnant 
hypoxia has an adverse effect even though the Oz 
uptake is increased. As has been previously mentioned, 
terminally the A-V Oz difference no longer increases 
but rather falls below control values. This should mean 
impairment in Og: requirement but at this stage the 
arterial blood is no longer 100% saturated. Hence, this 
final manifestation probably is a secondary consequence 
of arterial hypoxia. It is possible that data in the litera- 
ture showing a terminal decline in Oy utilization are 
attributable to the inhibiting effect of cerebral anoxia 
produced by the conditions of the experiments. 

The increase in O2 uptake might be due to increase in 
blood catecholamines inasmuch as King, Sokoloff and 
Wechsler (1952) have shown that adrenaline increases O2 
uptake, although other humoral factors also could be 
responsible. Muus and Hardenberg (1944) and Cook, 
Jensen and South (1953) demonstrated an increase in 
O: uptake of liver slices incubated with shock plasma. 
As the potassium concentration of the plasma is increased 
during shock, and as it is known that this accelerates 

oxidation, hyperkalemia offers another possible explana- 
tion for the observed changes in O» uptake. 

Carbohydrate metabolism of the brain in shock. Investigating 
the cerebral glucose consumption in the homogenate, the 
normal rats (8 cases) consumed 4.02 + 0.40 yumol 
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FIG. g. The two columns on the left of the figure show the con- 
sumption of glucose by slices of the cerebral cortex from normal 
rats (N) and from rats injured by limb trauma (i). The two 
columns on the right show the ratio of O2 consumption to glucose 
consumption in two groups. 

(micromols) glucose in 30 minutes, 8.64 + 0.40 in 6c 
minutes, and 12.0 + 0.54 wmol in go minutes. The 
corresponding values for the animals in shock (7 cases) 
were 3.71 + 0.38 in 30 minutes, 7.85 + 0.62 in 60 

minutes, and 11.5 + 1.0 wmol in go minutes. Statistical 
evaluation indicated no significant differences, the P 
value in both cases being above 0.5: 

Hexokinase activity of the brain. In the first series of 
experiments the hexokinase activity of normal rat brain 

as expressed in disappearance of glucose was 3.34 + 
0.08 mg/gm brain per 5 minutes. The cerebral hexo- 
kinase activity of shock animals tested at the same time 
was higher, i.e., 4.05 + 0.08 mg/gm brain. Thedifference 
between the two groups is significant (P < 0.01). 
Insulin did not affect consumption either in the normal 

animal or those in shock. 
In succeeding experiments the cerebral activity of 

animals also was determined in an early stage of shock. 
It was found that, as against the normal 3.53 + 0.03 
mg glucose per gram brain per 5 minutes, the brains of 

the rats in shock consumed 4.47 + 0.21 mg in 5 minutes. 
The difference was statistically significant, P < 0.01. 

In arterial anoxia the cerebral hexokinase activity 
was found to fall from the normal value of 3.94 + 0.09 
to 2.73 + 0.12 mg/gm brain per five min. This decrease 

is statistically highly significant, P < 0.001. 
In vitro, (Kovach et al., 1957) there was no difference 

between the normal and the shock brain slices or homog- 
enate in respect to glucose uptake (Fig. 9). The hexo- 
kinase activity of brain slices was increased in shock 
(Fig. 10). The rise was apparent even in the early 
stages. In the final state, after gasping has set in and 
when the cerebral circulation became sluggish, there 
also was greater hexokinase activity. From the work of 
Palladin (1953) it is known that in cerebral anoxia, 

hexokinase activity declines, and this we have confirmed. _— Ee le a. “ae Re ae es ~~ ce 
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Fic. 10. Hexokinase activity of aqueous extracts of brains from 
normal rats (N) and rats in irreversible and reversible traumatic 
shock and rats subjected to anoxia. 

The difference between shock and anoxia in this respect 
supports the hypothesis that the biochemical changes to 
be found in brain tissue in shock are not entirely the 
result of anoxia. The difference in glucose consumption 

of muscle as compared to brain tissue in shock might be 
due to the fact that the hormonal factors which produce 
the muscle changes may not be able to penetrate the 
blood-brain barrier. This may bean instance of protective 

regulation of the brain tissue. 
It is possible that in the brain of the shock animal 

particulate, bound hexokinase becomes soluble or that 
an increase in K is responsible for the augmented activity. 
Naturally, it is a question whether these in vitro results 
are also valid in vivo. 

Energy-rich phosphate content of the brain of rats in traumatic 
shock. McShan et al., (1945) advanced the theory of an 
energy depletion developing by way of the breakdown 
during shock of energy-rich P compounds. The deficit in 

energy-rich P containing compounds in injured muscle 
has been described by Green and Stoner (1950) and by 
Bollman and Flock (1944). Green considered ATP to 
be an important toxic, vasodepressor factor, a hypothesis 
which has remained unproven. The energy depletion 
theory has not been unanimously accepted (Wiggers, 
1950), as the data are contradictory. These differences 
may be due to variations in degree of severity of the 
shock. In the terminal stages of shock the ATP of the 

brain tissue was significantly reduced (Kovach et al., 
1952a). The terminal reduction in energy-rich P in the 
brain has been confirmed (Stoner and Threlfall, 1954) 
(Petocz, Erdélyi, Bartha and Kovach, unpublished) 

(Fony6, Kovach and Kovach, 1957). 
The energy-rich P content of the brain was investigated 

in order to clarify the relationship between the acid- 
soluble P fractions and the functional condition of the 
brain of animals in shock. The experiments were carried 
out on rats. Shock was induced by freezing both hind 
limbs with liquid air. The animals were studied after 
recovery from anesthesia and the severity of the shock 
was not measured by the time elapsed following freezing 
but by the animal’s condition. The criteria used for 
classifying severity were as follows: 7) those without 

symptoms upon release after the freezing, 2) signs of 
moderate flaccidity, (mobility of the animals generally 
diminished and tendency to lie with forelegs out- 
stretched), 3) severe flaccidity, with irregular protective 
reactions to external stimuli and greatly lowered sensi- 

bility to pain, 4) precoma, in addition to severe flaccid- 
ity, the contact “placing” reaction and the statokinetic 
reflexes disappear or can only be induced with difficulty, 
and 5) the terminal areflexic stage with deep coma, gasp- 
ing respirations but with the heart still beating (Fonyé 
et al., 1957). 

To fix the brain in the whole animal, it was plunged 
into liquid air in the phase desired. The PC content of 
normal rat brain was found to be 80.7 + 2.1 yg P/gm 
brain tissue. After inducing shock but before the appear- 
ance of flaccidity no significant differences were found. 
However, in the second phase, the brain PC content 
rose to 90.4 + 1.9. The elevation was statistically 
significant (¢ = 3.40, P < 0.01). With increasingly severe 
flaccidity or with the occurrence of coma, no essential 
change was found in the mean value of the brain’s PC 
content, but individual variations were considerable. 

At this point the mean brain PC content was 85.5 —+— 
6.7 ug P/gm. There was no statistical difference between 
the fourth phase and the normal state. At the final or 
fifth stage the mean fell sharply to 32.1 + 11.5 ug 

P/gm, the deviations again being quite wide. The 
terminal decrease in PC was significant, both compared 
with the normal and with the fourth stage (¢ = 4.04, 
P in both cases < 0.001). The ATP changes were similar 
to those in the PC. It is of interest that in the stage prior 
to the decline in ATP, true inorganic P rose significantly, 
and this rise was accompanied by a decrease in the 
acid-soluble organic phosphate other than ATP-ADP. 
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FIG. 11. Resynthesis of creatine phosphate after electrical stimu- 
lation in normal rats, @®——®; and rats in traumatic shock, 
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The terminal decrease in ATP, was confirmed by column 
chromatography (Petécz, Erdélyi, Bartha and Kovach, 
unpublished). There also was a decrease in total adenine 
nucleotides in the final stage. It may be concluded from 
these experiments that the PC of the brain remains at 
approximately normal levels even after severe reflex 
deficiencies and functional derangements become 
apparent. 

As mentioned above the rise in inorganic P in the brain 
occurred earlier in shock than did the fall in PC or 
ATP. Although the increase in inorganic P was derived 
from the acid-soluble organic P fraction, its precise 
origin could not be determined. In any case, these 
investigations indicated that inorganic P was released 
from some organic compound without change in the 
energy-rich P content. Other experiments from our 
laboratory indicate that the rise in inorganic P occurs in 
the second stage of shock. The final decrease in energy- 
rich P content may be related to cerebral hypoxia. 

These results indicate no direct correlation between 
the functional state of the central nervous system in 
shock and the energy-rich P level. The fact that the PC 
does not diminish parallel with the functional deficiencies 
does not mean that the rate of breakdown or synthesis of 
energy-rich compounds is unaffected. It is possible that 
there are local changes which cannot be demonstrated 
by investigating the entire brain. Against this stands the 
very extensive nature of the functional deficiencies. 
For example, the rise in inorganic P suggests that dis- 
orders of P metabolism occur in the early stages of shock. 

It is also possible that although the total energy-rich 
P content of cells remains constant, there is a change in 
its distribution among the different constituents of the 
cell, e.g. mitochondria versus cytoplasm. Additionally, 
less energy-rich P might be utilized as a consequence of 
diminished function. 

Creatine phosphate resynthesis in the brains of rats in shock 
after electrical stimulation. Having determined that with a 
normal PC and ATP content, grave functional deficien- 
cies may be observed, it seemed pertinent to determine 
the ability of the brain to resynthesize cerebral PC at 
different stages of shock following experimental reduc- 
tion. Electrical stimulation of the brain was carried out 
by placing electrodes on the skin bitemporally. In normal 
animals such stimulation was followed by a convulsion. 
After apnea lasting for about 15 seconds, respiration 
began again while the PC content of the brain dimin- 
ished, in conformity with the findings of Dawson and 
Richter (1950). However, resynthesis was nearly com- 
plete in 60 seconds (Fig. 11). 
On stimuiating the animals in traumatic shock, the 

convulsion occurred but with less intensity. The initial 
drop in PC was similar to that observed in normal 
animals (from go.4 wg P/gm to 37.1 wg P/gm). However, 
resynthesis was much slower than in the normal animals, 

or did not occur at all. The values were 30.7 after 60 
seconds, 25.6 after 120 seconds and only 56.5 ug P/gm 
after 5 minutes. 

Some of the animals in shock died after this stimula- 

tion; others suffered temporarily from impaired respira- 

tion which lasted for 30-50 seconds. The absence of 
resynthesis was not due to apnea, for the animals in 
which respiration was restored after 30 seconds also 
exhibited low PC levels for periods of several minutes. 
Artificial respiration failed to accelerate the lowered 
rate of PC resynthesis. The possibility that the hemo- 
dynamic alterations accompanying shock was affecting 
the rate of PC resynthesis also was investigated. However, 
maintenance of cardiac output by intravenous injection 
of large doses of saline in shocked animals failed to 
restore the PC resynthesis rate to normal. Hence, 
impaired circulation did not seem to be the direct 
cause of the abnormality. 

The difficulties in resynthesis after electrical stimula- 
tion are not limited to PC. The acid-labile P also failed 
to return to its initial value after similar stimulation 
(Kovach, Fony6 and Kovach, 1958). 

Acetylcholine content of the brain in traumatic shock. Al- 
though the role of acetylcholine (ACh) in the central 
nervous system is still not entirely clear it is recognized 

that the total ACh content of the brain parallels changes 
in its functional state (Richter and Crossland, 1949; 
Crossland and Merrick, 1954). We have in further 
experiments studied the total ACh content of brain 
tissue in traumatic shock. For brain fixation the whole 
animal was frozen in liquid air. The two hemispheres of 
the cerebrum (without. the cerebellum) were excised, 
powdered and extracted, still in the frozen state. 
The normal resting value as assayed on frog rectus 

muscle was 2.22 ywg/gm brain wet weight (Fig. 12). 
This agrees with the value obtained on animals of equal 
size by Crossland, Pappius and Elliott (1955). Assaying 
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FIG. 12. Total acetycholine content of the brain in normal rats 
(N) and in rats in traumatic shock after injury (i). 
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FIG. 13. Total glycogen disappearance, disappearance of 
glycogen by phosphorylation and amylase activity in muscle of 
normal rats and of rats in shock, in 20 min. Black columns, total 
glycogen disappearance; hatched columns, phosphorolytic disap- 
pearance of glycogen; clear columns, amylolytic disappearance of 
glycogen. 

on frog heart, the normal value was somewhat lower 
than the above, 1.51 wg/gm (Kovach, Fonyé and 
Halm4gyi, 1958). In traumatic shock the animals were 
comatose with absent postural reflexes but respiration 
continued. The ACh content of the brain of animals in 
shock was higher than normal using both test prepara- 
tions. The difference was significant, P < 0.001 in both 
cases. This effect also was demonstrable in the early 
stages of shock. 

Since making the extract alkaline and boiling it for a 
short time abolished the effect on both test preparations, 
the responses did not appear to be due to choline. 
Atropine blocked the action of the brain extract on the 
isolated frog heart. 

In these experiments the ACh content of an entire 
cerebral hemisphere was determined. It is possible that 
the ACh increase demonstrated by us may not be uniform 
in the whole brain but occurs locally in certain areas. 
That there are differences in ACh content in different 
areas of the brain has been proved by the findings of 
McIntosh (1941). The same is true for choline acetylation 
and for cholinesterase activity (Burgen and Chipman, 

1951; Hebb, 1957). 
The increase of ACh content may be due either to 

restricted breakdown or to enhanced synthesis. Beznak 

(1934) was the first to show that a part of the ACh 
content of brain is bound to protein. It is possible that 
the mechanism whereby the bound ACh is liberated 
into the free form is inhibited in shock or that the cholin- 
esterase activity of the brain is lowered. Decrease in 
plasma cholinesterase activity in shock has been demon- 
strated by Verebély (1937) and others, though this does 
not mean that the finding is valid for brain tissue. Our 
histochemical investigations point in this direction, 
however. 

The rise in ACh content of animals in shock coincided 
with evidences of severe central nervous system depres- 
sion. Reflexes were absent and, according to the ECoG 
tracings, the electrical activity of the brain declined. 
The elevation of ACh level may be a consequence of 
diminished function similar to that in anesthesia. As 
mentioned, except in the terminal stage of shock, an 
increase in the PC of the brain was observed. With 
normal or increased PC, however, resynthesis of this 
substance is inhibited. The question is: What correlation 
exists between the reduced synthesis of energy-rich P 
and the changes found in ACh content? 

It may be assumed that the increased ACh content is 
due to an impaired resynthesis of choline-containing 
lipids. Normally a balance between breakdown and 
resynthesis keeps the free choline content of the brain 
at a low steady value. In shock, the resynthesis dimin- 
ishes, choline accumulates, and is readily acetylated. 
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FIG. 14. Changes in the fractions of reducing substances in the 
muscle of normal rats and of rats in shock, after 20 min. incubation. 
Columns show the total reducing difference (TR) after H2SO, 
hydrolysis of the Ba(OH), filtrate. Black columns: change oc- 
curring in glycogen (BaG) content of the Ba(OH).—ZnSO, 
filtrate in 20 min. Dotted columns: increase in nonfermentable 
reducing substances (RR). Shaded columns: change in the free 
reducing (FRV) substance content of the Ba(OH):—ZnSO, fil- 
trate in 20 min. White columns: increase in fermentable reducing 
(FR) value on hydrolysis of the Ba(OH)2—ZnSO, filtrate in 20 
min. (oligosaccharides). 
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Free amino acid content of the brain in traumatic shock. In 
view of the importance of amino acids in brain metabo- 
lism the free amino acid content of brain tissue was 
investigated, in normal rats and those in shock. We 
found that in traumatic shock significant changes occur 
both in quantity and relative proportions. Though it is 
well known (Engel et al., 1943), that in traumatic shock 
the amino nitrogen content of the plasma increases, in 
the brain we found a drop below the initial value. The 

different amino acids were not affected to the same 
degree. Thus, lysine and serine increased considerably, 
gamma-aminobutyric acid did not change appreciably, 
whereas glutamine, glutamic acid, alanine and valine 
fell 50% below the initial values. 

CARBOHYDRATE METABOLISM OF MUSCLE IN SHOCK 

Glucose uptake of muscles in shock. Hyperglycemia in 
shock is usually attributed to mobilization of the liver 

glycogen (Selye 1950). Selye (1946) stated that in shock 
there is enhanced glucose uptake in injured limbs. 
Beatty (1945), using a similar method (A-V glucose 
determination in the blood) observed in hemorrhagic 
shock that after an initial increase, there was a drop in 
the glucose uptake of the liver and limbs. It is difficult 
to evaluate these data in the absence of simultaneous 
determinations of the quantity of perfusing blood. To 
investigate the mechanism of the changes in carbohydrate 
metabolism occurring in shock, experiments were 
carried out which compared in vitro the glucose uptake 
of the diaphragms of normal animals and those in shock. 

For these studies 346 rats from inbred strains were used. 
They were fasted for 12 hours before the experiments 
and shock was induced by freezing the two rear limbs 
with liquid air (Kovach and Csaky, 1948). It was 

demonstrated that the glucose uptake of the diaphragms 
of rats in traumatic shock decreased (Kovach et al., 
1952). The diminished glucose uptake could be returned 
to normal in vitro by adding 1 unit insulin per milliliter 
solution. In vivo hourly subcutaneous injection of 0.1 
unit insulin per 100 gm body weight increased glucose 
uptake in 50% of the cases. Haist and Hamilton (1944) 
found that in shock the glycogen-storing capacity of the 
liver was impaired. Insulin did not antagonize this, but 
reduced the hyperglycemia of shock, which is in agree- 
ment with our findings. 

Glycogen phosphorylation in shock. As glycogen is one of 
the most important sources for the energy-producing 
processes in normal cellular activity, and as depletion of 
the glycogen reserves occurs in shock, the question 
arose as to how the enzyme systems which participate 
directly in the synthesis and breakdown of glycogen 
might be altered in shock. To study this, the in vitro 
glycogen phosphorylation of the muscle of normal rats 
was compared to that of animals in shock. In rats 
weighing about 150 gm, shock was produced by freezing 
of the hind limbs in liquid air. The glycogen phosphor- 
ylation was determined by a modification of the method 
of Ther and Mueller (1950). It was shown (Fig. 13) 

that the glycogen phosphorylation of thigh muscle of the 
shock rats diminished significantly (Kovach et al., 1952), 
Neither local edema, nor the low local inorganic PO, 
level explain the phenomenon. In uninjured muscle from 
rats in traumatic shock, the glycogen phosphorylation 
was not altered. In vitro, adenylic acid normalizes the 
arrested glycogen phosphorylation of injured muscle of 
animals in traumatic shock. The reduced glycogen 
phosphorylation seen in shock may explain the low 
glycogen content of the injured muscle. It is not known 

to what extent these disturbances in carbohydrate 
metabolism of damaged muscle figure in the patho- 
genesis of traumatic shock, and in the increased capillary 

permeability observed in the injured area. 
Total glycogen breakdown in muscles in vitro in shocked 

animals. In another series of experiments using the same 
methods described above, we estimated along with the 
glycogen phosphorylation, the glycogen disappearance 
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FIG. 15. Per cent change of circulating plasma volume 
(ordinate) after treatment with dibenamine (central column) or 
bretylium tosylate (cross-hatched column). 
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(Kovach et al., 1956). Neither in the injured nor in the 
intact muscle of the animal in shock did the decrease of 
glycogen content parallel the fall in glycogen phos- 
phorylation; phosphorylase activity decreased in the in- 

jured muscle and remains unchanged in the intact, but 

at the same time the total amount of glycogen broken 
down increased markedly in both muscles (Fig. 13). 
These results suggested the possibility that the loss of 
glycogen in shock is due to a breakdown process other 
than that of phosphorylation. Glycogen breakdown 

without phosphorylation leads to the loss of much 
energy and it may be supposed that our present findings 
are somehow correlated with the changes in the ter- 

minal phases of shock, a fall in high energy phosphate 
esters (Kovach et al., 1952; Stoner and Threlfall, 1954). 

Free reducing substances, and olygosaccharides in shock 
muscles. To study the method by which glycogen break- 
down, other than by phosphorylation may occur in the 
muscle of animals in shock, we determined at the time 
of glycogen breakdown the change in free reducing 
substances and the olygosaccharides. Incubating the 
muscle of normal rats and rats in shock with glycogen 
and NaF resulted in an increase in the amount of free 
reducing substances. Incubating the muscle of normal 
rats and rats in shock, without glycogen produced no 
great change in the amount of either inorganic phosphate 
or reducing substances. Hydrolyzing the Ba (OH),- 
ZnSO, filtrate of the muscle for 214 hours at the end of 
the incubation resulted in a further considerable increase 
in reducing value due in part to glycogen present in the 
filtrate and in part to reducing substances fermentable 
with yeast. Nonfermentable substances have been found 
in equal quantities in the muscle of normal animals and 
animals in shock, and no difference in these values 
occurred after 20 minutes incubation (Fig. 14). The 
entire amount of glycogen lost without phosphorylation 
was found to be present in the form of reducing sub- 
stances and fermentable oligosaccharides (Kovach et 
al., 1956). 

Reversal of biochemical, functional and histological changes 
found in muscle of rats after ischaemic shock. Although several 
biochemical changes reflect severe injury to the muscles 
in shock, and it is further known from clinical experience 
that shock is usually followed by muscular weakness, 
the question of the work performance of the organism 
in shock has not been discussed in the literature. In the 
next summarized studies we investigated (Kovach 
et al., 1956) on the one hand the working performance 
of the muscle of rats in ischemic shock and at the same 
time followed the biochemical, functional and _histo- 
logical regeneration of the muscle. 
Two hundred and forty-five rats subjected to ligation 

of the two hind limbs for 3 hours were studied immedi- 
ately, and at 2, 4, 7, 14, 21 and 35 days after releasing 
the ligature in respect to inorganic phosphate, glycogen 
and ATP levels in the ligated and the undamaged 
muscle, the degree of phosphorolytic (phosphorylase) 
and hydrolytic (amylase) glycogen breakdown; the 
work performed by the ischemic and the intact muscle 
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Fic. 16. Effect of dibenamine pretreatment (line 3, triangles) 
and dibenamine treatment at time of loosening the ligatures (line 
4, open circles) on arterial pressure as compared with untreated 
shock animals (line 2, closed circles) and normal animals (line 1). 

on direct stimulation, the response to a swimming test, 
and histological changes. The following changes were 
observed: 7) In the ischemic muscle of animals subjected 
to sublethal ischemic shock, changes occurred in the 
inorganic phosphate, ATP and glycogen content and in 
phosphorylase and amylase activity similar in trend to 
those we had demonstrated in traumatic shock. 2) In 
the undamaged abdominal muscle, phosphorylase 

activity also diminished considerably, although this 
occurred later than in the ligated muscle. 3) The work 
performance of the injured muscle decreased markedly 
after shock but returned to normal after 2 weeks. There 
was no change in work performance in the undamaged 
muscle immediately after release of the ligature. 4) 
Swimming time also decreased considerably and 
complete recovery did not occur until 5 weeks following 
injury. 5) The histological changes disappeared almost 
completely after 1-2 weeks. 

Reversal of the various biochemical changes were not 
synchronous. It seemed that in maintaining the glycogen 
level not only phosphorolytic but also hydrolytic break- 
down of glycogen was of importance. 

ROLE OF SYMPATHETIC NERVOUS SYSTEM IN SHOCK AND 
MECHANISM OF DIBENAMINE ACTION 

It has been shown previously that treatment with 
dibenamine in hemorrhagic shock resulted in a significant 
increase in survival (Wiggers et al., 1948). Because the 
amount of blood loss is less to produce a given degree of 
hypotension in dibenamine pretreated animals it seemed 
important to investigate dibenamine protection in other 
forms of experimental shock. It was demonstrated in 
this laboratory that dibenamine administered prior to 
or at the time of the release of hind limb ligature pro- 
vided some protection against the development of 
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ischemic shock (Kovach et al., 1958). The extent of the 
protection depended upon the degree of injury. For 

example, in the group subjected to 4 hours of tourniquet 
application a significant increase occurred in the number 
of animals surviving whereas with 5-hour ligature a 
difference was noted only in the survival time, and with 
6-7 hours of ligature there were no significant differences 
from the controls. Although dibenamine afforded similar 
protection if administered at the time of release of the 
ligatures, it was ineffective if injected 1 hour following 
such release. The results demonstrate that the sympatho- 
adrenergic system takes part in the development of 
ischemic shock. The fact that posttreatment does not act 
favorably indicates that by this time such extensive 
changes have occurred in the organism that blocking of 
the sympathetic nervous system provides no defense 
against the fatal outcome. 

It was of considerable interest to note that whereas 
the protection afforded by dibenamine was the same 
whether it was administered prior to or at the time of 
release of the ligatures there was a significant difference 
in the amount of edema accumulating in the ischemic 
limbs. Edema was significantly reduced as compared to 
the controls only in the pretreated animals and not in 
those given dibenamine at the time of ligature release. 
These observations support Scott’s view (1946) that local 
fluid loss is not the most important factor in death from 
ischemic shock. 
Among the factors influencing dibenamine protection, 

changes in plasma and whole blood volume should be 
considered. Blockade with dibenamine or bretylium 
(Fig. 15) results in a significant increase in plasma and 
whole blood volume as measured with I!*!-labeled 
albumin and P*-labeled red cells (Mitsanyi, Varga, 
Kovach, Ményhart in press). 

To further study this problem a series of experiments 
were performed in which the sympathoadrenal system 
was blocked by pharmacological agents. Biochemical and 
hemodynamic changes during the course of shock were 
studied in pretreated and control animals. 

In the course of the next experiments on dogs, the 
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following physiological standard values were estimated 
in control and dibenamine treated animals: hemo- 
dynamic studies including 7) blood pressure, 2) oxygen 

consumption, 3) arteriovenous oxygen difference and 
4) cardiac output (Fick principle) and blood chemical 
values including a) serum inorganic phosphate, b) blood 
lactic acid and c) blood nonprotein nitrogen. 

Our experiments have shown that the decrease in the 
hemodynamic indices of blood pressure and cardiac 
output (Figs. 16, 17) were about the same in dibenamine 
treated as in control shock animals, but the changes in 
blood chemistry (Figs. 18, 19) and oxygen consumption 
were markedly and significantly less in dibenamine- 

treated shock animals than in control shock animals. 
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FIG. 20. Effect of head perfusion on renal function in dogs with 
hemorrhagic shock. Parameters from above down are systemic 
blood pressure, potassium clearance, total renal blood flow as in- 

From these observations, we concluded that the sym- 
pathoadrenal system plays a role in the pathogenesis of 
shock. Hyperactivity of this system influences the circu- 
latory and metabolic pattern of the organism in shock, 
by altering the balance between the demand and the 
supply of the cells in an unfavorable manner. The 
changes in metabolism seem to be of greater significance 
inasmuch as the circulatory depression in the dibena- 
mine-treated shock animals was about the same as in 

the untreated shock animals. 
Nervous system influences on renal functional changes occurring 

in shock. It is well known that in hemorrhagic shock renal 
function is not restored to normal after retransfusion of 
the blood lost even though hemodynamic relations may 
improve temporarily. In this laboratory it was demon- 
strated in cross circulation experiments that isolated 
head hypoxia through reflex mechanisms produced 
changes in renal function and sodium excretion similar 
to those observed in hemorrhagic shock (Géméri et al., 
1954, 1960). It was of interest, therefore, to determine 
whether perfusion of the isolated head would prevent the 
development of changes or restore to normal the function 

of the kidney in shock. In other words, what is the role 
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dicated by a rotameter, renal blood flow as indicated by PAH 
clearance, urine volume and sodium excretion. (Average of 8 
control and 11 head perfused experiments.) 

of cerebral anoxia in the development of renal changes 
in shock? 

In experiments involving 19 dogs it was found that in 
the hypotensive period of hemorrhagic shock isolated 
perfusion of the head with normal blood had a marked 
effect on renal functional changes. These are depicted in 
Figure 20. 

The next question that arose was what was the import- 
ance of the sympathetic nervous system in mediating 
these changes? To study this, the effect of dibenamine 
pretreatment was determined (Fig. 21). Essentially the 
same protective changes in the renal response to ischemic 
shock were observed in these animals as in those with 
head perfusion of normal blood in animals with hemor- 
rhagic shock (Kovach et al., 1958). This evidence 
confirmed the significant role of the sympathetic nervous 
system. 

As had been noted previously by Selkurt (1946) the 
total renal blood flow as measured with a turbinometer 
decreased considerably less than the PAH clearance in 
the shocked animals. This suggests that an increased 
fraction of the renal blood flow was not perfusing excretory 
tissue. It was of interest that after dibenamine treatment 
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FIG. 21. Effect of dibenamine on renal function of dogs with 
ischemic shock. Results in untreated shock animals are depicted 
on the left and results in dibenamine treated animals on the right. 
The parameters from above downward are systemic blood pres- 

the discrepancy between the two measurements was 
considerably reduced (Kovach et al., 1959). 

SUMMARY AND CONCLUSIONS 

The favorable effect of perfusion of the brain with 
normal blood in hemorrhagic and ischemic shock, and 
our results on functional changes as tested by ECoG 
support the hypothesis that impairment of the nervous 
system plays an important part in the development of 
shock. In the stage of irreversible hemorrhagic shock a 
condition corresponding to decerebration exists. 

The injurious factors in the pathomechanism of 

traumatic shock are hypoxia, hormonal factors, toxic 
substances and nociceptive afferent impulses, all of 

which participate in bringing about the functional and 
biochemical changes in the central nervous system. 

There is no evidence for destruction of vasomotor 
center function in shock animals and the decreased 
response to sympathetic stimulation and catecholamine 

is returned to normal by restoration of the blood volume. 
Vagotomy or cocainization of the pericardial sac in- 
creases survival in shock. Intracoronary injection of blood 
from animals in shock reduces the blood pressure and 
this effect can be abolished by vagotomy. Lesions of all 

areas of the hypothalamus except the medial tubular and 
medial infundibular regions decrease the resistance of 
the animals to shock. 

The present investigations into the biochemical back- 
ground of functional changes indicate the following: 

6 perio 

sure, urine volume, potassium clearance, PAH clearance, renal 
vascular resistance and sodium excretion. (Average of 7 control 
and 7 dibenamine treated experiments.) 

1) The O2 consumption of the brain and its Oz require- 
ment does not decrease during shock; in fact it rises, in 
spite of the fact that the circulation to the head is defi- 

cient. 2) Unlike in muscle, where the glucose uptake is 
decreased after shock, in the brain it remains unchanged 
up to the terminal stages after which it diminishes. 
3) The hexokinase activity in the brain of the animal in 
shock increases; in muscles it is reduced. Cerebral anoxia 
(stagnant or arterial) lowers the brain’s hexokinase 
activity. 4) In injured muscle there is a sharp decline in 

phosphorylase activity and increased hydrolytic break- 
down is evident. 5) The energy-rich P content of the 
brain is normal up to the final stage of shock; in fact it 

is increased, even when severe reflex deficiencies, 
adynamia and coma set in. 6) In the final stage of shock 
there is a decrease in the brain’s ATP and PC content, 

a rise in ADP, unaltered AMP, and a fall in the total 

quantity of adenine nucleotides. 7) There is a significant 

increase in true inorganic P even in the early, less 

severe stages of shock; at the same time the total organic 

P content diminishes. Hence, not only in ATP or PC 

but in other organic P esters there is evidence of a 

decreased content. 8) In the cerebral cortex of animals 

in shock the mitochondria become swollen. 9) When the 

ATP or PC in the brain of the animal in trauma is 

reduced by electric shock, these substances do not 

resynthesize as in normal animals. Neither artificial 
respiration nor restoration of hemodynamic relations 
helps the resynthesis to any appreciable extent. 10) 
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Investigating the effect of K+ on brain slices with P* it 
was found that the quantity of acid-labile, nucleotide P 
was less than in the controls, and its specific activity was 
considerably lower. Increasing the concentration of K+ 
also lowered the amount of PC, its specific activity and 
its relative specific activity. It is possible that this may be 
due to an “uncoupling” of oxidative phosphorylation. 
The change in intracellular K+ might be attributed to 
the manifestations of shock. 17) The total ACh content 
of the brain increases considerably in shock. It is possible 
that this is somehow connected with the cessation of 
bio-electric activity. 12) The free amino acid content of 
the brain, unlike that of the plasma, diminishes. The 
decrease in glutamic acid is particularly significant. Our 
investigations still give no real proof that the reduction 
in the different amino acids is connected with a partici- 
pation in the oxidative processes. 

In any case, on the basis of in vivo measurements, as 
the shock progresses the ratio of glucose uptake to O» 
consumption decreases. Thus, an increased combustion 
of other substances may be presumed. Surveying the 

above change, it may be surmised that they might be 
attributable to an increase in intracellular Kt. 
The role of the sympathetic nervous system was investi- 

gated and it is again demonstrated that blockade 
favorably influences the development of shock. However, 
if the trauma is severe no protection is afforded by 
dibenamine pretreatment demonstrating that the 
presence of the sympathetic nervous system is not essen- 
tial for the development of irreversible shock. Dibena- 
mine blockade favorably affected the renal functional 
changes occurring in shock and reduced the degree of 
edema in ischemic shock if administered before release 
of the ligatures. It also is demonstrated that under 
similar hemodynamic conditions dibenamine retards 
the biochemical disturbances occurring in shock. 

This paper did not discuss endotoxin shock because 
this subject has been so ably covered by Fine in this 
symposium. It may be of interest, however, that we did 
not observe that irreversibility could be produced by 
reinfusing shock blood with the same method as used 
by Fine. Whereas “‘endotoxin”-like substances could be 
demonstrated in the blood of some animals in irreversible 
shock it was not found in others. Further, this substance 
could not be identified as endotoxin by paper chromato- 
graphic isolation and _ spectrophotometric analysis. 
(Szlamka et al., in press, 1960). 

It may be concluded that in shock complicated, 

metabolic disturbances occur. Whether these metabolic 

disturbances are primary or secondary is perhaps not 
so important as the fact that they may well play an 
important role in the complex of organic deteriorations 
that characterize the irreversible stage of shock. It is 
quite apparent that irreversibility is not a simple process, 
that many regulatory functions are involved, and that 
complete clarification of the problem must take into 
consideration multiple and diverse interractions. 

Figs. 1, 6-13, and 20 are reproduced from Kovach and Fonyo, 
The Biochemical Response to Injury, with permission of Charles C 

Thomas, Publisher, Blackwell Scientific Publications, Oxford, 
England. 

Dr. MicHae.ts: Our data on rat brain in shock would, 
I believe, tally with Doctor Kovach’s observations. 
Lactic dehydrogenase, DPNH and TPNH cytochrome 
c reductases, alpha-glycerophosphate dehydrogenase, 
DPN and TPN isocitric dehydrogenases, DPN and TPN 
malic dehydrogenases and succinic dehydrogenase had 
decreased activities in Noble-Collip drum shock. When 
the rats’ limbs were not taped so that they could avoid 
or diminish the impact of the prisms inside the drums, 
then the enzyme decreases were less than in taped ani- 
mals. The Pasteur effect was repressed in shock and the 
glycogen content was decreased, indicating that anaero- 
biasis prevailed. Although oxygen was present, the brain 
tissue was glycolyzing. The protein content of brain 

homogenates was increased in shock (P < 0.001) The 
blood brain barrier was changed since P* penetrated 
into shocked rats’ brain tissue to a much larger extent 
than into normal animals’ brains. Lactic dehydrogenase 
which occurred both in the mitochondrial fraction and 
in the supernatant fluid, was decreased in the mito- 
chondria, in shock, and was nearly correspondingly 

increased in the supernate (P < 0.001). 

Dr. Strawitz: I can’t feel quite as optimistic as Dr. 
Michaelis does about the changes in mitochondria; we’ve 

been working for some years on the structure and 
function of mitochondria in the dog heart after severe 

hemorrhagic shock; and also in dog liver. The best 
positive result we were able to obtain was a 30% reduc- 
tion in oxidative phosphorylation in dog heart after 3 
and 5 hours of severe hemorrhagic shock. 

However, there is a structural change which can be 
identified both with the phase contrast microscope and 
electron microscope; this consists largely in swelling and 
some disorganization in internal structure of the mito- 
chondria. This structural change is more marked in 

liver than in heart. We did our morphological work on 
liver before testing for functional activities and had 
expected that we would find very marked changes in 
that organ. Much to our surprise we found increased 
activity of mitochondria in livers from dogs subjected 

to this severe shock. 
So the question of any severe subcellular damage, at 

least in this area, has been pretty well cancelled out in 
our minds. We expected very severe changes and we 
didn’t obtain them and I think this points then to other 
possible areas of defect, perhaps in transport across cell 
membranes or across mitochondrial membranes. 

I’d like to comment on the ascorbic acid and methyl- 
ene data which we presented several years ago. These 
compounds were used for their capacities as redox 
potential agents. This work was stimulated by the 
observations of Dr. dePasqualini. We found about a 35 % 
reduction in mortality in rats subjected to acute hemor- 

rhage; when the compounds were used together in a 

large series of animals no effect could be demonstrated. 
We couldn’t demonstrate effectiveness of either of these 
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compounds in dogs subjected to severe hemorrhagic 
shock. 

Dr. EtsEMAN: It is becoming increasingly obvious 
that this symposium is emphasizing the need for further 
study of shock at both ends of the spectrum, namely 1) 
at a submitochondrial level, and 2) at a clinical level. I 
wonder if Dr. Nickerson has any practical suggestions 
for the organization of a shock study team such as has 
been so productive in his hands. 

Dr. Nickerson: I can confirm the suggestion that we 
have had some bitter experiences with cases of shock. I 
am not sure that I can give very practical suggestions 

for organizing a shock team because so much depends 
on the local situation. Our own clinical arrangements 

are perhaps more for the management of cases of shock 
than for the study of shock. The types of measuremenis 
and tests which we can do on most cases are sharply 
limited by the fact that we manage sporadic, referred 
cases in many different hospitals in the Winnipeg area, 

and very frequently facilities for tests we might like to 
do are not available where and when the need arises. 

From an organizational standpoint, we have found it 
very helpful to have the work center in our Department 
of Pharmacology and Therapeutics. We have medically 
qualified men with several years of hospital training 
working for their Ph.D. degrees in the department, and 
they assist with the direct management of the patients. 

It is most frustrating to attempt to handle cases where 
there are too many fingers in the soup, where the 
referring physician or someone else may be adding his 
own preferred therapy. We attempt to obtain permission 
to manage a case from beginning to end in our own way. 
However, even here we frequently are limited by the 
consequences of therapy started before we see the case, 
such as with steroids or antibiotics. Perhaps the most 
practical suggestion I can make with respect to the 
development of a group interested in obtaining referred 
cases of shock for study is to obtain good results in the 
first few cases. This gives the program a wonderful boost. 

With respect to details of treatment, I would suggest 
that the first item in using vasodilator agents, or any of 

the other newer or more esoteric types of therapy, is to 
remember that blood and/or other fluid volume replace- 
ment therapy is still the first and over-all most important 
step. As our program has developed, we have seen cases 
earlier and earlier in the development of shock, and 
find a progressively higher percentage in which vigorous 
circulatory volume replacement is all that is needed. I 
think that in many or most hospitals, the major defect 
in the use of blood is not in the total amount used, but 
in the fact that it is improperly distributed. Many 
patients get one or two bottles, and many of these 
probably would do as well without it. More serious cases 
frequently receive three or four bottles over a fairly 
extended period, when they should have two or three 

times as much quite rapidly. Adequate blood and 
fluid is the amount necessary to produce an adequate 
response. Although there are potential dangers in giving 

too much intravenous fluid too rapidly, particularly in 
elderly patients, the cases we see are in trouble from 
this very much less frequently than from too little given 
too slowly. 
A second problem in fluid management is what we 

have come to call the ‘‘over-night syndrome.” The 
classical picture is that of a patient under reasonable 
control by midnight; orders are left for a considerable 
volume to be administered over the next 8 hours, but in 
the morning we find that only a small amount has been 
given and have to start all over again. The reasons given 
for failing to administer the requested amounts are 

endless. but seldom impelling. If anyone knows of a 
solution to this problem other than staying continuously 
with the patient yourself, I would very much like to 
hear it. 

Patients who do not respond to adequate fluid volume 

therapy or respond only transiently, are the ones which 
represent a real challenge. In these cases we administer 

Dibenzyline very cautiously. If the circulating volume 
still is inadequate, and in some cases it is extremely 
difficult to determine this point, even a very small 
amount of the blocking drug will cause a precipitous 
fall in blood pressure. We have found this response to be 
a very simple, rapid and useful indication of the adequacy 
of transfusion, but its occurrence dictates that the 
vasodilator should not be administered unless additional 
blood is on hand. 

There are many disappointments in the treatment of 
shock. The more serious cases always are complicated by 
several factors, and even among those with an initial 
favorable response, the ultimate mortality may be fairly 
high. The cases which I discussed yesterday are quite 
representative of our experience. Although both had a 
good initial response and maintained improvement 
without further specific therapy for at least 2 days, one 
of the two ultimately died of the underlying disease 
process. 

Dr. EncEL: Before Dr. Nickerson leaves the floor, 
I’d like to ask him what his present feeling is about the 
use of noradrenalin in the treatment of shock. This agent 
is so widely used for hypotension, does he feel this drug 
has any place in the treatment of shock in general? Are 
there certain conditions in which it is still valuable? Or, 
do you feel its use should be abolished now? 

Dr. Nickerson: We cannot abolish noradrenalin 
because each patient produces his own, which may be a 
good thing in many circumstances. In considering the 
administration of exogenous noradrenalin in shock, it is 
necessary to differentiate shock associated with myo- 
cardial infarction from other types. I have had little 
personal experience with the former and am not fully 
convinced that noradrenalin is valid therapy. However, 
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in this type of shock there is a possible basis for the 
use of noradrenalin because coronary blood flow is a 
limiting factor, at least in some areas of the myocardium. 

Coronary flow is very dependent on the diastolic pressure, 
and these vessels are among the few which are not 
constricted by noradrenalin. I can see little basis for the 
use of noradrenalin or of other vasoconstrictors in other 
types of shock, and they may be positively deleterious. 
We have seen few patients treated with noradrenalin 
recently because this agent definitely is now in disrepute 
in our area. However, among a very small group of 
patients in shock who had been treated for from 8 to 16 
hours with noradrenalin before we took over with other 
forms of therapy, there appeared to be a greater tendency 
for anuria to persist after the circulatory status improved 

than in other cases. 

Dr. Ciowes: Having recently completed a review of 
the metabolic alterations associated with the artificial 
maintenance of circulation in the entire organism by a 
pump oxygenator (Clowes, 1956), I’m very much struck 
with the similarity of the metabolic changes that take 
place in shock and during an inadequate perfusion. 
There are a number of things that have been brought 
out today which I might mention as examples; first of 
all, survival does not exist in animals if the perfusion 
rate is less than 30% of the basal cardiac output for 
more than a few minutes; the electrolyte and other 
changes that take place in the blood in this situation of 
inadequate perfusion are quite similar to those of shock. 
Both produce tissue ischemia, hypoxia, and metabolic 
acidosis. The examination of tissues, especially of the 
heart muscle that has been deprived of circulation, when 
the coronary circulation is temporarily occluded, show 
a reduction in ATP. This is very similar to what Dr. 
Bing mentioned this morning in the heart muscle during 
shock. 
My only reason for standing at this moment to mention 

this matter is that I believe that here is a technique, 
available to those interested in studying shock which 
could be applied more than it has been in the past. In 
other words, we have a method of controlling the cir- 

culatory rate and the degree of tissue hypoxia and for 

study of the changes taking place in the individual 

tissues at any moment. The only thing that I think must 

be remembered in dealing with this sort of work is that 

a pump and oxygenator do produce changes of proteins 

and cells in the blood that may not take place in the 

true hypovolemic shock. These blood changes in their 

own right may cause certain metabolic and hemo- 

dynamic sequellae. Therefore, we must bear them in 
mind if this technique is used, as was done by Dr. 

Guyton in his hemodynamic and output studies. 

Dr. PEKKARINEN: I would like to ask Dr. Page’s 

opinion on noradrenalin sensitivity related to reversi- 

bility and irreversibility of shock. We have found that 

the cat’s blood pressure response to noradrenalin is 
often much smaller when the initial blood pressure level 
has been slowly lowered by administration of certain 
drugs. For example, after the administration of cocaine, 
mepyramine maleate or chlortrimeton, atropine and 
ergotamine, the noradrenalin sensitivity during bio-assay 
begins to decrease as the blood pressure drops below 
60-80 mm Hg. But if the blood pressure of the cat is 
reduced abruptly to 80 mm Hg or somewhat below by 
hexamethonium, the blood pressure increment response 
after noradrenalin injection is often very good and 
persists at this level for a relatively long time. 

As far as I know, the prolonged effect of noradrenalin 
infusions or injections of noradrenalin in oil on the 

metabolism of tissues is not well known. The effect of 
prolonged noradrenalin administration on tissue metab- 
olism as well as its effects on vasoconstriction during 
reversibility and irreversibility of shock need study. 

I would also like to ask Dr. Nickerson’s opinion on 
the relationship between cortisone and hydrocortisone 
and sympathetic vasoconstriction during reversible and 

irreversible shock. 
In our investigations on adrenocortical and sym- 

pathetic function after surgical operations, we have 
observed only very few patients with shock (Halme, 
Pekkarinen and Turunen, 1957; Pekkarinen, Viikari, 
Turunen, 1957; Thomasson, 1959; Pekkarinen, 1960). 
Two papers entitled, respectively, ““The controlling 

effect of drugs on the neurogenic increase of the content 
of free corticosteroids in the plasma of rats and guinea 
pigs’ and ‘The neurogenic influence of dogs on the 
urinary excretion of total corticosteroids of guinea pigs” 
have been submitted for publication. 

Dr. Nickerson: I do not know the effects of added 
adrenal cortical steroids on adrenergic vasoconstriction 
in shock. It is well known that corticoids markedly 
increase responsiveness to noradrenalin in adrenal- 
deficient animals. The effects of excess steroid added to 
a normal or elevated endogenous production are much 
less marked. However, to the extent that this might 
increase the degree of vasoconstriction, I feel it would 
be undesirable. The over-all response to steroids is 
dramatic in cases with real adrenal insufficiency, but 
these are rare. I can recall only two. One a patient 
recently taken off chronic prednisone therapy, and the 
other a patient with known adrenal insufficiency of long 
duration. I feel that adrenal cortical insufficiency rarely 
if ever develops because of shock. 
We have managed a number of cases which were 

being treated with adrenal steroids for one reason or 
another at the time we first saw them, and obviously 
could not be withdrawn at that time. These always are 
difficult to handle because of reduced resistance to 
infection, masking of characteristic signs and symptoms, 
etc. My feeling is that the administration of adrenal 
steroids should be avoided if possible. 

Dr. Strawitz: I would like to answer the question of 
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cloudy swelling. For many years cloudy swelling has 
been associated with possible mitochondrial swelling. 
It may very weli be that with H & E sections the cloudy 
swelling that one observes is actually the swelling of 
mitochondria. 

The question of increased activities of mitochondria 
has been studied by Harmon and his group; they showed 

that when mitochondria was subjected to low molarities 
of sucrose, swelling was observed and also there was an 
increase in oxidative activity. The situation in shock 
may be similar in that we are getting increased activities 
in liver. Actually this may be a physiological phenom- 
enon in that the mitochondria open up in order to make 
them more active. 
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Local and systemic factors in shock 

A. A. MILES 

The Lister Institute, London, England 

* VIEW OF THE APOLOGIES ELICITED from my prede- 
cessors yesterday by Dr. Grant’s remarks, I feel impelled 
to begin with an act of kindness towards a compatriot— 
not a contemporary, but long deceased. It is unkind to 
keep the shade of Alexander Pope hanging around in 
this weather, bearing especially in mind the hotter 
regions he is now undoubtedly used to, by the continued 
lip-service to the idea that as far as shock is concerned 
the proper study of mankind is man. Being medically 
qualified, I have a sufficient potential of Hippocratic 
compassion to spare for the rat in the last stages of 
response to injury, or for the mouse dying of Salmonella 
infection, and a sufficient residuum of clinical acumen 
to realize they are both in a state of shock. So, in a quite 
unregenerate fashion, I shall exorcise the spirit of Pope 
with another resounding near-platitude. ‘““The proper 

study of shock is shock.” 
I want to consider those features of shock in which 

substances, originating either in the blood or at some 
injured site in the extravascular tissues, increase the 
permeability of the small blood vessels. The relevance of 
these permeability factors is twofold. First, in extensive 
natural trauma or burning, or in, e.g., tourniquet shock, 
a change in vascular permeability leads to the passage of 
excessive amounts of proteins from the vessels and is 
associated with the accumulation of proteins, water and 
salts in the extravascular tissues, thus initiating a hypo- 
volemic shock: and second, since many of the endogenous 
permeability factors are also hypotensive, they may be 
perpetuating factors in the shock syndrome. 

It has been suggested that permeability increase in 
the whole vascular bed is a perpetuating factor even in 
hemorrhagic shock; but there is neither good evidence 
that any substantial generalized leakage takes place, nor 
good reason to postulate generalized leakage as a contrib- 
utory perpetuating factor (Wiggers, 1950). Neverthe- 
less, as hypotensive factors or as modifiers of vascular 
reactions other than a permeability increase, these 
substances may have important systemic effects in all 

kinds of shock. 

PERMEABILITY INCREASE IN SMALL VESSELS 

The blood capillaries and venules in injured tissue 
become abnormally permeable as the result of either a 
“physiological” response to the injury, of which the 
urticarial weal is a classical example; or of a “‘patho- 
logical” response, like a severe first degree burn. Both 
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types of response can be elicited by the same kind of 
injury, the difference depending on the severity of the 
stimulus; the distinction between them, which is clearly 
a matter of definition, rests on the return to normal of 
“physiologically” responding tissue, without the inter- 
vention of a period of recognizable cell damage and its 
subsequent repair. The “‘physiological” response may be 
initiated in the endothelial cells themselves, in the blood 
or in extravascular tissues; and if in the last two, pre- 
sumably by the agency of soluble mediators that in turn 
act on the vessel wall. 

We need spend little time on the mechanism of the 
permeability increase. Removal of a protein lining to the 
vessel; stimulation of transporting mechanisms in the 
endothelial cell itself; increase in the size of the filtration 
gap between the endothelial cells; and a change in 
permeability of the basement membrane or of the peri- 
vascular ground substance are among the most popular 
of the explanations: but are important in the context of 
our discussion only as indicating that the mediator of 
increased permeability may be anything from a small 
molecular stimulant of endothelial cellular activity to an 
enzyme capable of depolymerizing protein or poly- 
saccharide barriers to the easy passage of salts and 
proteins. 

DETECTION OF INCREASED PERMEABILITY 

The precise measurement of increased permeability, 
for which a balance sheet is drawn up in terms of blood 
supply, accumulation of blood substances in the tissues 
and of the contents of the lymph draining the affected 
part, demands laborious techniques whose extensive 
application is rarely practicable. And in circumstances 
where gross changes in blood supply and lymph drainage 
can be excluded, accumulation in a tissue, of fluid or of 
indicator substances like dyed or radioactively tagged 
protein, provides reasonably measurable indices of 
permeability increase. In the exploration of permeability 
factors at the Lister Institute, we have chiefly measured 
exudation of dye into the skin, not only because it can 
be exploited in a wide range of simple techniques, but 
because of the linear relation between diameter of the 
intracutaneous lesions and concentration of permeability 
factor, which may be made the basis of a good bioassay 
(Miles and Miles, 1952). Accurate measures are es- 
pecially desirable when we compare, say, the permea- 
bility increasing potency of a serum fraction with its 
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enzymic and hypotensive activities, because in such an 
extremely heterogeneous mixture, the assignment of 
more than one biological effect to one substance can be 
made only by finding similar numerical relations between 
the dissimilar activities in a large number of specimens. 

As a last point in this glance at technique, we should 
note that the disproportionate accumulation of extra- 
vascular protein is potentially misleading as the sole 

index of abnormal vascular permeability, particularly in 
connection with shock, where loss of circulating salt and 
fluid appears in some circumstances to be the more 

important determinant, because small vessels relatively 
impermeable to protein may well prove to be patho- 
logically permeable to other substance. 

ANIMAL PREPARATIONS FOR STUDY OF 
PERMEABILITY EVENTS IN SHOCK 

The biological systems most frequently studied are: 
1) acute shock, mainly non-neurogenic, in the whole 

animal; 2) acute local effects of trauma or drugs, and 
their immediate consequences; 3) delayed shock in the 
whole animal; 4) delayed local effects. 

Since classical shock is a slowly maturing condition, 
any inferences we make from acute effects must be 
carefully scrutinized for their relevance to our problem. 
The mediators of the permeability and hypotensive 
events in acute general shock—of which anaphylactic 

and anaphylactoid shock are prime examples—will not 
necessarily be those of the delayed events. Moreover, the 
assumption that they are the same immediately involves 
us in an explanation of the lag in their manifestation in 
the shocked animal. The same caution is required in the 
interpretation of acute local effects. Dr. Zweifach’s 
admirable (1953) studies of the rat meso-appendix estab- 
lished that microtrauma in nonvascular tissues led a few 
moments later to permeability effects in the nearby 
vessels—a description consistent, for example, with the 
later discovery that damage to paravascular mast cells 
would liberate histamine (Riley, 1959). Here was evi- 
dence that if a biochemical mediator were responsible, 
it was almost certainly extrinsic to the cells ultimately 
affected; and if it were extrinsic, then the appropriate 
inhibitor should be able to interrupt the effect. Neverthe- 
less, the demonstration of raised blood histamine (Hin- 
shaw et al., 1960) and of increased histamine production 

(Schayer, 1960) in certain prolonged shock states— 

states that are unaffected by antihistamines—strongly 

suggests that if histamine is responsible, it is for some 

unexplained reason pharmacologically inaccessible; and 

may well be intrinsic in Dale’s (1948) sense, of produc- 

tion by the cells which it acts upon. 

Again, the acute local effect of nearly all endogenous 

permeability factors given intracutaneously is very short- 

lived. The increased permeability due to a single injec- 
tion of histamine lasts only a few minutes (Hechter, 

1943), and the same is true of trypsin, kallikrein, the 

serum permeability proteases excepting that of the rabbit, 

leukotaxine, bradykinin and serotonin (Wilhelm et al., 
1955 and unpublished). It is true also of the immediate 
permeability increase in appropriately sensitized animals 
given certain antigens, such as pneumococcal polysac- 
charide, bovine serum albumin, or tuberculin. More- 
over, it is important to note that vessels which recover 
their nermal low permeability are relatively resistant, 
for periods up to several hours depending on the dose, 
not only to the permeability factor originally used but to 
other permeability factors as well (Miles and Miles, 

1952). The late appearing, continuing state of increased 

permeability in injured tissues is not easy to explain in 
terms of these transiently-acting and resistance-inducing 
factors. 

The animal in traumatic or burn shock is not the most 

rewarding system to study, being a little overburdened 
with pathological riches for easy analysis. In the gross, 
there are in the traumatized limb or the burnt skin un- 
doubted pathological exudations dependent on increased 

permeability; and, as I have already noted, no striking 

evidence of extravascular leakage in the rest of the ani- 
mal. This is not to say, by the way, that there is no 
general increase of permeability, because exudation 

depends as well on sufficient intravascular pressure to 
push the blood fluid into the tissue—pressure that is 
lacking in the hypotensive and hypovolemic state. Thus, 
intracutaneous histamine induces no exudation of dye 
in an animal shocked by trauma, but the application of 
intermittent gentle suction to the treated skin will 
rapidly induce blueing in the area where in the normal 
animal dye would exude unaided (Miles and Miles, 
1952). It would be well worth examining the vessels in 
general shock not for actual, but for potential, leakiness. 

The leakiness induced in the vessels of tissue whose 
injury is extensive and severe enough to initiate trau- 
matic shock is, of course, gross, whether judged by simple 
dye tests (Hechter et al., 1942) or the balance sheet 
between protein loss from blood and protein gain in the 

exudate. Moreover, though small degrees of anoxia do 

not readily alter vascular permeability (Hendley and 

Schiller, 1954), the severe anoxia in this kind of injury, 

and particularly in tourniquet shock, induces such gross 

tissue damage that detailed examination of these exudates 

would yield every permeability factor isolated by gentle 

or brutal methods from blood and tissues. Few precise 

studies have been made of traumatized tissue, beyond the 
demonstration of permeability and hypotensive factors 

in exudates. The appearance of such factors or disturb- 

ance of the balance of their precursors and inhibitors in 

blood and lymph of the shocked animal has probably 

more significance and is more rewarding than sorting 

out the mess in severely injured tissue. 

For the more immediate study of the role of permea- 

bility factors, some less pathologicai systems are required, 
and these we find in the “physiological” responses to 

local trauma. 



bit, 
al., 
ate 
lals 
ac- 
re- 
ver 
nt, 
se, 
t to 
les, 

sed 

ing 

vill 
nal 
les, 

>SS. 
ose 
4u- 
ple 
eet 

do 

nd 

ry, 

OSS 

tes 

tle 

ise 

2a- 

ad, 

CONFERENCE ON SHOCK 143 

a Fic. 1. The biphasic permea- 
bility response to thermal in- 
jury in the unanesthetized guinea 
pig, rat and rabbit. The im- 
mediate response (A) is optimally 
induced by heating at 54° for 5 
sec., the delayed response (B) by 
heating at 54° for 20 sec. The 
response illustrated by curves C 
and D in the rabbit is that to 
heating at 56° for 20 sec. (Re- 
produced from Wilhelm and 
Mason (1960) by permission of fl 1 I A 
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COURSE OF “‘PHYSIOLOGICAL”” RESPONSES 
TO LOCAL INJURY 

The “physiological” response is best elicited by mini- 
mally effective stimuli. The distinctive peculiarity of the 

physiological response—that of recovery without forma- 
tion of new tissue—which I noted earlier, can for ex- 
perimental purposes be refined to recovery without 

mechanical occlusion of blood or lymphatic vessels, 
which in studies of the skin can be established by injec- 
tion of the blood and lymphatic vessels of the site bearing 
lesions of various ages with an indicator substance like 
India ink, and subsequent microscopic examination of 
fixed and cleared tissue (Miles and Miles, 1952; Miles 
et al., 1957; Burke and Miles, 1958). 

With mild injury of this kind, the time-courses of 
permeability changes are remarkably similar for a wide 

variety of noxious agents. Taking thermal injury in the 
guinea pig, rat and rabbit as our example (Wilhelm and 
Mason, 1960), we find the response is diphasic (Fig. 1). 
The first, the immediate phase, is rapid in onset and 
transient, disappearing within half-an-hour, when 
normal low permeability is restored. It is also variable 
in appearance. Using a 20-second application of a metal 
disc at 54°, it is pronounced in the guinea pig, moderate 
in the rabbit and feeble or absent in the rat. In the 
guinea pig, it was proved to be associated with the re- 
lease of extractable free histamine, and in all three 

animals it was almost wholly or wholly suppressed by 
antihistamine drugs. Clearly this is an extrinsic histamine 
effect. d 

The second, delayed phase is consistently present in 
all animals, coming to a maximum within 2-4 hours, 
according to the animal, and declining to normal a few 
hours later. It is entirely insusceptible to antihistamines, 
local or systemic. This insusceptibility is doubly im- 
portant, as evidence first that extrinsic histamine is not 
the permeability factor concerned in the delayed phase, 
and second, that the immediate histamine response is 
unnecessary for the appearance of the delayed response. 
Moreover, all attempts to demonstrate histamine in 
sites making the delayed response were unsuccessful. 
Much in the same way, histamine and serotonin are 
released only in the first half-hour of turpentine injury 
in the rat pleural cavity; and their suppression by the 
appropriate inhibitors does not affect the massive 
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exudation of protein in the delayed phase (Spector, 1956, 
1957; Spector and Willoughby, 1957). In bacterial in- 
flammation of the rat peritoneal cavity, where the de- 
layed phase is evident in 3-4 hours, there is neither 
demonstrable histamine or serotonin release, nor altera- 
tion of the delayed phase by antihistamines (Petri et al., 
1952). With great variation in time of onset and dura- 
tion, depending on the nature of the animal and the 

injury, the delayed phase—and often the delayed phase 
alone—is common to permeability effects induced in all 
three species by bacterial infecticn, where it tends to 

coincide with the frank immigration of leukocytes into 
the tissues; in guinea pigs by ultraviolet light, x-irradia- 
tion (B. Jolles, personal communication), the Arthus 
reaction and by subnecrotizing doses of the necrotizing 
exotoxins of the gas-gangrene bacilli; and in the rabbit 

by small doses of its own serum permeability factor 
(Miles and Wilhelm, 1960). 

Figure 2 summarizes the time-courses of a number of 
these permeability effects. All were determined in guinea 
pig skin except curve D, which was determined in rabbit 
skin. The curves record the exudation of dye-stained 
protein, in terms either of lesion-diameter or intensity 
of coloration obtained when the dye is given intraven- 
ously to an animal bearing lesions of the appropriate 
age. 

Curve G is the biphasic response common to a number 
of acute bacterial infections, the second phase maximum 
at 3-4 hours, and coinciding roughly with the period of 
frank immigration of leukocytes into the tissues. The 

immediate response is probably accidental because it 
can be largely eliminated by prolonged washing of the 
bacterial suspension used for inoculation (Burke and 
Miles, 1958). Curve E exemplifies the response to mild 
thermal injury. Curve C represents a xylene burn; an 
immediate increase in permeability, decreasing slowly 
over several hours. Curve F is the monophasic late 

response to the a-toxin of Cl. welchit, and curve I the 

similar but more delayed response to the a-toxin of C7. 

oedematiens. The biphasic response H is induced by a 
short exposure of the skin to ultraviolet light. 

The immediate response occurs only after injury by 
xylene, heat and ultraviolet light. From C to I, exemplify- 
ing natural kinds of inflammation, the delayed prolonged 
response is the rule, with a latent period in all but C. In 



144 CONFERENCE ON SHOCK 

| ++++ 

| +++ 

On & @ @ i 1 rn 1 4 rn LJO 
04 05 O06 07 OB OF 10 

4 +444 

4 +++ 

+++ 

ON & @ 

4 +444 

- 4 +++ 

++ 

Mean lesion- diameter in mm (——) 
Mean intensity of lesion-colour (———) ON F&F DO @ 

t i 

= = L = be - _ be 

oo 4 +444 

o 4 +++ 

a 4 +4 

LS) Hd 

= a | rT 1 iJO 
O 10 20 30 40 50 60 70 80 90 100 

Age of lesion (hr) 

FIG. 2. The time-course of increased permeability of the blood 
vessels of the skin, after various stimuli. All the curves were elicited 
in the guinea pig, except D, which was elicited in the rabbit. A: 
histamine, intracutaneous; B: protease PF from guinea-pig serum, 
intracutaneous; C: xylene, 2 min. application; D: protease PF from 
rabbit serum, intracutaneous; E: thermal injury, 54° for 20 sec.; 
F: Cl. welchii a-toxin, intracutaneous; G: acute bacterial infection, 
intracutaneous; H: ultraviolet light injury, Kromayer lamp, 20 
sec.; I; Cl. oedematiens a-toxin, intracutaneous. (Reproduced from 
Miles (1960) by permission of the Athlone Press, London.) 

the rat, the second phase is also characteristic of all the 
responses we have so far measured, and the immediate 
phase is lacking, e.g., after injection of bacteria, and is 
only inconsistently and feebly elicited by thermal injury. 
The characteristic and essential permeability response 
to injury must, I think, be accepted as being both delayed 
and prolonged. 

The first phase, when it occurs, has a time-course like 
all of the endogenous mediators we are considering. 
Curves A and B are the responses to histamine and 
globulin PF, and would serve equally well for 5-HT and 
leukotaxine or bradykinin. The exception is the globulin 
PF of the rabbit, which in small doses elicits only a de- 
layed response (curve D) in the rabbit skin. (Curiously 
enough, in rat and guinea-pig skin the responses to rabbit 
globulin PF, and in rabbit skin the responses to rat and 

guinea-pig globulin PF, are all immediate, as in curve 
A.) This exception apart, for an explanation of the de- 
layed and prolonged second phase we must either look 

for mediators with a more durable action, or suppose 
that if short-acting mediators are responsible, there is not 
only a prolonged period of continuous release, but a 
continuing susceptibility of vessels to their action. 

For comparison with other work on this point, it 
should be noted that the diphasic nature of the response, 
or the essentially delayed nature of the second phase, 
may be obliterated when the stimulus is too great. With 
increasing stimulus, the second phase begins earlier and 
may merge with the first phase, giving the impression of 
an immediate, long-lasting monophasic response. 

MEDIATORS OF DELAYED RESPONSE 

The chief endogenous substances to be considered as 
mediators of the delayed response are reactive amines 
like histamine and serotonin; peptides; and proteins 

which may or may not be frankly proteolytic enzymes 
(Spector, 1958). Some are kininogenases, which by 
definition will in suitable conditions liberate oligopeptide 
kinins, to which indeed they may owe their efficacy as 
permeability factors. Some of these substances may act 
in part by histamine release—e.g., serotonin (Sparrow 
and Wilhelm, 1957) and some crude preparations of 
peptides (Miles and Miles, 1952)—but others appear to 
act without this intermediary. 

One of the nastiest endogenous permeability factors 
we have ever investigated, which is powerfully hypo- 
tensive and lethally toxic for the guinea pig, is secreted 
by the animal’s own coagulating gland (Freund et al., 
1958). No one I think would maintain that it was likely 
to be significant in the general economy of the animal. 
For the same reasons, we should leave on the fringe of 
our consideration permeability factors or their pre- 
cursors that are present in other external secretions, like 
cow’s milk (B. Mason, unpublished) or human saliva, 
or those found in preparations of secretory glands, like 
pancreatic kallikrein. Even urinary kallikrein, though it 
is probably an excretion and not a secretion, should in 
this connection also be suspect as a relevant endogenous 
factor. 
My former colleague Dr. Wilhelm and I have else- 

where analyzed in some detail the evidence required to 
implicate an endogenous permeability factor in injury 
(Wilhelm and Miles, 1960), which is applicable, mutatis 
mutandis, to hypotensive factors. We recognized two 
kinds—contributions to plausibility, and contributions to 
proof; the first, alas, constituting more of the available 
evidence. Briefly, to be plausible as a mediator, a permea- 
bility-increasing substance should be reasonably potent, 
existing in an inactive or anatomically segregated form, 
readily activable in amounts sufficient to account for 
the observed phenomena, and perhaps capable of in- 
activation by endogenous inhibitors or katabolizers. 
Lastly, if it were hoped that one kind of substance was 
operating in all species of animal it should be found 
widely distributed among the relevant species of animal. 
We concluded that most of the candidates for the role 
of the natural mediator fulfilled most of these criteria. 
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For an acceptable proof of mediation we must demon- 

strate the substance in the relevant tissue or tissue fluid 
at the relevant time, and suppress the natural effect 
either by the exhibition of specific inhibitors or by 
depleting the animal of its reservoirs of the factor. 

Relevant tissue at the relevant time. It is easy to find some 
of the more reputable endogenous factors in extravascular 
tissues making the delayed response to injury, but diffi- 
cult to prove that they are relevant to a permeability 
effect which waxes and wanes over a period of hours; 
to decide in effect whether the supposed mediator is the 
necessary cause of the effect. A plasma kininogenase 
or protease, or a plasma kinin might be activated in 
plasma that has passed through endothelial walls made 
permeable by a quite different substance. Judged by its 
reaction in gel-diffusion plates with antisera to whole 
plasma (unpublished) and the similarity of its electro- 
phoretic spectrum to that of plasma (Yoffey and Cour- 

tice, 1956), systemic lymph in the guinea pig and rabbit 
contains all the proteins of the plasma; indicating a 
continuous flow of these substances through the normal 
skeletal tissues; and in the guinea pig and rabbit, one at 
least of them, the plasma permeability factor, is present, 
not only in systemic lymph, but in intercellular perfusates 
of the skin (Miles and Wilhelm, 1958). 

Larger amounts than normal of the serum factor are 
present in skin injured by burning or bacterial infection, 
but a similar augmentation occurs after the injection of a 
quite different permeability factor, like histamine. Again, 
large amounts of rat serum factor are present in pleural 
exudates induced by turpentine (Spector, 1956, 1957). 
But since the more violent the exudation, the more nearly 
does the exudate approximate to the composition of the 
blood plasma, the observation can have little weight in 
the incrimination of the permeability protease. That it is 
present in active form in the earlier stages of the response 
is a more impressive, but not a convincing proof of its 

essential role in the process. 
The two bugbears of those who have to depend on 

this kind of proof is the unanalyzable microevent and 
the transient, unstable mediator. The slow build-up of the 
delayed response is probably the summation of a grad- 
ually increasing number of permeability events on a 
microscale, so that at any given moment the average 
composition of the selected tissue is a hopelessly con- 
fused mixture from sites at the beginning, middle and 
end of their individual responses. And, as regards tran- 
sient mediators, it would be difficult to detect, for 
example, a few nanograms of bradykinin in the presence 
of active endogenous peptidases. For this reason, we 
place more stress on the second type of proof. 

Proof of inhibition. Here there are three bugbears. 
Two concern the inhibitor: it may not be specific enough; 
and, especially if the mediator is in some way connected 
with the essential metabolism of the animal, it may be 
highly toxic in effective doses. Although we have specific 
antihistamines and antiserotonins, the available an- 
tiproteases, like soya bean trypsin inhibitor (SBTI) or 

diisopropyl phosphofluoridate (DFP), are sadly non- 

specific. They are usable for prior treatment of a sub- 
stance in vitro, but in vivo they are liable to be mopped 
up by tissues other than those we are interested in, and 
DFP is far too toxic for systemic use in permeability 
experiments. As yet, no direct kinin inhibitors are 
available, though with the relative abundance of pure 
synthetic bradykinin that we can reasonably expect in 
the near future, the empirical search for kinin-inhibitors 
may soon be successful. 

The third and greatest bugbear, which I have already 
touched upon, is that the mediator may act intrinsically, 
and therefore be inaccessible to the drug used. 

Proof by depletion. Partial depletion of histamine and 
serotonin reservoirs has given some indications of the 
role of these substances, if not in nature, at least in 
experimental systems. Depletion of potential kinino- 
genases and kinins, or other permeability enzymes, 
which are abundant in plasma and the tissues, and which 
may have essential functions other than those we plan 
for them in shock, seems on the face of it so difficult that 
it would be unrewarding to attempt it seriously. In any 
event, depletion procedures, besides being incomplete, 
may induce misleading nonspecific effects. 

PLASMA FACTORS 

I have already given reasons for excluding extrinsic 
histamine and serotonin as mediators of the delayed 
response, at least in certain laboratory animals. The 
general participation of serotonin must be considered 
dubious also because of its low potency in some species 
(Sparrow and Wilhelm, 1957). We must, however, pay 
a good deal of attention to the proteins and polypeptides. 
Dr. Ungar has given (Ungar and Hayashi, 1958), and 
no doubt will give, a far more informed account of them 
than I could do, but I nevertheless want to make a few 
general points, and some detailed points about recent 
work on the permeability globulins we found in plasma, 
and their relation to factors described in other contexts. 

SERUM GLOBULINS AND KININOGENASES 
AS PERMEABILITY FACTORS 

The permeability factors, conveniently referred to as 
“globulin PF’s,”’ are present in the globulin fractions of 
plasma—usually among the a- and §-globulins—of all 
species studied; man, cat, dog, horse, ox, guinea pig, 
rat and rabbit: and similar permeability factors are 
present in baboon, sheep, mouse, chicken and pigeon. 
They are all inhibited by SBTI and all those tested were 
inhibited by DFP. In man, baboon, rat, guinea pig and 
mouse plasma, but not in cat, dog, rabbit, horse and ox 
plasma, the PF, present as an inert profactor (pro-PF), 
can be activated in glass-walled vessels by dilution in 
saline; and the dynamics of activation suggest that the 
activated material is inactivated by a slowly-acting 
protein-like inhibitor, which is apparently an a-globulin. 
This inhibitor, called IPF, has been concentrated free of 
PF in fractions of plasma from man, rat, rabbit and 
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guinea pig (Table 1). There are species differences in 
the behavior of the PF’s and of their inhibitors, but 
sufficient likenesses, including cross-reactivity in species 
other than that from which the materials come (Table 
2), to suggest that PF and its inhibitor are features 
characteristic of vertebrate plasma. The striking feature 
of some plasmas—of man, baboon, guinea pig, rat, 
mouse—is the ready activation of pro-PF by dilution of 
the plasma in glass tubes. This ready activation, literally 
in vitro, may well be paralleled by as ready an activa- 
tion in vivo. 

Our original scheme, based on a study of plasma from 
guinea pig, rat and man, was that of an activable pro- 
factor, pro-PF, and a distinct IPF, in plasma, normal 
intercellular fluid and lymph. We rejected the notion 
that pro-PF was a complex of PF and IPF, partly be- 
cause activation was so rapid, and inactivation relatively 
slow; and partly because unactivated serum inhibits 
large quantities of added permeability factor, indicating 
the presence of free IPF. But more recent investigations 
(unpublished) of mixtures of purified preparations of 
PF and IPF suggest that a simpler scheme, an inert 
PF-IPF complex rapidly split and slowly recombining, 
must also be considered. 

Activation of the PF by dilution in glass tubes proves 
to be a version of activation of straight serum by finely 
divided glass. It is not necessary that the surface be 
glass; finely divided silica, cellulose, agar, starch gran- 
ules, rubber and (Davies and Lowe, 1960) antigen- 
antibody precipitates all activate at least some of the 
available pro-factor. Shaking the serum with chloroform 
activates most of it, apparently by destroying the IPF. 
It should be noted, in relation to changes in the blood 
and tissue content of inorganic ions in shock, that neither 

TABLE 1. Characters of the Most Active Preparations of 
Serum Permeability Factors From Four 

Species of Animal 

Source of Serum PF 

Character 7 ~ 
Gums | Rat | Rabbit | Man 

Activable by dilution + _ = 7 
Type of globulin ae a ja and 8B B 
Duration of effect, min. 20 | 20 150 20 
Potency, EBD*/mg 38,000 (600 (22,000 |2,000 
Histamine permeability 1.2) 0.45 0.6 0.03 

equivalent? 
Caseinolytic activity _ - _ = 
Kininogenase activity _ nt nt = 
Inactivation by SBTIt 5 ia: am Wh vs <a 
Inactivation by LBTIt{ = gee a. | mt 
Inactivation by DFPtf ++ ++ ++ ++ 
Inactivation by IPFt + + + | + 
Inactivation by antihistam- — + = sas 

ines 

nt = not tested. 
+ Ratio potencies, serum factor: histamine. 

* “Effective Blueing Dose’? in skin. 
t Respectively, 

soya bean trypsin inhibitor, lima bean trypsin inhibitor, di- 
iso-propylphospho-fluoridate, and serum PF inhibitor. 

TABLE 2. Potency (EBD/mg of Serum Fraction) of Globulin 
PF From Four Species of Animal, Measured in 

Homologous and Heterologous Species 

EBD/mg. When Tested in 
Source of PF Man a 

Guinea pig Rat | Rabbit 

Man 2,000* 1,900 | 140 | 1,300 
Guinea pig nt 38,700 | 1,100 | 130 
Rat nt 1,400 | 620 | 400 
Rabbit nt 930 | 120 | 22,000 

* Estimated from the data of Stewart nt = not tested. 
and Bliss (1957). 

activation nor inhibition appear to be affected by absence 
of Ca++ or Mgt+, nor by wide variations in buffer or 
salt solutions in which the serum is diluted. (For refer- 

ences to the work of others and ourselves, see Miles and 
Wilhelm, 1960.) 

This list of PF-activators has a familiar ring to any 
one acquainted with investigations of plasma activation 
over the last half century, starting with anaphylatoxins 
(Friedberger, 1909; Jobling and Peterson, 1914) and 
finishing with the most recent work on formation of 
pain-producing substance (Armstrong et al., 1957) and 
on the subtleties of the early stages of blood clotting 
(e.g., Margolis, 19584, 1959) initiated by contact with 
a “foreign” surface. The simple and much-to-be-desired 
conclusion that these various processes are expressions 
of one system cannot, however, be drawn on present 
evidence, which on the contrary suggests a multiplicity 
of proteins that may be activated by treatment of this 
kind (Austen and Becker, 1959; Becker and Austen, 
1959; Austen, 1960). 
The permeability globulin is not plasmin nor indeed 

has it any frank proteolytic capacity; in any case, plasmin 
has only a feeble effect on permeability. The strongest 
preparations of guinea pig globulin PF (which are 
perhaps about 10% pure; their remoteness from purity 
is best indicated by the fact that they produce at least 
six lines in gel-diffusion tests with the corresponding 
antiserum) and human globulin PF have various esterase 
activities. Unfortunately these are shared equally by 
other fractions with little PF activity; but it appears that 
guinea pig PF is, among other things, a TAME esterase 
(Becker et al., 1959). 

The time-course in straight human plasma of glass 
activation of kininogenase and of PF production, led 
Margolis (1958a, 6) to postulate that one precursor of 
the serum kininogenase (his substance A) was the 
permeability factor; but he later (1959) postulated that 
PF and kininogenase were stages in a process of activation 
dependent on Hageman factor and substance A, and 
concluded that kinin was not responsible for the permea- 
bility effect. This may be true of human plasma, though 
we have recently found discrepancies in the quantities 
of PF and kininogenase activated which, if confirmed, 
will throw doubt on their identity. It is certainly not 
true of guinea pig plasma, in which PF may be acti- 
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vated without a trace that we can detect of either 
kininogenase or kinin. Moreover, we have so far been 
unable to detect any kininogenase in highly potent 
preparations of guinea pig PF. 

The globulin PF has much in common with Werle’s 
(1955) serum kallikrein. Both are permeability factors, 
both are hypotensive, both are activated by the same 
means; and both are susceptible to a large-molecular 
inhibitor in serum, with which the factor is perhaps 
combined to form natural precursor. As with Margolis’s 
system, the fit is qualitatively good with the human 
material, since our best preparations of human PF, like 
human serum kallikrein, will release kinins from suitable 
substrates. But if kininogenesis is part of the essential 

definition of kallikrein, then preparations of guinea pig 
PF have not yet been proved to contain a kallikrein. 
Moreover, until the hypotensive and the kininogenase 
potencies of the various kallikreins are proved to be due 
to the same substance—either by isolating the material 
in the pure state, or by demonstrating proportional 
hypotensive and enzymic potencies in a number of crude 
preparations made in different ways—we cannot assume 
that all hypotensive endogenous proteins of this kind 
in human plasma are necessarily kininogenases. 

Participation of PF and kininogenase in permeability events. 
In a conference of this kind, the identity of these sys- 
tems is more a matter of private debate than public 
discussion. I have dwelt on the differences at some length 
to establish that although kinins may well be natural 
mediators—pure bradykinin is weight for weight the 
most powerful permeability factor yet described (Kon- 
zett and Boissonas, 1960)—it is possible that serum 
enzymes, similar perhaps in other respects to kinino- 
genases, increase permeability without the mediation 

of kinins. 
As a final contribution to the plausibility of kinino- 

genase-kinin systems we may cite their participation in 
physiological events. They appear to be operative in the 
vasodilatation that accompanies the reaction of the 
forearm to mild thermal stimuli (Fox and Hilton, 1958), 
and activity of the salivary gland after stimulation of the 
chorda tympani gland (Hilton and Lewis, 1956). Nervous 
control, via a hypothetical cholinergic effector mechanism 
in the vessel wall, of the activation of the analogous 
plasmin system is postulated by Kwaan, Lo and Mc- 
Fadzean (1956, 1957), who found increased fibrinolytic 
activity in venous blood from the forearm in post- 
ischemic hyperemia; and after extravascular injection 
ot histamine, serotonin, adrenaline and acetylcholine, an 
effect abolished by atropine. We may also note the recent 
demonstration in man by Chapman, Goodell and Wolf 
(1959) that activation of a kininogenase can be initiated 
by antidromic impulses, and in some circumstances 
appears to be governed by the activity in the central 
nervous system; so that neurogenic activation of permea- 
bility and hypotensive factors may well be operative in 
both nontraumatic and traumatic shock. 

As mediators, the plausibility of both PF and kinino- 
genase is equally good—and equally bad. Turning to 

proofs, we find that, although in vitro both kininogenase 
and PF are susceptible to SBTI and DFP, neither of the 
drugs, applied locally or systemically in the rat or guinea 
pig, will modify the delayed permeability response to 
injury by bacteria, bacterial toxins, chemical, thermal or 
U.V.L. burns. My colleagues Dr. Mills and Miss Mason 
have recently looked for kininogenases, kinin and PF’s 
during the delayed response of rabbits to infection. They 
found none of the first two, and little of the third. It 
would, however, be unwise to exclude mediation by a 
continuously produced and rapidly destroyed kinin. 
But even if the kinin were too transient for detection, 
we should in theory be able to stop the reaction at the 
kininogenase stage by appropriate protease inhibitors 
applied in vivo; and these, as we have seen, are quite 
without effect in all the delayed responses tested. 

‘“TISSUE”” FACTORS 

Tissues under various forms of treatment will yield 
permeability factors, but in most recorded instances the 
treatment is so blunderbuss and the material obtained so 
ill-defined, that it is sufficient to illustrate the confusion 
with a few examples. Thus there are reports of heat- 
stable permeability factors in saline extracts of the skin, 
but not other organs of the rabbit (Bier and Planet, 
1938); of a factor in extracts and autolysates of kidney 
and spleen, but not of skin, liver, lung, brain and spleen 
(Delauney et al., 1950); and of factors in extracts of a 
large number of rabbit tissues (Moon and Tershakovec, 
1951). Mill (1960) found a heat-stable, histamine-releas- 
ing factor, not affected by SBTI, when guinea pig 
tissues, particularly brain tissues, were either homog- 
enized or acetone-dried and extracted with saline. 
Other factors from mature inflammatory foci are 
Menkin’s (1956) necrosin, exudin and_ leukotaxine, 
whose properties, as far as they are defined, respectively, 
resemble those of a tryptic tissue enzyme (Gorkin, 1957) 
serum kallikrein or globulin PF, and a moderate-sized 
polypeptide (Spector, 1951). According to Menkin 
(1940) however, leukotaxine has no kinin activity. 
The curious association of polymorphonuclear leuko- 

cytes with the onset and peak of the delayed permeability 
response in the Arthus phenomenon (Stetson, 1951; 
Stetson and Good, 1951; Humphrey, 1955) and in 
bacterial infections (Burke and Miles, 1958) suggests 
granulocytes may be concerned in permegbility effects. 
But in the guinea pig at least, neither whole granulocytes, 

nor material liberated by freeze-thaw or sonic disruption, 

have any permeability effect; indeed, they are if anything 

antagonists of permeability effects, partly neutralizing 
the action of histamine and histamine-liberators, and 

inhibiting the glass-activation of the globulin factors in 

plasma (to be published). The association of leukocytes 

and permeability may be dependent on a third factor, 

the increased lactic acid formation in inflamed and 

infiltrated tissues; because free lactic acid is a moderately 

potent permeability factor, some go yg being sufficient 
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to produce maximum effect in the vessels of 1 gm of 
guinea-pig skin (Miles, unpublished). 

Not all factors of presumed cellular origin have been 
investigated as perfunctorily as some I have mentioned. 
The conditions of release of serotonin and histamine, or 
both, from the mast cell in various species are well 
established (see Riley, 1959), and, as Dr. Ungar will 
describe, Hayashi has released proteolytic enzymes from 
tissue cultures by immunological insult in defined 
conditions. 

GENERAL VASCULAR CHANGES IN SHOCK 

Although it is in the traumatic initiation of shock 
that knowledge of permeability factors finds its most 

immediate application, there are permeability and other 
vascular phenomena in general shock that deserve 
mention. 

In nonfatal shock, the local defence reactions to the 
early stages of microbial infection are with some patho- 
gens strikingly decreased, and the severity of infection 
consequently increased. This enhancement of infectivity 
is not consistent, because some bacteria, notably some 
coliforms and other enterobacteria, are less infective in 
these conditions (Miles and Niven, 1950; Miles, Miles 
and Burke, 1957); a point of some importance in con- 
sidering the enhancement of shock itself by bacterial 
infections. The effect is associated with temporary 
inhibition of the passage of antimicrobial substances and 
cells from the blood. It is not, however, due to any 
decreased permeability of the vessels, but a collapse of 
the blood supply and intravascular pressures necessary 
for exudation of any kind. Indeed, I would here again 
emphasize that in the peripheral circulatory collapse of 
profound shock the absence of observable leak from the 
vessels does not necessarily indicate absence of increased 
permeability. 

1iOO} @ 

HF 

50 
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FIG. 3. Potency ratios of permeability increasing and hypo- 
tensive activities of various fractions of guinea pig serum tested 
in rat, rabbit and guinea pig. The standard preparation is reckoned 
as having a potency of 100. (The results with each fraction in 
different species of animal are joined by a broken line.) 

FIG. 4. Smooth curve of blood pressure in the guinea pig given 
repeated intravenous doses of guinea pig serum permeability- 
factor. The upper curves record the pressure after recovery from 
each dose and the lower curves the hypotensive effect of each dose. 

Circulating permeability factors can indeed produce 
general permeability effects. Thus a sudden intravenous 
flood of an exogenous factor like egg white increases 
permeability over the whole skin of a guinea pig (Feld- 
berg and Miles, 1953); and a similar, though less striking 
increase occurs when a few milligrams of guinea pig PF 
are given intravenously to the animal. Moreover, 
permeability factors can affect vessels in other ways. 
For example, they increase endothelial stickiness, and 
could thus modify the behavior of blood cells in the 
affected vessels. Again, in local responses that proceed 
to necrosis, e.g., in burns (Sevitt, 1949), frost-bite 
(Kreyberg, 1948) and clostridial intoxication (Burke and 
Miles, 1958), a period of stasis in the vessels follows the 
maximum of the delayed permeability response, and is, 
in fact, a good indicator of the impending necrosis. This 
stasis, which can take place either in contracted or 
dilated vessels, has much that superficially resembles 
events in the peripheral circulation in late shock, and 

deserves further analysis, not only for its own sake as a 
local phenomenon but as a vascular model for gen- 
eralized shock, where the same phenomenon may be 
initiated by endogenous permeability factors acting in 
their other capacity, or by toxins activating such factors. 

HYPOTENSIVE EFFECTS 

That so many of the candidates for the role of mediator 
in natural permeability effects have been shown to be 
either vasodilator, hypotensive or both, is unlikely to be 
coincidental. Coincidental or not, the hypotensive 
property warrants our considering them as mediators 
either in the initiation or the perpetuation of the vascular 
collapse of general shock. There is no doubt of the 
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hypotensive effect of histamine and bradykinin as such. 
The association of permeability and hypotensive potency 
is less well established with the large molecular sub- 
stances. Human serum kallikrein is by definition a 
hypotensive substance, and preparations of it contain 
globulin PF; and preparations of human globulin PF 
are hypotensive. In collaboration with Dr. Marion 
Webster, Dr. Wilhelm found in three preparations of 
human PF and three of kallikrein, that the ratio of PF 
and HF (hypotensive factor) potencies was of the same 

order of size, varying between 5:1 and 21:1. In a more 
extensive test of the guinea pig permeability globulin in 
guinea pig, rat and rabbit, my colleagues Miss Mason 
and Dr. Wilhelm found a similar scatter of ratios for 
seven different serum fractions. Adopting one fraction 
as standard, and assigning to it arbitrary permeability 
and hypotensive potencies of 100, we see (Fig. 3) that 
the rest fall near the expected 1:1 ratio, and, moreover, 
that the ratios for each fraction appear in a cluster 
corresponding to its effect on the three test animals. 

The figure omits one highly discrepant result with the 
rabbit; rabbit’s blood pressure, however, is susceptible 
to 8-globulins, as well as to the permeability a-globulins 
in guinea-pig serum. In any event, tests in the homolo- 
gous animal are clearly those on which we can put 
most weight, and here the ratios are reasonably constant. 

Results of this kind, bearing in mind the degree of 
precision of such assays, and adopting a generously 
logarithmic scale of thinking, are consistent with the 

identity of the HF and the PF; though a more rigorous 
precisian might justifiably insist that they were prima 
facie evidence of heterogeneity. The suggestion of identity 
is strengthened for both the human and guinea pig 
fractions by an even closer parallelism of susceptibility of 
the permeability and hypotensive factors to heat, to 
SBTI, to DFP and to the IPF in guinea pig serum. The 
human preparations, which contain kininogenases, are 
hypotensive perhaps because they liberate kinins; there 
is no evidence that the guinea pig preparations can do 
sO. 
Two kinds of proof of participation of hypotensive 

factors have been attempted. 1) The demonstration of 
the substances in the circulation of shocked animals of 
the kind Hinshaw and his colleagues (1960) made for 
histamine in dogs with endotoxin shock; where there 
was incidentally, a concomitant increase in susceptibility 
ot limb vessels to the decrease of resistance to blood flow 
induced by histamine. The difficulty, as in all such 
analyses of long-lasting responses, is to distinguish cause 
from effect. 

2) The production by the supposed mediator of the 
signs of classical, prolonged shock. It would be an 
enormous step forward if a test like this came off; but it 
seldom does. Continuous infusion or rapidly repeated 

doses of bradykinin and the hypotensive proteins indeed 
will induce hypotension, but unless the doses are quickly 
lethal, all they ultimately produce is yet another example 
of that pharmacologist’s phenomenon—tachyphylaxis. 
The blood pressure in dogs given continuous urinary 
kallikrein begins to recover well before the end of the 
infusion (Webster and Clark, 1959). In the guinea pig 
(Fig. 4) given repeated doses of guinea pig a-globulin 
HF, the recovery begins within 10 minutes, though the 
rate of dosage in the first half of the experiment is such 
that the animal gets within 70 minutes the amount of 
HF that would be liberated if all its own serum profactor 
were activated. The result, however, is not surprising. 
In the first place, it parallels the effect on vascular 
permeability, where resistance to more PF is rapidly 

induced. In the second place, guinea pigs have in their 
blood, e.g., enough natural inhibitor to mop up all the 
material injected in this experiment. Indeed, the pro-PF 
and the IPF in the blood of this species remains constant 
in the face of much provocation. No gross change in the 
amount of either occurs in anaphylactic shock, in endo- 
toxin or dehydration shock, or at the height of radiation 
sickness (Wilhelm et al., 1957; and unpublished). 

Obviously failures of this kind do not disprove partici- 
pation in shock. In the light of what we know, even the 
simplest model for the local maintenance of peripheral 
vascular health would postulate balance between vaso- 
constrictor and vasodilator substances, each with its 
precursor and its activation mechanism; each with its 
inhibiting or other inactivating mechanism; and each 
of these perhaps under neurogenic or hormonal control. 
So that the key to a pathological disturbance, one way 
or the other, could be at any point in a multiplicity of 
interdependent mechanisms. 

In summary, it is probable that one or more of these 

permeability factors is operative as an initiating factor 

in traumatic shock; it is possible that their other actions 

on the blood vessels or primarily uninjured tissues, 

including their hypotensive action, is contributory in 

general shock. I know of no firm proofs of either. We 

have plenty of candidates about which to speculate. 

What we have to do is to translate these plausible, rather 

transiently-acting and tachyphylaxis-inducing systems, 

usually discovered and investigated in quite other con- 

texts, into the context of the obscure sequence of events 

in prolonged and severe shock. There is much to be 

done, and I confess that I don’t see clearly how to do it. 

It was in the hope of guidance that I discussed possible 

interpretations of a few examples rather than attempt 

an exhaustive survey. I look to those who follow me in 

the discussion to take us further along the devious paths 

that lead from the plausible, through the probable, and 

land us in the happy territory of the proven. 
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Discussion of Paper by Dr. Miles 

Dr. Stetson: There are some rather special problems 
to be considered in connection with immunogenic 
shock, or anaphylactic shock. While there are reasons 
for thinking that immunologists have not yet even 

stated correctly some of the problems involved in local 
and systemic anaphylaxis, there is certainly much more 
known about this area than was true 10 years ago. For 
example, through the work of Germuth (1957), Dixon 

and his collaborators (1959), Benacerraf (1959, 1959, 

1960) and others, it’s now quite clear that many of the 
remarkable features of anaphylaxis, serum sickness and 
other immunologic pathologic phenomena are somehow 

mediated by soluble antigen-antibody complexes. These 
cause permeability changes, initiate thrombosis, and 
display a range of biological activities which is still being 
extended as they are studied further. 

The recent studies by Strauss (1960) and others on 
the biochemical alterations produced in leukocytes 
during phagocytosis or on stimulation by antigen- 
antibody complexes, are probably pertinent here and 
it may well be that the energy requiring process of 
histamine release can be profitably studied in such in 
vitro systems. 

The seat of biological activity of antigen-antibody 
complexes is probably related to the antibody part of 
the complex, or so it seems at the moment. Aggregates 
of gamma globulin prepared under certain circum- 
stances themselves possess rather similar activity. The 
nature of the interaction of these complexes with com- 

plement, the nature of their effect on leukocytes and 
possibly on fixed tissue cells such as smooth muscle, are 
all under intensive study in many laboratories. 

And it seems likely that our understanding of local 
and systemic anaphylaxis will be much improved before 
long. One local factor of some importance is the nature 
of the binding of antibody in tissues. This phenomenon 
has been studied most extensively by Ovary (1958), 
using the technique of passive cutaneous anaphylaxis, 
and the basic findings have been that gamma globulin 
of many kinds becomes and remains fixed at the site of 
intradermal injections in several species of animals. 
The 19-s gamma globulins and certain others fail to 
fix, and the fixation is a necessary feature of the local 
anaphylactic reaction. This phenomenon is remarkably 
specific for gamma globulin antibodies in the sense that 
other plasma proteins, even isoagglutinins for example, 
do not show such fixation. Nothing whatever yet is 
known of the locus, or the number, or the nature of 
fixation sites; and this is certainly at the moment one 
of the major problems of immunopathology. 

Another form of hypersensivity phenomenon, the 
delayed, or “tuberculin type” of reaction, may result 
in either local reactions or systemic shock and death. 
The mediator, or mediators, of these phenomena are 
still obscure but there are some reasons to suspect that 
at least in the case of the local delayed reaction, lactic 

acid may be playing a role analogous to that of hist- 
amine in the anaphylactic reaction. Relatively large 
amounts of lactic acid are produced locally in delayed 
hypersensitivity reactions and recent studies in our own 

laboratory indicate that one can account for the observed 
permeability changes and endothelial stickiness in 
terms of this metabolite. The permeability change 
induced by the injection of lactic acid is slow in onset 
and prolonged in duration and occurs at those concen- 

trations of lactic acid actually found in the inflamed 
lesions. It may be worth considering that the lactic acid 
produced by anoxic tissues may similarly be contributing 

to the increased permeability of blood vessels seen in 
systemic shock. Rather more attention seems to have 
been paid in the past to such phenomena as the rapid 
loss of hepatic glycogen than to some of the possible 
consequences of aerobic glycolysis. I would only suggest 
that lactic acid be added to the list proposed by Dr. 
Miles, since either in its own right or perhaps by acting 
synergistically, it may be of importance in some of the 

problems being considered today. 
Finally I should like to suggest that the rapidly 

developing area of knowledge of the lysosomes, those 
intracellular organelles containing most of the hydro- 
lytic enzymes such as the cathepsins, acid nucleases and 
so forth, may also become very pertinent indeed in the 
future to the subject of shock. It has recently been demon- 
strated at the Rockefeller Institute that the granules of 
polymorphonuclear leukocytes seem to represent the 
lysosomes of those cells and that these break down, 
releasing their potentially damaging contents into 
cytoplasm of the cell (and perhaps subsequently into the 
plasma or tissue fluid) during the process of phagocytosis. 

It seems to me that all of these relatively new facts 
need to be evaluated with respect to their potential 
importance in the pathogenesis of shock. The suggestion 
that lactic acid may be—under some circumstances at 
least—the mediator of some of the permeability phe- 
nomena observed in shock is made more or less seriously 

and, in looking at Dr. Miles’ slide in which he described 
the criteria that could be considered “‘contributions to 
plausibility” and “‘contributions to proof,” I think that 
all the contributions to plausibility obtain in the case of 
lactic acid. It is a rather universally present material; 
its potency in the production of increased permeability 
to salt, water, proteins, has been known for a long 
time. It is available and certainly is present at the site 
of at least local areas of increased permeability; natural 
inhibitors exist in the sense of buffers that may in normal 
circumstances buffer the small amounts of lactic acid 
that are produced, but under abnormal circumstances 
fail to do so. The only contribution to proof as yet is the 
presence of increased amounts of lactic acid in tissue 
damaged by a wide variety of methods, at the relevant 
time, that is, at the time increases in permeability 

actually are seen. 
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Perhaps this consideration and others I’ve mentioned 
are more applicable to the general problem of inflam- 
mation than to the problem of shock and I would 

expect that the remarks Dr. Ungar will make will be 
more applicable to the latter. 

Dr. Uncar: Shock is by definition a systemic mani- 

festation and, in its study, the emphasis has always been 

on the systemic factors. It is nevertheless, evident that 
the primary stimulus which initiates the chain of events 
leading to most types of shock is a local one. The cellular 

stimulation and structural disruption produced by 
most types of aggression can cause changes which 

transcend the limits of the locally injured area. Full 
understanding of the mechanism of this process would 
require extensive knowledge of the chemical changes 
associated with tissue injury. A recent survey (Stoner 
and Threlfall, 1960) has shown that such knowledge is 
not available at present. 

The present discussion is concerned with one par- 
ticular aspect of the biochemistry of tissue injury and 
shock: the possible role of proteolytic enzymes. In all 
cases investigated, activation of proteases proved to be 
a constant feature of cellular injury. This activation 
results in a breakdown of cell proteins or at least in a 
rearrangement of their structure (transconformation). 
The injured cell then releases the activated enzyme, the 
products of hydrolysis and the small molecules and ions 
which are loosely bound to the native cell proteins. 

The products of cellular disorganization, once released 
into the extracellular medium, become systemic factors. 
In the blood stream, they interact with various plasma 

constituents and, transported by the circulation, they 

are able to act on remote structures. These secondarily 

Fic. 1. Interaction of local and 
systemic factors in the proteolytic 
mechanism of shock. Cellular 
aggression elicits changes in cell 
proteins which result in the re- 
lease of active material. Products 
of cellular disorganization, to- 
gether with substances formed in STIMULATION OF 
plasma under their influence, REMOTE STRUCTURES 
are transported by the blood 

ACTION ON VASCULAR stream and _ stimulate remote 
Structures. These can in turn ENDOTHELIUM 
become the source of new active 
material released and the process 
becomes self-perpetuating unless 
it is interrupted by an inhibitor. 

injured tissues may be regarded both as a new source of 
pathogenic factors and the final step in the causation of 
shock. Figure 1 is a diagrammatic representation of the 
local and systemic factors of shock considered from the 
point of view of the proteolytic mechanism. It shows 
that a local modification of cell proteins can initiate a 
chain of reactions leading to the formation of toxic 

vasoactive substances and eventually to shock. The 
complex interaction of local and systemic factors suggests 
a circular process which, unlike the homeostatic control 
mechanisms, tends to perpetuate a pathological situa- 
tion. 

TISSUE AND PLASMA PROTEASES 

It is appropriate at this point to summarize briefly 
our knowledge of the proteolytic enzymes which may 
play a role in the process just outlined. 

All cells contain proteases. Some are linked with the 
specific function of the cell (digestive proteases), others, 
although particular to certain types of cells, have no 
obvious functional significance (pancreatic and salivary 
kallikreins). The most ubiquitous cellular proteases are 
the different types of cathepsins which probably control 
the protein metabolism of the cell. The activity of most 
of these enzymes is controlled by the availability of free 
SH groups. Under the influence of antigen-antibedy 
reaction, activation of cathepsin-type enzymes was 
observed in cultured tissue monocytes (Hayashi et al., 
1960) and in slices of guinea pig lung and human skin 
(Ungar et al., 1961). Certain cells also contain chymo- 
trypsin-like proteases; they have been described in mast 
cells (Benditt and Arase, 1959) and guinea pig lung 
slices (Ungar et al., 1961). It has been shown recently 
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that some cell proteases, together with other hydrolytic 
enzymes, are located in a new type of subcellular 

particles, called lysosomes (de Duve, 1959). Under 
certain conditions, such as anoxia for example, the 
lysosomes are ruptured and their content is released. 

Some tissues also contain substances which, when 
released into circulation, can activate plasma protein 
precursors (Astrup and Albrechtsen, 1957). It is not 
known whether these activators are enzymes. 

Somewhat more information is available about 
extracellular proteases. The best known plasma protease 
is present in normal blood as an inactive precursor, 
plasminogen. This is activated by an enzymatic process, 
removing a peptide fragment and leaving behind the 
active enzyme, plasmin. In human plasma this is done 
by a specific protease, known as plasminogen-activator 
which, itself, derives from an inactive precursor, desig- 
nated as proactivator (Muellertz, 1956). Plasminogen 
can be activated by other proteases, such as trypsin, by 
an urinary activating enzyme called urokinase and, as 
mentioned above, by tissue activators. It is also possible 
that plasmin can be released by dissociation of an 

enzyme-inhibitor complex. This early activation concept 
has recently been revived by Ambrus and Markus 
(1960). It is not clear at present whether plasmin 
represents a unique enzymological entity or a family of 
more or less closely related proteases. 

Although kallikrein has been known as a hypotensive 
agent since 1928 (Frey and Kraut), its enzymatic nature 
was discovered only in 1950 (Werle et al.). It is believed 
that, in circulating blood, kallikrein is held inactive by 

an inhibitor. Under certain conditions (low pH, dilution, 
contact with glass, action of other proteases) the enzyme- 
inhibitor complex dissociates to release active kalli- 
krein. The dissociation is reversible by recombination 
with the inhibitor. In contrast to plasmin, which hydro- 
lyzes a wide range of proteins besides fibrin and fibrin- 
ogen, kallikrein is a highly specific enzyme. Its only 
known protein substrate is an alpha-2 globulin, kalli- 
dinogen, from which it splits off a small peptide belong- 
ing to the group of plasma kinins. Kallikrein, however, 
does act on some synthetic amino acid esters (Haber- 
mann, 1959; Werle and Kaufmann-Boetsch, 1960). By 
comparing the action of kallikreins from various sources 
(plasma, urine, pancreas) on these substrates, we found 
that they had entirely different substrate and inhibitor 
specificities (Ungar et al. 1961). It is, therefore, doubtful 
whether their common designation can be justified on 
other than historical grounds. 

The plasma permeability factor (PF/Dil) described 
by Miles and Wilhelm (1955) is admittedly a protease 
but it has no known protein substrate. Recently it has 
been shown to act on synthetic compounds (Becker et 
al., 1959). The same applies to the enzyme called 
Cj-esterase (Becker, 1958; Lepow et al., 1958) which 
results from the action of the antigen-antibody complex 
on the first component of complement. 

There are certainly other plasma proteases which 

remain to be discovered. Many enzymes, designated as 

peptidases or esterases, according to the substrate on 
which their action was studied, are certainly capable of 
hydrolyzing proteins but have a strict substrate speci- 
ficity. One example of such specificity is thrombin which 
acts only on a single protein, fibrinogen, from which it 
hydrolyzes off a peptide and promotes its conversion 
into fibrin. Thrombin also hydrolyzes amino acid 
esters. Other clotting factors may also be proteolytic 
enzymes (Margolis, 1958; Landaburu and Seegers, 
1959; Becker, 1960) and many workers feel that co- 
agulation and fibrinolysis are interrelated phenomena 
but the precise nature of this interrelation is still obscure. 

It should be noted here that the urine of most labo- 
ratory animals and man contains proteolytic enzymes 
and activators. Normal urine is rich in urokinase, a 
plasminogen activator (Astrup and Sterndorff, 1952) 
and in kallikrein. Increase in urinary proteases was 
described in shock and tissue injury (Damgaard and 
Ungar, 1952; Colgan et al., 1952; Ungar et al., 1961). 
This presents the possibility of a convenient tool for the 
study of the proteolytic factor in clinical shock. 

SIGNIFICANCE AND MECHANISM OF ACTION OF 
PROTEASE ACTIVATION IN SHOCK 

The earlier literature contains many references to 
increased protein breakdown in shock, as measured by 
the nonprotein nitrogen or amino acid content of blood 
and urine. (Taylor and Lewis, 1915; Lurje, 1936; 
Russell et al., 1944; Hoar and Haist, 1944; Harkins 
and Long, 1945; Simonart, 1958; Godfraind, 1958). 
More direct evidence has been supplied by measure- 
ment of protease activity in blood and urine—mostly 
by fibrinolytic methods—under various clinical and 
experimental conditions: surgical, traumatic and ana- 
phylactoid shock, widespread tissue damage, thermal 
and radiation injury, infection and other conditions of 
stress. (Imperati, 1937; Rocha e Silva et al., 1946; 
Tagnon et al., 1946; Macfarlane and Biggs, 1947; 
Colgan et al., 1952; Cliffton, 1952; Kwaan and Mc- 
Fadzean, 1956; Beard and Hampton, 1960). Bacterial 
endotoxins whose role in shock has been under dis- 
cussion, also cause fibrinolysis by activation of proteases 
(Hérder and Kickhféen, 1957). Tissue proteases were 
shown to increase in anaphylaxis (Herberts, 1955; 
Hayashi et al., 1958) and as a result of prolonged 
stimulation of nerve centers (Ungar et al., 1957; Ungar 
and Romano, 1958). Protease activity was also demon- 
strated in cerebrospinal fluid of patients subjected to 
intense peripheral stimulation (Chapman and Wolff, 
1958). 
We have shown in a series of experimental studies 

that protease activation can be demonstrated in vitro 

by submitting isolated tissues or serum to various 
stimuli which produce shock in the intact animal 
(Ungar, 1947, 1956; Ungar and Mist, 1949; Ungar and 
Damgaard, 1954, 1955; Ungar et al., 1961). These 
studies were summarized and the relevant literature 
surveyed in a review (Ungar and Hayashi, 1958). 
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The occurrence of protease activation under con- 

ditions leading to shock has been proved abundantly 
but its interpretation is still a matter of controversy. It 
is sometimes assumed that proteolysis, instead of being 
a pathogenic factor, is merely a consequence of tissue 
injury and shock. An important argument against this 
interpretation is the well-known fact that application of 
proteases can elicit shock-like phenomena as well as 
different types of tissue damage. This was demonstrated 
for trypsin by Rocha e Silva (1941), chymotrypsin by 
Tagnon et al. (1945) and kallikrein by Westerfield et al. 
(1944). The latter results have been contested by 
Webster and Clark (1959) who could not produce 
irreversible shock with kallikrein alone but found a 
synergistic effect of this enzyme with bacterial endo- 
toxins. 
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FIG. 2. Proteolysis, histamine release and potassium loss in 
perfused guinea pig lung. Left: normal guinea pig; right: guinea 
pig sensitized to egg albumin. Abscissa: time in min. (0 time is 
beginning of the perfusion with egg albumin). Ordinate (from left 
to right): a) proteolysis, expressed in optical density units per min. 
of the trichloracetic acid filtrate of the perfusate; 5) potassium 
loss; increase in K* content of perfusate (uM/min.); c) histamine 
released (ug/min.). 

If proteolysis is accepted as a decisive event in the 
response of tissues to injurious stimuli and in the causa- 
tion of shock, the following main mechanisms of action 
can be proposed: 

Direct enzymatic attack of the vascular endothelium. This 
is supported by a number of observations reviewed by 
Jensen (1956) and Ungar (1955). According to this 
hypothesis, the inner coating of vascular endothelium— 
consisting of fibrin and other protein and mucoprotein 
material—would be in constant renewal. It is being 
continuousr!y removed by minute amounts of circulating 
proteases and replaced by the clotting process. When the 
rate of proteolysis exceeds that of fibrin deposition, the 
normal equilibrium is disrupted and the capillaries lose 
their ability to retain large molecules and particulate 
matter. 

Formation of vasoactive protein breakdown products. Almost 
all known proteases can attack some plasma protein 
constituents and split off peptide fragments character- 
ized by their hypotensive, vasodilator and smooth 
muscle-stimulating properties. These compounds are 
now designated by the generic name of “‘kinins” (Lewis, 
1959, 1960). Their prototype is bradykinin, probably 
identical with kallidin mentioned above (for a recent 
review, see Rocha e Silva, 1960). This peptide has now 
been purified (Elliott et al., 1960) and synthesized 
(Boissonas et al., 1960). It seems to be the most potent 
vasoactive material known. The larger protein frag- 
ments, described by Menkin (1956) as playing a role in 
phenomena related to tissue injury, may also be pro- 
duced by protease action. 

Serotoxin formation. Bordet (1913) described, in serum 
submitted to various treatments, the development of a 
toxic, shock-producing principle, called ‘‘serotoxin.” 
More recently this agent has been reinvestigated under 
the rather misleading name of “‘anaphylatoxin” (Rocha 
e Silva and Aronson, 1952; Hahn, 1957). Although 
serotoxin itself is probably not an enzyme, its production 
may involve a proteolytic step. The same conditions 
which give rise to serotoxin formation also cause activa- 

FIG. 3. Diagrammatic repre- 
sentation of the changes initiated 
by cell injury. The aggression or ACTIVATOR 
stimulus, besides eliciting the 
well-known response of Kt-re- | 
lease and Na*-uptake, activates 
(directly or indirectly) the cell 
proteases and modifies the con- 
formation of cell proteins. These 
changes result in a more or less 
pronounced disorganization of 
the cell and a release of activa- 
tors, enzymes and active sub- 
stances which were bound to 
proteins. The material released 
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interacts with constituents of the 
extracellular medium and the plasma. This interaction pro- 
duces new active substances: plasma proteases, serotoxin, 
and plasma kinins which in turn stimulate cellular structures 
remote from the site of the initial aggression. The numbers indi- 
cate some of the points at which the sequence of events can be 
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interrupted: (1) metabolic inhibitors lowering cell excitability; 
(2) SH inhibitors; (3) mediator depletion; (4) anti-activators; 
(5) natural or pharmacological protease-inhibitors; (6) mediator 
antagonists. 
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tion of proteases in serum (Ungar et al., 1961). Unlike 
plasma kinins, serotoxin does not act on effector systems 
directly but through the intermediate step of histamine 
release. 

Release of mediators. A good correlation found between 
histamine release and proteolysis in isolated tissues 
prompted us to formulate a hypothesis according to 
which histamine is bound to cell proteins and is re- 
leased when these are attacked by proteases (Ungar, 
1956). If the linkage between proteins and histamine is 
a labile one (ionic bonds, H-bonds, Van der Waals 
forces etc.) release could occur without proteolysis. A 
slight configurational change, such as those described 
in the proteins of stimulated nerve cells (Ungar et al., 
1957), would be sufficient to liberate the amine. The 
same mechanism could, of course, operate for the release 
of other mediators, such as 5-hydroxytryptamine. It 

may also be related to the pattern of inorganic cation 
transport which is a characteristic feature of cellular 
excitation. This problem is now under investigation in 
our laboratory. Figure 2 shows the correlation between 
proteolysis, histamine release and potassium loss in 
perfused guinea pig lung stimulated by an antigen- 
antibody reaction. 

SEQUENCE OF EVENTS LEADING TO SHOCK 

The mechanisms just summarized are, of course, not 
mutually exclusive and they may operate together to 
bring about the shock syndrome. The following is an 
attempt to reconstruct the sequence of events through 
which the interplay of the different mechanisms brings 
about the state of shock (Fig. 3). a) The initial tissue 
injury is associated with activation of cellular proteases 
and perhaps structural changes in cell proteins. b) As a 
result of these changes, the disorganized cell releases 
proteases, protease activators, protein breakdown 
products and smaller molecules and ions (particularly 

K+). c) The material released interacts with plasma 
constituents such as protease precursors and kininogens 
to give rise to active agents. These, in turn, can stimulate 
and damage other structures in areas remote from the 
initial injury. Each new cell involved contributes to the 
pool of shock-producing material in circulation, capable 

of causing further disorganization. The situation, 
therefore, tends not only to perpetuate itself but to 
become “‘self-aggravating.”’ 

If these mechanisms were operating alone, all tissue 
injury would inevitably lead to irreversible shock. One 
of the reasons why this is not so may be the presence of 
protease inhibitors in tissues and plasma. These inhibi- 
tors may have the significance of a homeostatic control 
mechanism which prevents the spread of activation. It is 
probable that even the slightest stimulation gives rise 
to protease activation but this is immediately corrected 
by the inhibitors. Proteolysis is held in check as long 
as the rate of activation does not exceed that of inactiva- 
tion. When the activation rate becomes excessive, the 
enzyme concentration reaches progressively increasing 

levels and this creates the conditions required for 
irreversible shock. 

There is some evidence suggesting that the balance 
between protease activation and inactivation is under 
hormonal control. Adrenocortical hormones accelerate 
inactivation while other endocrine factors slow it down 
(Ungar et al., 1951; Gray et al., 1953; Ungar and Adler, 
1956; literature reviewed by Ungar and Hayashi, 1958). 
The place of the proteolytic hypothesis in the mech- 

anism of clinical shock has to be ascertained by studies 
in human subjects. It could also be tested by trying to 
prevent or control shock with procedures which inter- 
fere with the enzymatic mechanisms (Fig. 3). It is from 
this pragmatic point of view that the merits of the theory 
could be best evaluated. 

Dr. ScHAYER: I appreciate this opportunity to speak 
because I have something new to say about histamine 
which I think is highly pertinent to the development of 
irreversibility in shock. Yesterday Dr. Reeve mentioned 
that around the time of the First World War, involve- 
ment of histamine in shock was widely believed by men 
like Dale, Cannon, and Thomas Lewis; Dr. Wiggers, in 
his book, stated rather unequivocally that he believed it 
too. 

Then, in the years that followed, histamine was 
dropped. The reasons for this, I submit, seemed valid 
at the time but they were based on the erroneous concept 
that histamine effects can be produced only by release 
from the stores pre-existing in tissues. I have recently 
found that there is another major route of mobilization 
of histamine in the body and this involves new synthesis 
in response to stress (Schayer, 1960). The enzyme which 
forms histamine is histidine decarboxylase; it is an 
adaptive enzyme and increases in activity in response 
to a large number of local or general stresses. I have 
demonstrated this by in vitro techniques, and in vivo 
by two different methods. Insofar as my work has been 
checked in other laboratories, it has been confirmed. 

Figure 1 shows the per cent increase of histidine 
decarboxylase in tissues of stressed animals over that 
of control animals. There are four curves; within experi- 
mental error they have the same shape. But the striking 
thing is that two curves were obtained by analyzing 

skin of mice rubbed with xylene, one was obtained by 
analyzing muscle of mouse injected in that muscle with 
endotoxin; and the fourth curve is from analysis of 
guinea pig lung after injection of endotoxin intra- 
peritoneally. 

These findings impart a unity to the underlying 
processes in the slow phase of inflammation, and in the 
slowly developing capillary damage in shock; this is in 
accord with the theoretical discussion of the two phe- 
nomena presented by Dr. Miles. 

As you notice, these curves all reach a maximum at 
about 6 hours. That corresponds excellently with the 

observed time of maximal capillary permeability during 
the slow phase of inflammation (Burke and Miles, 1958; 

Spector, 1956). 
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FIG. 1. Histidine decarboxylase activities of tissues at various 
intervals following a mild inflammatory stimulus, or injection of 
E. coli endotoxin. Actual values for mouse muscle and guinea pig 
lung were divided by 2 and 4, respectively, to bring the height 
of the curves to approximately the same level as those of mouse 
skin. The increased height is due to the relatively low normal 
enzyme activity in mouse muscle and guinea pig lung and to 
differences in the intensity of the stimulus. 

Histamine, of course, can produce all the micro- 
circulatory changes which are observed in inflammation. 

Not only does it affect capillary permeability but it can 
also dilate the smooth muscle of the precapillary sphinc- 
ters, and of the smallest arterioles and venules. I am 

not at all sure that the other proposed mediators can 
effect all these changes. I think histamine fulfills all the 
criteria of the hypothetical mediator of capillary be- 
havior proposed by Dr. Miles and fits the facts far 
better than any of the other candidates. 

In an animal subjected to a lethal dose of endotoxin, 
the activity of histidine decarboxylase does not return 
to normal but continues to increase and is maximal at 
the time the animal is dying of shock. The same is true 
for other stimuli which lead to shock: intense stress, 
infusion of epinephrine, and infections. 
Now along with much other evidence I have found 

this enzyme to be independent, insofar as I have tested, 
of major regulatory systems; it does not depend on the 
integrity of the pituitary, the adrenal, or the thyroid, 

and is not affected by blocking components of the 
nervous system. It seems to be autonomous. 

I believe this inducible form of histidine decarboxylase 
is located in the vascular endothelial cells. The evidence 
for this is the demonstration of its existence in every 
vascular tissue of the mouse tested, but not in blood. 

I think this type of histamine production represents a 
newly discovered homeostatic system which operates in 
the vascular endothelial cells, its purpose being to 
regulate the response of the microcirculatory system to 
environmental changes. Induced histamine is a useful 
substance; it mediates responses needed to maintain 
homeostasis. In the event that the stress is intense, and 

there is an outpouring of catecholamines from the 
sympathetic nerve endings and the adrenal, histamine 
synthesis is increased to keep the small blood vessels 
open. If the stress is too severe, or continues too long, 

and the depots of catecholamines become depleted, 
there is a situation where an animal is rapidly syn- 
thesizing a potential capillary poison, histamine, and a 
rather abrupt disequilibrium of the homeostatic balance 
occurs. This, I believe, is a major cause of the phe- 
nomenon of irreversibility in shock. 

I would agree with Dr. Nickerson that epinephrine 
and norepinephrine can cause shock, but possibly only 
if there is some failure of histamine production to 
protect against their vasoconstrictive actions. I have 
data to support this idea which I will present this 
afternoon. 

In summary, there are three general statements which 
appear to be fully justified by the evidence. First, the 
enzyme which produces histamine is activated by the 
identical stimuli which may lead to inflammation 
locally, or shock systemically. Second, histamine is 
capable of producing all the microcirculatory changes 
observed in the slow phase of inflammation, and in 
systemic stress it is capable of producing those changes 
not attributable to catecholamines. Third, the time of 
enzyme activation and deactivation correspond excel- 
lently to the observed changes in the small blood vessels. 
It seems almost inconceivable, therefore, that all these 
observations are meaningless coincidences; rather, it 
points emphatically to a role for histamine in micro- 
vascular control. 

Dr. Kostowski: I would like to give a brief con- 
tribution to the problem of permeability in shock. 
There are some misunderstandings in the definition of 
increased permeability. Commonly it is defined as a 
leakage of the capillary blood vessels with exudation of 
plasma proteins into the tissue. 

But we must recognize that the cellular membranes 
are of even greater importance than those of the blood 
vessels. Biichner and his co-workers have conducted 
many studies on the problem of hypoxia and enzymatic 
lesions in the cell. They point out that the injury to the 
highly differentiated cells of the liver, the kidney, the 
muscle precedes the alteration of capillary walls. 

And this is true, not only in hypoxia, but also in 
thermal, mechanical or biochemical lesions. If the 
enzymatic functions of the cell are disturbed severely 
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Fic. 1. Histamine in blood after burn and tourniquet injury 
in the rat. 
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FIG. 2. Reduction of post-traumatic edema in different organs 
after pretraumatic histamine-depletion with compound 48-80 
in the rat. ----- controls; —— after 8 days pretreatment with 
48- oe ip. 

enough this cell must undergo energetic failure which 
inevitably leads to the loss of directed permeability of 
the cell wall. That leads to the uptake of extracellular 
fluids and to the breakdown of gross molecules. The 
increased capillary permeability in many shock con- 

ditions is therefore merely a s quence of the damage of 
the vulnerable metabolism of the parenchymatous 
organs, and not their cause. 

We have done some work on the problem of increased 
permeability in traumatic shock with special reference 
to histamine. In the rat we found that its level in blood 
plasma is increased tenfold in burns, but only in the 
first 3 hours, with the peak within the first 60 minutes. 

In tourniquet shock we found a culmination 12 hours 
after injury with normal values after 24 hours (Fig. 1). 
By estimating the water content of various tissues in 
tourniquet rats, we found that there is an increased 
water uptake, not only in the injured parts (about 11 % 
water content more) but also in the injured organs such 
as liver, kidney, brain and skeletal muscles, about 3% 
of normal, and this is true for burns and for tourniquet 
injury in the rat with a peak at 48 hours after injury. 

Rats treated with histamine liberator 48/80 show less 
general shock symptoms after injury. They also show 
less general edema (Fig. 2). The local edema, however, 
is not altered after pretreatment with 48/80. Treatment 
with a combined preparation of calcium and anti- 
histamine (Calcistin) has very poor effects in tourniquet 
shock, but is of some value in burns by reducing the 

general edema if given immediately after injury. 

We therefore believe that histamine plays a role in 

the systemic increase of water content of the uninjured 
tissues after burn and tourniquet injury. The local 
edema, however, is induced by osmotic forces following 
the breakdown of proteins and glycogen with an 
enormous rise in Osmotic pressure and by vasoactive 
substances different from histamine, presumably pro- 
teases and fragments of their substrates. 

I therefore should like to stress the statement Dr. 

Miles made that we always should distinguish between 
increased capillary permeability for proteins on one 
side and those for water and salts on the other. They 
obey different rules. 

Finally I should like to say that there remains always 
the question of whether we are justified to take shock 
as an entity even in heuristic sense. Until the end of the 
war in Germany we used to distinguish between the 

neurogenic shock, in which there is normal blood 
pressure, and the hypotensive circulatory collapse. It 
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FIG. 3. Effect of calcium and antihistamine (Calcistin) on the 
water content of some organs after burn in the rat. ----- 20 mg/kg 
Calcistin 1 hr before burn; ----- 20 mg/kg Calcistin 1 hr after 
burn; —— 5 ml NaCl 1 hr after burn. 
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may be that we shall be forced to a similar and even 
more complicated separation of our objects in the 
future. Thank you very much. 

Dr. Mies: I'd just like to make one or two points— 

first with regard to Dr. Koslowski; I’m very glad to 
have an endorsement of what I felt was a proper warn- 
ing that permeability to proteins was not all that we 
had to consider. 
Now with regard to Dr. Stetson’s remarks—I very 

much agree with him about putting lactic acid in; it 
was in the part that I had to skip because of miscalcula- 
tion. I put it in because I was stimulated by his own 
discovery of its curious association between edema and 
granulocytes, both in the Shwartzman and the Arthus 
phenomena; and I was going to suggest that white 

cells would be very rewarding tissue to study in this 
respect. We found that you only require 60 yg of lactic 
acid to open up most of the capillaries in 1 gm of guinea 
pig skin; and this could, if you take the old figures by 
Barron and Hallip of what leukocytes can do in this 
respect under optimal conditions in the test-tube, that 
this could be provided by a few million leukocytes 
sitting about in the tissues. But I was a little bothered 
about the problem of buffering, that the amount of free 
lactic acid might be pretty small at any one moment. 

I should also like to congratulate Dr. Schayer on two 
counts; not only the scientific importance of what he 
has shown as a possibly new way of looking at the action 
of intrinsic histamine in these phenomena, but on 
personal grounds as having made such an admirable 
step forward towards the rehabilitation of his beloved. 



Radiation injury and shock’ 

DOUGLAS E. SMITH 

Division of Biological and Medical Research, Argonne National Laboratory, Argonne, Illinois 

i AIM OF THIS PAPER is to explore the significance 
of combinations of exposure to penetrating radiations 
and shock-producing injuries. This is a highly practical 
problem, since 7) irradiation is followed by profound 
biochemical, functional and morphological changes; 2. 
man may be subjected to substantial dosages of radiation 
in radiotherapy, accidents in nuclear installations, 
nuclear warfare and space travel; 3) such radiation 
exposure may be accompanied, preceded or followed by 
additional tissue injury commonly associated with the 
elicitation of shock; and 4) such combinations of injury 
are to be expected on a vast scale in nuclear warfare. 
An attempt will be made to examine whether radiation 
injury influences the susceptibility to or alters the course 
of shock and whether shock-producing trauma _ will 
affect the course of radiation sickness. 

While the initial injury in shock generally consists of 
one kind or another of gross tissue injury (e.g. burns, 
hemorrhage or other trauma), the events attending the 
absorption of penetrating radiations occur at the level 
of the atoms making up the living system. Changes may 
be registered in the electrons or nucleus or both depend- 
ing upon the kind of radiation. The degree of these 
alterations is determined by the dosage of radiation. 
Their expression in terms of detectable biochemical, 
functional and morphological changes is a complex 
matter and is influenced not only by quality, dose and 
dose-rate of the radiation but also by species, age, sex 
and status (e.g. with respect to bacterial infection, stress, 
etc.) of the animal. Moreover, different tissues may be 
said to have different radiosensitivities, since they show 
various degrees of injury in response to the same dosage 
of radiation. 

As there is more than a single shock syndrome so is 
there more than one acute radiation syndrome. The 
latter is demonstrated when one examines the response 
of animals including man to various dosages of radiation. 
Thus whole-body exposures to high dosages (> 5000 r) 
result in death within a few hours to a day with the 
animals showing signs of damage to the central nervous 
system: ataxia, nystagmus, tremors, convulsions and 
hyperirritability. This occurs also if the head alone is 

' This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 
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exposed to the same radiation dosages. Following 1000 
to 10000 r, death occurs in 3 to 4 days, the most promi- 
nent signs during this time being severe diarrhea and 
vomiting. Irradiation of the small intestine alone repro- 

duces this type of sickness. After dosages in the 30-day 
LD; range (300-g00 r for mammals) deaths occur 
predominantly during the period from 2 to 3 weeks 
after irradiation. Shielding of the bone marrow prevents 
these deaths. Thus one can think in terms of acute 
radiation syndromes of the central nervous system, the 
intestinal tract and the hematopoietic system. This is 
not the limit of the possibilities, however, for additional 
distinct syndromes have also been described (Austin 
et al., 1956; Quastler and Zucker, 1959). 

Although one can surmise from the above that several 
aspects of radiation injury might influence the develop- 
ment of shock, considerations of some of the details of 
the damage should establish that such is the case. When 
man is subjected to a single total-body irradiation 
(gamma rays and neutrons) in the mid-lethal range, the 
predominant effects during the succeeding 24 hours are 
nausea, vomiting, small drop in blood pressure and 
prostration. During the next 5 to 6 days he may appear 
and feel well. Toward the end of this period, however, 
diarrhea and anorexia set in, lesions in the ora! mucosa 
occur and fever develops. Death ensues in the 2nd or 
grd week with the patient in coma. Accompanying 
these signs are marked alterations in the levels of the 
circulating blood cells. The blood neutrophils increase 
sharply on the first day or two after irradiation and then 
progressively fall, reaching very low values (e.g. 1000/ 
mm) by the 5th to roth day. The lymphocytes practi- 
cally disappear from the circulation by 12 to 24 hours. 
Thrombocyte values start to fall several days after 
exposure and may reach zero by the roth day, while 
the erythrocytes decrease gradually and reach very low 
levels by the end of 3 to 4 weeks. Histological exami- 
nations show depression of mitotic activity in rapidly 
dividing tissues and massive destruction of cells in the 
bone marrow, spleen, lymph nodes and crypts of the 
intestinal villi. At autopsy signs of hemorrhage are seen 
throughout the body but are especially prominent in 

the gastrointestinal tract. The latter is also a common 
site for the development of ulcers. Widespread bacterial 
infection is a usual finding after dosages in the lethal 
range. 
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The loss of fluid, the pancytopenia, the hemorrhage, 
the products of tissue destruction, etc. can all contribute 
to the development of shock and it is to be expected that 
they will influence the course of events following shock- 
producing trauma. In the remainder of this discussion 
further details of radiation injury in tissues, organs and 
systems that appear to be of significance in shock will 
be presented. This will be followed by consideration of 
those experiments in which combinations of radiation 
and shock-producing trauma have been given to the 
same individual. It should be emphasized that most of 
the data to be mentioned come from experiments on 
laboratory animals, since few careful studies have been 
possible in man. The same cautions should be exercised 
in applying results from one species to another in 
radiation as in shock studies, for the details of the 
derangements elicited by a given dosage of radiation 
may differ greatly from species to species. Since only 
brief mention of selected radiation effects will be possible, 
the reader is referred for more complete information to 
various recent reviews: radiation effects on man (Cron- 
kite, 1960; Hempelmann et al., 1952; Jammet et al., 
1959; Oughterson and Warren, 1956); radiation effects 
on mammals in general (Clemedson and Nelson, 1960; 
Cronkite and Bond, 1956; Patt, 1954; Prosser, 1947; 
Thomson and Straube, 1958; Van Bekkum_ 1960); 

immunity and infection (Benacerraf, 1960; Hasek and 
Lengerova, 1960; Taliaferro and Taliaferro, 1951; 
Talmage, 1955); and biochemical changes (DuBois and 
Peterson, 1954; Ord and Stocken, 1953; Ord and 
Stocken, 1959). Attention will be given primarily to 
studies in which single, total-body exposures of X- or 
gamma-rays in the mid-lethal dose range have been 
employed. Departures from this will be indicated. 

CARDIOVASCULAR SYSTEM 

Heart. On the basis of morphological damage the 
myocardium of mammals has been considered generally 
(Clemedson and Nelson, 1960; Jones and Wedgwood, 
1960) to be highly radioresistant. Moreover, the lesions 
that have been found after exposure to many thousand 
r have been thought to be secondary to injury in the 
coronary blood vessels. 
Numerous electrocardiographic studies have been 

carried out in man subjected to therapeutic dosages of 
X-rays to the chest, but neither older nor recent work 
has shown consistent changes in the electrocardiogram 
(ECG) or indisputable evidence of myocardial damage 
(Catterall, 1960; Clemedson and Nelson, 1960; Jones 
and Wedgwood, 1960). Experiments in rats (Caster 
et al., 1957) and hamsters (Fulton and Sudak, 1954), 
however, have yielded rather consistent ECG changes 
following single total-body exposures to much lower 
radiation dosages. Hamsters exposed to 1000 or 1500 r 
manifested increases in the amplitude of the T and P 
waves a day or two before death, whereas in the terminal 
stages these waves decreased in height, the S-T segment 
was depressed and occasionally prolonged Q-T intervals 

and reversed T waves were found. Accompanying these 
changes was an increased serum potassium concentration 
that in the terminal phase reached double the normal 
values. Having found that injection of potassium into 
nonirradiated hamsters elicited similar changes in the 
electrocardiogram, the authors concluded that the 
radiation effects were attributable to the hyperpotas- 
semia. An X-ray dosage of 600 r was without effect on 
either the electrocardiogram or the serum potassium of 
the hamster. Rats exposed to 750 r (Caster et al., 1957) 
showed a similar but more complex set of changes in the 
electrocardiogram. These began as early as two days 
after irradiation, and become more pronounced in the 
terminal phases. They were not accompanied by changes 
in the level of plasma potassium; they appear to have no 
obvious explanation. 

Other indications of possibly significant alterations in 
the heart after low dosages (750 r) have been found in 
biochemical measurements in the rat (Caster et al., 
1957). Thus the concentrations of deoxyribonucleic acid, 
actomyosin, potassium and lipid have been observed to 
decrease beginning two days after exposure and to reach 
a minimum at six to ten days. These as well as the 
electrocardiographic findings in the same study suggest 
that alterations of possible significance do occur in the 
hearts of animals subjected to total-body irradiation and 
that an extension of these experiments should be of value. 

Alterations in the heart rate have been reported under 
a variety of conditions; it would appear that these reflect 
compensatory responses to other changes in the cardio- 
vascular system. 

Blood vessels. As in the case of the myocardium the 
blood vessels have been considered generally to be highly 
resistant to radiation by the criterion of morphological 
damage (Clemedson and Nelson, 1960). Functional 
changes of various kinds have been found, however, 
after exposures in the lethal range. Vasodilatation 
(erythema) of the cutaneous vessels was established as 
an early manifestation of radiation effects in man and 
was actually employed as a measure of radiation dosage 
(erythema dose) in radiotherapy. Direct observations 
of peripheral vascular beds have been carried out in a 
number of preparations in living animals (Fulton et al., 
1956; Haley et al., 1952; Moseley et al., 1952; Smith et 
al., 1951a), and vasodilatation has been found in most 
of them after irradiation. In the cheek pouch of the 
hamster vasodilatation has been reported to occur 
within a few hours after 25 to 25000 r (Fulton et al., 
1956). Severe vasoconstriction occurred terminally 
following 1000 r and was thought by the authors to be 
the result of the concomitant hyperpotassemia. The basis 
of the vasodilatation, however, is not understood. 

The effects of radiation upon vascular reactivity have 
been given only limited attention. In the mesoappendix 
of the rat subjected to a total-body dose of 600 r a 
decreased sensitivity to epinephrine was found during 
the first 5 days (Haley et al., 1952). After returning to 
norma! on the 6th day, epinephrine sensitivity increased 
on the 7th day and remained high until the 17th day. 
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In a later study (Bohr et al., 1955) it was found that 
shielding of the kidney during irradiation reduced the 
increase in sensitivity to epinephrine that occurred during 
the second week. Since exposure of the kidney alone 
did not alter the response to epinephrine, it was con- 
cluded that the increased sensitivity following total-body 
irradiation depended upon systemic effects rather than 
upon direct damage to the kidney. Increases in vaso- 
depressor material and in vasoexcitor material were 
observed during the first anc second postirradiation 
weeks, respectively (Haley et al., 1952). Spontaneous 
vasomotion was found to be reduced during the first 

week after irradiation in the rat (Haley et al., 1952) 
and increased thereafter. Heightened vasomotion has 
been reported to occur in the cheek pouch of the hamster 
several days after exposure to radiation (Fulton et al., 
1956). 
Examination of living preparations of the peripheral 

circulation has revealed that sticking of leukocytes to 
the vessel walls occurs within a few hours after irradi- 
ation (Fulton et al., 1956; Smith et al., 1951a; Moseley 
et al., 1952). No further changes of note were found until 
the onset of the terminal phase when clumping of red 
cells into rouleaux and stagnation of blood occurred. 
Dosages of many thousands of roentgens applied locally 
were necessary to produce formation of platelet and 
leukocyte thrombi. 

Indications of changes in capillary permeability have 
been obtained by a variety of techniques and it has 
generally been found that permeability increases 
(Arlaschenko, 1960; Brinkman and Lamberts, 1958; 
Butomo, 1959; Furth et al., 1951; Klemparskaya and 
Raeva, 1959; Willoughby, 1960). Recently, the effects 
of local irradiation (750-3000 r) of the abdomen and of 
various drugs on the permeability of the intestine have 
been examined in the rat (Willoughby, 1960). Using as 
the index of permeability the coloration of the intestine 
after intravenous injection of trypan blue, it was found 
that permeability increased as early as 24 hours and 
reached a maximum at 72 to 96 hours after exposure. 
Antihistamines given prior to exposure prevented the 
24-hour increase but did not prevent an increase occur- 
ring at 48 or 72 hours. Continued administration of anti- 
histamines after irradiation did not influence the later 
responses. Antiesterases (especially diisopropyl fluoro- 
phosphonate) given before irradiation markedly sup- 
pressed the rise in permeability up to 72 hours after 
exposure to radiation. When given after irradiation the 
antiesterases were less effective. The authors concluded 
that the increase during the first 24 hours is due to 
histamine whereas the later increase is mediated by 

esterases and proteases. The histamine component of the 
response may depend upon the marked disruption of 
tissue mast cells that has been found after irradiation 
(Smith and Lewis, 1953, 1954, 1958). 

Vascular fragility has been examined in a number of 

studies and has generally been found to be increased 
after irradiation. Such changes may be of considerable 

importance in the development ol radiation hemorrhage, 

and attempts have been made to gain a more precise 
picture using microscopic observations of the living 
circulation. In the mesoappendix of the rat, petechial 
hemorrhages have been observed as early as one day 
after 600 r (Haley et al., 1952). Petechiae induced by 
raising temperature of the bathing solution have been 
found more frequently in the mesentery of irradiated 
animals than in the mesentery of nonirradiated animals 
(Kivy-Rosenberg and Zweifach, 1956). Petechiae in- 
duced by the application of snake venom or negative 
pressure have been observed more frequently in the 
cheek pouches of irradiated than of nonirradiated 
hamsters (Fulton et al., 1956). In these preparations the 
red blood cells pass through the walls of the capillary in 
the absence of any visible rupture in the vessels. Cessation 
of the outward movement of erythrocytes was not 
accompanied by the formation of visible fibrin clots or 
platelet plugs. That these may be indirect effects has 
been shown (Levy, 1960) by the fact that petechiae 
occur with equal frequency in shielded and unshielded 
portions of the cheek pouch. Gross hemorrhages have 
not been observed in such preparations (Fulton et al., 
1956; Smith et al., 1951a) even after many thousand r. 

Blood pressure. Blood pressure changes in most mam- 
mals are small and probably not significant until the 
terminal phase of radiation sickness. Some animals, 
however, notably the rabbit (Prosser, 1947; Painter 
et al., 1956; Brooks et al., 1956; Gerstner et al., 1956) 
and the chick (Stearner et al., 1955; Stearner et al., 
1958) show marked drops in blood pressure shortly 
after exposures in the lethal range and may die within a 
few hours. In both species there are indications that the 
circulating blood volume is markedly decreased and 
that pooling of blood occurs in various parts of the 
body (Stearner et al., 1958; Amosov, 1959). The fall in 
blood pressure of the rabbit has been found to be greatly 
reduced by treatment with atropine or by vagotomy 
(Painter et al., 1956). 

Blood volume. A number of studies on the circulating 
blood volume have been carried out in the irradiated dog 
and rat (Lukin, 1957). The usual findings have been 
that the total blood volumes did not change, because the 
cell and plasma volumes were altered in opposite direc- 
tions. Thus cell volume starts to decrease soon after 
irradiation and may become 50% of normal by the end 
of 3 weeks; this is accompanied by an apparent com- 
pensatory increase in plasma volume. Recent experi- 
ments (Lukin, 1957; Lukin and Gregerson, 1957; 
Chien et al., 1957) on splenectomized dogs exposed to 
1000 r (death in 314-4 days) showed small reductions 
in blood volume (1 % on the 2nd day, 8.8% on the grd 
day), larger drops in cell volume (11.2% on the 2nd 
day and 19.7% in the 3rd day) and no change in the 
plasma volume. During the 10 hours preceding death, 
however, drastic reductions in blood, plasma and red 
cell volumes occurred; these were 25-35 %, 35-48 % and 
12-20% respectively. Simultaneously, the plasma 
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protein content and the hematocrit increased. In 
addition the cardiac output fell, heart rate increased, 
blood pressure fell sharply and the peripheral resistance 
rose until near death when it dropped precipitously. 
The sharp fall in plasma volume was thought to be the 
critical factor in the final functional deterioration of the 
cardiovascular system. On the basis of autopsy data 
(fluid in the g.i. tract) and the previous history (con- 
tinuous vomiting and diarrhea), the authors concluded 
that the fluid loss was primarily by way of the gastro- 
intestinal tract. Marked signs of hemorrhage were also 
present in the lungs and small intestine; the hemorrhage 

doubtlessly contributed to the circulatory collapse. 
Qualitatively similar results were found in the rat 

exposed to 1000 r with the thorax shielded (Swift and 
Taketa, 1956, 1958). When additional shielding of a 
short segment of the ileum was carried out, however, it 
was found that the fall in blood and plasma volumes was 
much less. Thus, again it appears that the loss of plasma 
volume is by way of the digestive tract. Smaller dosages 
of radiation that do not elicit early (intestinal) death do 
not cause a fall in plasma volume during the first week 
after irradiation. 

NERVOUS SYSTEM 

It has been pointed out above that after very high 
radiation dosages death occurs within a few hours and 
is preceded by signs of functional disturbances in the 
central nervous system. Similarly high dosages are 
necessary for the elicitation of structural damage in the 
nervous system. Functional changes in all divisions of 
the nervous system, however, have been observed after 
exposures in the mid-lethal range. Thus, in unrestrained 
cats with electrodes implanted in the brain, increased 
spontaneous hippocampal firing, lowering of the thresh- 
old for reticular arousal and an increase in thalamic 
recruiting threshold have been detected during the first 
few hours after local or total-body exposure to 200 or 
400 r (Gangloff and Haley, 1960). Changes in both 
high and low frequency activity have been reported in 
the electrocorticogram of rats exposed to 700 r (Caster 
et al., 1958). Although it is possible to correlate these 
changes in electrical activity with simultaneous bio- 
chemical and hormonal events, it does not seem possible 
at the present time to assign definite causes or significance 
to them. Functional imbalances in the autonomic 
nervous system have been inferred from the slowing in 
gastric emptying and the pattern of an increase followed 
by a decrease in intestinal motility of the irradiated rat 
(Conard, 1956). A similar basis has been proposed for 
the erythema induced by radiation (Stahl, 1959). In 
the USSR much attention has been given to the effects 
of moderate amounts of radiation on various aspects of 
function of the nervous system and numerous examples 
of alterations in conditioned reflexes, electroencephalo- 
grams, etc. have been found (Stahl, 1959; Lebedinsky 
et al., 1958; Livanov and Biryukov, 1958). 

ENDOCRINES 

It has been found generally that very high dosages of 
radiation are necessary to bring about significant 
morphological damage in pituitary, thyroid, para- 
thyroid or adrenal. Mid-lethal dosages, however, have 
been shown to elicit a typical stress response on the part 
of the adrenal cortex (Patt et al., 1947) of the rat. This 
does not occur in the absence of the hypophysis (Patt 
et al., 1948). Both adrenalectomized and hypophysecto- 
mized animals show an increased sensitivity to the lethal 
effects of irradiation (Patt et al., 1948; Betz, 1955). 
The secretory activity of the thyroid has been examined 
using the criteria of histological change and I'*! uptake 
(Evans et al., 1947; Botkin et al., 1952; Betz, 1953; 
Monroe et al., 1954; Betz, 1955). Although indications 
of increased and of decreased secretory activity have 
been found, a consistent pattern for such changes has 
not been established. Studies of the basal oxygen con- 
sumption have also failed to yield unequivocal indica- 
tions of the status of thyroid activity after irradiation 
(Kirschner et al., 1949; Smith et al., 19515; Mole, 
1953; Smith and Smith, 1951; Smith et al., 1952). 
Alterations in the ratio of 8 cells to @ cells in the islets of 
the pancreas have been described in rats (Allegretti et 
al., 19604) and guinea pigs (Allegretti et al., 1960) 
subjected to sublethal dosages of X-rays. They do not 
appear to be correlated with the hyperglycemia (Kohn 

et al., 1951) or the changes in glucose tolerance (Sestan 
et al., 1960) found after irradiation. 

BACTERIAL INFECTION 

Among the most prominent sequelae of the irradiation 
of mammals is the development of localized and gener- 
alized infection (Warren and Whipple, 1923; Chrom, 
1935; Miller and Hammond, 1950; Hammond and 
Miller, 1955). Moreover, infection has appeared to be 
the prime cause of death after dosages in the lethal range, 
since treatment with antibiotics in many cases has been 
shown to protect against the lethal effects of such radi- 
ation dosages (Gustafson and Kaletsky, 1951; Furth 
et al., 1952; Miller et al., 1952). It is not the sole cause 
of death, however, for some individuals succumb in 
spite of the administration of antibiotics, and germ-free 
animals (Gordon and Scruggs, 1953) die without 
apparent infection when the radiation dose is sufficiently 
high. The organisms involved in the infection of irradi- 
ated animals are chiefly those commonly found in the 
gastrointestinal and respiratory tracts (Wensinck and 
Renaud, 1957; Vos et al., 1959). There is argument as 
to whether the bacterial invasion is primarily dependent 
upon the breakdown of natural tissue barriers (e.g., 
lesions of the oral mucosa or denudation of the villi of 
the small intestine as a result of failure of renewal of the 
covering epithelium) or whether it is due to alterations 
in other aspects of the defenses of the host. Since a 
combination of such factors is involved, it seems unneces- 
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sary to examine the details of this argument. It should 
be worthwhile, however, to mention briefly some of the 
details of radiation-induced defects in the defenses of the 
host. 

It was well known that irradiation promotes marked 
changes in the immune mechanism (Taliaferro and 
Taliaferro, 1951; Benacerraf, 1960; Hasek and 
Lengerova, 1960). These consist primarily in an impair- 
ment of the formation of antibodies that is characterized 
by a longer induction period and a reduction in antibody 
titer. The bactericidal properties of the blood have been 
found to be depressed after irradiation (Marcus and 
Donaldson, 1953; Pillemer et al., 1954; Donaldson and 
Marcus, 1954; Fishman and Shechmeister, 1955; Ross, 
1956). This, together with the marked loss in blood 
leukocytes, would be expected to result in greater possi- 
bilities for the successful growth of the invading or- 
ganisms. Various experiments have indicated that the 
functional integrity of the reticuloendothelial system is 
altered adversely after irradiation (Shechmeister and 
Fishman, 1955; Donaldson et al., 1956; Benacerraf et al., 
1959; Nelson and Becker, 1959a, 6; Ivanov and 
Kurshakova, 1959). 

It is apparent from the above considerations that a 
number of the changes induced by irradiation are those 

characteristic of shock-producing trauma and can be 
expected to influence the susceptibility to shock and the 
course of shock. What actually happens when radiation 
injury and shock injury are inflicted on the same indi- 
vidual is examined in the next section. 

COMBINATIONS OF RADIATION AND 
SHOCK-PRODUCING INJURY 

The effects of combinations of irradiation and several 
shock-producing injuries have been examined by 
various workers during the past ten years. In these 

studies three chief questions have been posed: 1) What 
is the effect of sublethal trauma, hemorrhage and burn 
upon the events following lethal dosages of radiation? 
2) What is the effect of sublethal irradiation upon the 
course of trauma, burns and hemorrhage in the lethal 
range? 3) What is the effect of combinations of sublethal 
amounts of these injuries? In addition there has been 
interest in determining the effects of applying shock- 

producing injuries at various times after irradiation and 
in determining the influence of other stresses on the 
outcome of radiation sickness. 

Up to the present time combinations of various kinds 
of burns and irradiation have been given most attention 
(Brooks et al., 1952; Brooks et al., 1956; Parr et al., 
1952; Baxter et al., 1953; Alpen et al., 1954; Alpen and 
Sheline, 1954; Baxter et al., 1954; Davis et al., 1954; 
Davis et al., 1955; Reid et al., 1955; Abasov, 1957; 
Brown et al., 1959; Komendantova et al., 1959) and 
representative data are shown in Table 1. The results 
on dogs and swine (Table 1) make *: clear that the 
addition of sublethal burns to irradiations at a low level 
in the lethal range (or the addition of sublethal irradi- 

TABLE 1. Lethal Effects of Combinations 
of Irradiation and Burn 

Per Cent 
No. of _ Mortality 
Ani- 48 30 

Species Injury mals hours’ days 
Dog (Brooks et 20% burn 40 oO 12 

al., 1952)* 100 r 10 fe) oO 
20% burn + 100 r 40 o 73 
20% burn + 100 r + 28 o 14 

penicillin 
20% burn + 25 r 25 oO 20 

Swine (Baxter et 400r 10 oO 20 
al., 1953)* 10-15% burn 10 oO oO 

400 r + 10-15% burn 10 Oo go 
400 r + 10-15% burn + 10 oO 20 

streptomycin 

Rat (Alpen et 31-35% burn 30 43 50 
al., 1954) 16-20% burn 30 o ce) 

250 r 30 fe) Oo 
500 r 30 Oo §=620 
31-35% burn + 100 r 30 65 65 
31-35% burn + 250r — 30 75 95 
31-35% burn + 500 r 30 100 100 
16-20% burn + 500 r 30 20 75 

* In these experiments deaths occurred during the 5th to 
the 24th day. 

ations to burns in the low lethal range) results in very 
high mortality, the deaths occurring during the 5th to 
24th days after the combined injury. This tremendous 
enhancement of the lethal effect appears to have its 
foundation in the development of bacterial infection, 
since it is completely eliminated when antibiotics are 
given (Table 1). Actual examinations for bacterial 
infections have shown (Brooks et al., 1952; Reid et al., 
1955) that they are transient in dogs with 20% of the 
body burned but are very severe when the 20% burn is 
accompanied by exposure to 100 r. 

It is not clear whether deleterious factors other than 
bacterial infections are enhanced in combinations of 
burn and irradiation, but it has been suggested that 
erythropoiesis is greatly slowed in dogs surviving lethal 
irradiations and sublethal burns as compared with 
survivors of the irradiation alone (Abasov, 1957). In 
addition, red blood counts, hemoglobin concentrations 
and hematocrits have been found to be lower in dogs 
and rats (Davis et al., 1954; Brooks et al., 1956) sub- 
jected to the combined injury than in animals exposed 

to irradiation only. Further study of specific defects that 
have been found to result from irradiation or burn alone 
should be made in animals suffering the combined 
injury, for it is possible that other effects may be en- 
nanced. It is also possible that all the changes may not 

be deleterious. Thus, there are indications that the 
restoration of leukocytes is hastened in lethally irradiated 
dogs subjected to sublethal burns (Brooks et al., 1956; 
Komendantova et al., 1959). It has also been reported 
that clotting time is not as prolonged in rats suffering a 
combination of sublethal burn and lethal irradiation as 
it is in animals exposed to radiation alone (Davis et al., 

1955): 
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Although one cannot tell from experiments of the 
type illustrated by dogs and swine in Table 1 whether 
irradiation affects susceptibility to shock, it is certain 
from the data on the rat (Table 1), where a 31 to 35% 
burn was followed by rapidly developing fatal shock, 
that exposure to radiation did increase susceptibility to 
shock. Similar conclusions can be drawn from studies on 
mice subjected to small daily dosages of radiation for 8 
weeks prior to the application of a 95% burn (Brown 
et al., 1959). At the end of 24 hours, mortality from the 
burn was less than 4% in nonirradiated animals but was 
35°, 44% and 60%, respectively, in mice previously 
exposed to 2 r/day, 5 r/day and 10 r/day. The deaths 
were described as typical of burn shock. 

As was found in the case of burns and irradiation, 
trauma (McKenna and Zweifach, 1957; Ilinskaia and 
Astakhova, 1959; Filatov, 1957) or hemorrhage (Preston 
and Feinstein, 1957; Chaikovskaya et al., 1959) in 
combination with irradiation induces a greater mortality 
than either injury alone. In several of these experiments 
it was determined that irradiation increased the suscepti- 
bility to fatal shock induced by hemorrhage, drumming 
or other injury. 

Since the development of radiation damage has a 
prolonged course and is manifested by defects in different 
functional systems at different times, the possibility 
exists that the effects of shock-producing trauma may 
vary depending upon the time after irradiation at which 

trauma is inflicted. This has been examined rather 
extensively in rats subjected to drum shock at a number 
of intervals after exposure to radiation (McKenna and 
Zweifach, 1957). It was found that susceptibility to drum 
shock was increased on the 7th day, but not on the 14th 
or 21st day after sublethal dosages of radiation, whereas 
with dosages in the lethal range (up to slightly greater 
than the minimal 100% lethal dose) susceptibility rose 
on the second postirradiation day and remained in- 
creased for about a month. Loss of the increased tendency 
for death in drum shock occurred at about 2 months in 
survivors of radiation dosages in the lethal range. There 
was no enhancement of susceptibility to drum shock 
during the first 24 hours after irradiation. Bacterial 
infection appeared to be implicated in the enhancement 
of susceptibility to shock, for, while no bacterial infection 
was evident in animals subjected to drumming alone, it 
occurred in varying degrees in the irradiated and 
drummed rats. Autopsy findings were similar in the 
drummed and drummed-irradiated rats, except that 

pulmonary congestion and intestinal damage were 
greater in the latter. 

Potentiation of the effects of sublethal hemorrhage and 
sublethal irradiation has been demonstrated in pathogen- 
free rats, the bleeding being carried out at various times 
after irradiation (Preston and Feinstein, 1957). When 
hemorrhage was initiated on the 5th, roth or 20th day 
following 500 r, death occurred in a number of animals. 
The authors claimed on the basis of autopsy findings 
that rats succumbing during the first 2 days following 

bleeding died of hemorrhagic shock. No mutual enhance- 

ment of injury was observed when the bleeding was 
carried out on the first day after irradiation. The nature 
of the enhancement was not evident; bacterial infection 
did not seem to be involved. 

In general it has been found that irradiated animals 
do not tolerate additional stress. This has been shown to 
be the case for hypoxia (Newsom and Kimeldorf, 19608, 
c), cold (Barlow and Sellers, 1953; Newsom and 

Kimeldorf, 1g60a), exhaustive exercise (Brown and 
White, 1960; Kimeldorf and Jones, 1951) and sexual 
activity (Rugh and Grupp, 1960). 

It is obvious from the above considerations that there 
is mutual enhancement of various tissue injuries and 
radiation effects and that this can be manifested by the 
production of fatal shock. Little direct information is 
available concerning the nature of the potentiation, but 
it is apparent in all species studied that it depends upon 
radiation damage that takes at least 24 hours to develop. 
The latter point is of practical interest, for it appears 
that it would be possible to effect a separation of the 
radiation injury and the shock-producing tissue injury 
during the first day after the combined injury, at least 
in instances where the radiation dosage is in the mid- 
lethal range. One would expect to be able to treat the 
shock-producing tissue injury effectively during this 
time and thereafter to have only the problem of treating 
the radiation sickness as it developed. The practicality 
of this has been borne out by experiments in which 

surgical repair of several types of trauma were carried 
out at various times after irradiation (Filatov, 1957; 
Morozov, 1958). Repairs were made with impunity on 
the first day after irradiation, whereas they were attended 
by death if they were delayed beyond this time. In cases 
where both injury and repair were instituted at various 
times beyond the first day after irradiation the outcome 
was also fatal. 

With respect to the treatment of combined injuries, 
attention must be paid to the possibility that measures 
applicable to shock and to radiation injury might be 
incompatible. Such does not seem to be the case for 
transfusions of blood and blood substitutes, these being 
tolerated by the irradiated animal. Administration of 
ACTH and cortisone, however, has been shown to 

increase the lethal action of radiation (Smith et al., 

1950; Betz, 1955). The same is true of oral forced- 

feeding during the first few days after irradiation of the 

rat (Smith and Tyree, 1956). Various autonomic nervous 

system blocking agents have been given to irradiated 

animals without ill effect (Haley et al., 1954), but it 

appears necessary to ascertain that a specific drug does 

not exacerbate the effects of either the radiation or the 

shock-producing tissue injury. 

A number of workers have pointed out the shock-like 

characteristics of the radiation syndrome (Moon et al., 

1941) and some have stated unequivocally that irradi- 

ation produces shock. While there is no point in adding 

to the confusion of a discussion of shock, it does seem 

necessary to point out that in some instances at least 
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irradiation is followed by typical shock. This seems 
especially true in the case of the rabbit (Prosser, 1947; 
Painter et al., 1956; Brooks et al., 1956; Gerstner et al., 
1956) and the chick (Stearner et al., 1955; Stearner et 
al., 1958) where irradiation elicits a marked drop 
in blood pressure and may be followed by death in 24 
hours. Similar conclusions can be drawn from the 
description of events taking place in the last 10 hours of 
life in dogs exposed to 1000 r (Lukin, 1957; Lukin and 
Gregerson, 1957; Chien et al., 1957). Here the hemor- 

rhage and the sharp decrease in plasma volume brought 
about by water loss due to vomiting and diarrhea seemed 
to be the critical events in initiating circulatory collapse. 
It is not possible to point so definitely to the basis of the 
circulatory collapse that occurs in the terminal phase of 
radiation sickness following mid-lethal dosages. None- 
theless it does seem apparent that the various radiation 
defects developed over a period of days are finally 
expressed in a state that is similar to shock and may 
reasonably be considered as shock. 

Discussion of Paper by Dr. Smith 

Dr. ZweiFAcH: I would like to make two remarks. 

In looking for a common denominator relative to the 
type of injury inflicted by whole-body radiation and that 

inflicted by the several forms of experimental shock 
which have been discussed, we were struck by the fact 
that the reticuloendothelial system (RES) might in fact 
be this common denominator. This is of interest because 
the functional behavior of the RES depends to a con- 
siderable degree upon its ability to replicate—to 
hypertrophy and form new cells; and since a common 
aspect of radiation injury seems to be some suppression 
of the ability of cells to hypertrophy, to divide—to 
undergo mitosis—the RES, being a system that is depend- 
ent upon this type of response, is particularly hard-hit 
under these circumstances. Thus, when one examines 
the radiated individual, even after moderately sub-lethal 
doses of whole body radiation (a dose that does not 
produce death in appreciable numbers in 30 days) we 
find that the RES can no longer be stimulated. There 
are various devices which one uses either in the 
form of bacterial infection or stimulation with colloids, 
to produce an hypertrophy of the RES, and this can be 
demonstrated both morphologically and functionally. 
However, in the radiated animal, there is no such 

capacity to hypertrophy and to this extent the capacity 
of the radiated animal to respond to stress is limited. 

And as you will hear further during the day, this aspect 
of our natural defenses is of extreme importance in 
the response to shock. 

I want to mention one other factor with respect to 
differences between radiation syndromes and the con- 
ventional types of shock produced by injury or by hemor- 

rhage; namely, the various regimes which protect 
against shock, such as adrenergic blocking compounds 

and different adaptive measures. For example, adapta- 
tion to stress in the drum could be produced by repeated 
exposure; to endotoxin, to drum trauma, to adren- 
aline, to histamine. These types of adaptation do not 
lead to increased resistance to whole-body radiation, 
except in the case of endotoxins. Repeated. exposure 
to bacterial endotoxins makes the animal much more 
resistant to whole-body radiation. 

At first this would seem to tie the two syndromes 

together. But upon closer inspection (and this is the 

reason I bring up this point), we find that among the 
many aspects of bodily function affected by the bacte- 
rial endotoxins, repeated administration of endotoxin 

leads to a marked stimulation of bone marrow. In 
animals that are rendered tolerant to bacterial endotoxins 
and then exposed to whole-body radiation, the bone 
marrow does not show the same type of depletion that 
normally occurs following whole-body radiation. Hence, 
in terms of the adaptation to stress engendered by 
bacterial endotoxins, it is necessary to consider that 
these substances may have a multiplicity of cellular 
effects. 

The previous speakers brought to mind the fact that 
in the target structure, the vascular system, two elements 
are involved both in local tissue damage and in expo- 
sure to shock; namely, the smooth muscle and the endo- 
thelium. As Dr. Miles commented, it is interesting to 

note that many substances, polypeptides, etc., which 
were originally recognized on the basis of their permea- 
bility effects, were later found to have a musculotrophic 
action—a direct effect on smooth muscle. 
We usually arrive at a nomenclature for these sub- 

stances on the basis of what we know they do. 
We know a particular substance will cause smooth 
muscle to contract; but many of these substances also 
affect the metabolism of cells. I would like to raise the 
possibility that endotoxins and the catecholamines— 
substances which we think of as vascular constrictors or 
other amines we think of as vascular dilators—may also 

affect endothelium. In particular with respect to the 
catecholamines there is a good deal of evidence that 
these materials have widespread metabolic effects, 
probably including endothelium as well. A common 

denominator may therefore be some particular metabolic 
derangement which is brought into play by these amines 

and by the various polypeptides rather than their more 

spectacular manifestations in terms of blood pressure 
and permeability. 

Dr. Hatey: I think there are a couple of points that 
should be discussed. I heard this morning that irradiation 
does not affect the heart. This is not true. Rust et al. 
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(1955) found that the conduction fibers were involved 

with hemorrhagic diathesis or plasma _transudation. 
The electrocardiographic pattern in burros receiving 
25r/day until exitus showed an inversion of the T wave 
and a notched QRS complex. Such ECG changes have 
been reported for irradiated sheep and dogs by Hartman 
et al. (1927) and for dogs by Prosser and Moore (1956). 

Species specificity must also be considered in any 
study of acute or chronic whole body irradiation. The 
rabbit is very susceptible to vasomotor collapse at doses 
of 600 to 800 r. Many animals die under the beam or 
during the first 24 hours when other manifestations of 
irradiation injury are not observed. A profound vaso- 
dilatation occurs, followed by pooling and trapping of 
the blood at the periphery. Intravenous epinephrine 
or norepinephrine, 5 wg/kg, usually is beneficial. Thus it 
appears that death under these circumstances is related 
to failure of the sympathetic branch of the autonomic 
nervous system. 

I might also point out that in super-lethal radiation 

there has been one human case; and he had a complete 
failure insofar as the cardiovascular system was con- 
cerned. In other words, within 15 minutes he showed 
nystagmus and staggered all over the place. When they 

finally figured out what had happened and took a blood 
pressure, it was 30 millimeters. Intravenous norepineph- 
rine brought the pressure to between 80 and 120. He 
was maintained with this infusion for approximately 
36 hours at which time he died in convulsions. 

The other thing that must also be considered is that 
if there is a profound diarrhea you can be very 
certain that there isn’t anything that you or I or any- 
body else is going to do for the animal or for a patient. 
Two things must be considered here. First of all there is 
a tremendous fluid loss; secondly, when the damage to 
the intestine occurs, the circulating fluid volume is 
reduced not only by the loss of blood and plasma, but 
also by the loss of lymph. And as far as I know, at the 
present time there aren’t any corrective measures that 
can be employed. 

Dr. Howarp: I’d just like to comment that you 
pointed out that an increased permeability occurs with 
irradiation. Members of our department have demon- 

strated that dextran blood levels remain in the irradiated 

dog comparable to the nonirradiated dog, using up to 
400 roentgens and studying the animals for a period of 
at least seven days following irradiation. 



Endotoxins in traumatic shock’ 

JACOB FINE? 

Department of Surgery, Beth Israel Hospital and Harvard Medical School, Boston, Massachusetts 

Deture YEARS AGO my laboratory undertook a study 
of the cause of irreversibility to transfusion in hemor- 
rhagic shock. During the first ten years we were occupied 
with testing the validity of the then current theories of 
mechanism; with the development of the radioactive 
tracer method for the measurement of blood volume; 
with the comparative hemodynamics of various types of 

traumatic shock; and with the nature of the biochemical 
lesions in shock. 

When it became apparent from a massive accumula- 
tion of data that there was no identifiable hemodynamic 
or biochemical disorder which would clearly identify 
the development of the state of irreversibility to transfu- 
sion, we suspected the presence of a toxin, as many 

others had before us. The idea that toxins might be 
involved was at least 40 years old, and about 1944 Aub 
and his collaborators announced their view that exo- 

toxins of the Clostridia, which are normally present in 
dog muscle, were the lethal agent in irreversible trau- 
matic shock. For our part this thesis was not acceptable 
because the pathology at death of irreversible hemor- 
rhagic shock was unlike that produced by these exo- 
toxins, because clostridial antitoxins were not curative 
in our hands, penicillin was not as helpful as it should 
be where clostridial activity is the dominant factor, 
and these bacteria cannot be implicated in other animals, 
in the tissues of which Clostridia are rarely found. 

Our suspicion that a toxin might be involved became 
a conviction because of the implications of our studies 
on the dog’s liver. In the late 1940’s we had demon- 
strated that the liver played a critical role in the develop- 
ment of irreversibility. This was done by cross perfusion 
of the liver with a healthy donor dog so as to provide a 
normal volume of flow of arterial blood through the 

' The original investigations reported in this paper were sup- 
ported by grants-in-aid from the National Heart Institute, P.H.S., 
and by a contract with the Surgeon General’s office of the U. S. 
Army. 

* The collaborators in the work of the past five years during 
which the hypothesis put forth in this text was developed are the 
following: Norman Atkin, Sven Bellman, Ned Better, Martin 
Feldman, Edward Frank, Edward Friedman, Robert Green, 
Harold Greenberg, Zolman Helfand, Irving Koven, Carlo 
Palmerio, William Rachlin, Herbert Ravin, Alexander Rutenburg, 
Selma Rutenburg, Fritz B. Schweinburg, David Segel, Paul B. 
Shapiro, F. Geoffrey Smiddy, Elliott Vesell, Theodore Wiznitzer, 
John Yashar. 

liver via the portal vein from the onset of hemorrhage, 
with the result that irreversibilty was prevented. But 
this observation did not tell us whether the liver in 
shock was producing a vascular toxin, or was failing to 
protect the peripheral circulation for the lack of some 

protective substance. As we shall see later, there was 
validity in both hypotheses. At that time Shorr (Shorr et 
al., 1951), argued for the toxin theory because they 

found that a saline extract of shocked liver yielded a 
substance, VDM, later identified as reduced Ferritin, 
which was found to depress the sensitivity of the rat’s 
appendiceal mesentery to topically applied epinephrine. 
To me and my collaborators such a test for the identity 
of a circulating toxin related to irreversibility was 
unacceptable for many reasons, including our failure to 
demonstrate a vasodepressant action with 1000 times 
the dose of the purified extract said by Shorr to produce 

a positive reaction in the test animal. Eventually 
Zweifach (1955) and Mayerson (unpublished data) 
among others provided additional data invalidating the 
VDM hypothesis. We offered the suggestion at that time 
that such liver extracts might indeed be toxic because 
of the presence of a bacterial toxin. There were a number 
of reasons that led us to suspect that bacterial activity 
might be a key factor in the problem. We had found 
many species of intestinal flora immediately after death 
in the liver of the normal dog. The bacteria were in 
considerably greater number than could be found during 
life. In the dog dead of shock they were even more 
abundant. We interpreted this to mean that bacteria 
were continuously invading from the intestine during 
life, but that they were being destroyed almost immedi- 
ately by the defense mechanisms. Their multiplication 
after death was due to lost defenses, and their greater 
multiplication in shocked than in normal liver might 
signify damage to the defense mechanisms in the liver 
by the shock. About this time Shorr’s laboratory was 

also studying drum shock in rats, and had demonstrated 

that the production of resistance in drum shock also 
induced resistance to hemorrhagic shock. We suggested 

that the resistance to drum shock induced by sublethal 

doses of drumming might be explained on the basis of 

a repeated exposure to bacteria released on each expo- 

sure to sublethal trauma, so as to induce greater bacterial 

resistance than would otherwise develop. 
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It was during this period that we had become suspi- 
cious of the validity of our own experimental model. It 
appeared to us that without the use of aseptic technic we 
might be introducing bacterial factors, even though we 
were using very clean glassware and other equipment, 
and were preparing the shaved skin with alcohol. We 
proceeded to carry out the experiment as if we were 
doing an operation on a patient in an operating room. 

This made not the slightest difference in the course of 
events. So we decided that we were not introducing 

bacteria of any consequence, and that if bacteria were 
involved in the development of irreversibility, they 
were those invading the tissues from the gut. We began 

the exploration of this hypothesis after we were con- 
vinced that the experimental model we were employing 
could be trusted to impose a reproducible hemodynamic 
burden in anybody’s hands. With this experimental model 
all investigators have agreed that in dogs a recovery 
rate of 80 % or better is secured if the lost blood contained 
in the elevated reservoir is returned after 114 to 2 hours 

of extreme hypotension (30 mm Hg, the lowest the 
animal can tolerate), and a recovery rate of only 20% 
if the lost blood is withheld for 4 or more hours. Within 
such a framework it was possible to safely evaluate 
therapy that might elicit significant departures from 
the usual responses. It was then that we tried antibiotics 
intravenously during shock, and found that penicillin 

or aureomycin given intravenously reduced the mortality 
rate from 80% to 60%. This was not an impressive 
difference. To forestall invasion of intestinal bacteria and 
to make sure that inadequate distribution of the antibi- 
otic due to poor flow would be avoided, we shifted to the 
use of antibiotics given orally in advance of inducing 
the shock. We then found that broad range antibiotics 
given orally 3 hours in advance of bleeding lowered the 
mortality rate in some groups of animals to as low as 
12%. It was especially noteworthy that a poorly ab- 
sorbed antibiotic like neomycin was as effective as those 
which are well absorbed. This eliminated the suggestion 
that the result was caused by a nonantibiotic pharmaco- 
logical action. After we published these data some inves- 
tigators, notably Hardy et al., (1959), and Altemeier 
and Culbertson (1958) reported that they could not 
verify our results with aureomycin in dogs, although 
others were able to verify our results in other species. 
Thus, Shorr and Baez (1955) did confirm our observa- 
tions in rats in hemorrhagic shock and in drum shock. 
We then suggested that the failure of Hardy et al. and 
of Altemeier and Culbertson to prevent irreversibility 
in dogs with aureomycin could be accounted for if the 

intestinal flora in their dogs had become resistant to 
this drug. Since they had no data on this point, we pro- 

cured data which supported this contention. 
At the same time we continued with other lines of 

investigation on the role of bacteria in traumatic shock 

as follows: our suspicion that the liver might indeed 
contain a toxin led us to perform an experiment in 
which liver mash from normal dogs, and from dogs 
dying of hemorrhagic shock, were compared by injecting 

one or the other into the peritoneal cavity of normal 
recipient dogs, and of recipient dogs shortly after transfu- 
sion for 2 hours of shock. The healthy recipients suffered 
no harm from either type of mash. The reversibly 
shocked recipients suffered no harm from the mash of 
normal liver, but those which received shocked liver 
mash became irreversible and died. This experiment 
demonstrated that shocked liver contains a toxin that 
will not do serious harm to a normal animal, but will 
kill one whose defenses have been weakened by a degree 
of shock that would not in itself have been fatal. That the 
lethal agent was a bacterial toxin was then shown by the 
observation that when either the donor or the recip- 
ient of the shocked liver was pretreated with an anti- 

biotic, the recipient survived. From the cultural data it 
did not appear that there were sufficient bacteria to 

account for the lethal effects of the mash. If not, then 
the reversibly shocked animal may have succumbed to 
the products of bacterial activity, against which it may 
also have lost its defenses. 

These observations led us to a direct evaluation of the 

potency of the host’s antibacterial defense mechanisms 
in general. These studies showed that when a normal 
dog is challenged by bacteria given intravenously, it can 
handle a sizeable dose (5-50 billion) with ease, so that 
the tissues are bacteria-free within 24 hours. But a 
reversibly shocked animal behaves differently. Although 
it clears the circulation about as well as the normal dog, 
it has lost much of its power to destroy the cleared 
bacteria, so that a bacteremia develops within 24 hours 
and death occurs in 1 to 4 days. Further tests of reversibly 
shocked animals showed that the capacity to destroy 
bacterial endotoxins soon after transfusion can be 100,000 
times weaker than that of the normal animal (rabbit). 
We could not explain the irreversible state of hemor- 

rhagic shock in terms of bacteria in the circulation. 
Zweifach et al. (1956) did report a bacteremia in shock, 
as did Altemeier and Culbertson, but in both cases this 
was later found to be caused by contamination of equip- 
ment. In our hands the bloods of more than 200 dogs 
and rabbits dying of prolonged shock were found to be 
sterile. Recently we have cultured bacteria during life 
from the liver and mesenteric nodes and found greater 
numbers in shocked than in normal animals. Even so, 
the number of bacteria in the tissues of the shocked 
animal is too small to be significant. The results of 
giving non-absorbable antibiotics orally proved that a 
bacterial substance was being absorbed from the intes- 
tine. What is this substance? Since exotoxins are rarely 
present, and in any case do not produce the pathology 
we see in hemorrhagic shock, we suspected that the 
toxins were bacterial endotoxins, and that these were the 
toxins we had encountered in shocked liver mash. But 
if there is endotoxin in liver tissue it ought to be in the 
blood as well! How were we to demonstrate this toxin? 
The blood of the animal in shock has been studied for 

toxicity by others, but none had been found, presumably 
because the test animal, having normal defenses, was 
able to destroy them. But if the defense potential of the 

\ 
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animal after 2 hours of shock is so weakened that a 
relatively small amount of toxin can be overwhelming, 
as we had already observed in rabbits, we had only to 
use such animals as recipients of the blood to be tested. 
This was done by replacing all or part of the recipient’s 
own blood with donor blood for the transfusion after 
shock of 2 hours’ duration. The results were decisive. A 
toxin was present in the donor blood because these 
recipients, instead of responding with a rapid return of 
strength and activity, as they do when they receive their 
own blood or normal donor blood, remained prostrate, 
began to discharge blood by rectum almost immediately, 
remained hypotensive and cold, and died as a rule 
within 24 hours. At postmortem the dogs showed exten- 
sive denudation of the intestinal mucosa and extensive 
intraluminal hemorrhage. The rabbits showed focal 
intramural hemorrhages in the gut. In both species the 
disturbance was quite like what one sees after death from 
a lethal dose of endotoxin. But because animals following 
2 hours of shock are hypersensitive to endotoxin, the 
dose of endotoxin involved in these test recipients need 
not be considered to have been large. 

At this juncture we were of the opinion that the toxin 
disclosed in these tests was endotoxin, because non- 
absorbable antibiotics given to the donors not only pre- 
vented the development of irreversibility after 6 hours 
of shock, but also prevented the blood from becoming 
toxic to the test recipients. By the same token, we were 
now convinced that other toxins, such as those which 
might be derived from damaged tissues, even if present 
in the blood, could be excluded from playing a major 
role in the development of the irreversible state. 

Meanwhile, Landy and Shear (1957) had put forward 
the view that toxins of tissue origin might be involved, 
because they had prepared tissue extracts which seemed 
to behave like bacterial endotoxins. Since the details 
of the method have never been published, and the origi- 
nal data still Jack confirmation, this view seems to have 
been abandoned. 

Our next step was to isolate that fraction of the blood 
which contained the toxin. We were able to show that 
all the toxin was in the lipopolysaccharide fraction, and 
that the concentrate of this fraction, like the blood from 
which it was derived, exhibited the biological properties 
of endotoxin. Positive identification of this toxin as 
endotoxin has been achieved during the last two years 
by the use of immuno-chemical methods. In collabora- 
tion with Derrick Rowley and Charles Jenkins we have 
demonstrated by the hemagglutination-inhibition reac- 
tion that the endotoxin from a P*-labeled strain of E. 
coli, introduced into the intestine by gavage, is absorbed 
into the circulation of both normal and shocked rabbits 

(Ravin et al., 1960). The amount absorbed in both is 
about 1% of the amount introduced into the gut. In 
the normal rabbit all of the absorbed endotoxin is found 
in the liver and spleen, and none in the blood. In the 
shocked rabbit it is also present in the liver and spleen, 
but in addition a large fraction is found in the lipo- 
polysaccharide fraction of the blood. 

From all the data available we have concluded that 
damage to the RES by shock must result in an endotoxe- 
mia because the host cannot escape the absorption of 

endotoxin from the pool of endotox::. in the gut and 
cannot destroy it. Previous observers, e.g. Good and 
Thomas (1952), Cremer and Watson (1957) had amply 
demonstrated that damage or blockade of the RES 
renders the host vulnerable to endotoxin. To establish 
our hypothesis it was necessary to show that 7) endo- 
toxemia must occur in all types of traumatic shock if 
sufficiently severe and prolonged, because the hemo- 
dynamic disorder leading to RES injury is fundamentally 
the same in all types of traumatic shock; 2) the RES is 
the organ which breaks down endotoxin; and 3) when 
it fails to do so the amount of circulating endotoxin 
must be enough to precipitate endotoxic shock. 

Data have recently been obtained demonstrating an 
endotoxemia in 10-hour tourniquet shock and in non- 
bactere aic septic shock, as well as in hemorrhagic 
shock. The toxicity of the bloods in these disorders is, 
if anything, greater than in hemorrhagic shock, and the 

bacterial origin of the toxin was again demonstrated 
by the fact that non-absorbable antibiotics given in 
advance eliminate the endotoxemia in both types of 
shock. It is especially noteworthy that even in septic 
shock due to purulent peritonitis produced by the 
ordinary fecal flora, the endotoxemia is derived largely 
from the pool of endotoxin in the gut, and not from the 
intraperitoneal site of infection. It is also noteworthy 
that prophylactic antibiotic therapy, which does not 
alleviate the intensity of the hemodynamic disturbances 
produced by severe plasma loss, nevertheless enables 
the animal to endure the shock for a longer period of 
time than is otherwise possible, and to recover without 
therapy for the profound hypovolemia. One should 
note that whereas hypovolemic septic shock is cured by 
antibiotics, tourniquet shock is not, even though the 
endotoxemia is prevented in both. The reason may be 
that the resorption of the lost plasma, which begins 
after some 10 hours in the dog recovering from septic 

peritonitis, does not occur in the dog in tourniquet 
shock. Presumably the vascular tissue suffers a far 
greater injury in tourniquet shock, so that plasma 
volume therapy does not keep pace with the rate of 
leakage into the tissues. Hence hypovolemic shock con- 
tinues on unrelentingly until death unless the leg is 
amputated or firmly compressed. This type of tourniquet 
shock is far more severe than that produced in rats by 
a 4)4-hour application of tourniquets. The latter usually 
responds to salt or plasma. In the late 1940’s we reported 
that the same was also true of a 4)4-hour tourniquet 
shock in dogs, so long as barbiturates were not given 

for anesthesia. But whereas dogs will die if the treat- 
ment is delayed, rats will recover if treatment is given 
almost anytime before death. The difference in species 

behavior may be owing to the far heavier bacterial 
contamination of the dog’s injured legs, for in surviving 
dogs such legs develop massive septic necrosis. But the 
inability to extend the life of a 10-hour tourniquet shock 
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dog beyond 36 hours, in spite of massive antibiotic and 
plasma volume therapy is probably owing to irreversible 
capillary damage, so that leakage cannot stop. 

The evidence that it is the loss of the ability of the 
RES to destroy endotoxin that accounts for the endo- 

toxemia of shock is the following: the normal spleen 
of the dog was perfused in situ with P®? endotoxin. Some 
80 “o of the endotoxin was taken out of the blood imme- 
diately by the spleen; the remainder was recovered in 
the blood leaving the spleen within the next 3 minutes. 
None of the effluent blood was toxic, as measured by 
the chick embryo test. The homogenate of spleen re- 
moved at the end of 3 minutes was also non-toxic. On 

the other hand, the spleen of a dog given endotoxin 
several hours following transfusion for hemorrhagic 
shock of 2 hours’ duration retained less than 20% of the 
injected endotoxin. All effluent blood samples as well 
as the homogenate of the spleen were toxic by the chick 
embryo test. The normal spleen injected with Thoro- 
trast an hour or so before endotoxin was injected be- 
haved almost as badly as the shocked spleen. Thus it 

appears that injured RE cells can take up a small frac- 
tion of endotoxin, just as they can take up bacteria. But 
whereas the normal spleen can destroy what it takes up 
almost immediately, the injured spleen cannot do so. 
About half the P* in the effluent of the normal spleen 

during the first 3 minutes after the endotoxin was in- 
jected was dialyzable. In experiments in which the 
spleen was not removed for 2 hours, the normal spleen 
continued to release dialyzable P* during the interval, 
but the shocked spleen released no P*®, free or bound. 
These data support the view of Tal and Goebel (1950) 
and of Rowley et al. (1958) that the release of phosphate 
is a measure of the detoxifying process. 

That the RES effect on endotoxin is a property not 
shared by other tissues is indicated by the fact that the 
kidney does not retain or inactivate endotoxin. The 
most significant point of this study is that endotoxin is 
destroyed almost immediately by normal RES cells, 
whereas very little is taken up by the RES cells of the 
shocked animal; and none of what little is taken up is 
destroyed even after 2 hours. 
We have confirmed the observations of Rowley and 

of Landy that endotoxin can be destroyed by serum 

in vitro. In our hands immune serum is even better 
than normal serum, and with macrophages in the sys- 
tem, it is still better. On the other hand, none of these 
systems is nearly as efficient or as rapid as detoxification 
in vivo. 

In June 1958 we began receiving rabbits which regu- 
larly tolerated 6 hours of hemorrhagic shock without 
developing toxic blood or becoming irreversible to 
transfusion. These rabbits also differed from those used 
previously in that they did not develop the generalized 
Shwartzman reaction when challenged with endotoxin 
several hours after receiving Thorotrast. We found that 
they possessed a coliform-free intestinal flora, because 
the breeders had begun some 2 months before to add 
antibiotic to the daily stock diet. We had long before 

this shown that resistance of rabbits to 6 hours of hemor- 
rhagic shock could be induced by daily injections of 

endotoxin for a week or so. Now we could see that the 
absence of the coliform flora was equivalent protection. 
That the tolerance of shock in coliform-free rabbits was 
attributable to the coliform-free status was shown by 
the result of reestablishing the normal pattern of the 
intestinal flora. This was done by feeding E. coli daily 
in the food and water. The extent to which the flora 
had established a foothold was determined by discon- 
tinuing the £. coli feedings, and observing how long the 
subsequent cultures of the intestinal flora yielded E. coli. 
The longer they were fed, the longer the cultures per- 
sisted in showing £. coli. A rise in the percentage of 

deaths from 6 hours of hemorrhagic shock accompanied 
the growing stability of £. coli in the floral pattern. These 
became permanently established after 21 days. There- 
after, the usual mortality rate for 6 hours of shock, i.e. 
about 80%, was restored. We were also able to destroy 
the tolerance of coliform-free rabbits to 6 hours of 
hemorrhagic shock by placing some 200 mg of E. coli 

endotoxin into the stomach several hours before induc- 
ing the shock. 
When rabbits have been made coliform-free by anti- 

biotic in the diet, omission of the antibiotic from the 
diet does not necessarily result in a rapid reversion to 
the normal floral pattern. Even when the pattern is 
normal, one cannot assume that the pool of endotoxin 
in the gut is at or near its ordinary level. Thus, late in 
1959 and early in 1960 and again in recent months, there 
have been outbreaks of enteritis among rabbits in the 
breeders’ farms as well as in our animal farm. Most of 
these rabbits had a coliform-bearing flora, yet many of 
them survived exposure to 6 hours of shock, whereas as 
a rule only 20% survive. Moreover, their sera were 
not toxic. Since their resistance to endotoxin was found 
to be normal, an alternative explanation for their toler- 
ance would be a reduction in the numbers or in the 
endotoxin content of the coliforms caused by ecological 
factors related to the enteritis. The validity of this 
explanation was upheld when we observed the develop- 
ment of irreversibility in these rabbits in consequence of 
introducing 200 mg of endotoxin by gavage 4 hours 
before hemorrhage. Thus there are wide variations in 
the size of the intraintestinal pool of endotoxin from 
time to time, and this will have a profound effect upon 
the responses not only to shock, but also to other phenom- 
ena in which endotoxin absorbed from this pool plays a 
role; e.g. in the response to an MLD of endotoxin, or to 
the development of the generalized Shwartzman reaction 
by the technic of two spaced doses, or of one small dose 
shortly after a dose of Thorotrast. 

Presently we are concerned with discovering how 
endotoxin kills. There is something to be said for its 
action via the central nervous system, which is thought 
by Penner and Bernheim (1960) and by the French 
School (Delauney et al., 1948) to be the route by which 
endotoxin effects hemorrhagic disturbances in the gut 
and peripheral vascular collapse. If this view is expressed 

\ 



170 CONFERENCE ON SHOCK 

in terms of the sympathetic overactivity which is so 
characteristic of the shock state, it is related to the 
observation of Thomas (1956) that endotoxin acts by 
potentiating the activity of the catecholamines so as to 
cause vascular injury severe enough to produce necrosis. 
That the death from traumatic or endotoxic shock is in 
fact caused by excessive adrenergic activity is strongly 
indicated by the remarkable protection which is secured 
by the prophylactic administration of dibenamine. This 
drug given so as to produce adrenaline reversal prevents 
death from hemorrhagic shock, and from shock following 
release of the transiently occluded superior mesenteric 
artery. It blocks the generalized Shwartzman reaction 
and the death from endotoxin given to Thorotrast- 
pretreated animals. The protection is not only seen in 
terms of the survival rate, but also in the prevention of 
the morphologic lesions produced by these disorders. 
This is most impressively demonstrated in the case of 
the massive myocardial injury produced in the rabbit by 
endotoxin given with norepinephrine. Dibenamine 
almost completely blocks this lesion. 

Finally, we have noted that denervation of one renal 
pedicle blocks the generalized Shwartzman reaction 
produced by the classical two-dose method. Since 
vagotomy does not do this, we conclude that adrenergic 
activity appears to be necessary for the production of 
tissue injury by endotoxins. 

So we have threads and solid lines of evidence that 
the tissue injury caused by shock and the consequent 
release of endotoxin leads to still further injury via the 
adrenergic system, with resulting collapse of the circula- 
tion and death. In putting this hypothesis forward we are 
aware of discrepancies in the evidence. Thus the death 
from hemorrhagic shock of germ-free rats would seem 
to be inconsistent with our hypothesis. But until these 
animals are prevented from ingesting dead _ bacterial 
bodies in their food, their intestines cannot be free of 
absorbable bacterial products. As for differences in 
response of different species exposed to the same experi- 

mental model, it is surprising that there is such a uni- 
formity of response to the same experimental conditions. 
Thus, the length of time, the percentage of blood volume 
lost, and the lowest level of blood pressure that can be 
tolerated are not widely disparate among different 
species. As for the tolerance of endotoxin, while this 
ranges widely from one species to another, and from 
time to time in the same species, there is no doubt ot the 
fact that this substance kills all mammalian species in 
much the same way. The fact that rabbits dead of endo- 
toxin show little more than focal hemorrhages in the 
gut and elsewhere, whereas dogs show massive intestinal 
bleeding and ulceration, may signify a difference in the 
degree of induced intrahepatic vasoconstriction, with 
resulting greater portal congestion in dogs than in 
rabbits. But this difference does not mean that these 
two species are not comparable on the issue of the 
response of peripheral vascular system to endotoxin. 
Nor are these observations irrelevant to the issue of 
death from shock in man merely because pathologists do 
not see in man the gut lesions characteristic of endotoxic 
death in dogs. To reason this way is equivalent to saying 
that rabbits are not dead of endotoxin unless they too 
show the lesion seen in the dog dead of endotoxin. 

It is agreeable to hear from Dr. Grant that the proper 
study of man is man. Even so, the history of medical 
research will testify to the vast illumination of man 
that has come from the study of mice. The science of 
human genetics and biochemistry has been given vast 
support from what is revealed in the genetics and bio- 
chemistry of bacteria. We use the experimental animal 
in the study of shock in man because no one has been 
able to devise a mode of study in man that can forward 
the inquiry in as fruitful a manner as is possible in the 
experimental animal. This is legitimate because the 
basic phenomena we are concerned to observe in rabbits 
and dogs in shock are those which apply to all mammals, 
and are therefore relevant to the clinical problem from 
which we take our departure. 

Discussion of Paper by Dr. Fine 

Dr. EINHEBER: I have followed with great interest, 
as I am sure all of you have, the many provocative 
experiments and the concept presented by Dr. Fine and 
his colleagues. I think we all agree that it is to their 
singular credit that they have contributed so much to 
the study of the mysteries and mechanism of “‘irreversi- 
bility.” 

In the summing up of the published symposium on 
The Biochemical Response to Injury, Dr. Haist suggested 
that he and his audience of investigators were like a 
group of blind men trying to describe an elephant. The 
editors of the symposium note that there was little dissent 
to this. I feel it would be remiss not to have a matching 
metaphor expressed at this conference, especially in 

regard to the question of a blood-borne ‘‘shock toxin,” 
even though there might be a little more dissent. I came 
across a metaphor, which I think appropriate, in an 
editorial that appeared in a 1943 issue of Lancet. The 
editorial concerned itself with the import of the isolation 
of a muscle shock factor (MSF) that had been reported 
in that issue by Green and Bielschowsky. The editor 
apparently quite pleased and hopeful about these 
results in contrast to those of previous investigators stated 
that ‘‘the apprehension of a toxin has been bitterly 
compared with the mapping of an amorphous dung- 
heap.” I find no cause to reject such pessimism on the 
basis of our findings to date. Dr. Wiggers has said, 
‘While it is easy to postulate the existence of toxic agents, 
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it has proved far more difficult to demonstrate their 
presence.” 

I would like to summarize briefly some of our un- 
published results of experiments performed over the 
past several years. The details of these experiments will 
be available at the round table conference. Our objec- 
tives were to try to demonstrate a lethal toxic factor in 
the blood of dogs and rabbits dying of shock, and to try 
to assess the role in shock of bacteria resident in the 
animal at the time of injury by the use of germfree 
animals. 

The first problem we undertook to study was whether 
blood from dogs dying of irreversible hemorrhagic shock 
would kill other dogs that had been previously exposed to 
an ordinarily non-lethal bout of hemorrhagic hypoten- 
sion, i.e., to a reversible shock procedure. These ex- 
periments mimicked those of Dr. Fine. The unexpected 
death of the reversible shock recipients would presumably 

be a positive demonstration of the presence of a toxic 
agent in the infused irreversible donor blood. Twenty 
paired donor-recipient experiments were performed, not 
without difficulties. Promptly after killing the irreversible 
donor by exsanguination, we removed an equivalent 
volume of blood from the reversible recipient and 
infused the irreversible donor blood. The volumes of 
donor blood transfused ranged from 19 to 35 ml/kg of 
recipient body weight. In no instance did a reversible 
recipient respond to the challenge of donor blood with 
identifiable toxic symptoms. We were, therefore, unable 
to demonstrate a blood-borne toxin in_ irreversibly 
shocked dogs by this exchange transfusion procedure. 
We next attempted to demonstrate a toxin in shocked 

rabbits. For this purpose we used two shock-inducing 
procedures. In the first series of experiments, rabbits 
were subjected to controlled hemorrhagic hypotension 
and in the second series to bowel ischemia induced by 
occlusion of the superior mesenteric artery. According 
to the bacterial theory of irreversibility advanced by 
Dr. Fine, the shock toxin possesses the biological activity 
of a gram-negative bacterial endotoxin. Therefore, as 
he did, we took advantage of the fact that so-called 
blockade of the reticuloendothelial system by Thorotrast 
increases the susceptibility of rabbits to the lethal effects 
of endotoxin. In both the hemorrhagic shock and bowel 
ischemia experiments the assay for a toxin was done in 
two ways. The first way was to kill a rabbit dying of 
irreversible shock by exsanguination and then transfuse 
his blood into another rabbit that had been primed with 
Thorotrast. The second way was to prime rabbits with 
Thorotrast and then subject these same rabbits to an 
ordinarily non-lethal episode of hemorrhagic hypo- 
tension or to an ordinarily low lethal episode of bowel 
ischemia. 

In summary, we found that blood obtained from 
rabbits dying of shock induced either by controlled 
hemorrhagic hypotension or by temporary or permanent 

occlusion of the superior mesenteric artery failed on 
transfusion to kill Thorotrast-primed rabbits that are, 
however, demonstrably sensitized to the lethal effects of 

known bacterial endotoxin. We also found that Thoro- 
trast pretreatment failed to affect adversely the expected 
survival of rabbits subjected to an ordinarily low or non- 
lethal episode of either bowel ischemia or hemorrhagic 
hypotension. 

Finally, in another experiment, we found that the 
permanent reocclusion of a rabbit’s superior mesenteric 
artery up to one hour after its release from an occlusion 
episode (one hour), which is fatal, increased the survival 
time of the rabbit so treated to that of the rabbit whose 
superior mesenteric artery had been occluded perma- 
nently from the start. 

In none of these experiments did we see gross bilateral 
renal cortical necrosis at death or sacrifice of the animals. 

Consequently, we have been unable to demonstrate a 
blood-borne toxin in the irreversibly shocked rabbit or 
dog. We have no ready explanation for the difference 

between our results and those of Dr. Fine and _ his 
colleagues. I would like to emphasize strongly that our 
rabbits and dogs do not fall into the low E. coli category 
described by Dr. Fine since they die of shock in the 
same manner as his animals with ample E. coli as far as 
we can tell. In short, our animals are not resistant to the 
experimental shock procedures. 

If bacteria provide the decisive margin in determining 
death or survival from shock, it might be surmised that 
the germfree animal might be more resistant to shock 
than conventional, bacteria-laden animals. However, 
studies performed here at Walter Reed in the Depart- 
ment of Germfree Research and by Dr. Zweifach and 
his co-workers at Notre Dame do not support this 
supposition. 

It had been previously demonstrated at our Depart- 
ment of Germfree Research that 10-day-old, white 
Leghorn germfree chicks were more tolerant to the shock 
of radiation injury than their conventional, bacteria- 
laden counterparts; the irradiated chicks die in a shock- 
like state 6 to 12 hours after injury. We thought this was 
a good start, so we subjected germfree and conventional 
chicks to tourniquet shock. All the chicks used were 
from the same batch of embryonated eggs. In every way 
possible, except for the presence or absence of infectious 

agents, all eggs and chicks were handled in identical 
fashion. In nine separate experiments involving over 350 

animals we found that the germfree chicks had 24- 

and 48-hour mortalities that were significantly greater 

than those of the conventional, bacteria-laden chicks. 

In some recent experiments we compared the survival 

response of germfree mice and mice monocontaminated 

with £. coli after subjecting them to tourniquet injury. 

We found no difference in the 24- and 48-hour mortalities 

or in survival time. Determination of the fluid loss into 

the distal half of these animals likewise revealed no 

difference. 

These experiments with the germfree animal give 

clear evidence that lethal shock can be induced in the 

absence of viable bacteria and, as far as can be judged, 

the course of events consequent to the shock procedures 

\ 
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used are similar in the absence or presence of viable 
bacteria. 

Notwithstanding these demonstrations, we cannot 
exclude the participation of ordinary bacteria in the 

response of the conventional animal to injury and shock, 
because the nature of the disturbances that lead to 
death in shock of the germfree or conventional organism 
is incompletely known and may possibly be different for 
each. In other words, just because a germfree animal 

dies of shock does not necessarily mean that the bacteria 
of the conventional animal play no role in shock. 
We have considered the possibility that the small 

amount of endotoxin presumably present in the auto- 

claved diet of the germfree animals, and possibly present 
in an active form within the gut, may be functionally 
equivalent to the much larger amount present in the 
conventional animal. This could conceivably be ac- 
counted for by the presumably less well-stimulated and 
therefore less well-developed mechanisms of the bacterial 
and endotoxin defense systems in the germfree animal. 
Although the precise status of these systems in the 
germfree animal has not been fully studied, some have 
expressed the opinion that the germfree animal might in 
effect react to shock like a Thorotrast-blockaded animal 
which is highly susceptible to small amounts of endo- 

toxin. Certainly, Dr. Fine’s rabbits with low E. coli 
content also have dead bacteria in their diet, yet they 
are resistant to shock. 
We performed three series of experiments in order to 

find out whether germfree mice are more sensitive to 
known bacterial endotoxins than conventional mice. 
The tank reared mice used were of the same age and 
strain, and were handled identically in all respects 
possible. The injections of endotoxin were performed in 
the Reyniers tanks. The purified endotoxin was prepared 
for us by Dr. Howard Noyes of the Walter Reed Army 
Institute of Research from E. colt organisms isolated 
from one of our conventional mice. Preliminary injections 
into conventional mice indicated dilution of endotoxin 
that would result in low to mid-lethal mortalities within 
24 to 48 hours. In three separate experiments it was 

found that the germfree mice were clearly not more 
susceptible to the endotoxin than the conventional 
animals. The cumulative mortalities at 24 and 48 hours 
suggest rather that the germfree mice may indeed be 
more resistant to the endotoxin than their conventional 
counterparts. These findings agree with those of Dr. 
Dubos who studied specific pathogen-free mice. Although 
the normal germfree mouse is not more susceptible to 
endotoxin than the normal conventional mouse, we 
have as yet not determined what the relative sensitivities 
of these animals to endotoxin would be during or after a 
shock inducing injury. 

To approach this problem in a more controlled 

manner, the Department of Germfree Research at 
Walter Reed under the direction of Dr. Stanley Levenson 

is currently engaged in devising a hypoantigenic, ideally 
antigen-free, chemically defined diet. The success of this 
project will allow more precise conclusions regarding the 
possible role of bacterial endotoxins in the diet. The 

possibility that germfree animals might in fact be more 
resistant than conventional animals to endotoxin has 
some further support from the work of Dr. Stetson who 
has reviewed the evidence that some of the reactions of 
conventional animals to endotoxins resemble those seen 
in allergy. This aspect was mentioned by Dr. Zweifach 
yesterday. 

It is evident from this presentation that it is difficult 
to formulate and to interpret results of such experiments 
as I have just described. This is so because the processes 
of the check and balance system of the host-parasite 
relationship are only partially understood, and are 
proving to be increasingly more complex with increasing 
knowledge of the many factors involved. Certainly, the 
large variety of potentially damaging factors mentioned 
earlier this morning should be examined in the germfree 

animal. 
I would like to emphasize in closing that the negative 

results I have presented do not obviate the positive 
demonstrations of Dr. Fine and his co-workers. We will 
await with continued interest their attempts to isolate 

and chemically characterize their toxic factor. 

a pa eeaepe Mm ah Gee eee 

(Amy wee 

< 

Vv 



nore 
onal 
ours 
1 be 
onal 
Dr. 
ugh 
e to 
we 

ities 
era 

led 

1 at 
nson 
sally 
this 
x the 
The 
nore 
has 
who 
as of 
seen 
fach 

icult 
Lents 
esses 
asite 
are 

sing 
, the 
oned 
afree 

ative 
sitive 
will 
olate 

Exotoxin aspects of shock’ 

W. A. ALTEMEIER, JOHN WULSIN, W. R. CULBERTSON, BRUCE MacMILLAN, 

CHARLES YALE, WILLIAM COLE,? AND MARK VETTO® 

Department of Surgery, University of Cincinnati College of Medicine, 

and Cincinnati General Hospital, Cincinnati, Ohio 

One OF THE SPEAKERS at this Conference indicated 
that he preferred to avoid the term of shock because of 
its confusing complexity and variability. The surgeon 

cannot avoid shock and must accept his moral and 
professional obligation to the patient who has shock 
regardless of its complexity or cause. When this condi- 
tion occurs clinically, it is a dynamic ever-changing and 
demanding emergency which requires prompt diagnosis 
and adequate treatment for its control and the resuscita- 
tion of the patient. 
Wide variations in the concepts of the nature and 

cause of shock have been expressed at this Conference 
at the basic science and clinical levels. At times it has 
been difficult to believe that all of us are considering the 
same subject. In our discussion, therefore, I have tried 
to bring together the basic science and clinical points 
of view in our approach to the problem of shock oc- 
curring in surgical infections. 

It is the purpose of this presentation to stress the 
prevalence of septic shock in surgery and to stress the 
importance of bacterial exotoxins in contrast to bacterial 
endotoxins in the pathogenesis of shock occurring during 
the course of acute surgical infections. The breadth and 
depth of our recorded knowledge of this aspect of shock 
also will be explored. 

The association of severe infections with shock-like 
states characterized by circulatory failure, falling blood 
pressure, anuria, cyanosis, and impending death has 
been known for many years. Laennac (1831) described 
this condition and Boise (1897) published a manuscript 
on the differential diagnosis of shock, hemorrhage, and 
infection. Since then, interest in shock associated with 
septic conditions has been sporadic and usually con- 
cerned with rather limited aspects of the overall problem. 

Generally speaking, shock is found only in acute severe 
infections in the practice of surgery, and may be asso- 
ciated with depression of vital activities, fall in blood 
pressure, decreased cardiac output, contracted blood 
volume, anemic hypoxia of all organs, decreased muscle 

1This work done under Contract No. DA-49-007-MD-551 
with the U. S. Army Medical Research and Development Com- 
mand, Office of the Surgeon General. 

2 Present address: Department of Surgery, Washington Uni- 
versity. 

3 Present address: Department of Surgery, University of Oregon. 
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tonus, either capillary vasoconstriction or congestion, 
and suppression of renal and hepatic function. Its onset 
is sudden and insidious, usually appearing precipitously 
during the first few days or week of a serious surgical 
infection (Altemeier and Cole, 1956, 1958). 

These acute lesions which may produce this syndrome 
and which are caused by bacteria capable of producing 
exotoxins include infections by the Streptococcus hemolyt- 
wcus, the hemolytic Staphylococcus aureus, the Clostridia 
of gas gangrene, and possibly the Pneumococcus. 

In the past, the word “toxin” had a definite meaning: 
a poisonous substance of high molecular weight which 
was produced by bacteria and which was antigenic. 
Bacterial toxins have been conventionally classified as 
exotoxins and endotoxins: exotoxins being secreted by 
the organisms during their growth in media, and endo- 
toxins forming part of the body of the organism from 
which they could be separated only by autolysis or other 
destructive procedures. 

Oakley has pointed out that the distinction between 
exotoxins and endotoxins is now less definite, for it has 
been shown that substances, having the properties of 
exotoxins, can be obtained in high concentration by 
allowing certain bacteria to autolyze or by extracting 
bacterial bodies with various solvents (Oakley et al., 

1947): 
Van Heyningen (1955) has suggested that a better 

classification might be based upon whether the toxins 
were derived from gram-negative or gram-positive 

bacteria, the gram-positive toxins being true or soluble 
toxins found outside the parent cell, and the gram- 
negative toxins being structural components of the bacte- 
rial cells, although they may also be found in cell-free 
autolysates too. 

The exotoxins of the gram-positive bacteria are gener- 
ally more toxic than the endotoxins of gram-negative 
bacteria. Exotoxins are simple proteins which are usually 
less heat stabile, whereas most endotoxins appear to 

be polymolecular phospholipid-polysaccharide-protein 

complexes. Exotoxins are also more specific in their 

action and antigenicity. 

To add to the confusion, there is evidence to indicate 

that shock may be produced in the patient with a severe 

surgical infection either by the action of bacterial exo- 

\ 
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toxins, bacterial endotoxins, or split protein degradation 
products resulting from bacterial proteolytic action on 
tissues (Altemeier, 1951). Undoubtedly, several or more 
factors may be active in the average case. For example, 
in a case of gas gangrene of an extremity, the factors 
contributing to shock may include 7) less of circulating 
blood volume due to effusion of large amounts of plasma- 
like fluid into the infected extremity, 2) direct toxic 

effect on the heart by the bacterial toxins, 3) vasomotor 
collapse with capillary dilation and uncompensated 
increase in vascular bed with disproportion between 
volume of circulating blood and volume of vascular 
bed, 4) anemia due to extensive hemolysis of the red 
blood cells, and 5) hypoxia. 

Generally speaking, five criteria are recognized for the 
assumption that an exotoxin is responsible for the 
harmful effects of an infectious disease (Oakley et al., 
1947) or a Clinical state such as septic shock: 7) the 
organism is known to produce one or more exotoxins; 

2) the virulent variants produce the exotoxin, whereas 
avirulent strains do not; 3) injection of the exotoxin 
separately from the parent bacteria produces symptoms 
that mimic the disease or clinical state; 4) the infecting 
organisms produce the disease without dissemination; 
the blood is sterile and organs at a distance from the 
seat of the infection are affected; 5) the disease can be 
prevented by immunization of the host using the exotoxin 
as a specific antigen. 

STREPTOCOCCAL EXOTOXINS 

The Streptococcus hemolyticus produces a number of 
exotoxins. (Table 1). 

There is amazingly little knowledge recorded re- 
garding the importance or mechanism of these exo- 
toxins either in the production of shock or in the patho- 
genicity of streptococcal infections in humans. As Van 
Heyningen (1955) has pointed out, only the erythrogenic 
toxin can be implicated with certainty as an agent of 
pathogenesis in scarlet fever. 
When the streptococcal exotoxins are injected into 

experimental animals, however, there are probably three 
important toxins capable of producing shock-like states: 
Streptolysin O and S, and erythrogenic toxin. 

Streptolysin O when injected intravenously into many 
laboratory animals produces hemolysis, toxic degenera- 
tion of leukocytes, cardiotoxic action, fall in blood pres- 
sure, anuria, and death. Its toxicity has been estimated 
as 400 times greater for the mouse than the alpha toxin 
of Cl. welchii. 

Streptolysin S when injected into experimental animals 
causes death by intravascular hemolysis and shock, but 
it is highly improbable that this ever takes place on an 
effective scale in natural human infections. 

STAPHYLOCOCCAL EXOTOXINS 

A review of the clinical cases of shock associated with 

surgical infections indicated that many have been asso- 
ciated with a Staphylococcus aureus bacteremia. Although 

TABLE 1. Streptococcus hemolyticus 

Biologic Effect Possible Effect 
Exotoxin in Animals in Humans 

1. Erythrogenic Skin rash Skin rash 
toxin 

2. Streptolysin-O Hemolytic, cordio- “minor” ? 
toxic Leukocytic 

3. Streptolysin-S Hemolytic; paren- *‘minor’’ ? 
chymatous de- 
generation 

4. Proteinase Myocardial necro- ‘*minor’’ ? 
sis 

5. DPN-ase Leukotoxic ? 
6. Streptokinase 

(Fibromely- 
sin) 

7. Desoxyribonu- 
clease A, B, 
&C 

8. Ribonuclease 
g. Hyaluronic 

acid 
10. Hyaluronidase 
11. Amylase 

Classified as non- 
toxic metabo- 
lites. 6, 7, and 10 
are of aid to the 
invading organ- 
ism and 6 
through 11 can’t 
really be consid- 
ered toxins by 
themselves. 

60% of our total number of cases were the result of 
peritonitis, staphylococci were frequently recovered from 
the peritoneal exudates along with gram-negative bacilli, 

non-hemolytic streptococci, clostridia and bacteroides. 
For this reason investigations on the relationship of 

staphylococcal exotoxins and the production of experi- 
mental shock have been carried out at the University of 
Cincinnati during the past ten years. 

It has been shown that staphylococcal exotoxins 
contain four hemolysins, alpha, beta, gamma, and delta, 
each of which is antigenically distinct (Table 2). Various 
theories have been advanced pertaining to the probable 
roles of these exotoxins, in the pathogenesis of staphylo- 
coccal infections as well as in septic shock. 

Precise information is lacking, and in fact it has not 
been shown conclusively that the toxins demonstrated in 
the laboratory contribute to the pathogenic activity of the 
staphylococci in the body or to the production of vaso- 
motor collapse. Exotoxin appears, however, to be respon- 
sible for the clinical manifestations of severe toxemia and 
death in some instances, although it seems unlikely that 

any important role could be attributed to alpha hemoly- 
sin since it has little or no action on human erythrocytes. 

Experimental studies in animals. When staphylococcal 
alpha exotoxin is injected intramuscularly into animals, 
local necrosis is produced. Its injection intravenously 
has produced paralysis of the lower extremities, stimula- 
tion of respiration with gasping and dyspnea, incon- 
tinence, shock, convulsions and death. 

Recent studies by Cole and Altemeier (to be published) 
measured the pathologic physiologic effects of intraperi- 
toneal injections of staphylococcal alpha toxin in rabbits. 
The experiments were carried out in two parts utilizing 
108 mixed breed domestic rabbits ranging in weight 

from 1 to 2.5 kg. The animals were given 0.75 cc per 
kilogram of a 1:10 dilution of staphylococcal exotoxin 
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TABLE 2. Hemolytic Staphylococcus aureus 

I. Exotoxin 
1. Dermo. (or plain) necrotic factor—skin or general tis- 

sue necrosis myocardial necrosis; ventricular fibrilla- 
tion (paralysis, convulsions) 

2. Lethal toxin—death 
3. Hemolysin—hemolysis (not important) 

Some feel these three factors are causes by one toxin, 
the ‘‘exotoxin’’ or ‘‘alphatoxin.’’ Others think they 
are separate. Most investigators feel there is more than 
one type of hemolysin and have designated them as 
follows: 

Alpha 1 (non-hemolytic) ) 
Alpha 2 (non-hemolytic) 
Beta (Animal) non-hemolytic 
Gamma (Man) non-hemolytic| 
Delta ? non-hemolytic 

II. Leukocidin—lysis of leucocytes 
III. Enterotoxin—gastroenteric symptoms (food poisoning) 
IV. The following are bacterial metabolites and not consid- 

ered toxins as such: 
Coagulase (I, II, I11)—prevents digestion of ingested bac- 

teria by WBC 
Hyaluronidase 
Fibrinolysin 

hemolytic and leukocytic 
damage—generally 
not considered too 
important. 

Phosphatase 
Proteinase 

Lipose 
Gelatinase 

intravenously prepared from the Wood ¥* 46 strain of 
staphylococcus by a modification of methods published 
by Leonard and Holm (1935). 

Observations revealed an immediate rise in systolic 
blood pressure of 5 to 10 mm Hg followed in 5 to 10 
minutes by a marked fall to levels which were 60 to 80 % 
of the original values and accompanied by cyanosis, 
restlessness and a markedly increased respiratory rate. 
The animals then usually developed extreme hypoten- 
sion, cardiac irregularity and death. In some instances 
the blood pressure was sustained at or slightly above 
the low level for a period of several minutes to 1 to 2 
hours prior to death, during which the animals became 
more restless, their respirations became gasping, and 
convulsive seizures simulating a running motion became 
evident. 

Measurements of survival time of this group of animals 
revealed an average of 10.5 hours for these challenged 
at normal body temperatures and 4.2 hours in the hypo- 
thermic group cooled before challenge. When subjected 
to the “‘t” test, their differences did not appear significant 
due to the wide range of survival times. 

The blood packed cell volume fell in all animals 
challenged with the toxin. The average fall in hematocrit 
following challenge was 6.38% in the hypothermic 
animal and 8.85% in the normothermic animals. This 
was not a significant difference when subjected to the 

“+”? test. The changes in white blood count were quite 
variable in the two test groups ranging from a +3,100 
to —4,250/cmm in the hypothermic group and from 
+3,500 to —5,100/cemm in the normothermic group. 
The average drop in white blood count was 640 cells 
per cubic millimeter in the cooled group while it was 
440.8 cells per cubic millimeter in the rabbits challenged 
at normal temperature. This difference was not signifi- 
cant when examined by statistical methods. 

The blood urea nitrogen tended to rise in all animals 
over the period of the experiment. This probably was 
due to a minor degree of dehydration since the animals 
received only approximately 30 cc of total fluids during 
the course of the experiment lasting at times as long as 
24 hours. For purposes of calculation, the changes in 
blood urea nitrogen were calculated in milligram per 

cent rise per hour and this was 2.52 mg % for the cooled 
animals receiving the staphylococcus toxin and 1.84 

mg % for the warm or normothermic animals receiving 

the toxin. This did not appear significant when examined 
statistically. The hypothermic and normothermic control 

groups had an average rise of 0.16 and 1.2 mg %/hour 
respectively. 

The urinary output in all animals fell slowly during 
the course of the experiment. The average total urinary 
output for the first three hours was 11.58 cc in the animals 
challenged with toxin while hypothermic, and 8.8 cc 
in the group challenged at normal body temperature. 
The hypothermic and normothermic control groups had 
an average total output for the first three hours of 11.5 
and 8.8 cc, respectively. 

A postmortem examination was performed on all 
animals used in these experiments. The only striking 
change noted in those challenged with the staphylococcal 
toxin was marked congestion of all of the viscera. The 

lungs, kidneys, and liver were the most uniformly in- 
volved, but the spleen and the mucosa of the gastroin- 
testinal tract were also involved in some instances. 
Although there were areas of atelectasis associated with 
the areas of severe congestion in the lungs, there was 
no actual inflammatory reaction. There was mild edema 
of the lungs in some cases. These changes in the lungs 
were seen uniformly in all toxin-challenged animals and 
hypothermia did not appear to alter the severity. 

Sections of the kidneys examined microscopically 
failed to show necrosis as has been described by other 
workers using this toxin in the rabbit, but there was a 
marked congestion at the corticomedullary junction 
with less marked changes elsewhere. Grossly there was 
no hemorrhage seen in the gastrointestinal tract in any 

of the animals challenged, but in isolated instances there 
was moderate congestion of the mucosa and superficial 
ulceration of the gastric mucosa. The liver was moder- 
ately congested in all of the challenged animals but 
there was no necrosis or inflammatory reaction noted. 

The heart appeared grossly and microscopically 
normal in all cases, and significant abnormalities of the 
adrenals were not observed. 

The blood cultures of all of the animals were sterile 
on repeated sampling with the exception of two instances. 

In summary, a type of septic shock was reproducible 
in rabbits by the intravenous injection of measured 
amounts of staphylococcal exotoxin with a characteristic 
systolic blood pressure curve, oliguria, rise in BUN, fall 
in hematocrit, fall in WBC, and death. Attempts made 
to alter the response of the rabbit to this toxin and its 
effects by hypothermic states in the animals failed, no 
significant changes being noted. 
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TABLE 3. Toxins of the Clostridia of Gas Gangrene 

Type of Biochemical 
Organism Toxin Effect Biological Effect 

1. Cl. welchii alpha Lecithinase lethal, hemolytic, 
and necrotic 

beta unknown lethal necrotic 
gamma _ unknown lethal 
delta unknown lethal, hemolytic 
epsilon unknown lethal, necrotic 
theta unknown lethal, hemolytic 
iota unknown lethal, necrotic 
kappa proteolytic lethal, disinte- 

for muscle grates muscle 

2. Cl. novyi alpha unknown lethal, dermone- 
crotic 

beta lecithinase hemolytic 
gamma _lecithinase hemolytic 
delta unknown hemolytic 
epsilon lipase or 

lecithi- 
nase-lip- 
ase 

zeta unknown hemolytic 

3. Cl. septicum > ? hemolytic, lethal 

Similar investigations were carried out by Vetto and 
Altemeier in dogs (to be published). Using the same 
staphylococcal exotoxin prepared in accordance with the 
method of Leonard and Holm, injections were made 
intravenously in 31 mongrel dogs in doses of 0.12 cc/kg 
in a 1:10 dilution in saline. Four dogs underwent a 
sudden and precipitous decline in blood pressure and 
died within one hour. Seven had a mild response and 
required an additional dose to cause moderately severe 
shock. The remainder developed a state of shock which 
was protracted and invariably caused death within 51% 
hours. During the period of survival in shock the 
following observations were made. 

1) Immediately after injection of the toxin, the systolic 
blood pressure rose 4 to 24 mm Hg (average 11 mm) 
and continued elevated for a period of 3 to 38 minutes 
(average 18). The heart rate was accelerated, and a 
striking hyperpnea occurred which persisted for 20 to 
go minutes. An increase in portal pressure was also 

noted. 
2) The systolic blood pressure next fell, usually over 

a period of 20 to 30 minutes to an average of 70% of 
the base line pressure; corresponding fall in inferior 
vena caval and right and left atrial pressures, more 

precipitous on the left. 
3) Partial recovery followed with elevation of the 

blood pressure, but not to base line levels. 
4) Final shock phase with secondary fall in blood 

pressure and death and a corresponding fall in the 

inferior vena caval and atrial pressure until period just 
before death when the pressures in vena cava and both 

atria rose. The terminal rise was greater in the right 
atrium. The portal pressure underwent a sustained rise. 

Electrocardiogram tracings were made after the injec- 
tion of the toxin using leads I, II, III, AVR, AVL, and 

AVF. Depression of the S-T segment indicative of myo- 

cardial ischemia was noted, occurring 37 to 157 minutes 
(average—82 min.) after the administration of the toxin. 

These changes usually reverted to normal on an average 
of 76 minutes, and no changes in the QRS complex 
were noted. In the terminal phases of the experiments, 
bizarre arrhythmias and conduction defects occurred. 

Using the method of S. W. Rockwood and E. J. Bell 
(1959) of the University of Cincinnati for investigating 
the mechanisms of bacterial toxin action, Berger, Hill, 
and Altemeier (1960) have shown that the alpha toxin 
of the Staphylococcus aureus has a respiratory stimulatory 
action. 

For this work an isolate of Staphylococcus aureus, derived 
from the Wood strain of phage type 42D, was selected, 
having all the necessary currently accepted characteris- 
tics of a pathogenic strain, i.e, hemolytic, coagulase and 
mannitol positive. For toxin production, a synthetic 
medium modified from that of Gladstone (1938) and 
Surgalla (1946) was used. To obtain a sufficiently toxic 
filtrate in this medium, it was necessary to grow the 
organism without agitation in a dialysis sac suspended 
in the medium under 20% CO, tension. After 72 hr at 
37°C, the contents of the sac were centrifuged at 12,100 g 
for 20 min at o°C. The supernatant was passed through 
a millipore filter to obtain a sterile, cell-free filtrate. The 
proteins were precipitated from this filtrate by the 
methanol-cold procedure of Wittler and Pillmer (1948) 
and resuspended in phosphate buffer, pH 7.2. The pro- 
tein content was quantitated by the method of Lowry 
et al. (1951). The amount of protein recovered by this 
procedure ranged from 10 to 39% of the concentration 
present in untreated filtrate. 

The resuspended precipitate was hemolytic on rabbit 
erythrocytes primarily, but also, though more slowly, on 
human and sheep erythrocytes. After heating at 55°C 
for 30 min some hemolytic activity remained, indicating 
the possible presence of delta toxin. No coagulase activ- 

ity was demonstrable. It was lethal for mice in a dose of 
30 wg of protein. 

The technique of Rockwood and Bell with the War- 
burg respirometer, was employed with only slight modi- 

fications. The flasks contained 3.5 mg (dry weight) of 
citrate-grown A. aerogenes cells suspended in 1:50 M 
phosphate buffer; 40 wmoles of sodium citrate; and 2 mg 
DPN; all contained in a 3.0 ml volume at pH 7.0. 
Twenty per cent potassium hydroxide was placed in the 
center wall. The precipitated toxin, in a concentration 
of 0.3 mg protein in 0.5 ml of phosphate buffer, was 
placed in the sidearm of the flask. 

There was no stimulation of oxygen uptake when this 
precipitate was heated at 100° C to an increase of 112 % 
over the control resulted. This is similar to the reported 
inactivation of the hemolytic activity of alpha toxin at 
55° C and its reactivation when heated at 100° C for 

30 minutes. Commercial staphylococcal antitoxin did 
not inhibit the stimulatory activity of the precipitated 

toxin, indicating that the stimulation may not occur at 

the toxin-antitoxin binding sites. 
When a dose of 3 mg of this protein was injected into 
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a dog, it elicited an immediate drop in blood pressure 
and depressed respiratory and pulse rates. A second 
injection 15 minutes later reversed this state with a rise 
in blood pressure and increased pulse and respiratory 
rates. This activity appeared to be enzymatic rather 
than simple chemical or physical phenomenon since no 
oxygen uptake occurred when either DPN, citrate, or 
the cells were omitted singularly from the flask. 
The results of these experiments may be summarized 

as follows: 
1) A protein precipitate, hemolytic for human, rabbit, 

and sheep cells, and lethal for mice, was prepared by a 
cold-methanol procedure from Staphylococcus aureus grown 
in a synthetic medium. 

2) Preparations of this toxic precipitate elicited an 

increase in oxygen uptake by resting cells of citrate- 
grown A. aerogenes, respiring in the presence of citrate, 

buffer, and coenzyme I. 
3) The stimulatory activity was not appreciably 

decreased by antitoxin. 
4) Heating at 55° C for 30” inactivated the stimula- 

tory activity, while heating at 100° C for 30” increased 
the stimulatory activity of toxin. 
5) This activity appears to be enzymatic rather than 

chemical in nature but the possible effect on cell mem- 
brane permeability must be considered. 

CLOSTRIDIAL EXOTOXINS 

The patient with advanced clinical gas gangrene 
frequently develops a profound toxemia associated with 
a state of severe shock. In our experience he has char- 
acteristically appeared to be desperately ill and his 
pulse has often been imperceptible, being feeble, irregu- 

lar, and occasionally dicrotic. His blood pressure has 
been reduced, with systolic readings of 80 mm Hg or 
less and a considerable drop in the diastolic pressure. 
His extremities have been cold and his peripheral veins 
collapsed. When death occurred, it appeared to be due 
to circulatory failure, and cardiac arrest may have 
occurred during anesthesia or operation. 

It is interesting to note that this severe toxemia has 

occurred in our experience only when the clostridial 
infection involved muscle, and when any one or more 
of several species of clostridia were involved, namely 
Cl. welchii, Cl. novyi, and Cl. septicum. 
The toxemia and shock developing in gas gangrene 

has been generally ascribed to clostridial exotoxins. This 
is a natural assumption since the clostridia produce 
in vitro an impressive array of exotoxins. The more 
important of these are listed in Table 3. 

Observations and experiments made during and since 
World War II, however, have reopened the question 
of whether or not the toxemia and shock-like state are 
the direct responsibility of the clostridial exotoxins, 

particularly the alpha toxin of type A C7. welchit. 
In Bull and Pritchett’s original paper, (1917) 

describing the discovery of the toxin, it was noted that 

hemolysis and death followed the intravenous injection 

of toxic filtrates in pigeons, but that death without 

hemolysis occurred after intramuscular injection. They 
assumed that they were dealing with two different 
toxins, but this is now known to be _ incorrect. 
MacFarlane and MacLennan (1945) and Frazer et al. 
(1945) noted that massive doses of toxin given intramus- 
cularly into rabbits and guinea pigs produced no signifi- 
cant hemolysis, but death occurred. 

In the absence of intravascular hemolysis, Van 
Heyningen (1955) has pointed out that it is unlikely 
that a lethal quantity of exotoxin is in circulation since 
the amount of toxin required to produce hemolysis by 
intravenous injection is less than a lethal dose. The 
clostridia growing so profusely and rapidly in muscle 
almost certainly produce exotoxins, but it is unknown 
why this toxin is prevented from getting into the blood 
stream. 

Studies of MacFarlane and MacLennan (1945) have 

suggested that the toxin is absorbed on living tissues. 
Experiments at the University of Cincinnati have failed 
to recover lecithinase activity locally in muscle or in the 

circulating blood of rabbits and dogs after the intramus- 
cular injection of Cl. welchii alpha toxin, although shock 
and death occurred. 

If alpha toxin is not absorbed into the circulation to 
produce shock, what is the responsible agent? Whatever 

the factor is, it must be related both to bacteria! activity 
and to the infected muscle. It is highly unlikely that it is 
a normal component of muscle. When shock-producing 
substances have been extracted from traumatized muscles 
of experimental animals, C/. welchit and related bacteria 
have been found in the tissues by Pope, Zamecnik, 
Aub, Dubos, and others. It would seem possible that 
the shock-producing factor is a secondary toxic product 
formed by the action of the bacterial toxin on infected 

or traumatized muscle. This is a revival of Brieger’s 
theory of the formation of poisonous substances from 
the tissues of the host by the parasite. 

DISCUSSION 

This review of the published work on the pathologic 
physiology of shock associated with infection produced 
by bacterial exotoxins emphasizes how very little is 
known and suggests that at least four factors may be 
concerned with the development of this type of circula- 
tory collapse: 7) a loss of fluid from the circulation re- 
sulting from dehydration, persistent vomiting, con- 
tinued diarrhea, or massive exudation in body cavities, 
which may produce hemoconcentration and diminished 
blood volume; 2) a disparity may develop between the 
circulating blood volume and the capacity of the periph- 
eral vascular bed caused by vasodilatation in the presence 
of a normal, or nearly normal, blood volume; 3) a failure 
of the peripheral circulation may be caused by the direct 
action of bacteria or their toxins on the capillary walls, 

by the effect of histamine-like substances on the vascular 
tree, or by the direct action of bacterial toxins on the 
myocardium; 4) the adrenal glands may be involved 

either indirectly by toxemia, or directly by the infection. 
Shock due to reduction in blood volume and hemoconcentration. 

\ 
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During the course of untreated severe acute infections, 
hemoconcentration may be occasionally the result of 
marked dehydration, persistent vomiting, continued 
diarrhea, massive effusion or exudation into body 
cavities, or loss of plasma through capillary wall. While 
reduction of the blood volume does occur in infectious 
shock, its incidence is often open to question. Eppinger 
and Schurmeyer (1928) concluded that a decrease in 
circulating blood volume occurred in shock associated 
with infections. Rutstein et al. (1945) found that the 
degree of circulatory failure in cases of fatal pneumonia 
was related to a lowering of the plasma volume. Andrews 
and Harkins (1937) also concluded that the amount of 

fluid lost into pneumonic lungs could be sufficient to 
reduce the blood volume to shock levels. On the other 
hand, Ebert and Stead (1941) were unable to observe 
any significant reduction of the blood volume in eight 
cases of infectious shock, six of which were associated 
with pneumococcal pneumonia. 

A loss of a large amount of fluid into the peritoneal 
cavity in peritonitis may also produce a reduction in 
blood volume. Similar losses of large amounts of plasma 
and blood may occur in extremities infected with C1. 
welch or Cl. novyi, resulting in a reduction in the blood 
volume. 

Shock due to disparity between circulating blood volume and 
size of the vascular bed. An uncompensated increase in the 
size of the vascular bed may occur in the presence of a 
normal or nearly normal circulating blood volume. 
Experimental evidence has suggested that the failure 
of the peripheral circulation may be due to 7) the direct 
action of bacteria or their toxins on the capillary walls; 

2) the effect of histamine-like substances or protein 
degradation products produced by bacterial enzymes 
on the vascular tree; 3) possibly the effect of bacterial 
toxins on the medullary vasomotor center or regional 
sympathetic ganglia; or 4) the local or regional effect 

of continued hypoxia. 
Direct action of toxins on capillary walls. Romberg and 

Passler et al. (1899) produced vascular collapse in rabbits 
by the intravenous injection of various bacteria. Janeway 

(1907) indicated that the collapse of the peripheral 
circulation was due to vasomotor paralysis, with pooling 
of the blood in the capillaries as seen in septic fevers, 
pneumonia, or typhoid fever. Holzbach (1931) injected 
various bacterial toxins in dogs and observed capillary 
hyperemia, capillary stasis, and passage of plasma out 
of the capillaries. He concluded that these effects were 
due to the direct action of the toxins on the capillary 
walls and not on the medullary vasomotor centers. 
Windfield (1938) also concluded that a generalized 
toxic paralysis of the capillary vessels was responsible 
for the symptoms of circulatory insufficiency in 
peritonitis. 

Various other investigators, such as Newburgh and 
Minot (1914) and Porter et al. (1914) demonstrated that 

the function of the vasomotor center of the medulla 
was unimpaired in shock due to infections. Moon (1940) 

and Warren et al. (1945) indicated that bacterial toxins 
could produce paralysis and dilatation of the vascular 
bed with reduction of the venous return and cardiac 
output. 

Many investigators have found that the alpha toxin of 
Cl. welchtt may produce in animals and patients a wide- 
spread vascular dilatation with a relative increase in the 
size of the vascular bed. Similar observations have been 
noted with the toxins of the hemolytic streptococcus. 

Actions of toxins on heart. Shock may also occur in infec- 
tions due to the direct effect of bacterial toxins on the 
heart itself, resulting in descreased cardiac output. 
Numerous investigators, including Butnett and _ Piltz 
(1929), Taterka (1939), Joachim (1939), Assman (1937), 
Kelly (1940), and Ebert and Stead (1941), have shown 
evidence of cardiac impairment produced by severe 
infections. 

Local or continued effect of hypoxia. Severe bacterial infec- 
tions may be associated with acute hemolysis, cyanosis, 
and slowing of the peripheral circulation. These factors 
may contribute to prolonged hypoxia. 

Adrenal insufficiency has also been described as a cause 
of circulatory failure and shock in acute infections such 
as hemolytic streptococcal, pneumococcal, staphylo- 
coccal, and meningococcal, but to what extent adrenal 
cortical exhaustion actually occurs in acute infections is 
not known. The occurrence of the Waterhouse- 
Friderichsen syndrome lends some support to this 
concept. Lithander produced acute adrenal cortical 
insufficiency by injecting bacterial toxins into rabbits, 

and Rich (1944) found evidence of adrenal cortical 
exhaustion in patients dying of various infections. 

SUMMARY 

Shock-like states associated with severe infections 
caused by bacteria producing exotoxins are not un- 
common in the practice of surgery. Their causal relation- 

ship to infections is often unrecognized, and late diagnosis 
may contribute to the associated high mortality. The 
occurrence of this form of shock is usually a sign of 
impending death. 

Contrary to general belief, amazingly little is known 
about the effects of bacterial exotoxins in the causation 
of septic shock. More is known about the pathological- 
physiologic changes than about its pathogenesis. 

While shock and death are easily produced by the 
injection of many of the bacterial exotoxins, it is inter- 
esting to note that these toxins have not been recoverable 
from the circulating blood. There is suggestive evidence 
that secondary toxins are involved in the process being 
the result of the interaction of the toxins and the hosts 
tissues. 
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Septic shock 

RICHARD V. EBERT AND ROBERT S. ABERNATHY 

Department of Medicine, University of Arkansas Medical Center, Little Rock, Arkansas 

Daiencavony FAILURE characterized by hypotension 

and diminished peripheral blood flow occurs not in- 
frequently in association with severe infections. The use 
of the term “shock” to describe this clinical state is 
convenient but has led in the past to misconceptions. 
We are slaves of words. The use of the word shock to 
describe both the change in the circulation which occur 
with serious hemorrhage and the circulatory failure 
accompanying infection is dangerous if it leads us to 
assume that there must be a common underlying 
mechanism. It is certain that the term shock will con- 
tinue to be popular with physicians as it briefly desig- 
nates a common clinical syndrome. We would suggest 
that investigators use the term with some care. 

Churchill (1951) in the previous symposium on shock 
clearly pointed out that in most instances shock associ- 
ated with war wounds is the result of the pure and 
simple loss of blood with consequent decrease in blood 
volume. The circulatory failure associated with infections 
is not the direct result of a blood volume deficit. A 
complex disturbance in the function of the vascular 
system is involved. If these two forms of circulatory 
failure are to be lumped together it is apparent that a 
search for a common cause of shock is doomed to failure. 
A useful approach to the problem of circulatory 

failure or shock associated with infections is to consider 
first the diseases in which this complication occurs and, 
secondly, the observations which have been made on 
patients with this disorder. Recently great emphasis 
has been placed on the occurrence of shock in association 
with blood stream invasion by gram-negative organisms. 
The term endotoxin shock has been used to describe this 
entity. It is sometimes overlooked that a similar clinical 
picture can occur with a variety of other infections and 
that shock is not specific for certain species of bacteria. 

INCIDENCE OF SHOCK IN INFECTIONS 

While shock may occur with almost every specific 
infectious process, certain clinical settings have been 
recognized as being more frequently associated with the 
development of shock. The most frequently recorded 
settings include the following: a) genitourinary tract 
infections and instrumentation or operations; b) gastro- 
intestinal (including the gall bladder) infections and 
operations; ¢) peritonitis and intra-abdominal abscesses; 
d) respiratory infections, particularly lobar pneumonia; 

e) various diseases associated with decreased resistance 
to infection, such as leukemia, lymphoma, carcinoma 
and the dysproteinemias—in such diseases, the altera- 
tion in resistance is often intensified by therapeutic 
agents such as irradiation, antimetabolic compounds, 
alkylating agents, and corticosteroids; f) pelvic in- 
fections, including septic abortions; g) situations in 
which breaks in natural defensive barriers exist, such as 
indwelling catheters (intravenous or urethral), derma- 
titis, contaminated traumatic wounds, and burns; h) 
administration of contaminated blood (or blood prod- 
ucts) or solutions for infusions. It is apparent that these 
circumstances apply to all fields of clinical medicine. 
Indeed, the literature of recent years indicates that 
shock in infections has become increasingly recognized 
not only by internists but also by surgeons, urologists, 
obstetricians, and gynecologists. 

While much interest, particularly in recent years, 
has been focused on shock in association with infections 
due to gram negative-bacteria containing endotoxins, 
it has long been recognized that shock may develop in 

infections with a wide variety of microbial agents. Some 
of the early descriptions of this syndrome were of patients 
with pneumococcal pneumonia (Atchley, 1930; Ebert 
and Stead, 1941; Lambert, 1911). Similarly, although 
the Waterhouse-Friderichsen syndrome came to be 
closely associated with meningococcal infections, it was 
also recognized as occurring in pneumococcal, staphylo- 
coccal, streptococcal, and Hemophilus influenzae infections 
(Banks and McCartney, 1943; Margaretten and Mc- 
Adams, 1958; Sacks, 1937). In many other specific 
infections, sudden circulatory collapse has also been 
described. An accurate representative compilation of 
these infections is tabulated below:! 

A. Bacterial Infections 
1. Due to gram-positive organisms—staphylococcal (predomi- 

nantly coagulase-positive strains) ; streptococcal (all types) ; 
pneumococcal; clostridial (various species) (Altemeier and 
Furste, 1947; MacLennan, 1943; Mahn and Dantuono, 
1955); diphtheria (shock may appear early, without ap- 
parent myocarditis) (Edmunds, 1937; Hoyne and Welford, 
1934); anthrax (Howe, 1950; Smith, 1955). 

2. Due to gram-negative organisms—meningococcal; coliform 
(E. coli and other species); Paracolon spp.; Pseudomonas spp.; 
Proteus spp.; Klebsiella spp. (including Aerobacter spp.); 
brucellosis (Spink, 1948); bacillary dysentery (shock may 

1In addition to references cited in this tabulation, references 
for specific infections are given in later sections. 
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TABLE 1. Occurrence of Shock in Various Infections 

Summary of Reports Giving 
Incidence of Shock in a 

Series of Patients Summary 
of Reports 

ain tec of All Microorganism Patients with | Patients 
Total No. Shock — 

| of Patients |——_—__— a 
No. |% Total 

Gram-Negative Bacteria* | 
E. coli m6" | 19 | 10 | 7 
Paracolon spp. a7" 9| 24 | 22 
Klebsiella-Aerobacter spp. 93* 13) 13 29 
Proteus spp. 119* | 21 | 18 36 
Pseudomonas spp. 166* | 33 20 43 
Other bacilli 6 
Mixed bacilli 5 
N. meningititidis 17247 |102 6 
N. meningititidis 121* | go] 25 

Gram-Positive Bacteria” 
Staph. aureus 235* | 12 5 64 
D. pneumoniae 844f | 42] 5 65 
Streptococcus spp. 34* 2 6 19 
Clostridium spp. 26 | 15 | 58 18 

Other 
Leptospira spp. 120f | 16] 13 

t Includes all * Includes only patients with bacteremia. 
patients, with or without bacteremia. 

* Additional references not cited in text: 
Gram-Negative Bacteria: Adams and Pritchard, 1960; Aldridge, 

1960; Altemeier and Cole, 1956; Borden and Hall, 1951 ; Brad- 
ford and Bachman, 1959; Braude, Williams, Siemienski, and 
Murphy, 1953; Dumoulin and Steed, 1956; Forkner, Frei, 
Edgcomb, and Utz, 1958; Gilat, Hertz, and Altman, 1958; 
Grove, 1958; Kennelly, 1958; McKay, Jewett, and Reid, 1959; 
Rattner and Murphy, 1957; Stevens, Legg, Henry, Dille, 
Kirby, and Finch, 1953; Studdiford and Douglas, 1956. 

> Additional reference not cited in text: 
Gram-Positive Bacteria: Adams and Pritchard, 1960; Alter 

meier and Cole, 1956; Christianson, Dacquisto,.and Dobbs, 
1954; Davidson, Lewis, Tagnon, Adams, and Taylor, 1946; 
Dearing, 1956; Spink, 1954; Stewart, 1941; Warren, Balboni, 
Rogliani, and Feder, 1945. 

occur in patients without diarrhea) (Gordon, 1950); cholera 
(also in patients without vomiting or diarrhea) (Reimann, 
1950; Russell, 1943; Whitmore, 1959); typhoid fever 
(Farinaud and Portes, 1951; Janeway, 1907; McCrae, 
1907; Marmion, 1952; Stuart and Pullen, 1946); plague 
(McCrumb, 1953); and miscellaneous bacilli such as 
Achromobacter spp., Herellea spp., and unclassified organisms. 

B. Leptospiral infections: various species of leptospirae (Edwards 
and Domm, 1960; Jackson and Oleesky, 1946). 

C. Ricksettial infections: Rocky Mountain spotted fever (Harrell, 
1949) and typhus (Wisseman, 1960; Woodward and Bland, 
1944; Yeomans, 1951). 

D. Viral infections 
1. Known viral agents—influenza (Hers, 1957; Louria, 1959; 

Oseasohn, 1959); varicella (Montgomery and Olafsson, 
1960). 

2. Probable viral diseases—epidemic hemorrhagic fever 
(Giles, 1954); Landry-Guillain-Barre syndrome (Clarke, 
1954). 

E. Parasitic infection: malaria (shock occurs in algid types of 
malaria due to various Plasmodium spp.) (Craig, 1947; Russell, 
1958), and also in blackwater fever, (Salisburg, 1949). 

A point of some importance is the frequency of shock 
in infections. An attempt to gain an impression of this 
ferquency has not given sufficient information to allow 
absolutely definitive conclusions. One difficulty has been 
the emphasis placed on the association of bacteremia 
and shock. Many reports have dealt only with shock 
occurring in patients with bacteremia and not with all 
types of infection. While it is agreed that bacteremic 

infections are more severe and more likely to be associ- 
ated with shock, it is probable that many severe in- 
fections may produce shock in the absence of detected 
bacteremia. This may be due to the efficiency of the 
phagocytic clearing properties of the blood, thus allowing 
only a transient bacteremia, and also to the liberation of 
bacterial products from infected sites without viable 
organisms reaching the blood. With realization of the 
limitations of the information available, some comments 
about the incidence of shock in various infections appear 
valid. 

Table 1 summarizes reports from many different 
sources concerning shock in specific infections. The 
tabulated frequencies should be regarded as approxima- 
tions only. 

The most accurate data concern gram-negative 

bacterial infections, particularly those with bacteremia. 
In all types of meningococcal infections, the frequency 
of the Waterhouse-Friderichsen syndrome is given as 
2 to 4% (Nelson and Goldstein, 1951). In six repre- 

sentative reports (Hoyne and Brown, 1948; Koch and 
Casson, 1958; Margaretten and McAdams, 1958; 
Tobin, 1956; Weinberg and McGavock, 1945; Williams, 
1942), the incidence of shock with or without the 
clinical features of the Waterhouse-Friderichsen syn- 
drome averaged 5.9%. In 121 patients with meningo- 
coccemia (Griffen and Daeschner, 1954; Koch and 
Carson, 1958; Sweet, 1947; Williams, 1942), the fre- 
quency of shock was found to be 24.8%. {n gram- 
negative bacillary infections with bacteremia due to 
organisms in the coliform-Klebsiella-Proteus groups, 
shock was found to occur in 17.5% of 584 patients 
collected from 8 different sources (Deane and Russell, 
1960; Hannigan, 1960; Munroe, 1955; Slade, 1958; 
Spittel, 1956; Waisbren, 1951; Weil and Spink, 1958; 
Wise, 1952). No approximation of the incidence of 
shock in gram-negative bacillary infections without 
bacteremia is available. 

The precise frequency of shock in gram-positive 
bacterial infections is more difficult to ascertain. The 
most accurate data were found in four reports (Hay, 
1960; Schirger, 1956, 1957; Wilson and Hamburger, 
1957) dealing only with staphylococcal and _strepto- 
coccal bacteremias; in 269 patients, shock was described 
in 14, or 5.2%. The incidence in infections without 
bacteremia is unknown. In pneumococcal infections, 
one report (Collen, 1948) of 844 patients with pneumonia 
states that a systolic blood pressure below 80 mm Hg 
occurred in 5%. In two reports (Douglas, 1953; Hill, 
1936) of clostridial infections, shock was described in 
58% of 26 patients. It seems probable from reviewing 
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many additional articles about both pneumococcal and 
clostridial infections that the incidence of shock in 
patients with bacteremia in these infections would be 
higher than in other gram-positive bacterial infections, 
but no precise data could be found. 

Specific information about shock in other infections 
was readily found only for leptospirosis. In two reports 
(Diaz-Rivera, 1959; Sodeman and Killough, 1951) of 
a total of 120 patients, shock occurred in 16, or 13%. 
This relatively high incidence may not be representative, 
since in other large series of patients with leptospirosis, 
no specific comments about shock are found. This 
suggests that the frequency of shock is low. In the other 
infections tabulated previously no specific statements 
about the frequency of shock were readily found. 

Since recent experimentation in this problem has 
been concerned with the endotoxin-containing gram- 
negative bacteria, it is of interest to determine the 
relative frequencies of gram-negative bacteria and 
gram-positive bacteria in the overall clinical problem 
of shock in infections. Information from five different 
institutions concerning all patients with shock due to 
infection is tabulated in Table 2. It is seen that gram- 
negative bacillary infections predominate, causing 54 

to 81 % of the infections, with a combined incidence of 
68% of all cases. These experiences emphasize the 
importance of gram-negative bacillary infections in 

producing shock. 
It is also of interest to compare the frequencies of 

shock in infections due to various specific bacteria. This 
information is given in Table 1 and summarizes many 
representative series of patients with shock. This sum- 
mary indicates that shock associated with gram-negative 
bacteria has been reported most frequently in patients 
with meningococcal or E. coli infections; infections with 
Pseudomonas spp. and Proteus spp. are next in frequency, 
while shock due to Klebsiella spp. and Paracolon spp. are 
less commonly reported. In gram-positive bacterial 
infections with shock, staphylococcal and pneumococcal 
infections were most frequently associated with shock, 
while streptococcal and clostridial infections were less 

common. If meningococcal infections are excluded 
(since their overall frequency may be higher than other 
infections), then of all types of bacteria, FE. colt, staphy- 
lococci, and pneumococci are numerically the most 
frequent etiologies of infections with shock. From this 
combined series of 485 patients, gram-negative bacteria 
predominated, causing 66% of all of the cases of shock. 

CLINICAL MANIFESTATIONS 

The clinical picture of shock associated with infection 
is strikingly similar to that seen in shock associated with 
hemorrhage. This may at times lead to a problem in 
diagnosis. The chief point in differentiation is the 
presence of an elevated rectal temperature in most 
patients with septic shock. 
A number of excellent descriptions of the clinical 

findings in septic shock are now available (Hall and 

Gold, 1955; Martin and Nichols 1956; Ezzo and Knight 
1957; Weil and Spink 1958). An abrupt rise in temper- 
ature often accompanied by a chill usually precedes the 
onset of shock. In Weil and Spink’s series approximately 
13 hours elapsed between the sudden rise in temper- 
ature and the onset of shock. In 23 % of cases the shock 
and fever occurred simultaneously. Fever usually 
persists during the period of shock. In the various 
series fever was present during shock in 71 to 92% of 
cases. 

Hypotension is the most characteristic finding. Most 
authors consider it an essential criterion for the presence 
of shock. The lowering of blood pressure is often marked. 
Systolic pressures of 50 to 60 mm Hg are common. 

Hall and Gold described two clinical pictures. In one 
group of patients the skin of the extremities was pale, 
cold, and moist; the pulse was weak and thready. The 
sensorium was clouded and the patients exhibited 
apathy and listlessness. In another group of patients 
the skin was warm and dry and the pulse full and 
bounding. These patients were bright, alert and active. 
The clinical picture resembled that described by Grant 
and Reeve as warm hypotension (Grant and Reeve, 
1951). The former clinical picture is more common and 

is usually present if the shock is severe and prolonged. 
Leukocytosis is almost always present and may be 

marked. Less common findings include vomiting, 
diarrhea, jaundice and melena. Marked decrease in 
urinary output occurs frequently during the period of 
shock. In some instances renal failure persists after 
recovery from shock. The problem is complicated by 
the high incidence of pyelonephritis and renal abscesses 
in many of the patients. In Weil and Spink’s series only 
9 % of patients died primarily because of uremia. 

The role of changes in plasma volume in the patho- 
genesis of shock associated with severe infections is of 
great importance. It was suggested in early work that 
hypovolemia played a crucial role. The work of Ebert 
and Stead clearly demonstrated that in certain types of 
shock associated with infection the blood volume was 
normal (Ebert and Stead, 1941). Gilbert confirmed 

these findings (1955). The majority of the cases studied 
had severe pneumococcus pneumonia. Subsequent 
clinical studies of shock associated with bacteremia have 
been concerned largely with infections caused by gram 
negative organisms. While blood volume studies are 
not mentioned, hemoconcentration was absent in the 
majority of the cases. For example, the highest hemo- 
globin reported in 38 cases of bacterial shock reported 
by Ezzo and Knight was 17 gm/1oo cc (Ezzo and 
Knight, 1957). If a decrease in blood volume occurs in 
septic shock it is consequent to a decrease in plasma 
volume as massive hemorrhage or hemolysis is usually 
absent. Hence an increase in hematocrit or hemoglobin 
concentration of the blood should be associated with a 
decrease in plasma volume. 

Although severe hypovolemia is uncommon in 
association with bacteremia and shock, a small decrease 
in plasma volume is probably not infrequent. Vomiting, 
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TABLE 2. Comparative Frequencies of Shock in Gram-Positive 
and Gram-Negative Bacteremias 

Patients With |Patients With 
No. of Gram-Positive| Gram-Nega- 

oe nee —— Infection _|tive Infection 

Shock ee tae aes va 
No. % Total) No. % Total 

Spink, 1960 36 7 19 | 29 81 
Hall and Gold, 1955 35 | 12 | 34 | 23] 66 
Ezzo and White, 1957 37 | 14] 38 | 23 62 
Schirger, Martin, and Nichols, 13 6 46 7 | 54 

1956, 1957; Spittel, Martin, 
and Nichols, 1956 

Adcock and Hakanson, 1960 6 2| 33 4| 67 

Totals 127 | 4! 32 | 86! 68 

diarrhea and excessive sweating may all lead to depletion 
of fluid and electrolytes. The patients often have an 
inadequate fluid intake. In a few instances bleeding 
may occur into the gastrointestinal tract or elsewhere. 
These small changes in blood volume are not in them- 
selves sufficient to initiate marked changes in hemo- 
dynamics, yet when combined with a severe bacterial 
infection these minor changes in blood volume may 
precipitate severe shock. This was dramatically demon- 
strated in observations on the therapy of shock in 
hemorrhagic fever (Entwisle and Hale, 1957). The 
patients in shock exhibited a moderate decrease in 

plasma volume. The arterial pressure and cardiac 
output were decreased. Administration of 50 grams of 
human serum albumin caused a considerable increase 
in cardiac output and arterial pressure. 

The reason for the critical effect of small changes in 
blood volume in septic shock becomes clear when one 
considers the hemodynamic changes which are associated 
with the administration of endotoxin. Because of the 
obvious technical difficulties involved in the study of 
critically ill patients, relatively few detailed observations 
have been made on the hemodynamics of bacterial 
shock in human beings. Fortunately, a similar syndrome 
can be produced in dogs by the administration of 
endotoxin (Ebert, 1955; Weil, 1956). There is reason 
to believe that this experimental model bears many 
similarities to the disease observed in human beings. 
Administration of endotoxin to the experimental animal 
results in a profound fall in cardiac output and in blood 
pressure. The central venous pressure falls. The periph- 
eral resistance is relatively unchanged. The studies 
suggest that these changes are the result of increase in 
volume of blood in the peripheral venous system with 
consequent decrease in the volume of blood in the 
central veins and decrease in cardiac filling. Under 
these circumstances the blood volume becomes critical. 
A slight decrease in blood volume will lead to a further 
decrease in filling pressure of the heart with a conse- 
quent decrease in cardiac output, whereas an increase 
in blood volume will to some extent compensate for the 
peripheral pooling of blood. 

Peritonitis may on occasion be associated with pro- 
found shock. The mechanisms involved are more com- 
plex than in shock associated with bacteremia (Lock- 
wood, 1957). Shock is most commonly seen in peritonitis 
associated with a ruptured viscus and massive contamina- 
tion of the peritonium. Considerable amounts of plasma 
may be lost into the peritoneal cavity with resultant 
decrease in plasma volume and hemoconcentration. 
The decrease in plasma volume does not appear to be 
of the magnitude required to produce profound shock 
in an otherwise healthy human being. Moreover, in 
some cases restoration of the blood volume to normal 
does not alleviate the hypotension and shock (Altemeier 
and Cole, 1956; Davies, 1957). Similar findings have 
been observed in experimental peritonitis in animals 
produced by fecal contamination of the peritoneal 
cavity (Ebert, 1949; Frank, 1955). Other factors in- 
volved may be absorption of endotoxin from the peri- 
toneum and dilatation of the splanchnic vasculature. 
Experimental evidence has been presented to show 
that endotoxin can be demonstrated in the plasma 
after production of peritonitis (Noyes, 1956). The local 
effect of peritonitis on the splanchnic vessels is not 
entirely clear. The splanchnic vascular bed is of great 
importance in the regulation of the circulation and 
these local changes may have considerable significance. 

An even more complex problem than the pathogenesis 
of shock associated with peritonitis is the nature of 
shock associated with certain penetrating wounds of 
the abdomen. If seen early the shock associated with 
abdominal wounds usually responds well to the adminis- 
tration of adequate amounts of blood. Occasionally 
failure of treatment may be related to continued massive 
bleeding. Hence shock in this phase of the injury may 
be considered to be similar to other types of wound 
shock. On the other hand certain patients seen late 
after injury may not respond to transfusion, and hypo- 
tension may persist even after restoration of the blood 
volume to normal. Case B72 of Grant and Reeve (Grant, 
1951) and Case 57 of Emerson and Ebert (Emerson, 
1945) illustrate shock persisting after correction of 
hypovolemia. More commonly fall in blood pressure 
occurred following surgery on penetrating abdominal 
wounds. The shock was usually irreversible and _ at- 
tributed to peritonitis. This late shock following gross 
contamination of the peritoneal cavity was seen by all 
observers (Emerson and Ebert, 1945; Grant and Reeve, 
1951; Towery and Welch, 1955). 
Thus it would appear that extensive bacterial con- 

tamination of the peritoneal cavity in abdominal 
wounds may play an important role in the late develop- 
ment of shock in these injuries. As in other types of 
bacterial infection it appears likely that the peritoneal 
infection renders the patient more vulnerable to minor 
degrees of hypovolemia. It is of interest that poor 
response to transfusions in war wounds is most commonly 
associated with either uncontrolled hemorrhage or 
bacterial infection. 

An understanding of the role of the adrenal cortical 
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hormones in bacterial shock is of considerable 
importance. The occurrence of adrenal hemorrhage in 
the Waterhouse-Friderichsen syndrome and _patho- 
logical changes in the adrenals of patients dying with 
severe infection (Rich, 1944) have suggested that 

adrenal insufficiency may play an important part in 
septic shock. For this reason adrenal steroids have been 
widely used in treatment. The results have been difficult 

to evaluate. 
Until methods were available for determination of 

the plasma concentration of the adrenal steroids this 
problem could not be solved. Recently a careful study 
(Melby and Spink, 1958) has clearly demonstrated that 
the level of plasma cortisol is increased in bacterial 
shock and that there is no failure of adrenal cortical 
function. The plasma cortisol level in patients with 
fatal bacterial shock was 73 yg/100 ml as compared 
with 50 in the surviving patients and 13 in the normal 
control subjects. Not only did the patients with bacterial 
shock have elevated levels of plasma cortisol but further 
elevation could be produced by the intravenous infusion 
of corticotropin. The rate of disappearance of infused 
cortisol sodium succinate from the plasma was studied. 
There was a considerable decrease in the rate of dis- 
appearance in those patients with fatal bacterial shock. 
This was attributed to impairment of the functional 
integrity of the liver. Studies have been performed in 
animals on the content of cortisol in adrenal venous 
blood following the administration of lethal amounts 
of endotoxin (Melby, 1960). Following injection of the 
endotoxin there was a marked increase in the output of 
cortisol. The output of cortisol continued until im- 
mediately before death. These studies would appear to 
demonstrate conclusively that failure of adrenal cortical 
function cannot be implicated in the pathogenesis of 
septic shock. These findings have therapeutic implica- 
tions as will be mentioned later. 

TREATMENT 

The first step in treatment is obviously directed 
toward the control of the underlying infection. If the 
infection is bacterial in nature antibiotics should be 
administered promptly. These should be given intra- 
venously because of possible inadequate absorption if 
given by other routes. If the nature of the offending 
microorganism is not known a broad spectrum anti- 
biotic such as tetracycline or chloramphenicol should 
be administered in view of the frequency of gram- 
negative organisms as a cause of shock. 

Unfortunately, death may not be prevented even 
though the antibacterial therapy is immediately effective. 
This was dramatically demonstrated in the deaths 
reported following the administration of blood con- 
taminated with bacteria (Borden and Hall, 1951; 
Stevens, 1953; Braude, 1953). The bacteria contaminat- 
ing the blood in these cases were gram-negative bacilli 
which exhibited optimum growth in the cold. These 
organisms are not ordinarily pathogenic for man; yet 
when large numbers of these bacteria are administered 

intravenously death may ensue. Presumably endotoxin 
is liberated which in turn leads to the alteration in 
hemodynamics. The ineffectiveness of antibacterial 
therapy is illustrated by the case reported by Stevens 
and co-workers. This patient received blood heavily 
contaminated with Pseudomonas. Despite the prompt 
administration of antibiotics and the rapid disappearance 
of bacteria from the bleod stream, severe shock ensued 
and led to death in 66 hours. 

A number of hypotheses have been advanced to 
explain the profound changes in the function of the 
peripheral vascular system in bacterial infection. A 
recent review (Gilbert, 1960) summarizes the experi- 
mental work on the problem. The experimental studies 
in animals have dealt with shock produced by injection 
of lethal amounts of endotoxin. There is some question 
as to whether this experimental model is similar in all 
regards to shock complicating severe infection in human 
beings. As mentioned earlier, shock may accompany 
infection with bacteria which do not produce endotoxin. 
The following hypotheses have been offered to explain 
septic shock: 7) severe hypovolemia, 2) adrenal cortical 
insufficiency, 3) action of bacterial toxins on the central 
nervous system with vasomotor paralysis, 4) direct 
action of endotoxin on the wall of the blood vessel, 5) 
increased reactivity of the small blood vessels to epi- 
nephrine (Thomas, 1958) and 6) liberation of histamine 
(Shayer, 1960; Hinshaw, 1960). The first two hypoth- 
eses have already been discussed. Experimental evi- 
dence has been presented which would appear to in- 
validate the third hypothesis (Weil, 1956). The relative 
insensitivity of the vascular system to levarterenol would 
also be incompatible with a central nervous system 
lesion. The importance of the direct vascular action of 
endotoxin and the effects of epinephrine, histamine and 
seratonin are under continuing investigation. It would 
be premature as yet to apply the results of these studies 
to the treatment of patients. 

The administration of fluid and electrolytes together 
with blood or plasma expanders is of considerable 
importance in the management of septic shock. It is 
essential that any hypovolemia or deficit in fluid or 
electrolytes be corrected by the administration of 
appropriate fluids. As mentioned earlier septic shock 
can be greatly increased in severity by minor deficits in 
blood volume. In mild bacterial shock correction of 
slight hypovolemia may restore blood pressure to normal. 

A more controversial issue is the usefulness of in- 
creasing the blood volume above the normal level for 
the individual. On theoretical grounds this would be 
expected to increase central venous pressure and cardiac 

filling. These effects can be observed in experimental 

endotoxin shock (Ebert, 1955). Most clinical observers 

have failed to see any dramatic improvement with the 

administration of large amounts of blood or plasma 

expanders (Ebert and Stead, 1941; Hall and Gold, 1955; 

Sharpey-Schafer, 1951). Moreover, caution must be 

exercised in administering excessive amounts of fluid 

as pulmonary edema can be produced (Altemeier, 1956). 

% 
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This is particularly true if oliguria persists in spite of 
therapy. A reasonable approach is to administer 500 
ml of blood, plasma or plasma expander to those patients 
without any evidence of hypovolemia. The adminis- 
tration of fluids should be guided by a careful observa- 
tion of urinary output. If oliguria persists in spite of 
therapy excessive administration of fluid should be 

avoided. 
The precise role that adrenocorticosteroids play in 

the therapy of shock due to infection is presently in 
dispute. It is agreed that there is excellent experimental 
evidence that steroids reduce the harmful effects of 
bacterial endotoxins in various laboratory animals 
(Spink and Anderson, 1954; Lillehei and MacLean, 
1959; Melby, 1959). In general, relatively large doses 
are required and these agents must be given either 
before or shortly after the endotoxin. This beneficial 
effect has been described for both lethality and the 
increase in serum enzymes occurring after administration 
of endotoxin. Such evidence has suggested that the 
steroids would be helpful in infections due to endotoxin- 
producing bacteria. 

Unfortunately, the responses to adrenocorticosteroids 
in patients with shock caused by gram-negative bacterial 
infections has not been as clear cut as in animals. A 
survey of some recorded experiences with steroids in 
such patients treated in eight different institutions 
(Altemeier and Cole, 1958; Ezzo and Knight, 1957; 
Griffen and Daeschner, 1954; Hall and Gold, 1955; 
Jahn, 1954; Koch and Carson, 1958; Lepper and 
Spies, 1957, 1958; Spink, 1960; Weil and Spink, 1958) 
shows that no significant improvement in overall 
mortality has been described in patients given steroids 
as compared to patients not given steroids, when all 
results are summarized: death occurred in 72 of 125 
patients given steroids and in 67 of 112 patients not 
given steroids. However, it is quite likely that such a 
summary may well not give an accurate picture. There 
is no assurance that the patients in the two groups 
were comparable in regards to age, type of infection, 
severity of illness, duration of shock or infection, or 
other underlying diseases possibly altering host responses. 

In addition, it is also likely that many patients received 
doses of steroids that would presently be considered to 
be inadequate for the desired pharmacologic effect. 
Because of these multiple factors, it is doubtful that the 
summarized results should be interpreted to show that 
steroids have no beneficial effects in shock due to in- 

fection. Indeed, competent clinical observers have 
reported that steroids may be helpful in at least two 
respects: the requirements for pressor agents may be 
significantly reduced and an improvement in the 
clinical status, e. g. clearing sensorium and fall in fever, 
may result. On the other hand, the recorded experiences 
offer little evidence that steroids have any harmful 
effect. Although one report (Margaretten and Mc- 
Adams, 1958) concerning meningococcal infections 
states that patients without shock had a higher mortality 

rate when treated with steroids than when steroids 

were not given; no series with significant numbers of 
patients in shock show an increased mortality in patients 
given steroids. 

It appears that no definitive statements about the 

use of steroids in conjunction with antibiotics and 
pressor agents can yet be made. When one combines 
the experimental evidence of protection of animals 
against endotoxin with the described improvement in 
the clinical status of some patients after steroids and 
the lack of harmful effects of steroids, it would seem 
that there is sufficient justification for the use of steroids. 
Since the aim of steroid therapy is to effect a pharmaco- 
logic action rather than to replace insufficient adrenal 
function, the steroids should be given in large amounts 
over a short time, for example, 500 mg hydrocortisone 

(or equivalent amounts of other steroids) intravenously 
every 4 to 6 hours for 18 to 24 hours. If improvement 
does not occur on this schedule, it is doubtful that 
additional therapy will be helpful. Further observations 
on the use of steroids in this clinical setting are necessary 
before definitive statements about their effectiveness 
can be made. 

Vasoconstrictor drugs have been widely used in the 
treatment of septic shock in an attempt to elevate 
arterial pressure. There is general agreement that 
levarterenol is the most effective agent available. It is 
administered in 5% dextrose solution by intravenous 
drip. An increase in arterial pressure can usually be 
produced if a sufficiently large dose is given (Moyer, 
1953; Ezzo and Knight, 1957; Hall and Gold, 1955; 
Weil and Spink, 1958; Altemeier and Cole, 1958; 
Braude, 1953; Davies, 1957). In severe shock large 
amounts of levarterenol may be required to raise arterial 
pressure. The total amount of fluid used to administer 
the drug should be limited particularly if the patient is 
oliguric. Pulmonary edema can be induced with excessive 
amounts of fluid. 

There is no conclusive proof that the use of levarterenol 
reduces the mortality in patients with bacterial infection 

and shock. Nevertheless it seems reasonable to maintain 

the arterial pressure above 80 mm Hg systolic. The 

elevation in arterial pressure may not be accompanied 

by an increase in cardiac output. In experimental 

endotoxin shock in animals, levarterenol produced a 

slight but definite increase in cardiac output (Ebert, 

1955). Studies in human beings with septic shock 

demonstrated that levarterenol had little effect on 

cardiac output (Gilbert, 1955). In these patients the 

cardiac output was at a level similar to that found in 

normal human beings. 

The mortality in patients with severe infection and 
shock remains high. This is in part because these patients 

often have debilitating chronic illnesses and in part 

because the infection is sometimes difficult or impossible 

to control. The circulatory changes are often only part 

of a very complicated clinical problem. 
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Shock problems in vascular surgery 

MICHAEL E. De BAKEY, JAMES D. McMURREY, PHILIP C. JOHNSON, JR., 

AND ARTHUR C. BEALL, JR. 

Baylor University College of Medicine, Houston, Texas 

j= ASSOCIATION OF SHOCK with vascular surgery has 
long been well recognized, particularly in traumatic con- 

ditions producing major arterial injuries with rapid and 
massive hemorrhage. In recent years, however, the shock 
problem in vascular surgery has assumed broader signifi- 

cance, as a consequence of the development of effective 
methods of surgical treatment for a wide variety of 
vascular diseases including, particularly, aneurysmal and 
occlusive lesions of the aorta and its major branches. 
With this great expansion of vascular surgery into the 
fields of both acute and chronic diseases of the vascular 
system, many factors have been introduced which tend 
to predispose this type of surgical therapy to problems 
relating to shock. While in most instances these are 

primarily concerned with blood loss and the consequent 
occurrence of hypovolemic shock, in others they are 
associated with the presence or development of local or 
systemic physiologic and hemodynamic disturbances 
many of which remain poorly understood. 

Most important among these factors are the nature 
and pathologic features of the vascular lesions for which 

operative treatment is employed, the ages of the patients, 
the presence of other associated diseases particularly 
those producing hypertension and cardiovascular, renal, 
pulmonary and cerebral disorders, and the anesthetic 
and surgical procedures themselves. Aside from trauma, 
which deserves separate consideration, and certain 
congenital lesions such as coarctation, the underlying 
pathologic disease process for which the great majority 
of vascular surgical procedures are now being applied 
is arteriosclerosis or atherosclerosis. To be sure the actual 
lesion requiring surgical intervention is usually well 
localized and segmental in nature, either in the form 
of an aneurysm or an occlusion, but not infrequently 
and by the very nature of the disease the lesion is only a 

more advanced and localized accentuation of a gen- 
eralized and widespread involvement of the arterial tree. 
This tendency towards diffuse involvement is of variable 
degree and assumes major significance when it becomes 
associated with hypertension, coronary insufficiency, or 
disturbances in renal and cerebral circulation. Their 
importance is reflected both by their frequency and by 
their influence on the operative mortality. Thus, analysis 
of our experience reveals that from a third to a half of 
the cases in this category have associated hypertension 
or manifestations of coronary insufficiency. Their influ- 
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ence upon the risk of operation is well illustrated by our 
experience with the surgical treatment of aneurysms of 

the abdominal aorta in which the operative mortality in 
hypertensive patients is three times greater than that 
in normotensive patients. Similarly, the operative mor- 
tality for these aneurysms in patients with heart disease 
is more than seven times greater than that in patients 
with no heart disease (De Bakey and Crawford, 1959; 
De Bakey, 1959). 

Since arteriosclerosis is the most frequent pathologic 
lesion for which vascular surgery is now being applied, 
a high proportion of these patients tend to be in the 
upper decades of life. Thus, the mean age of our patients 
was 60 years. The influence of age is illustrated by the 

fact that the operative fatality rate for aneurysms of the 
abdominal aorta in the eighth decade of life is almost 
twice that of patients in the fourth and fifth decades 
(De Bakey and Crawford, 1959). 

The surgical procedure employed is obviously a factor 
of major if not primary importance in predisposing the 
individual to shock. Depending upon the nature, extent, 
and location of the vascular lesion, the operative pro- 
cedure may be relatively simple, such as endarterectomy 
for a small well-localized occlusive process of the internal 
carotid or superficial femoral artery, or of considerable 
magnitude and complexity, such as in resection and 
graft replacement for aneurysms of the aortic arch or for 
aneurysm involving the upper segment of the abdominal 
aorta from which the major visceral branches arise. A 
variable amount of blood loss is a constant accompani- 

ment of these procedures. Indeed, sudden hemorrhage 
is almost always deliberately produced as a planned 
part of the “‘flush-out’’ procedure immediately prior to 
restoration of normal blood flow. Occasionally sudden 
and even massive hemorrhage may occur inadvertently 
and as a consequence of technical errors. For many 
vascular problems and particularly for aneurysmal 
disease, the operative procedure necessarily imposes 
temporary ischemia of a portion of the body for varying 
periods of time, despite the use of temporary external 
or internal shunts, the pump-bypass or the pump-oxy- 
genator. In addition a host of other factors directly or 
indirectly associated with the operative procedure, such 
as anesthesia, respiratory and metabolic acidosis, 
derangements in fluid and electrolyte balance, disturb- 
ances in other blood components especially those con- 
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TABLE 1. Shock and Trauma of the Aorta, Major Arteries, 

and Vena Cava 

No. No. C ‘ 
Location of Injury Patients Deaths Shock Mortality 

Aorta 23 14 95 68 
Iliac arteries 17 5 29 
Carotid arteries 18 3 17 
Peripheral arteries 162 3 1.9 
Total arterial injuries 220 25 66 11.4 
Vena cava 38 22 82 58 

cerned with coagulation, and possible changes in steroids, 
may also play contributory roles in the development of 
shock. 

In light of these considerations it is not surprising that 
shock should constitute an important problem in vascular 
surgery. More remarkable is the fact that it does not 
occur with greater frequency. Indeed, there are rela- 
tively few conditions in which it constitutes a major and 
common problem. These include vascular injuries with 
massive blood loss, ruptured aneurysms in any location, 
and fusiform and dissecting aneurysms of the thoracic 
and upper abdominal aorta. It is also remarkable that 
operations of the type and magnitude now being per- 
formed in vascular surgery can be undertaken with a 
relatively low mortality. This fact along with the rela- 
tively low incidence of shock, except for the few condi- 
tions mentioned, may be attributed to a number of 
advances both in the diagnostic and in the anesthetic 
and surgical management of the patient. Precise diag- 
nosis through angiography has enabled the surgeon to 
plan the operative procedure in a manner that permits 
the most direct approach to the diseased segment with a 
minimum of operative trauma, blood loss, and other 
hemodynamic disturbances. The ready availability of 
banked whole blood permits immediate and concomi- 
tant replacement of blood loss during the operation. 
Effective vasopressor agents may be used to control 
temporary hypotensive episodes. Close attention during 
the conduct of the operation and ir the immediate post- 
operative period is exercised to control or correct the 
development of respiratory or metabolic acidosis or 
derangements in fluid and electrolyte balance. 

SHOCK IN VASCULAR TRAUMA 

Perhaps the highest incidence of shock in any category 
of vascular disease occurs in traumatic injuries of arteries 
and major veins. As might be expected, injuries of the 
larger and more centrally placed vessels are more com- 
monly associated with shock and fatality. In Table 1 
are presented data from this center on shock and vascular 
injuries for various segments of the arteries and for the 
vena cava. These data were obtained from patients 
admitted during the 12-year period ending in 1960 
(Beall, 1960; Morris, 1957; Morris, 1960; Ochsner, in 
press). 

In this center 95 % of patients with aortic injuries and 
82% of patients with vena cava injuries, who survived 
long enough to reach the hospital, entered in shock; 

66 % of all patients with arterial injuries were in shock 
at the time of admission. 

The magnitude of shock present in these patients with 
vascular trauma may be reflected by the volume of 
blood replacement required for resuscitation. The 
average volume of blood replacement for the patients 
with arterial injuries was 2,500 ml; for aortic injuries 
alone, this figure rose to an average of 6,200 ml. For 
those patients with vena cava injuries an average of 
4,400 ml blood per patient was used. In many instances 
the entire blood volume was replaced during the course 
of management. 

The hospital mortality was directly related to the 
caliber of the vessel and distance from the heart. For 
aortic injuries the mortality rate was 68 % and was 58 % 
for vena cava injuries. For the entire group of arterial 
injuries mortality rate was 11.4 %, which could be largely 
attributed to injuries of the aorta, and iliac and carotid 
arteries. In those patients with injuries of the peripheral 
vessels the mortality rate was only 1.9%. 

It should be noted that these were civilian injuries 
and were incurred by low velocity missiles and stab 
wounds. The circumstances of transportation and facili- 
ties for resuscitation and treatment were optimum. 
Therefore, these injuries are not comparable to those 
occurring under battle circumstances reported by 
Hughes (1945) and Spencer (1955). 

Patients with essentially isolated or pure vascular 
injuries are uncommonly seen; the vast majority of 
patients with these injuries have, in addition, other 
major, and often multiple visceral injuries. In this group, 
traumatic, or wound shock, and hemorrhagic shock are 
combined. In many instances the associated injuries 
were of major importance in the production of shock 
and death of the patient. Most of the patients were 
young healthy adults without concurrent disease. 

INCIDENCE OF SHOCK IN VASCULAR SURGERY FOR 
LESIONS OTHER THAN THOSE PRODUCED BY TRAUMA 

For the purposes of this study a review and analysis 
was made of our total experience with 939 cases in which 

operative treatment was employed for vascular diseases 
other than trauma during the year 1959. In order to 
determine the presence or absence of shock an arbitrary 
decision was made that patients would be considered 
to have been in shock when the systolic blood pressure 
decreased from any previous normal or hypertensive 
level to go mm Hg or below and this decrease was sus- 
tained for longer than a momentary period. Accordingly 
all patients having such a fall in blood pressure before, 
during or after operation were recorded as having been 
in shock. In the great majority of instances and except 
for ruptured aneurysms of the abdominal aorta and 
dissecting aneurysms of the thoracic aorta, this occurred 
during the operation. In this connection it must be 
recognized that this aspect of the survey is subject to 
some inaccuracies, since the blood pressure records on 
the anesthesia charts from which these data were ob- 
tained were not always complete owing to the fact that > ti eee a 



shock 

s with 
me of 

The 
atients 
juries 
l. For 
ge of 
tances 
course 

ro the 
t. For 
s 58% 
rterial 
argely 
arotid 
pheral 

vjuries 
1 stab 
facili- 
mum. 
those 

d by 

scular 
ity of 
other 

sroup, 
ck are 
ajuries 
shock 
were 

e. 

[A 

nalysis 
which 
iseases 
der to 
yitrary 
idered 
‘essure 
ensive 
aS SUS- 
dingly 
yefore, 
x been 
except 
a and 
curred 
ust be 
ject to 
rds on 
re ob- 
st that 

CONFERENCE ON SHOCK 187 

TABLE 2. Surgery of the Aorta and Major Arteries—1959 

| No. of Patients 
with Shock Lie: 

Location and Disease | —— | Pon Woes re — 

| 10 min. | = | Shock 
| Or less | 5. min. | 

SSE eee eee eer ak caro! Sees tS Seen 

Ruptured aneurysms of ab-)- 14 | 6 | 2 | 12 | 6 
dominal aorta | 

Aneurysms of abdominal 216 3 40 | 13 2 
aorta | | 

Dissecting thoracic aneu- 19 6 2 Best 35 
rysms 

Fusiform aneurysms of 41 9 10 25 5 
thoracic aorta 

Visceral abdominal occlu- 30 2 o | 2 2 
sive disease | 

Aortoiliac occlusive dis- | 169 S |e 9 I 
ease | 

Aortoiliac and femoral oc- 66 2 14 4 I 
clusive disease 

Femoro-popliteal occlusive | 216 3 9 oO o 
disease | 

Aneurysms of femoral and 18 ‘oe ee = re 
popliteal arteries | | | 

Occlusive disease of in- 116 3 21 0 
nominate, subclavian 
and carotid arteries 

Coarctations of aorta | 34 Bi SOE ORS ys 

Total | 939 a fe 74 | 22 | | 

* Systolic blood pressure decrease during surgery from any 
previous normal or hypertensive level to g971 mm Hg or below 
and maintained for longer than momentarily. 

under certain urgent circumstances the anesthesiologist 
was primarily occupied with correction of hypotension. 
It is highly probable, therefore, that these figures under- 
estimate the occurrence and particularly the duration 
of shock, during the operation. 

As may be observed from the tabulated data, the 

total incidence of shock in this series of patients was 20 % 
with 8 % having shock of significant duration, i.e., lasting 
more than 10 minutes (Table 2). As might be expected, 
the highest incidence of significant shock occurred in 
patients with ruptured aneurysms of the abdominal 
aorta, most of whom were admitted in shock. The next 
highest incidences were respectively in patients with 
aneurysms of the thoracic aorta, dissecting aneurysms 
of the thoracic aorta, and aneurysms of the abdominal 
aorta. Thus, while this group of patients represented 
less than a third of the entire series, they accounted for 
almost two thirds of the total incidence of shock of 
significant duration. Particularly significant, too, is the 
fact that of the total number of deaths from shock 86 % 
occurred in this group of patients. 
A further illustration of the relationship of the mag- 

nitude of the operation to the occurrence and importance 
of shock may be gained by a comparison of the group 
of patients having aortoiliac occlusive disease with those 
having aortoiliac and femoral occlusive disease. In the 
former group the operation consisted of endarterectomy 
or a bypass graft from the abdominal aorta to the 

external iliac or common femoral arteries. In the latter 
group the operation consisted of a bypass graft from the 
abdominal aorta to both common femoral and to one 
or both popliteal arteries. This additional procedure in 
the latter group would seem to have increased the total 
incidence of shock from about 20 % in the former to 27 % 
in the latter. Moreover, the incidence of fatal shock was 
increased from 3% in the former group to 6% in the 
latter. 

While the total incidence of shock in this entire series 
may be considered relatively low, its importance may 
be better appreciated by the fact that approximately 
one-half of the total deaths in this series resulted from 
shock. In several of these the occurrence of an uncon- 
trolled hemorrhagic diathesis despite various therapeutic 
measures contributed to the fatal development of shock. 
There were four patients in the series who died from 
renal failure, and shock as a contributing factor couid 
not be excluded. Septic shock was not encountered in 
this group of patients. 

These figures do not portray the entire magnitude of 
the shock problem in vascular surgery in other respects. 
For example, it is customary in the conduct of surgery 
for vascular diseases to support the blood pressure during 
operation by the liberal use of vasopressors, blood, and 
adrenal steroids for varying periods of time during blood 
loss and following the removal of occluding clamps on 
large vessels. Thus, artificially maintained blood pressure 
fails to reflect an inadequate blood volume of however 
brief duration. Another feature of these patients which 
obscures analysis of the shock problem is hypertension. 
Thirty-four per cent of the patients had an initial blood 
pressure of 150/90 or above. For many of these patients 
the shock level of blood pressure may have been that 
which is generally considered to be a normal value. A 
number of patients have been observed, those with 
carotid artery disease in particular, in whom a very 
slight change in blood pressure within the normal range 
produced a critical change in the status of the patient. 
A recent patient illustrates this point quite well. A 

46-year-old white female was admitted to the hospital 
with evidence of cerebrovascular insufficiency manifested 
by impaired vision and difficulty with the use of her 
right hand. Examination in the supine position revealed 
a blood pressure of 110/70 mm Hg in the right arm 
and 120/75 mm Hg in the left arm. There was a systolic 
bruit over the bifurcation of both carotid arteries. The 
neurological examination was within normal limits. 
Compression of the right carotid artery produced numb- 
ness in the left hand and arm as well as dizziness. 

Bilateral carotid arteriograms revealed partial occlu- 
sion of both common carotid artery bifurcations with a 
well-localized severe stenotic lesion of the proximal 
portion of both internal carotid arteries. A right sub- 
clavian arteriogram revealed a normal vertebral artery 
with no evidence of intracranial basilar artery disease. 
A left carotid endarterectomy and closure with a Dacron 
patch was performed. Shortly following the procedure 
the blood pressure was stable at 130 mm Hg systolic. 
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She was conscious and moved all extremities. One hour 
after surgery the systolic blood pressure fell to 100 mm 
Hg. This was associated with right hemiparesis and 
aphasia. An intravenous infusion with vasopressor was 
started, and the blood pressure rapidly returned to 130 
mm Hg systolic. Within five minutes there was complete 
return of function on the right side, and the patient was 
able to speak without difficulty. For the next 48 hours 
it was necessary to maintain the infusion. During this 
period the blood pressure was twice allowed to fall to 
100 mm Hg systolic. With each of these episodes there 
was an immediate return of right hemiparesis and 
aphasia, which cleared rapidly when the blood pressure 
returned to 130 mm Hg. 

Her blood pressure finally stabilized at 130 mm Hg 
systolic without support, and the remainder of her con- 
valescence was uneventful. Eight days later a right carotid 

endarterectomy and closure with dacron patch was 
performed. There was no difficulty with her blood 
pressure during the period following surgery, and no 
neurological deficit was noted. She was discharged fully 
recovered 8 days following the second procedure. 

Perhaps the two most critical periods during the 
conduct of vascular surgery for alterations in blood 
pressure to occur are at the times of application and 
removal of the occluding clamp on the artery proximal 
to the lesion. In general, an increase of blood pressure 
was observed with application of the proximal clamp 
and a fall in blood pressure was observed on removal of 
the clamp and with flushing out of the proximal and 
distal segments preceding the restoration of normal 
blood flow. In the majority of those patients with an 
increase in blood pressure with application of the prox- 
imal arterial clamp, the increase in blood pressure was 
sustained until the clamp was removed. When a de- 
crease in blood pressure was observed with removal of 
the proximal clamp this decrease was usually transient, 

rarely lasting over 30 minutes. Many of the charts showed 
the reverse of this change and, in some patients, no altera- 
tion of blood pressure was noted. In Tables 3 and 4 
are given the percentage of patients showing these 

TABLE 3. Blood Pressure Changes with Application of Clamp 
Proximal to Vascular Lesion 

Abdominal 
Location Thoracic Aorta Aorta Femoral Artery 

“% Patients with 84% 49°, 49% 
B.P. increase 

B.P. change* 40mm Hg 27mmHg_ 21 mm Hg 
Time to maximal 16 min. 12 min. 14 min. 

change* 

© Patients with 13% ' 2% 26% 
B.P. decrease 

B.P. change* 50mm Hg 27mmHg_= 27 mm Hg 
Time to maximal 12 min. 13 min. 12 min. 

change* 

% Patients with 4% 23% 25% 
B.P. no change 

* Mean values. 

ON SHOCK 

TABLE 4. Blood Pressure Changes with Removal of Clamp 
Proximal to Vascular Lesion 

Abdominal 
Location Thoracic Aorta Aorta Femoral Artery 

“© Patients with 4% 34% 11% 
B.P. increase 

B.P. change* 20mm Hg 32mm Hg 20mm Hg 
Time to maximal 10 min. 14 min. 20 min. 

change* 

“~ Patients with 92", 50% 50% 
B.P. decrease 

B.P. change* 52mm Hg 35mm Hg - 22 mm Hg 
Time to maximal 18 min. 11 min. 16 min. 
change* 

> Patients with 4% 16% 30° 
B.P. no change 

* Mean values. 

changes, the mean alteration in blood pressure, and the 
duration of time required to achieve the maximal blood 
pressure change for various segments of the arterial tree. 
These blood pressure alterations represent the effect of 
the clamp as well as that of blood loss, blood administra- 
tion, and the infusion of vasopressors when the clamp was 
removed. 

Many other factors are involved in the production of 
hypotension in vascular surgical patients. Changes in 
cardiac and cerebral function, anesthetic drugs, and 
obstruction to venous return during operation may 
contribute to the hypotension. The latter particularly is 
important to recognize since it may easily be corrected. 
The avoidance of hypotension is of paramount impor- 
tance in these patients since hypotension with its con- 
tribution to the formation of thrombi at the operative 
site may impair an otherwise successful outcome. 

BLOOD VOLUME CHANGES IN VASCULAR SURGERY 

This portion of the study was undertaken to define 
first, the adequacy of blood volume replacement in 
vascular surgical patients and, second, to determine 
whether or not an increase in the vascular compartment 
resulted from the restoration of flow in previously 
occluded major arterial channels. An additional feature 
consisted of the determination of any transient change 
in blood volume postoperatively as a consequence of 
ischemia and anoxia resulting from the existing disease 
and surgical procedure. 

Forty-three patients undergoing surgical therapy for 
aortoiliac occlusive disease were studied with deter- 
minations of hematocrit, blood volume, red cell volume, 
and plasma volume preoperatively and at intervals of 

2 to 4 days and 10 to 14 days postoperatively. These 
determinations were carried out using accepted tech- 

niques (Moore, 1956), primarily utilizing radioactive 
iodinated human serum albumin. Random studies in 

this group utilized radioactive chromium tagged red 
blood cells and Evans blue dye. There were no deaths 

in this group of patients. Blood replacement averaged 
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2,500 ml per patient. Hypotension below go mm Hg 
systolic was encountered for longer than momentarily 
but less than 10 minutes in 6% and for longer than 10 
minutes in 12% of the 43 patients. The mean values 
for those patients with recorded shock as defined above 
were not significantly different from the overall mean 
values, except that the fall in blood volume and red 
cell volume in the immediate postoperative period was 
of a somewhat greater magnitude. 

The results of these studies revealed a slightly ele- 
vated preoperative or control blood volume as compared 
to a predicted normal based on 7.0% of body weight 
for males and 6.5% for females (McMurrey, 1958). 
Postoperatively, the mean hematocrit fell to 89 % of the 
control at the 2- to 4-day interval, but then rose to 92 % 
of the control after 10 to 14 days. The mean red cell 
volume showed a similar change with a fall to 86% in 
the early postoperative period and a rise to g1 % in the 
latter postoperative period. The mean plasma volume 
was 100% of the control in the early period and 108% 
of the control in the later period. Mean total blood 
volume was 94% and 99 % of the control or preoperative 
values in the two periods (Table 5). 

These findings suggest that a slight increase in blood 
volume may be a compensatory mechanism in patients 
with aortoiliac occlusive disease. The changes in hema- 
tocrit, red cell volume, plasma volume, and blood volume 
seen in this study appear to represent those of blood loss 
and blood replacement rather than change in size of the 
vascular compartment. Of particular significance is the 
fact that adequacy of blood replacement may be quite 
accurately assessed on clinical grounds if the replace- 
ment proceeds concomitantly with the loss. Moreover, 
these measurements of blood volume would appear to be 
reasonably accurate in spite of a considerable loss and 
replacement. These patients represent a striking con- 
trast to those with battle injuries reported by Prentice 

(1954) in whom bleod volume determinations failed to 
reflect the known bivod loss and replacement. It seems 
apparent that the degree of soft tissue damage and the 
magnitude of shock in these two groups is not com- 
parable. One other major difference relates to the fact 
that replacement did not proceed concomitantly with 
blood loss in the Korean series, as it did in our cases. 
Apparently pre-existing lower limb ischemia, even 

when surgical ischemia is superimposed, does not 
produce a significant or detectable alteration in the 
vascular bed as determined by these measurements. 
It should be noted that the duration of surgical ischemia 
was well under one hour in these surgical procedures. 

CORONARY BLOOD FLOW AND CARDIAC OUTPUT 
MEASUREMENTS IN VASCULAR SURGERY 

Many of the deaths in patients undergoing vascular 
surgery not accounted for by hemorrhagic shock relate 

directly or indirectly to cardiac factors. As indicated 
previously, well over one-third of the patients in our 

experience requiring vascular surgery have some in- 

TABLE 5. Blood Volume Studies in 43 Patients Undergoing 
Surgery for Aortoiliac Occlusive Disease 

Control 10-14 
. or Pre- 2-4 Day Day 

Predicted operative Post- Post- 
Normal* Value operative operative 

Hematocrit 44 47 42 43 
Mean “¢ control 100 89 g2 

Plasma volume 2700 2850 2800 3000 
Mean “¢ control 100 100 108 

Red cell volume 2150 2450 2100 2200 
Mean “%; control 100 86 gI 

Blood volume 4850 5300 4900 5200 
Mean “% control 100 94 99 

Mean values. 
* Predicted normal blood volume based on 7.0% of body 

weight for males and 6.5% of body weight for females. 

cidence of coronary insufficiency. Even mild degrees of 
shock and hypotension with consequent decreased 
cardiac output and coronary blood flow may assume 
considerable significance in such cases. In light of these 
considerations and in order to assess some of the features 
of heart disease in these patients, studies of myocardial 
blood flow and cardiac output were carried out in 25 
patients admitted for vascular surgery. An attempt was 
made to correlate these objective findings with the 
history, physical examination, and electrocardiographic 
findings. 

The method employed was a modification of that 
reported by Sevelius and Johnson (1959) and utilized 
radioactive diodrast. This method is of course subject 
to the inaccuracies of all isotope methods (Bing, 1960), 
and the values obtained are probably not meaningful 
in absolute terms. However, these values are useful for 
comparisons between patients, and particularly for 
comparison of successive measurements in the same 

patient. Because of these factors and since the cardiac 
output determinations were not done in the basal fasting 
state, no attempt has been made to correct these figures 
for differences in body surface area. Patients with 
extremes in weight were not encountered in these 
studies. 

Myocardial blood flow and cardiac output were 
determined in all patients of this series prior to surgery. 
Medications known to influence coronary blood flow 
were withdrawn prior to testing. The patient was seated 
during this determination. In 11 patients, repeat studies 

were obtained on the first postoperative day with the 
patient lying in bed and again 7 days later. 

Measurements of myocardial blood flow and cardiac 
output in 10 normal medical students and in 12 patients 
followed in the medical clinic for angina pectoris were 
used tor comparison with the values obtained in this 
study (Johnson, unpublished observations). The 25 
patients admitted for vascular surgery were divided on 

the basis of history, physical examination and electro- 
cardiographic findings into two groups: those with 
evidence of heart disease and those without. 
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TABLE 6. Preoperative Coronary Blood Flow and Cardiac 

Output of Patients Admitted for Vascular Surgery 

Myocardial 
Angina or Prior EKG Evidence Blood Flow Cardiac Myocardial 

History of Coronary % Cardiac Output, Blood Flow, 
Infarction Disease Output 1/min. ml/min. 

A. Patients with Known Coronary Artery Disease 
+ + 3.6 3.0 180 
= 1 3.2 7.5 240 
+ = 2.8 5-0 140 
i ~ 4-1 4-7 193 
= i 5 i 2.2 5.1 112 
+ ~ 2.9 4-7 136 
+ = 7 4.0 68 
+}- — 2.5 =A 78 
= i + 1.9 6.0 114 
+ zi 3-2 4-5 144 
T on 4-9 4-9 240 
+ + 3.6 6.3 227 
= + 1.8 2.6 47 

Mean 3.0 4-7 148 
+ Standard error of mean +0.3 +0.4 

B. Patients with no Known Coronary Artery Disease 

~ aa 4-4 4-5 198 
5 x 4-2 5:7 239 
= — 4.6 5-6 258 
— - 4.8 5-6 269 
> 2; 3-9 5-1 198 
— — 4.0 4.6 184 
- - 6.8 10.1 687 
—_ on 8.6 10.0 860 
- - 5-6 4-3 241 
= Fz. 5-0 3-9 295 
- _ 4-0 4-9 196 
_ _ 4.6 6.8 313 

Mean 5-1 6.1 328 
+ Standard error of mean +0.4 +0.6 

In Table 6A are given values for myocardial blood 
flow in percentage of cardiac output, cardiac output, 
and a calculated myocardial blood flow for 13 patients 

in the group with known cardiac disease. Mean age for 
these patients was 53 years. Table 6B gives similar values 
for the 12 patients without known heart disease. The 
mean age for these was 62 years. 

In Table 7 a comparison is made of values for normal 
medical students, vascular disease patients with no 
known cardiac disease, vascular disease patients with 
evidence of cardiac disease and patients with angina 
pectoris without other known vascular disorders. 
Analysis of variance showed that mean coronary blood 
flow and cardiac output of the latter three groups were 
different statistically from the mean values obtained 
from the normal students. Further, the patients ad- 
mitted for vascular surgery who were considered to be 
clinically free of cardiac disease had mean myocardial 
blood flow and cardiac output values greater than that 
of the angina patients and vascular surgery patients 
with known cardiac disease. These values are of sta- 
tistical significance. No differences of statistical sig- 
nificance were found in myocardial blood flows and 
cardiac outputs of the vascular disease patients with 
known coronary artery disease when these were com- 
pared to the angina patients. 

Myocardial Blood Flow and Cardiac Output* TABLE 7. 

Calcu- 
lated 
Mean 
Myo 

Myocardial cardial 
Blood Flow, Cardiac Blood 
% Cardiac Output, Flow, 
Output 1/min. ml/min. 

Normal medical students 6.10.3 7: 720:4 470 
Vascular disease patients 

No known coronary dis- 5.10.4 6.10.6 328 
ease 

Known coronary disease 3.00.3 4.70.4 148 
Angina patients 2.3-b0.2 4.00.3 g2 

* Mean + Standard Error of Mean. 

Table 8 presents the values for myocardial blood 

flow and cardiac output of the 11 patients studied before 
and after vascular surgery. No differences of statistical 
significance were found in myocardial blood flow and 
cardiac output values of these patients before and after 
surgery. The changes present in successive measure- 
ments in individual patients may be accounted for by 
the effect of drugs, emotional state, and chance variation 
in experimental values. 

The number of patients studied in this series is much 
too small for sweeping conclusions. Even so, these 
myocardial blood flow and cardiac output measure- 
ments suggest certain trends which bear on the problems 
encountered in vascular surgery. Approximately half of 

the patients of this small series had clinically evident 
coronary artery disease manifested as an infarction or 
by angina pectoris. All but one of the patients with 
known cardiac disease had coronary blood flow values 
which were in the range (mean +2 standard deviations) 

of the group of angina patients. Five of these patients 
had no findings in the electrocardiogram which would 

suggest coronary artery disease. Thus significant ab- 
normalities in coronary flow may exist in the absence of 
electrocardiographic evidence of coronary disease, but 
this disorder is usually evident on a clinical basis. 

These data suggest that coronary artery disease is 
more commonly present in patients with vascular disease 
than in the population at large; however, the coronary 
blood flow may be relatively normal in the presence 
of other significant vascular disease (in 50% of these 

patients). This, again, emphasizes the localized nature 
of the severe manifestations of atherosclerosis. 

Myocardial blood flow and cardiac output values of 
those patients thought to be free of coronary disease in 
this series were lower than those of normal adults in the 
second decade of life. This might be expected since 
coronary atherosclerosis is commonly present in in- 
dividuals over 50 years of age. Thus coronary flow seems 
somewhat impaired in many of these patients without 

evident heart disease. 
These data suggest that in spite of the stress of major 

surgery with the associated changes in blood pressure 
and arterial oxygen saturation, myocardial blood flow 

and cardiac output are well maintained near the pre- 
operative levels following operation on the day of 
surgery and 7 days later. Heilbrunn (1960) demon- 
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TABLE 8. Myocardial Blood Flow and Cardiac Output Before 
and After Vascular Surgery 

Myocardial Blood Flow Cardiac Output 
% Cardiac Output i Liters/min. 

| Imme- 
ore diately | 7 Days Preop- | diately | 7 Days Preoperat t ee | t 

we | rate | erative | SE] Baste | ertie 

Patients with no Known Cardiac Disease 
4.6 4-9| 5-2 6.8 7.0 7.2 
4-2 5-5 3.9 5-7 5-4 6.1 
5-9 4-4 3-7 5.1 6.5 5.2 
4.0 3-4} 3.6 4.2 6.3 5-4 
8.6 3.9 6.3] 10.0] 12.5 8.4 
5-0 4.7 5.2 5-9 8.0 4.6 

Mean, 5-4 4-5 4-7 6.4 7.6 6.2 
+ Standard error of 
mean, 0.7 +0.3 | 40.4 | +0.8 | +1.0/ +0.6 

Patients with Known Cardiac Disease 
3.2 2.9 2.1 4-5 5-4 4-9 
4-9 6.2 6.0 8.0 7.0 7.8 
4.0 | 3-6] 5.2 | 6.2 
4-5 6.0 | 4-9 a4 
3.6 4-1 | 6.3 4-4 

Mean, 4.0 4540] - -§:6 WOR, 5 
+ Standard error of | | 
mean, +0.3 | +0.7 | +0.6 | +0.6 

strated a decrease in the cardiac index during surgical 
procedures with a return to normal immediately post- 
operatively. He further noted a slight decrease during 
the first week following operation. Clowes (1960) ob- 
served a similar decrease in cardiac index during the 
actual operation with a rise at the time of extubation. 
In cardiac surgical patients a second depression in 
cardiac index occurred immediately postoperatively. 
Thus from these data as well as that presented here, it 
seems evident that the increased work load on the heart 
of a surgical procedure occurs during the anesthesia 
period, and that this load is not present during the 
period of recovery even a few hours following termina- 
tion of the operation. 

UNSOLVED SHOCK PROBLEMS IN VASCULAR SURGERY 

A study of this nature serves to point up a number of 
deficiencies particularly in the availability of factual 
information essential to a better understanding of the 
problem. This became quickly apparent when we began 
to review the medical literature and our own records. 
Despite the great expansion and the rapid advances 
that have been made in the field of vascular surgery in 
recent years, a review of the medical literature revealed 
a great paucity of factual data on the problems of shock 
in this type of surgery. In our own records many gross 
areas of omission became quickly apparent. Most im- 
portant among these were deficiencies in recording 
significant changes during the operative procedure 
particularly certain observations on the anesthetic 
charts. This, of course, is a well-known problem which 
has not been satisfactorily solved despite continuing 

and vigorous efforts to maintain complete and adequate 
hospital records. A study of this kind is best done as a 
special area of interest with a well-prepared protocol, 
which we are now undertaking. 

Since the most profound and dramatic hemodynamic 

changes in vascular surgical patients occur in the oper- 
ating room, there is great need to study these physiologic 
and biochemical disturbances during the course of the 
operation. To be sure it is not always possible to carry 
out the same well-controlled studies in these patients 
that are possible in the animal experimental laboratory. 
None the less, with proper facilities and equipment 
many of the observations and precise factual data 
derived from animal studies can be made on the patient 

during operation. Indeed this study leads us to the 

conviction that only by this means will it be possible to 
obtain information that will help to clarify many of the 
problems relating to shock in vascular surgery. 

Some of the studies which are suggested by analysis 
of our vascular surgical patients include the following: 

1) The direct and continuous monitoring of blood 
pressures during entire operative procedures and cor- 
relation of changes with specific operative manipulations. 

2) Further definition of the tolerance of normal 
organs, such as the brain, spinal cord, liver, kidneys, and 
intestinal tract to ischemia. Knowledge is needed of the 
minimal blood flow or blood pressure and maximal 
duration of this blood flow which is consistent with the 
survival of various tissues for normal individuals, for 
patients with existent vascular disease, and for patients 
with hypertension. 

3) Further study of cardiac reserve, and study of 
cardiac work, and coronary blood flow of these patients 

during the anesthetic period and during the actual 
operation seems mandatory if we are to understand 
further the “heart factor of irreversibility’? which is so 
often encountered in this group. 

4) The role of adrenal steroids in patients in shock 
needs clarification. Our clinical impression of beneficial 
effects by their administration needs documentation. 
Further studies are needed in vascular patients, par- 
ticularly, to determine if latent adrenal insufficiency 
exists with greater frequency than in the normal popula- 
tion. 

5) Studies are lacking as to the role of vasopressor 
and vasodilator substances in patients with vascular 
disease. It seems entirely possible that the responses of 
patients with cerebral, coronary, and other visceral 
arterial disease may be quite different from those with 
essentially normal blood vessels and blood pressures. 

6) Further studies of the blood coagulation mech- 
anisms are clearly needed in patients who have re- 
quired multiple transfusions for resuscitation. Patients 
continue to be lost as a direct result of failure of this 

vital function. 

7) More blood volume determinations are needed in 

patients with shock. Specifically, knowledge of how to 

interpret values obtained in the “lost blood problem”’ 

is lacking. 
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SUMMARY 

1) In recent years the great expansion of the field of 

vascular surgery to include in addition to acute injuries 

a wide variety of chronic vascular diseases such as 

aneurysmal and occlusive lesions of the aorta and its 

major branches has introduced a number of factors 

which tend to predispose this type of surgical therapy to 

problems relating to shock. Although in most instances 

these are still primarily concerned with blood loss and 

the consequent occurrence of hypovolemic shock, in 

others they are associated with the presence of develop- 

ment of local or systemic physiologic and hemodynamic 

disturbances that remain poorly understood. 

2) The most significant form of shock in this field of 

surgery, both in incidence and severity, continues to be 

in patients with injuries to the major vascular system. 

The magnitude of the shock as well as the mortality is 

directly related to the proximity of the injured vessel to 

the heart. 

3) Although the total incidence of shock in vascular 

surgery for non-traumatic lesions is relatively low, it 

gains great importance by virtue of the fact that it 
accounts for approximately one-half of the total deaths. 

4) The highest incidence of shock in non-traumatic 
vascular surgical cases is encountered in patients with 
aortic aneurysms. The significance of the shock problem 
in these cases is well reflected by the fact that while this 
group of patients represented less than a third of the 
total non-traumatic vascular surgical experience, almost 
two-thirds of the total incidence of shock of significant 
duration occurred in these patients. Moreover, 86% of 
the total number of deaths from shock occurred in this 
group of patients. 

5) Blood volume measurements in vascular surgical 
patients confirm that adequate replacement of blood 
concomitantly with the loss is feasible on a clinical basis. 
No increase in vascular space is present as a consequence 
of anoxia or restoration of major vascular channels. 

6) Cardiac reserve in those patients undergoing 
vascular surgery without clinical evidence of heart 
failure or coronary artery disease is not abnormal and is 
well maintained in the week following surgery. 

7) Many unsolved shock problems in vascular surgery 
need further clarification. 
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Round-table conference 

Critical analysis of models for the study 

of experimental shock 

F. A. SIMEONE, Moderator 

Ts PURPOSE of the Conference was to discuss the 
problems related to the use of experimental models for 
the study of shock with particular reference to the 
many variables which could affect the results and their 
interpretation. These included a) the difficulties of 
communication, i.e. the problem of semantics; b) 
variables concerned with physiologic and other differ- 

ences among species used in studies of experimental 
shock; c) variables related to the technique used for the 
induction of hemorrhagic shock and to other character- 
istics of the experiment; d) the effect of seasonal and 
circadial influences upon the results of test procedures; 

and e) the effect of acclimatization or adaptation to 
injury so that the results of the same or a new injury are 
unlike the effects of the first injury. Possible fruitful 
areas for investigation were suggested during the course 

of the discussion. 
The session was opened with comments by Dr. Carl 

J. Wiggers who touched upon most of the problems to 
be discussed in greater detail during the course of the 
afternoon. He briefly traced the history of the experi- 

mental approach to the problem of shock. 

SEMANTICS 

Shock is a condition in which the clinical deviations 
from the normal are referable to changes in the circu- 
latory system. These deviations can be brought by a 
variety of causes, and frequently the same cause may 
result in differing manifestations in different individuals, 

and quite different causes may result in comparable 
manifestations. Ronald T. Grant emphasized _ these 
matters, elaborating upon his discussion of the problem 
on the first day of this symposium. He observed that 
in the various presentations the speakers used the word 
shock to describe conditions of different etiologies and 
with different connotations, ‘‘and each one of us is 

convinced that our shock is the shock.”’ By way of illustra- 
tion he contrasted two patients in shock. Both displayed 

“cold hypotension,”’ but one was a young man who had 
incurred injury; the other was associated with infection. 
Very likely, the former had oligemia and the latter was 
normovolemic or nearly so. The former would recover 
with transfusions; the latter would not. Both the prog- 
nosis and the therapy are different because the basis for 
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the cold hypotension is not the same in the two situations. 
Furthermore, both differ from the state of the anes- 
thetized animal permitted to bleed into a reservoir. 
The reference to any of them by the common term 
“shock” without qualification would confuse the listener 
or reader. It would be preferable to refer to the con- 

ditions as: “cold hypotension with limb injury; cold 
hypotension with infection; cold hypotension with 
anesthetic, or cold hypotension in the anesthetized 
dog.” 

The question was raised by the moderator, with 
regard to the three examples of different kinds of shock, 
whether they did not have one thing in common, 

namely the failure of the heart to pump blood into the 
aortic arch in normal volume per unit of time and 
under normal pressure. Quite properly, Dr. Grant 
pointed out that this needs to be found out. Most con- 
fusing is the fact that a writer, during the course of a 
discussion, may use the word to refer to different kinds 
of shock without making the shifts in meaning clear. 
This confusion would be avoided if the term were 
abandoned. 

Dr. Magnus I. Gregersen joined the discussion and 
while agreeing with Dr. Grant that the term shock 
suffers from lack of precision, he saw some good in this 
very fact. In his own words: ““What I’m driving at is 
that ‘shock’ has served an immense purpose as an 
intellectual tool to force people to study various specific 
things about the body, the vasomotor system, the 
cardiac output, the renal mechanism, and all sorts of 
things; and they’re going on apace.” From the practical 
point of view, the clinician would not be in trouble if 
he would understand that he must go through a differ- 
ential diagnosis of the condition, regardless of what he 
called it, before he could arrive at rational therapy. Dr. 
Grant was not sympathetic with this point of view. 
From past experience, he feared that human nature 
being what it is, the inexperienced doctor will under- 
stand one syndrome by the one word and will be misled 
as to the necessary treatment. 

Dr. E. Basil Reeve carried the discussion further, 
emphasizing the practical consequences of misinterpreta- 
tion of the word shock. Thus the general application of 
the concept that traumatic shock is the result of a 
toxemia, as Cannon, Dale, Laidlaw and Richards 

\ 
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described from their studies during World War I, 
delayed the full use of blood transfusion in World War 
II. Shock was interpreted as basically a single problem, 
and the Cannon-Dale interpretation was applied to all 
cases. Clear and precise definition of the specific problem 
at hand is essential. 

The description of an experimental model for the 

study of shock in animals is an easy matter. The investi- 
gator can describe the subject, the anesthetic, the 

procedure, and other variables. In clinical practice, 
the variables leading to the observed clinical state may 
not be apparent. Precise definition of the elements 
causing the disturbances of hemodynamics may be 

difficult. The question becomes one of differential 
diagnosis just as in other clinical situations. The com- 
plexity of the clinical problem is increased by the fact 
that the experiment designed by nature and by acci- 
dental trauma often is compounded of several chal- 
lenges, each of which on its own could lead to circu- 
latory failure. Sorting them out and applying appropriate 
therapy become matters of informed clinical judgment. 

All were agreed as to the importance and indeed the 
necessity for precise definition of the experimental 
model and of the clinical problem under study. In fact 
this is a truism, for without precise description of the 
variables, communication regarding a problem is of 
little value and often misleading. However, the clinician 
frequently is faced with the effects of trauma or other 
stress without full knowledge of the variables related to 
the cause. He finds the word shock a convenient one 
insofar as it creates the picture of a certain clinical state. 
The term will be useful in proportion to the detail and 
accuracy with which he can qualify it from his objective 
observations. Dr. Gregersen saw some good in the very 
confusion created by the word shock. He stated: ““We 
should not berate the use of the term when as a matter 
of fact it has served a very great dramatic purpose in at 
least two wars and in the daily challenge to medical and 
surgical practice; it serves a daily challenge to dramatize 
the importance of studying all aspects of the phenom- 
enon; and that’s really what I’m trying to say. And ’m 
delighted that there is all this confusion and that the 
longer it’s maintained, perhaps the more we will think.” 

VARIABLES IN THE EXPERIMENTAL MODEL 

a) Species differences. Dr. B. W. Zweifach opened this 
part of the discussion and pointed out the dangers of 
transposing findings from one animal species to another. 
Indeed, differences in response to a given challenge can 
occur among different groups within the same strain of a 
species depending upon the antecedent history. Dr. 
Jacob Fine had pointed this out in his observations on 
endotoxic shock in rabbits. The presence or absence of 
anesthesia in the experiment is of obvious importance 
but, as Dr. Zweifach indicated, the investigator must 
appreciate that when dealing with different species, the 
use of the same anesthetic agent does not make anesthesia 
a constant. The same anesthetic agent will have a differ- 

ent effect in the rat than it has in the dog. For example, 
under pentobarbital anesthesia the dog maintains a 
satisfactory airway; the rat, or the mouse, obstructs its 
trachea with mucus resulting from a catarrhal response 
to the agent. Hypoxia develops which will obviously 
modify the behavior of these animals, but is conditioned 
entirely by the anesthetic. 

The rabbit, as Dr. Zweifach stated, is a very poor 

animal to use for experiments on shock. It is difficult to 
anesthetize and does not tolerate hypotension well 
enough to permit prolonged observations. Most rabbits 
are infected with coccidiosis and the effects of the experi- 
mental procedure may well be complicated and modified 
by exacerbation of the coccidiosis. To quote Dr. Zwei- 
fach: ““We’ve got to, I think, come to grips with the 
fact that . . . hemorrhagic shock in the rat, hemorrhagic 
shock in the rabbit, (and) hemorrhagic shock in the dog 
may be different entities.” A toxemic factor in one 
species does not indicate the same factor in other species. 

Dr. Zweifach made a particularly significant point in 
his statement that the fact that collapse of circulatory 
homeostasis is observed in all animals after inducing 
hypotension does not necessarily mean that the mecha- 
nisms involved are the same. The identical end can be 
reached by a variety of mechanisms in different animals. 
Ideally, all our work should be done with one animal 
species. Commenting further on problems related to 
endotoxemia, Dr. Zweifach pointed out that while all 
animals can be killed by the administration of over- 
whelming amounts of endotoxin, the mechanisms of 
death can differ among the several species. Some die of 
pulmonary edema, some of damage to the liver, others of 
hematologic changes (thromboses), and still others (the 
rabbit, for example) may die as the result of a break- 
down in the blood-brain barrier. ‘“‘We cannot say that 
because all these animals are dying of endotoxemia, they 
die of the same reason.” 

Dr. Francis D. Moore continued the discussion re- 
garding species differences with particular reference to 
the liver and its “‘sphincters.’””’ He very graphically 
described the hepatic engorgement which the dog 
develops when he is transfused after a period of hypo- 
tension. This dramatic response is not seen in man 
though the sequence of hemorrhage, prolonged hypo- 
tension, transfusion, and laparotomy is a rather frequent 
one in clinical surgery, providing ample opportunity for 
observing this phenomenon if it did occur. Then Moore 
raised the question whether this peculiar reaction in the 

dog might not be of particular significance in compara- 
tive biology. Could the phenomenon, or the mechanisms 
which make it possible, have survival value? Some 
suggested that the early observations on the anatomy 
and physiology of hepatic sphincters in various animals 
are worth repeating. 

Dr. Ewald E. Selkurt commented further on the 
phenomenon of the obstructed portal flow, pointing out 
that the intestinal blood flow drops along with the rise 
in portal blood pressure, and observed that the phenom- 
enon would be teleologically unsound. In his work on 
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hemorrhagic shock in the squirrel monkey, the hepatic 
and duodenal congestion so strikingly seen in the dog 
was not found. The mechanisms of death may well be 
different in the dog and in the squirrel monkey. He 
raised the question: could the circulatory failure be 
peripheral in one and central in the other? Dr. Michael 
G. Weidner described some of his findings from studies 

of vena caval and portal pressures during the course of 
oligemic hypotension in the dog. He demonstrated that 
after prolonged oligemic hypotension, infusion of the 
reservoir blood may lead to some absolute rise in the 
portal pressure, but when the rise in the vena caval 
pressure is subtracted from it the resultant for the portal 
pressure is only slightly increased or not at all. The 
portal hypertension was certainly not comparable to 
that resulting from respiratory acidosis without hypoxia, 
or from hypoxia without acidosis. However, counts from 
radioactive blood in the splanchnic area suggest an 

accumulaion of blood in this region following the return 
of reservoir blood. 

Dr. Eugene D. Brand discussed his experiences with 
the cat as the experimental animal for studies of hemor- 
rhagic shock. Most impressive was the consistency of the 
quantitative response to the applied stimulus, a period 
of inadequate tissue perfusion. Dr. Brand found the cat a 
very convenient animal for a number of reasons: 7) the 
species is much more uniform than that of the dog 
because through the ages, with very few exceptions, 
there has been less breeding for anatomic (and therefore 
physiologic and biochemic) peculiarities than has been 
done in the dog; 2) the “‘bacterial status’? of the cat 
may be less complicated than that of the dog; 3) the 
liver and intestine respond to hypotension very much 
like those of man and unlike those of the dog. He de- 
scribed the variables that have been controlled in his 
laboratory for studies of hemorrhagic hypotension in the 
cat. Only healthy male cats are used; their weights are 
between 2 and 4 kg; they are kept for a month at a 
constant temperature to minimize seasonal effects; and 
the diet is standardized. Dr. Brand illustrated the very 
uniform response of his animals to a stimulus of 2 hours 
of hemorrhagic hypotension at 40 mm of Hg followed 
by 3 hours at 45 mm Hg at the end of which time the 
reservoir blood is returned. All animals die of respiratory 
arrest when the blood pressure eventually (after about 
18 hours) falls along a straight line to a level of 30 mm 
Hg. This response was found to be remarkably constant. 
The duration of survival could therefore be used as an 
index of the effect of therapy. 

b) Techniques for producing hemorrhagic shock. Dr. E. 
Frank opened the discussion on the question of tech- 
niques for simulating in experimental models the various 
kinds of shock as seen in man. His group, in Dr. Fine’s 
laboratories, have had a long experience with this 
problem and have made significant contributions during 
the past two decades. Although the causative mech- 
anisms may differ, acceptable models of “‘traumatic 
shock must achieve an acute and persisting deficiency 
of blood flow through the tissues.”” When this deficiency 

has continued for a period of time, progressive biologic 
changes reach a degree of deterioration such that the 
animal will fail to survive despite restoration of the blood 
volume to normovolemia. It was suggested that useful 
information could come from studies of the internal 

state of the animal just before this stage is reached. 
Dr. Frank maintained that aside from this common 
ground of inadequate tissue perfusion, one can expect 
innumerable variables in both man and animals. 

During the course of the discussion, several techniques 
for inducing hemorrhagic shock were described. 

1) Dr. Fine and his group modified the Wiggers 
technique of graded repeated hemorrhage and partial 
transfusion by employing the reservoir for blood, kept 
elevated at the desired level of pressure. Dr. Frank and 
his group have obtained reproducible data in the dog 
by permitting the animal to bleed into the reservoir 
maintained at a level comparable to 30 mm Hg. During 
the first hour, the animal would continue to bleed into 
the reservoir but, soon thereafter, blood would auio- 
matically return to the animal. When 40% of the 
“original maximal bleeding volume” is taken back 
spontaneously by the animal, rapid transfusions of the 

remainder of the reservoir blood restores the blood 
pressure only temporarily in most cases, and during the 
subsequent hours 95 to 98% of the animals die. This 
model is referred to as one of ‘‘irreversible” shock. 

2) Dr. Eugene D. Brand’s model utilizes the cat as 
the experimental animal. His most recent technique is to 
maintain the cat’s systemic blood pressure by means of a 
reservoir at a level of 40 mm Hg for two hours and, then, 
by raising the reservoir, at a level of 45 mm for three 
additional hours. The animal died acutely during the 
period of hypotension in only two of thirty-eight experi- 
ments. The remaining thirty-six were returned their 
blood, and their post-transfusion course was remarkably 
constant. In each cat, the arterial blood pressure fell in a 
straight line from the post-transfusion level. In all 
animals, respiratory arrest occurred when the pressure 
had fallen to 30 mm Hg. The average survival time was 
17.6 hours. The survival time-course, being so pre- 
dictable, could be a useful index for the evaluation of 
therapeutic procedures. 

3) Dr. Frazer N. Gurd reported on the method he and 
his associates have used for studying hemorrhagic shock, 
an adaptation of that described by Zingg, Nickerson 
and Carter. The dog is used as the experimental animal. 
The level of hypotension is controlled by the level at 
which the blood-collecting reservoir is set. Two levels of 
blood pressure are maintained in succession. The 
systemic pressure is kept at 40 mm Hg for the first 60 
minutes and at 70 mm Hg for the next 30 minutes. At 
the end of this time, the tubing to the reservoir is clamped 
for the next 90 minutes. The clamps are then released 
and the reservoir blood is returned. In thirty-one animals 
the mortality was 100%, the average survival time after 
transfusion being 13.2 hours. These results were ob- 
tained during summer months. In the winter, to cause a 
comparably severe stress, the first period of oligemia 
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and hypotension had to be extended to 75 minutes and 
the second to 45 minutes. Dr. Gurd, in this connection, 
presented data which indicated that chlorpromazine or 
hydrocortisone administered as single injections during 
the period of oligemia prevented the high mortality. 

4) In a prepared statement, Dr. R. A. Cowley, unable 
to attend the conference, described the method he has 
been using as a modification of Dr. Fine’s technique, 
which had resulted in too high a mortality to permit 
evaluation of therapeutic measures. The animals are 
bled into the reservoir to a pressure of 30 mm Hg and 
maintained at this level for 2 hours. This stress is lethal 
for 50% of the animals. Exposure to this same degree of 
hypotension for 2!4 hours was fatal for 82% of the 
animals. Some animals died despite the fact that they 
spontaneously took back no blood or less than 20% of 
the blood from the reservoir. No animal survived, 
however, if it took back as much as 40% or more of the 
reservoir blood. 

5) Dr. Bruce Paton described the approach that he 
and his associates have been using in Dr. Swan’s labora- 
tories. Within a period of 15 minutes, they bled dogs a 
certain percentage of their blood volume as calculated 
before the hemorrhage. No more bleeding was done 

regardless of the blood pressure. The animals had had 
splenectomy one month before the experiment. By this 
technique, Paton and his associates obtained more 
reproducible results with regard to survival than they 
did by bleeding a certain percentage of the blood volume 
estimated on the basis of body weight, or by leaving the 

animal with a predetermined amount of blood after 
bleeding. Dr. Paton reported that, using this technique, 
they had to bleed 5% more volume in the winter than 
in the summer to obtain the same results with regard to 
mortality. They observed that despite oligemia hemo- 
dilution does not take place to a significant degree so 

long as blood pressure is maintained within limits. In 
their standard preparation, a hemorrhage of 41.6% of 
the calculated blood volume (40.1 to 42.7% with 95 % 
confidence) was lethal to half the animals. 

c) Anesthesia. The problem of anesthesia is a serious one 
for the ‘experimental approach” (Wiggers) to the 
problem of shock. As mentioned by Dr. Zweifach, not 
only do different anesthetic agents have different effects, 
but the same agent may have different effects in different 
species. There has been great variation in the kind and 
amount of anesthetic used by different groups of in- 

vestigators. For example: 
1) Dr. Fine’s group: one or two mg of morphine per 

kilogram body weight an hour or two hours before 
the experiment is started. 

2) Dr. Brand: pentobarbital sodium, 35 mg_ per 
kilogram administered intraperitoneally. 

3) Dr. Gurd: minimal dose of intravenous sodium 
pentobarbital “‘to permit cutdown” and thereafter 
administered in small amounts as needed. 

4) Dr. Paton: Sodium pentobarbital anesthesia. 

Many other anesthetic agents have been used by others, 
including ether and Dial-urethane. The problem pre- 

sented by attempts to compare different groups of 
experiments done under different kinds of anesthesia 
is obvious. 

d) Return of reservoir blood. The manner in which the 
blood in the reservoir is returned to the animal can 
give rise to variables which can affect the results of the 
period of oligemia and hypotension. The rate at which 
blood is returned is important. If about 40% of the 
blood volume is returned to the animal in as little as 
five minutes, the heart is likely to fail. Blood sediments 
out in the Lamson bottle during the period of hypo- 
tension. Whether or not the red cells are resuspended 
before transfusion could affect the results. The tem- 
perature of the infused blood is still another variable. 

Another problem with the infusion of blood into 
experimental animals is that of contamination and its 
effect upon the transfused animal. The serious circulatory 
depressant effect of transfusing animals through con- 
taminated tubing and other equipment is well known. 
Dr. C. C. Bell demonstrated that unlike the infusion of 
sterile blood, that which had been collected by non- 
sterile technique and stored 7 to 13 days before adminis- 
tration cause a great discharge of 17-hydroxycortico- 
steroids from the adrenal glands. Neither potassium nor 
free circulating hemoglobin (up to 0.g gm%) produced 
an adrenal response. The problem of contamination 
should be kept in mind in reinfusion experiments even 
if storage in a reservoir is for only a very few hours. The 
problem of isoagglutinins was not discussed. Although 
these antibodies usually exist in low titers in the dog, 
they occasionally can seriously influence the results. 

Dr. George H. A. Clowes, Jr. commented on the 
dangers of infusing citrated blood into animals. Among 
other problems, he and Dr. Michael G. Weidner, Jr. 
demonstrated a great loss of calcium combined with 
citrate in the urine. This could be a cause of hypo- 
calcemia in man. 

e) Variability in the model related to seasonal and other 
temporal factors. Dr. Gurd and Dr. Paton both pointed 
out in their presentations that in winter months dogs are 
able to withstand oligemia and hypotension better than 
during summer months. Dr. Brand made a point of 
starting his experiments on hemorrhagic shock in the 
cat at the same time of day to take account of diurnal 
variations. 

Dr. Franz Halberg presented a most interesting 
discussion of rhythmic variations in the responses to a 
variety of stimuli. He showed very clearly the striking 

disparity in the results of a standard stimulus according 
to the time of day when the stimulus was applied. The 
interesting and significant point regarding this phe- 
nomenon is that the rhythm often does not follow an 
exact 24-hour cycle, but may be shorter or longer. For 
this reason, the rhythm is called circadial rather than 
diurnal. Thus for comparable positions in the cycle an 
experiment may have to be started on a morning hour 
on one day and an afternoon hour on another day. For a 
particular function in a particular animal or group of 
animals, the cycle can be determined and the experi- 
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ments accordingly planned. An interesting problem 
requiring further study, and further complicating the 
interpretation of results, is the question of how the 
injury itself may affect the circadial rhythm. 

f) Environmental temperature and its importance in the 
experimental model. Dr. H. B. Stoner discussed the effects 
of temperature upon the response of animals to injury. 
In his experiments on tourniquet shock in the rat done 
at room temperature (18 or 21°C) he observed a fall 
in the temperature of the liver, which begins to rise 
again only toward the end of the period of limb ischemia. 
These animals had had two or three minutes of ether 
anesthesia in the beginning. There was no actual fall 
in the total oxygen consumption during this time. 
Presumably the observed fall in temperature results 
from a negative balance between production and loss of 
heat. When the same experiment is done at a high 
environmental temperature, the temperature recorded 
from the liver rises instead of falling when the tourni- 
quets are removed. Yet the blood flow in the liver 
decreases. If the air temperature is kept at 21°C while 
the tourniquets are in place, and the animal is placed 
in an ambient temperature of 30°C when the tourni- 
quets are removed, the temperature of the liver rises. If 
the reverse is done, the liver temperature falls when the 
tourniquets are removed. Dr. Stoner discussed other 
interesting observations in relation to cold. For example, 
the normal rat exposed to a temperature of 3°C responds 
with a rise of about one degree in the liver temperature 
and this may continue for many days. Following the 
release of limb tourniquets, this response is not obtained 

and the temperature of the liver rapidly falls, an almost 
poikilothermic behavior. Dr. Stoner suggested that 
while the hemodynamic response of man and animals 
may differ considerably, their biochemical responses to 
injury show much closer similarity. 

g) Adaptation to injury. There are numerous observa- 
tions suggesting that exposure to injury decreases the 
physiologic and biochemic response to subsequent in- 
jury. This, of course, is an interesting example of the 
phenomenon of adaptation. Commenting upon the 
evidence of Dr. Michaeles regarding possible brain 
damage in rats subjected to injury in the Noble-Collip 
drum, Dr. Stoner raised the question of the significance 
of repeated drumming. Are decreased responses reflecting 
effects of the same degree of injury or are they reflecting 
the effects of decreasing injury? In his own laboratory, 
Dr. Stoner and his associates have demonstrated a 
striking decrease in the response to limb ischemia in 
animals acclimatized to cold. In these animals, the 
changes in hepatic blood flow and the chemical changes 
in the ischemic limbs are about the same as in the non- 

acclimatized animals, but the fall in the temperature of 
the liver is much less and the mortality rate from a 
four-hour period of ischemia of the hind limbs is reduced 
from 85% to about 73 %. Heat-acclimatized rats have a 
longer survival time following the injury but the mor- 
tality rate remains the same. Dr. Stoner was not fully 
convinced that many of the findings in relation to 

acclimatization and increased resistance to injury are 
not in fact ‘‘an experimental trick.” If the relationships 
do withstand close scrutiny, however, he stated that the 
rat acclimatized to cold is an excellent subject for the 
study of this and related phenomena. 

Dr. Zweifach discussed several forms of resistance to 
injury and of adaptation. In his opinion, resistance to 
injury does develop by previous exposure to the trauma 
of the Noble-Collip drum. For example, if a rat is 
exposed to the Noble-Collip drum for gradually in- 
creasing numbers of turns, starting with sublethal 
numbers, the trauma can be increased to many times 
that which would be lethal if administered for the first 
time. The resistant animal fails to develop the ecchy- 
moses and petechial hemorrhages which one exposed to 
the trauma for the first time shows. Dr. Zweifach be- 
lieves that some “peripheral adaptive response” has 
taken place. He cited the work of others which has 
indicated that with tumbling in the Noble-Collip 
drum, the unadapted rat develops increased proteolytic 
activity in the blood. This does not occur in the adapted 
animal. Similarly affected is the leukopenia followed by 
leukocytosis which is expected in the unadapted tumbled 
animal. Adaptation also provides resistance to the 
noxious effects of adrenaline, histamine, 5-hydroxy- 
tryptamine, bacterial endotoxin, and other agents. 
These, too, appear to be peripheral adaptive effects. 
Interestingly, adaptation is not a strictly specific matter. 
Thus adaptation to tumbling in the drum renders an 
animal resistant to the effects of endotoxin and vice 
versa. There are highly specific types of adaptation as 
well. 

The adapted animal does not show the signs and 
symptoms of shock when subject to the shock-producing 
injury. Hypotension, blood coagulation changes, and 
other features of the response to injury do not develop. 
The animals “do not go into what we cail circulatory 
insufficiency.” 

Dr. Zweifach described the interesting adaptation of 
the intestine to increasing periods of ischemia. Without 
previous adaptation, occlusion of the superior mesenteric 
artery for 90 minutes results in a ‘“‘shock-like syndrome”’ 
after release of the occlusion. The intestine becomes 
hemorrhagic and ulcerative and there is intraluminal 
bleeding. When the mesenteric artery is occluded for 
only 15 minutes and then repeated at intervals over 
several days, the period of occlusion can be extended 
to as long as 4 or 5 hours without producing intestinal 
changes, shock and death. 

Cold or drum adaptation and other kinds of adapta- 
tion, too, result in hypertrophy of the reticuloendothelial 
system. Once established, the adaptation can be main- 

tained by periodic stimulation of the reticuloendothelial 
system by means of endotoxin. Whether exposure to 
trauma leads to enzymatic or to immunologic changes 
or both is a matter for speculation. The phenomena 
mentioned are only examples of the many aspects which 
could lead to fruitful study in the problem of adaptation. 
Obviously, the previous experience of individuals within 
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a population under study is an important variable for 

the interpretation of results. 

WHAT TO STUDY IN THE SHOCK MODEL 

Although Dr. Wiggers maintained that much is 

known about responses of the cardiovascular system to 
various situation, others pointed out that, as a matter of 
fact, there is rather little understanding with regard to 

the integrated overall cardiovascular response to hemor- 
rhage and much further study is needed. In this con- 
nection, Dr. Grant believes that the best experimental 
model for man is man himself. He had made a point of 
this in his paper before the assembly. Dr. George H. A. 

Clowes, Jr. reported upon his experiences with studies 
of the cardiac output in patients during and after the 
stress of surgical operation, a good example of obtaining 

information from man himself. Stoner and Zweifach 
believed that much could be learned from studies of 
the phenomena associated with the matter of adaptation 
to injurious stimuli. Halberg saw that useful information 
could come from further studies of circadial rhythms in 
relation to trauma. 

Dr. C. L. Prosser indicated the importance and need 

of carrying out studies at the cellular level. The effects 

of injury upon cells could be examined in terms of 
changes in permeability, intracellular enzymes, protein 
structure, and other characteristics of the cell. He 
emphasized the “‘extreme”’ sensitivity of cell membranes 
to mechanical distortion. Even minor distortions have 
led to great changes in cell permeability. Dr. Prosser 
suggested that very little is known at the cellular level 
about the behavior of arterial smooth muscle after 
injury. He saw that differences in the behavior of the 
same cells in different species could be turned to the 
investigator’s advantage, because important _ basic 
principles thereby might be brought to light. 

At the close of the discussion, the moderator asked 
Dr. Grant what he would advise a bright young man 
who wants to study the problem of shock and goes to 
him with the question “what should I study so as to 
end up having a better understanding of cold hypo- 
tension in man”. Dr. Grant said very much in his 

brief reply, “In this hypothetical case, I am not prepared 
to say”’. 

SUMMARY AND COMMENT 

Whatever its cause may be, the central problem in 
the clinical syndrome we recognize as shock is a lack of 
blood available to the circulation for achieving normal 
perfusion of tissues. Whether the blood is shed or is 
sequestered in some area of the venous return, the skin 
is deprived of it and is therefore cold and pale, capillaries 

fill sluggishly after they have been emptied by pressure, 
increased peripheral vascular resistance eventually 
fails to make up for the decrease in cardiac output and 
the systemic blood pressure falls. Increased heart rate 
fails to compensate for the decreased venous return. 
The salivary glands stop secreting and the mucous 

membranes of the mouth and throat become uncom- 
fortably dry. This is Grant and Reeve’s “cold hypo- 

tension,” the most common clinical form of shock. If 
prolonged, the poor perfusion of tissues and organs 

results in metabolic changes which can be lethal to 
vital cells. There are variations in the details of this 

picture both as to cause and to effects. But the fact 
remains that a patient whose organs, including the 

skin, are normally perfused with blood does not fit the 
clinical picture to which clinicians refer as shock. Thus, 
the goal of studies on problems of shock is a_ better 
understanding of the causes and effects of general 
circulatory insufficiency in man, as opposed to local 
circulatory insufficiency secondary to obliterative 
arterial disease or to traumatic arterial interruption. 

Few would quarrel with the thought that the best 
model for learning about these causes and effects as 
they occur in man is man himself. But it is apparent 
that when observations are made on man the experi- 

ment is set by nature or by accident and not by the 
careful and precise design of the investigator. Accurate 
definition of the causes of the clinical picture often is 
not possible. Nevertheless, if data are to be meaningful, 
they must be obtained with accuracy and must be 

accompanied by as complete description as possible of 

the events leading to the circulatory insufficiency and 
with detailed description of the circumstances under 
which the data are obtained. Definition of the con- 
dition under study by mere use of the word shock is not 
adequate for, as Grant and Reeve have insisted, this 
can mean different things to different people. 

Since general circulatory failure can result from the 
involvement of one or more of several homeostatic 
mechanisms, and since in different species or in different 
individuals the apparent features of circulatory failure 
may differ, one can hardly expect that a single word or 
phrase can describe the condition with all-encompassing 
accuracy. The word shock may be looked upon as a 
convenient term to describe a small class of conditions 
which in both man and animals lead to responses with 
broad similarities, but with possible differences of 
detail. In this sense, the term is a very convenient and 
useful one. It can be made as precise as necessary by 
appropriate qualification. 

The use of the term cold hypotension adds little to 
the similar use of the term shock. Cold hypotension is 
observed in a man a few minutes after a severe gunshot 
wound of the extremity. It is similarly observed in the 
patient with mesenteric thrombosis or with advancing 
peritonitis. The cold hypotension or shock is the same 
in both, but the mechanisms leading up to inadequate 
circulatory perfusion of the skin and the salivary glands 
may be quite different in the two. Different causative 
mechanisms would imply different therapeutic ap- 
proaches. 

The use of experimental animals for studying the 
problems of shock does not eliminate the need for 
precise definition of the experimental model. Experi- 
ments on animals can be better controlled than observa- 
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tions on man where the experiment is set up by hap- 
penstance, but despite this great advantage the variables 

remain innumerable. The following are those which 
the participants discussed : 

1. Species differences. Animals respond differently to a 

standard injurious stimulus not only because of differences 
in anatomic and physiologic organization, but also 

because of such incidental differences as_ intestinal 
bacterial flora, habits in relation to the environment, 
etc. 

2. Techniques of bleeding—for producing hemorrhagic 
hypotension, and the methods of returning reservoir 
blood to the animal. 

3. Anesthesia. This is a most important consideration. 
Both qualitative and quantitative variation exists. 
Many experiments have been done under light sedation 
with narcotics (morphine); others with only local 
anesthesia (procaine); still others under varying amounts 
of barbiturates and anesthetics for inhalation. Different 
effects are expected when different anesthetics are used. 
It is worth emphasizing, further, that the same agent 
may have different effects in different species and even 
in different subjects from the same species. The diffi- 
culties with statistical analysis under these circum- 

stances are obvious. 

4. Return of reservoir blood. It has been known for some 
years that too rapid mechanical return of reservoir 
blood to animals which have been oligemic and hypo- 
tensive for a prolonged period can overload the heart 
and be fatal. This is an important consideration for the 
evaluation of data on mortality. 

5. Seasonal and other rhythms. It appears that dogs 
can withstand greater blood loss during the cold months 
than during the warm months. They can withstand a 
given level of hypotension longer during the winter 
months than during the summer months. This could be 
an expression of cold adaptation to a variety of stresses, 
including hemorrhage. Of particular importance is the 
circadial rhythm or cycle discussed by Halberg. The 
problems presented by this particular rhythm are not 
met by performing experiments at the same time of day 
because the cycles are not precisely 24 hours in length. 
Some are more; others are less. Data on mortality and 
on physiologic and biochemic effects must be interpreted 
in terms of circadial rhythms. 

6. Environmental temperature. Stoner’s interesting data 
point up the fact that the ambient temperature in which 
the experiment is conducted is of tremendous importance 
for the results. Ideally, the environment should carefully 
be controlled. 

7. Adaptation to injury. Adaptation can modify the 
subsequent effects of injury or stress. Stoner and Zweifach 
discussed this problem in considerable detail. The past 
history or experience of the experimental animal is of 
obvious importance for the interpretation of results. 
One wonders about the problem of adaptation. The 
adapted animal differs immunologically and _physio- 
logically from the control animal. Other factors could 
play some role. Has the animal adapted to the Noble- 
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Collip drum learned to tumble without hurting itself? 
Does the progressive development of collateral circula- 

tion play a part in the experiments on intestinal is- 
chemia? 

Other variables in experimental models could be 

added, such as age, sex, and body form. Of particular 
importance in experiments on hemorrhage is the rate 

at which blood is withdrawn for the induction of oli- 

gemia. Depending upon the resistance offered by the 
cannula used for bleeding and upon the level at which 
the collecting apparatus initially is held, the systemic 
blood pressure may remain above the desired experi- 
mental level for an hour or longer. Data are difficult to 
interpret when it is not stated that the experimental 
level of hypotension for a given period of time is in 

fact measured directly as systemic blood pressure and 
not on the basis of the level of the blood reservoir. As 
implied by Gurd, variation of only a few minutes in 
duration could make a significant difference in the 

results. For these reasons one must accept statistical 
evidence in this field with great caution. 

Paton commented that results were most consistent 
when bleeding volume was determined as a certain 
percentage of the previously measured blood volume. 
That this should give more consistent results than blood 

letting based upon a certain percentage of the body 
weight simply means that there is variability in the 
proportion of the total body weight comprised by blood. 
Why it should matter whether the withdrawal is based 
on the amount of blood to be removed or on the amount 
to be left in the animal is not as understandable since 
arithmetically the two figures would be necessarily 
interdependent. 

It would not be difficult to list some of the important 
gaps in our knowledge or in our understanding of the 
many problems of shock, but it would be another 
matter to state what should be investigated in this field. 
There is difference of opinion regarding the question of 
the relative importance in hemorrhagic shock of volume 

deficit versus level of hypotension. Paton and his group 
have favored studying the effects of bleeding a pre- 
determined percentage of the circulating blood volume 
regardless of how effectively or ineffectively the animal 
adjusts its blood pressure. The interpretation of results 
in this case must include a consideration of the animal’s 
homeostatic mechanisms concerned with maintaining 
a head of pressure and a satisfactory blood flow through 
some vascular beds and not through others. Our own 
experiments have been designed to demonstrate what 
response is demonstrable when an animal is bled and 
its systemic blood pressure is kept at a predetermined 
constant low level. In this case, operation of its homeo- 

static mechanisms which would normally close down 
some vascular beds and open others can still be effective, 
but the animal cannot raise its system head of pressure. 
Vascular beds with high vascular resistance would not 
be perfused at all. This in fact is what occurs in man in 
hemorrhagic shock until the bleeding vessel, or vessels, 
is secured by clamp and tie or by contraction and 
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thrombosis. Until the bleeding is stopped, it continues 
according to the level of systemic blood pressure and its 
relation to the resistance offered by the vessel and 
surrounding tissues at the vascular defect (laceration). 
As a matter of fact, the results of these two approaches 
to the problem of hemorrhage are surprisingly similar. 

The participants discussed fruitful areas for further 
study, among them the whole field of adaptation to 
injury, the further study of the cellular effects of injury, 
especially the effects on smooth muscle cells of blood 
vessels. Certainly more needs to be known of the meta- 
bolic aspects of injury, particularly with regard to the 
mechanisms for the metabolic changes and the possi- 

bilities of counteracting the changes. As Reeve suggested, 

more should be done with the question of the integrated 
action of the cardiovascular system as a whole in re- 
sponse to hemorrhage. To a student who inquires as to 
what is worth studying in the experimental animal or 
what observations would be worth making in man, 
perhaps the advice should be that he familiarize himself 
with the various aspects of the problem, that he select a 
particular aspect which he understands least, that he 
ask of himself the questions which if answered would 
permit him to understand the problem better, and then 
that he go to the laboratory or to the patient for objective 
data to permit him to answer those very questions. 
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Round-table conference 

Neuroendocrine and metabolic aspects of shock 

MARK NICKERSON, Moderator 

‘ion ROUND-TABLE DISCUSSION did not include the 
presentation of any formal, prepared papers, and no 
slides were shown. The period was given over entirely 
to an exchange of ideas and generalized experimental 
results by members of the panel and the audience. This 
procedure provided an excellent opportunity for the 
exchange of ideas and opinions, but required that the 

summary be presented in general rather than in specific 
terms. Much of the specific material was supplied 
primarily to illustrate a point or to oppose an argument. 
Certain of the examples and illustrations presented are 

mentioned below, but no attempt has been made to be 

inclusive in this regard. 
The discussion touched on many different aspects of 

both neuroendocrine and metabolic factors in shock. 
An attempt was made to direct the discussion to those 
factors which might be related to shock per se and to 
the development of “irreversibility”, as distinct from 
generalized responses to milder insult or changes which 
may be merely secondary reflections of impending 
death, playing no specific role in the chain of cause and 
effect leading to death. In many cases this distinction 
could not be made clearly, but an attempt will be made 
in this summary to emphasize those factors which appear 
to be most closely related to the development of shock 

per se. It was suggested that factors more probably 
related directly to the shock process might be dis- 
tinguished on the basis of their relation to specific organs 
and body areas and to time sequences known to be or 
suspected of being important in the development of 

shock, such as the splanchnic area during the develop- 
ment of irreversibility. Such an evaluation would 
require combined chronological and regional studies, 

and although such correlations may be highly desirable, 
few of the currently available data relating to metabolic 
events during the development of shock are adequate 

for this type of evaluation. 
It was pointed out that the general changes in protein 

and carbohydrate metabolism which occur during the 

response of an organism to injury have been mapped 

out reasonably well. Certain of these are known to be 

associated with neuroendocrine factors such as sympa- 

thetic nervous system overactivity but, in general, it 

has not yet been possible to correlate them sufficiently 

well with the overall shock process to assign them roles 

in the cause and effect sequence leading to a lethal 

outcome. Lipid metabolism has received less attention, 
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although the catecholamines released by sympathetic 
nervous system activity are known to affect the release 
of nonesterified fatty acids (NEFA) from fat depots. Dr. 
Engel suggested that a study of the overall effects of 
catecholamine-induced release of NEFA and _ the 
concomitant failure of their removal from fat depots 
due to circulatory inadequacy in shock might be very 
rewarding. It was suggested that the fall in blood glucose 
seen in the later part of the shock sequence might be 
related to failure of the circulation in fat depots and a 
consequent obligatory shift from fat to carbohydrate 
metabolism. 

One very interesting approach to evaluation of the 
relation of metabolic changes to the development of 
shock was suggested by Dr. Engel. He called attention 
to the fact that many different procedures have been 
demonstrated to confer an ‘adaptive’ resistance to 
shock induced by a variety of mechanisms. Among the 
better known examples are the resistance induced by 
repeated sublethal tumbling in a Noble-Collip drum, 
and that induced by repeated injections of sublethal 
doses of endotoxin. Very little work has been done to 
correlate changes in resistance to shock with metabolic 
factors, but one very interesting and now largely for- 
gotten observation in this area is that reported by Shorr 
and co-workers (Shorr et al., 1952; Shorr, 1954-1955). 
They found that liver slices from normal rats rapidly 
inactivated VDM in vitro under aerobic, but not under 
anaerobic conditions. After the induction of drum 
shock the ability to inactivate VDM was lost. However, 

the livers of animals adapted to the tumbling procedure, 
and therefore protected against the induction of shock, 

retained this metabolic capacity. This change could be 
explained on the basis of many different mechanisms, 
such as exposure of the liver of adapted animals to less 
severe hypoxia in vivo. However, these workers noted 

also that liver slices from adapted animals had the 
ability to inactivate VDM under anaerobic conditions. 
This was a capacity not shared by the livers of either 
the normal or the shocked animals and, _ therefore, 

represented a new metabolic capacity associated with 

the process of adaptation to repeated trauma, and at 

least roughly parallel to resistance to the lethal effects of 

that trauma. 

It was felt that these observations had an importance 

much beyond any consideration of the role of VDM 

in shock, and that they provided a good illustration of 

\ 
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the type of study which might reveal at least a paral- 
lelism, and perhaps even a cause and effects relation- 
ship, between metabolic changes and the development 
of shock. 

Dr. Levenson indicated that it might be possible to 
obtain comparisons between adapted and nonadapted 
tissues even within the same animal. He referred spe- 
cifically to the work of Rosenthal, Tabor and _ Lillie, 
(1945), who subjected mice to tourniquet shock, obtained 
some survivors by treatment with saline, and then 
subjected the animals to the same tourniquet procedure 
at a later date. These workers found that if the tourni- 
quets were applied to the same extremities as in the 
first experiment, the mortality was much less than 
expected, whereas if limbs not involved in the first 

experiment were used in the second, the animals usually 
died. Their studies of fluid and electrolyte shifts did not 

demonstrate any obvious basis for the different survival 
rates. These experiments indicated a process of local 
adaptation, and suggest that a search for relatively 
long-range changes in the metabolic patterns of tissues 
exposed to the severe hypoxia induced by tourniquets 
might provide very useful information. 

Very little work has been done to evaluate possible 
metabolic changes in animals made resistant by repeated 
exposure to subshock trauma, but Dr. Threlfall referred 
to experiments done with Dr. Stoner (Threlfall and 
Stoner, 1957; Stoner and Threlfall, 1960) on cold- 
acclimatized animals, which they found to be more 
resistant than controls to tourniquet shock. In the 
normal animals, liver and skeletal muscle hexosedi- 
phosphates were considerably increased within one to 
two hours after release of the tourniquets, at a time when 
blood flow, at least in the liver, appeared to be quite 
normal. This increase did not occur in animals previ- 
ously adapted to cold. A number of other important 
metabolic changes observed in cold-acclimatized animals 
also were pointed out, including an enhanced ability 
to metabolize fatty acids when subjected to a cold 
stress and a much greater resistance to depletion of 
liver glycogen. These observations offer possible leads 
in the evaluation of the relation of metabolic factors to 
the development of shock, but at the present time it 
appears very difficult to determine whether these 
metabolic differences represent reasons why the cold- 
acclimatized animals are more resistant to shock or 
whether they simply reflect the greater resistance and 
are secondary to some other change. Dr. Drucken 
pointed out that he had been unable to detect any 
differences in the metabolic responses of normo- and 
hypothermic dogs subjected to hemorrhagic shock, 
although the latter were more resistant to the procedure 
(Drucken, 1960). 

Dr. Threlfall mentioned also that they had found the 
metabolic activity of liver mitochondria to be perfectly 
normal even when taken from animals just. prior to 
death from tourniquet shock. The significance of results 

obtained with isolated tissue organelles such as mito- 
chondria was questioned by several participants. Dr. 

Masoro pointed out that P:O ratios are very low in 
homogenates of liver from animals subjected to severe 

cold stress, but if tests are made on carefully isolated 
mitochondria from the same source, the ratios are 
normal (Masoro and Felts, 1959; Patkin and Masoro, 

1960). This observation indicates that extra-mito- 
chondrial factors can have a marked effect on mito- 
chondrial metabolism, and suggest that at least in this 
particular type of stress, the changes determining the 
altered metabolic pattern are external to the mito- 
chondria. None of the discreet metabolic alterations 
mentioned during this discussion could be _ related 
clearly to the development of shock, but they do empha- 
size that any attempts to find a correlation between 
metabolic events and shock must be very carefully 
designed and evaluated with respect to the systems 

investigated and the exact manner in which they are 
studied. 

Selection of the appropriate type of system or process 
to study in attempts to relate metabolic changes to the 
development of shock was recognized as one of the 
more difficult general problems in this field of investi- 
gation. For obvious technical reasons, many previous 
studies have dealt with changes reflected in altered 
compositions of blood or plasma, but such observations 
can be misleading. It was pointed out that blood pH 
remains relatively constant during most of the period of 
development of shock, to a considerable extent because 
of compensatory hyperventilation. However, indirect 
measurements of intracellular pH indicate consistently 
a fall of 0.2—-0.3 unit (Nahas, unpublished). Such changes 
could markedly affect metabolic processes, and probably 
would not be detected by studies on either blood or 
isolated tissue constituents. 

Dr. Kovach emphasized the importance of studying 

the functional capacities of metabolic systems. The 
concentrations of various substances in blood or tissues 
are the resultant of processes involved both in production 
and in utilization and elimination. He pointed out that 
the levels of high-energy phosphate compounds in the 
brain are essentially normal during the development of 
shock, and decrease only during the last few minutes 
before death of the animal. However, if procedures to 
reduce these levels are employed, it can be demon- 
strated that the rate of recovery is considerably reduced 
much earlier in the shock process. 

The heart and its relation to shock was considered at 
several points during the discussion. It was recognized 
that the metabolism of the heart has been shown to be 
abnormal during at least some stages in the development 
of shock, one of the most striking abnormalities being 
the development of a negative extraction of pyruvate 
(Edwards, Siegel and Bing, 1954; Hackel and Goodale, 
1955). It was reported that in the later stages of shock, 
functional defects in heart mitochondria can be demon- 
strated also, although at the same stage, liver mito- 
chondria appear to be quite normal. 
Two major problems in evaluating the role of the 

heart, and of metabolic changes in it, to the development 
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of progressive deterioration in shock relate to 7) the 
stage at which the heart may become a limiting factor 
in survival of the organism and 2) the extent to which 
changes in the myocardium result from an inadequate 
coronary blood flow. It was generally agreed that an 
inadequate cardiac action is one of the consistent 

findings in the terminal phases of shock when the central 
venous pressure is elevated and expansion of intra- 
vascular volume by reinfusion of shed blood or by other 
procedures does not lead to a commensurate improve- 
ment in the circulation. It appears quite reasonable that 
various metabolic defects in the myocardium should be 
demonstrable at this stage. However, many participants 
felt that the heart probably is not a critical area or 
limiting factor in the earlier stages when irreversibility 
to transfusion is being determined. Major factors 
supporting this point of view are the low central venous 

pressure during the earlier phases of shock, the prompt 
response to reinfusion of blood, and the fact that hemor- 
rhagic shock can be induced almost as readily when the 
heart and other areas above the diaphragm are kept 
normotensive during the phase of hypovolemia as when 

the whole animal is bled to shock levels (Nickerson, 
1955; Smith, Pandazi and Grace, 1957). 
The distinction between the response of the heart to 

shock and to simple hypotension was emphasized by 
Dr. Hackel. He called attention to the fact that several 
workers have observed, over a considerable range of 
decrease in blood pressure due to blood loss, that the 
work of the myocardium is decreased more than the 
coronary blood flow (Opdyke and Foreman, 1947; 
Hackel and Goodale, 1955), and consequently, that 
the latter is not a primary factor limiting the per- 

formance of the myocardium. However, it has been 
reported that late in shock, artificially increasing 
coronary perfusion may improve the function of the 
myocardium, decrease atrial pressures, etc. (Sarnoff, 
et al., 1954). He suggested that this late change may 

not be a simple, direct result of hypotension and de- 
creased coronary blood flow, but may be an end result 
of the overall shock process, influenced by events in 
other areas. He noted that when the blood pressure is 
lowered by high spinal anesthesia shock does not develop, 
and although the coronary flow may be markedly 
decreased in parallel with the fall in blood pressure, 
changes in the metabolic pattern of the heart character- 
istic of shock do not develop (Hackel, Sancetta and 
Kleinerman, 1956). In this simple hypotension, the 
heart is not hypoxic, and the percentage oxygen extrac- 
tion from coronary blood may actually be less than 
normal. Dr. Hackel speculated that the metabolic 
changes in the myocardium in shock might be directly 
related to the characteristic sympatho-adrenal discharge 
seen in this condition, but absent in hypotension associ- 
ated with high spinal anesthesia. However, although the 
metabolic changes, and presumably the terminal failure 
of the myocardium, appear to be secondary to some 
component of the overall shock process, present data do 
not allow any clear differentiation between the role of 

the catecholamines released as a result of sympathetic 
nervous system overactivity and other possible effects 
resulting from ischemia in many different areas. 

Another item bearing on the role of the heart in 
various stages of shock is the observation that infusion 
of relatively small doses of noradrenalin during the 

postreinfusion, normovolemic period of hemorrhagic 
shock may increase survival in both rats and dogs 
(Lansing, Stevenson and Gowdey, 1957; Lansing and 
Stevenson, 1958). Dr. Stevenson pointed out that 
administration beginning immediately after reinfusion, 
when the blood pressure was relatively high, caused 
only a slight increase in blood pressure associated with 
a net decrease in peripheral resistance and an increase 
in cardiac output. In this situation, relatively late in 
the development of shock, the sympathomimetic ap- 

peared to be acting predominantly as a cardiac stimu- 
lant rather than as a vasoconstrictor. It was pointed out 
that in many experiments a sympathomimetic adminis- 
tered during hypovolemia or at the time of injection of 
a shock-inducing dose of endotoxin, situations in which 

a major vasoconstrictor response was induced, failed to 
improve or actually decreased survival (Hackel, 1960). 
Only in the later stages of the shock process and in 
situations in which the cardiac action may be dominant 
do sympathomimetics appear to have a beneficial effect. 

Discussions relating to more strictly neuroendocrine 
aspects of shock centered on the role of the sympathetic 
nervous system and of agents antagonizing its vaso- 
constrictor action by various mechanisms. There was 

general agreement that adrenergic blocking agents such 
as phenoxybenzamine (Dibenzyline) can delay the 
development of irreversibility to transfusion and can 
increase survival if administered prior to or early in the 
course of various types of shocking procedures. However, 
the mechanism of the protection is not entirely clear. 
It appears probable that one factor involved is an 
alteration in the effective circulating blood volume. In 
some experiments this may be related to a decrease in 
bleeding volume or a decrease in the amount of fluid 
lost into traumatized tissues, but vasodilating agents 
have been shown to provide protection in pretreatment 
experiments in which the bleeding volumes of the ex- 
perimental and control groups were equal, and in 
experiments in which the agent was administered after 
bleeding had been completed and the connection 
between the experimental animal and the bleeding 
reservoir had been clamped (Baez, Srikantia and 
Burack, 1958; Zingg, Nickerson and Carter, 1959). It is 
known that vasoconstriction tends to cause hemo- 
concentration and a decrease in blood volume, whereas 
an agent such as Dibenzyline can induce a prompt and 
marked increase in plasma volume. Consequently, it is 
possible for such agents to provide an increased effective 
circulating volume even under circumstances in which 
the external loss is not reduced. Changes in hemo- 
dynamic relations promoting retention of -fluid in the 
vascular system may provide an explanation for the 
observation that some patients who respond only 
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temporarily to transfusion may retain this improvement 
after administration of Dibenzyline. 
Overman and Wang (1947) observed that stimulation 

of a sensory nerve during the induction of hemorrhagic 
shock may cause death at a residual blood volume which 
would have been compatible with survival in animals 
subjected to hemorrhage alone and, conversely, that 
elimination of reflex vasoconstriction by chronic deaf- 
ferentation of the extremities traumatized allowed 
survival at residual blood volumes which would have 
been lethal to intact traumatized animals (Wang, 1947). 
These results suggest that reflex sympathetic nervous 
system hyperactivity may promote the development of 
shock by some mechanism which does not involve 
changes in circulating volume, perhaps by altering the 
distribution of the available blood flow. 

Several speakers reported observations indicating 
that Dibenzyline and similar agents failed to decrease 
or actually increased mortality when administered 
later in the shock process. In general, the data available 
to the panel were inadequate to allow a satisfactory 
interpretation of the mechanisms involved, but it is 
clear that the blocking agents become progressively less 
effective as shock progresses. An additional factor which 
may have been involved in some experiments is that 
animals hypovolemic due to loss of intravascular volume, 
either externally or into tissues, are extremely sensitive 
to the effects of vasodilating agents. When given in the 
presence of hypovolemia, doses much smaller than those 
well tolerated by normovolemic animals may cause a 
precipitous fall in blood pressure and acute death from 
respiratory failure, not a “‘shock’’ death in the usual 
interpretation of the term. 

Dr. Udenfriend suggested that a further analysis of 
the role of the sympathetic nervous system and of 
blockade of its effects might be achieved by the use of 
agents which alter responses to sympathetic nervous 
system activity by depleting tissue stores of catechol- 
amines, or by preventing their release. Interpretation of 
such studies would be difficult because agents which act 
by these mechanisms have the additional property of 
inducing supersensitivity of the effector cells. However, 
two studies with reserpine have contributed evidence 
which helps to relate the lethal effect of bacterial endo- 
toxin to excessive adrenergic activity. The lethality of 
endotoxin in mice was reported to be increased when the 
toxin was administered one hour after reserpine (Tauber 
and Garson, 1958), during the period when large 
amounts of active catecholamines are being released 
from sympathetic nerve endings and from the adrenal 
medulla. However, 24 hours after the administration of 
reserpine, whcia the body stores of catecholamines have 
been markedly depleted, the toxicity of endotoxin was 
found to be significantly decreased in both rabbits and 
mice (Gourzis and Nickerson, unpublished). 

An attempt was made to correlate the development 
of shock and responses to adrenergic blockade to the 

levels of circulating catecholamines, with very limited 
success. Dr. Hume referred to evidence that exhaustion 

of the adrenal medulla might occur in some cases of 
burn shock (Goodall and Haynes, in press), but suggested 
that this evidence was not conclusive. He argued against 
the alternative hypothesis that hypersecretion of nor- 
adrenaline or adrenaline might contribute to the 
development of shock, and noted that hypertensive 
episodes, rather than shock, are characteristic of the 
course of patients with pheochromocytoma, who may 
release large amounts of noradrenaline and/or adrena- 
line into the circulation, shock usually occurring when 
the tumor is removed at operation. Several observations 
arguing against deficient sympathetic nervous system 
activity or inadequate levels of catecholamines in shock 
were presented. Dr. Watts (1956) pointed out that in 
his studies on anesthetized dogs the blood levels of 
adrenaline were markedly elevated early in a graded 
hemorrhage procedure and fell back only partially 
toward normal in the late phases of shock. In addition, 
electrophysiological experiments on dogs indicate that 
impulse traffic in sympathetic nerves is elevated until 
relatively late in the development of hemorrhagic shock 
(Beck and Dontas, 1955). There appears to be no 
convincing evidence that inadequate sympathetic 
nervous system activity or low levels of circulating 
catecholamines promote the development of shock, 
although they may predispose to acute death from rapid 
loss of blood (exsanguination). Actually, the reverse, a 
relation between excess adrenergic vasoconstriction and 
the subsequent development of circulatory inadequacy 
is indicated by the production of shock by noradrenaline 
infusions (Yard and Nickerson, 1956), and by the fact 
that if vasoconstriction and associated hypertensive 
episodes are prevented by adrenergic blockade in patients 
undergoing operation for pheochromocytoma, _post- 
operative hypotension apparently does not develop 
(Nickerson, unpublished). 

Much of the discussion relating to the significance of 
levels of circulating adrenaline and noradrenaline and 
of the rate of renal excretion of these amines was com- 
plicated by differences of opinion regarding the reli- 
ability of the analytical methods involved. However, 
this problem may be of only minor importance for our 
understanding of adrenergic neuroendocrine factors in 
shock. In most situations, the effects of locally released 
noradrenaline are much more important in cardio- 
vascular regulation than are those of circulating media- 
tors (Celander, 1954). In addition, Dr. Strom pointed 
out that responses to catecholamines and other stimuli 
are highly dependent upon the reactivity of the vascular 
smooth muscle. It appears that inferences regarding 
adrenergic factors in shock drawn from data on blood 
levels or on renal excretion of catecholamines may be 
of questionable significance. 

Throughout the discussion of the role of the sym- 
pathetic nervous system and of the effects of adrenergic 
blocking agents in shock, considerable understandable 
difficulty arose in equating clinical shock with observa- 
tions in animals. In the latter, particularly in hemor- 
rhagic shock, it often is possible to standardize a pro- 
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cedure so that one knows when irreversibility to 
retransfusion will occur. However, in these procedures it 
is not possible to ‘‘treat’’ the shock under normovolemic 
conditions before the development of “irreversibility to 
transfusion’’. Reinfusion of the shed blood is by definition 
fully adequate therapy until this point is reached. The 
parallel of this situation is seen also in the clinic. One 
rarely sees in civilian practice cases of pure hemorrhagic 
shock which require any treatment except prompt and 
adequate replacement of blood volume. 

The major clinical problems are cases in which there 
is continuing insult due to extensive tissue damage or 
infection. In such cases the distinction between pre- 
and posttreatment largely disappears, and in many 
clinical cases, therapy at the time they are first diagnosed 
as ‘‘in shock” probably is pretreatment for most of the 
shock-inducing stress. Other types of therapy should not 
ordinarily be considered in clinical shock until after 
adequate circulating volume replacement and, con- 
sequently, would be administered only in the presence of 
normovolemia. In view of the many uncertainties in 
equating laboratory and clinical conditions, and of the 
very limited clinical experience now available, it was 
agreed that the use of Dibenzyline, or of other agents 
designed to induce vasodilatation, in the treatment of 
clinical shock should be considered to be strictly in the 
experimental stage and not recommended for general 
application. Attention was called specifically to the 
extreme sensitivity of hypovolemic subjects to any 
procedure reducing sympathetic vasoconstrictor tone 
and to the dangers of administering a vasodilator prior 
to full replacement of the blood volume. 
A final topic of discussion was the role of adrenal 

cortical steroids in the development and treatment of 
shock. Many workers have recorded a marked rise in 

adrenal steroid output in response to stress, with or 
without the development of shock. Although real 
hypoadrenalism is known to predispose to the develop- 
ment of shock, it was generally agreed that inadequate 
endogenous adrenal steroid production rarely is a 
factor in the development of shock except where the 
adrenals are impaired specifically by disease, surgery or 
prior exogenous steroid administration. It also does not 
appear probable that excessive output in response to 
stress has deleterious consequences. 

The protection against shock provided by the adminis- 
tration of relatively large amounts of cortical hormones 
in certain circumstances was difficult to interpret. It 
appears that the actions involved in this situation may 
be very different from those involved in physiological 
replacement in the adrenal-deficient organism. This 
difference was emphasized by experiments reported by 
Dr. Weil in which he found that protection against 
endotoxin lethality in mice increased with increasing 
doses of prednisolone up to the point where the steroid 
itself was toxic (Weil 1960; Weil and Miller, 1960; 
Weil and Spink, 1957). He obtained maximum protec- 
tion with a dose of 120 mg/kg, or a weight equivalent 
of nearly 10 grams of prednisolone in a man. 

This round-table discussion provided for a very 
profitable and stimulating exchange of ideas among 
the participants but, like its many predecessors, it failed 
to delineate accurately the roles of neuroendocrine and 
metabolic factors in shock. Full agreement appeared to 
be limited to accepting that both neuroendocrine and 
metabolic factors are involved in the development of 
shock and, that the former, and presumably all other 
contributory factors, probably exert their ultimate 
effects through metabolic (biochemical) processes. 
processes which have to date evaded apprehension. 



Round-table conference 

Mechanisms of action of bacterial toxins and certain 

critical tissue factors in shock 

CHANDLER A. STETSON, Moderator 

Mec OF OUR DISCUSSION was concerned with bacterial 
endotoxins—their nature and mechanism of action—and 
more particularly with the problems of their participation 
in hemorrhagic and traumatic shock. The evidence which 
Dr. Fine marshalled so cogently in his paper was dis- 
cussed in more detail, and some conflicting observations 
and interpretations were also discussed. 

Dr. Landy began by commenting on the unsatisfactory 

state of our knowledge of the chemistry of endotoxins 
and of the nature of the toxic portion of these macro- 
molecular complexes, pointing out the controversy over 
the toxicity of the dissociated lipid A of Westphal. While 
this material does exhibit toxicity, it appears to have 

such low activity with respect to the parent molecule that 
its primary role in determining toxicity may still be 

questioned. 
Dr. Braude presented briefly some evidence that the 

gentle dissociation of endotoxin by treatment with 
lithium aluminum hydride results in the production of a 
highly antigenic polysaccharide, free of lipid by infrared 
spectroscopy. This material is nonpyrogenic for rabbits, 
but surprisingly induces tolerance to the pyrogenic 

effect of complete endotoxin, and protects nonspecifically 
against infections. In the following discussion, it was 
brought out by Dr. Fine and others that little is known 
of the fate of intact endotoxin molecules after ingestion 
by leucocytes or cells of the reticuloendothelial system. 
“Dr. Ravin described at some length the technical 

details and results of his experiments with P*?-labeled 
E. coli 0111B:4. Two to three grams of such organisms 
were given by gavage to normal and shocked animals, 
and the blood and tissues of these animals were then 
subjected to phenol-water extraction in a search for 

absorbed endotoxins. By hemagglutination inhibition, 
evidence was found for the presence of endotoxin anti- 
genicity in extracts of tissues of both normal and shocked 

animals, and in the blood of the shocked but not of the 
normal animals. Radioactivity determinations generally 
corroborated the findings, and provided independent 
evidence that absorption had occurred from the gut 
pool. The possibility was raised that other antigenic 

isotopically labeled material derived from the bacteria 
might be absorbed and mistaken for endotoxin, and Dr. 
Landy pointed out that the rapid detoxification of 
endotoxin in vivo and in vitro was difficult to reconcile 
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with the concept of persistent intact endotoxin in the 
circulation. 

Dr. Sanford described the results of experiments with 
C-labeled endotoxin administered by mouth to normal 
and shocked dogs. While some label appeared in the 
urine, no significant level of radioactivity of the circu- 
lating blood above background was detected in his 
experiments. There seemed to be general disagreement 
on the results of experiments performed with labeled 
endotoxin and on the interpretations of these results. 

Dr. Green described in more detail the uptake of 
endotoxin by perfused spleens of normal and shocked 
animals. The spleen of the normal animal was found to 
remove more endotoxin from the perfusate and detoxify 
it more rapidly then was the case with spleens of shocked 
animals. The data on the detoxification of the endotoxin 

were obtained with the chick embryo assay system, and 
the questions of the reliability and appropriateness of 
this method and of the statistical significance of the results 
were discussed. 

Dr. Greisman expressed his concern as to whether 
these models give us valid information on the ability of 
shocked animals to detoxify endotoxin. He then de- 
scribed his experiments with hemorrhagic shock in 
rabbits in which a modest increase in susceptibility to 
the lethal effect of endotoxins was found in shocked 
animals. Encountering difficulty with wound infections 
by Clostridia at the site of femoral cut-down, he devised 
a method for the production of shock by repeated cardiac 
puncture and withdrawal of blood. Such animals ex- 
hibited a much less striking susceptibility to endotoxin, 
while with the superimposition of a femoral cut-down 
and femoral artery ligation, as in the conventional 

technique, a higher level of susceptibility to endotoxin 
was observed. Dr. Greisman interpreted his experiments 

as showing that a sizeable contribution to the endotoxin 
susceptibility of shocked animals may be made by wound 
infections, and pointed out other differences in the 
experimental animals and design that could account for 
the differences between his results and those of Dr. Fine’s 
group. Dr. Fine pointed out the difficulty of assessing 
the cause of death in animals suffering from hemor- 
rhagic shock plus wound infection plus a dose of endo- 
toxin. 

Dr. Altemeyer described the difficulties that he and 
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Dr. Culbertsen experienced in attempting to protect 
against hemorrhagic shock with aureomycin. Using the 
ordinary clean but nonsterile manometers and other 
glassware, he found heavy contamination of the reservoir 
blood with many gram-negative and gram-positive 
organisms, especially pyocyaneus. Some 40% of these 
organisms showed in vitro sensitivity to usual levels of 
aureomycin, the rest showed varying degrees of resist- 
ance. When these experiments were repeated, using 
elaborate sterile technique, it was again impossible to 
show a protective influence of aureomycin, although the 
shocked animals did have a decreased resistance to 
infection. 
When the discussion turned to the general problem of 

the so-called intestinal pool of bacteria, from which 
endotoxins may be derived and absorbed, two or three 
very provocative points were brought up. Dr. Sanford 
presented qualitative and quantitative data on the 
bacterial flora at various levels along the dog’s intestinal 
tract, in health and in shock. It became clear that it 
might be profitable not to think in terms of an “intestinal 
pool”? of bacteria but in terms of the specific flora in the 
several regions of the bowel. Much current work is 
being carried out with endotoxins derived from the 
pathogenic £. coli of human origin. E. coli is not the 
major saprophyte of the human intestine, contrary to an 
apparently widespread concept. Something like 90% 
of the organisms of human stool are the obligate ana- 
erobes, Bacteroides. As Dr. Altemeyer and others who 
have had firsthand experience with these organisms 
know, they are extraordinarily difficult to grow in con- 
tinued pure culture, and relatively little is known of 
them compared to our familiarity with E. coli. Dr. Fine 
indicated that these bacteria may not contain endotoxin, 
and in any case, these bacteria would seem to deserve 
more attention than they have had. FE. coli of human 
origin may just possibly not be the proper tool with 
which to study the reactions of the rabbit or dog. 

While no consensus of opinion was reached concerning 
the validity of the endotoxin theory of shock, the large 
number of investigators exploring this avenue and the 
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TABLE 1. Correlation of Suppression of Histidine 
Decarboxylase Activity with Damaging Effect of 
Epinephrine in Endotoxin-Treated Guinea Pigs 

Condi- Lung Histidine Decarboxylase 
tion Activity 

Controls 83, 128, 154 = 122 av. 
good 182, 201, 204, 211 = 200 av. 

Endotoxin only good 464, 574, 686, 775 = 625 av. 
Endotoxin + epinephrine dying 81, 227 = 154 av. 
Endotoxin + epinephrine _ sick 338, 352 = 345 av. 
Endotoxin + epinephrine good 521, 627 = 574 av. 

Endotoxin 3 mg/kg i.p.; after 30 min. epinephrine in oil 2 
mg/kg im. Killed 3 hr. after endotoxin. 

searching analysis of the available experimental data 
are an indication of the importance of this concept. At 
the moment, it appears that a substantial body of data 
are irreconcilable with those presented by Dr. Fine and 
his collaborators. In some cases differences in experi- 
mental conditions may be responsible, and it was helpful 
and instructive to have had a leisurely opportunity to 
discuss this whole problem. 

I am sorry to report that this round-table really found 
us pitifully ignorant of any of the mechanisms of action. 
Although endotoxins, which were discussed the most, 
have been very actively studied in recent years, it is 
still not clear how they produce fever, or tissue damage, 
or shock, or death. It seems likely that more basic work 
on the nature of the biological activities of these materials 

must be done, before their role in the causation of shock 
can be properly defined. 

Along these lines, Dr. Schayer elaborated upon his 

finding of increased histidine decarboxylase activity 
under various circumstances, including endotoxin 
shock. He pointed out that histamine may be produced 
by new synthesis in response to various stresses. Activity 
of the enzyme histidine decarboxylase, either locally or 
systemically, increases slowly to a maximum in about 
six hours and, if the stimulus is removed, returns essen- 
tially to normal in about one day. Agents producing 
shock or stress (epinephrine, endotoxin, infection) all 
may lead to activation of the enzyme. Histamine pro- 
duction following a lethal dose of endotoxin is at, or 
near, maximum when the animals are dying (Schayer, 
1960). In mice dying of a pneumococcus infection 
histidine decarboxylase activity of lung was 10 to 26 
times normal and in the remainder of the carcass, g to 
10 times normal. 

If released catecholamines initiate a gradually increas- 
ing rate of histamine synthesis, a very coherent explana- 
tion of the facts becomes possible. Figure 1 shows 

diagrammatically the events observed in the small blood 
vessels during the development of endotoxin shock 
(Zwiefach and Thomas, 1957) interpreted in terms of 

rapid release of catecholamines from depots and an 
accelerating production of histamine. Since catechol- 
amine content of blood following endotoxin injection is 
not known with certainty, the diagram employs a curve 
based on the well-established depletion of epinephrine 
from the adrenals (Fig. 1). 
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The need for induced histamine to maintain homeo- 
stasis following injection of endotoxin is suggested by the 
observation that suppression of histamine synthesis in a 
stressed animal is associated with damage or death. 
Suppression of histidine decarboxylase occurs, under 
certain conditions, when endotoxin and epinephrine are 
injected into the same animal. Data for mice have been 
published (Schayer, 1960). Similar results have been 
obtained in guinea pigs. Table 1 shows a correlation 
between lung histidine decarboxylase activity and 
physical condition of guinea pigs given epinephrine 
endotoxin, or both. 

Thus induced histamine appears to be a useful or 
necessary substance since its absence during stress may 
be deleterious. It is presumably harmful only when 
stress is so severe that a considerable degree of depletion 
of catecholamines occurs while histamine synthesis is 
rapid. 

Endotoxins produce strong activation of histidine 
decarboxylase in liver, spleen and lymph nodes; epineph- 
rine does not (Schayer, 1960). This is believed to be a 
local effect of endotoxin analogous to inflammation; the 
presence of an irritant in a cell of the reticuloendothelial 
system (RES) may initiate local histamine synthesis with 
the resulting benefits of an increased supply of blood- 

borne substances to the affected cell. 
Other RES activators which have also been shown to 

activate histidine decarboxylase in tissues rich in RES 

cells are various bacteria, Freund’s adjuvant, lipid A, 
B. pertussis vaccine, zymosan, and certain tumors. For 
example, lymph nodes of normal mice showed a low 
histidine decarboxylase activity ranging from o to 6 
units; three days after injection of complete Freund’s 
adjuvant the values were 434 to 535 units. 

Numerous workers have shown that injected histamine 
can activate RES cells (Jansco, 1947). Since all other 
RES activators tested lead to new synthesis of histamine, 
it seems logical that induced histamine may be an 
intermediate in the activation process. 

The anti-endotoxin actions of the adrenal steroids may 
be interpreted in terms of antagonism of induced his- 
tamine (Schayer, in press). These hormones act on 
vascular smooth muscle and endothelium in a manner 
opposite to that of histamine, that is, they favor vaso- 
constriction and oppose increased capillary permeability. 

In summary, Dr. Schayer suggested that the mecha- 
nisms of action of bacterial endotoxins on the micro- 
circulatory system and on reticuloendothelial function 
can best be explained on the basis of new synthesis of 
histamine. 

This new concept elicited a good deal of comment and 
discussion, Dr. Fine raising the possibility that the 
observed increase in enzyme activity might represent 
release rather than de novo enzyme synthesis and Dr. 
Einheber and others pointed out the insensitivity of the 
delayed phase of inflammation to antihistamines. 
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Round-table conference 

Hemostatic mechanisms and proteolysis in shock 

SOL SHERRY, Moderator 

ion IMPORTANCE of altered hemostatic mechanisms 
and proteolysis in the pathogenesis and evolution of the 
shock syndrome remains to be defined clearly; neverthe- 
less a number of observations suggest that alterations in 
hemostasis and activation of proteolytic enzymes may 
play more than a casual role in the shock syndrome. ‘This 
conference considered three aspects of the subject matter : 
1) evidence for altered hemostasis in shock; 2) evidence 
for increased proteolysis and proteolytic enzyme activity 
in shock; and 3) the significance of proteolysis and 
altered hemostasis in the pathogenesis of the shock 
syndrome. 

EVIDENCE FOR ALTERED HEMOSTASIS IN SHOCK 

A. Human Shock 

No systematic investigation of the coagulation 
mechanism in hemorrhagic shock has been reported. 
On theoretical grounds certain deficiencies in coagulation 
factors may be anticipated: 7) clotting factors may be 
depleted as a result of hemorrhage; 2) the mobilization 
of clotting factors from extravascular depots may be 
interfered with; and 3) impaired regeneration of clotting 
factors may occur. Though supporting observations have 
not been made in man, evidence has been obtained in 
studies with hemorrhagic shock in animals that there is 
indeed retarded regeneration of fibrinogen, prothrombin 
and some of the prothrombin conversion accessory 
factors. 

The problem of hemostatic defects in shock is com- 
plicated by the type of shock under consideration. In 

patients with shock secondary to amniotic fluid emboli 
or abruptio placenta, severe coagulation abnormalities 
regularly occur but the pathogenesis of these disturbances 
may be independent of the shock. Similar considerations 
pertain to the Waterhouse-Friderichsen syndrome. In 
other forms of shock, e.g., that associated with severe 
toxe2 (e.g., Clostridium welchii infections) hemorrhagic 
man*festations may be quite common but here the 
bleeding is often associated with direct vascular damage 
or, occasionally, thrombopenia. In the broader area of 

hemorrhagic shock, current impression suggests that, 
early, the blood of the patient is usually hypercoagulable 
rather than hypocoagulable; clinically, there is neither a 
prominence of hemostatic defects nor thrombotic 
complications. On the other hand, late in hemorrhagic 
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shock, particularly in those patients who have been 
kept alive for extended periods of time by repeated 
transfusions and other therapeutic aids, a sudden 
breakdown in the hemostatic mechanism with the advent 
of a hemorrhagic diathesis may occur as a preterminal 
event. 

The need for a systematic investigation of the hemo- 
static mechanism of patients with hemorrhagic and 
other forms of clinical shock is apparent, particularly 
since such aberrations may contribute to the ultimate 
outcome; such an investigation should concern itself 
not only with a definition of coagulation anomalies but 
of all other factors which may influence vascular he- 
mostasis, as well. 

B. Experimental Shock Models 

Crowell (Crowell, Lambright and Sharpe, 1954; 

Crowell and Read, 1955) presented observations of 
altered hemostasis occurring in the dog irreversibly 
shocked by cardiac arrest or hemorrhagic hypotension. 
Long-term cardiac massage of the arrested dog’s 
heart, sufficient to restore blood pressure, resulted first 

in the progressive shortening of the clotting time; this 
was followed by an incoagulable blood. The latter state 
was associated with the appearance of a profound 
hemorrhagic diathesis; thus, though the blood pressure 
could be restored and maintained by the resuscitation 
procedure, death with extensive tissue hemorrhage 

occurred. Because of the peculiar nature of the coagula- 
tion disorder and appearance within 15 to 20 minutes 
following the institution of cardiac resuscitation, these 
findings could not be attributed to liver hypofunction; 
they may be as severe in the terminal stages of hemor- 
rhagic shock. 

Crowell and his associates suggest a relation of these 
coagulation findings to the rapid changes occurring in 
blood pH for: 7) the coagulation findings may be 
mimicked by the rapid injection of acid into dogs or by 
the injection of small amounts of acid when combined 
with a rapidly developing experimentally induced 
respiratory acidosis; 2) they are not seen when blood pH 

is slowly reduced; 3) in animals in whom the blood pH 
did not fall below pH 6.9, heparin could prevent the 
hypercoagulable state; 4) when the pH fell below 6.9, 
particularly to levels as low as 6.3, heparin was relatively 
ineffective unless very large amounts were used; and 5) 
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similar effects of pH on heparin action could be repro- 
duced in vitro. 

Crowell and associates suggest the following sequence 
of events: 1) circulatory arrest or severe shock converts 

aerobic metabolism to anaerobiosis; this results in the 
rapid accumulation of lactic and similar acid metabolites 
with a rapid fall in blood and tissue pH; 2) the rapid 
fall in blood pH either triggers the release of thrombo- 
plastic materials or inhibits the action of natural anti- 
coagulants; 3) a hypercoagulable state results; this is 
followed by intravascular clotting; 4) normal clotting 
factors are consumed during intravascular clotting or 
defibrination and lead to an incoagulable blood; 
secondary stimulation of fibrinolytic mechanisms may 
also contribute; 5) the association of intravascular 
clotting, blood incoagulability and vascular damage 
(consequent to the anoxia) results in a hemorrhagic 
diathesis. As anticipated, the appropriate administration 
of heparin or fibrinolytic agents considerably extended 
the survival time of the treated animals. 

In the discussion which followed, it was apparent that 
since most of the studies of pH effects on clotting have 
dealt primarily with isolated reactions, it could not be 
stated categorically, at this time, whether Crowell’s 
observations were due to a direct effect of pH, an 
indirect effect of pH, or other simultaneously occurring 
events. Other points of interest brought out in the 
discussion were : 

a) Shock in dogs, whether produced by cardiac arrest, 
hemorrhage or endotoxin, is associated with much more 
striking pH changes than seen in man, and that in severe 
human acidosis (e.g., diabetic acidosis with blood pH’s 
as low as 6.8 to 6.9), similar coagulation changes have 

not been described. However, in rebuttal, it was noted 
that, in the latter situation, the acidosis is slow and 
progressive in development (the changes described in the 
dog occurred only with a rapidly developing severe 
acidosis), and, in human shock, insufficient data are 

available on the preterminal changes in acid-base 
balance. 

b) The point was raised that sufficient citrate, like 
lactate, might accumulate in the blood of the severely 
shocked dog during anaerobiosis and account for the 
incoagulable state (if so, then calcium should be correc- 
tive); this possibility had not been entertained. 

c) The phenomenon of intravascular clotting followed 
by hemorrhage may underlie other disease conditions 
where severe pH changes do not occur; abruptio placenta 
was given as an illustration, and the possibility raised 
that a similar phenomenon may occur in some cases of 
pancreatitis. 

d) The incoagulability of the blood usually seen post 
mortem appears to be related more to the activity of the 
fibrinolytic system than to defibrination. Studies recently 
conducted in Guest’s laboratory have shown that the 

blood in the vessels of previously unstressed dogs who 

have died following rapid decompression in a chamber 

at a simulated altitude of 53,000 feet, remained fluid 

without any evident clotting; the fibrinogen gradually 

disappeared over a period of three to four hours but 
this could be prevented by heparin. However in animals, 
previously stressed by repeated electroshock, the blood 
underwent progressive in vivo clotting so that it was 
impossible to obtain specimens two to three hours after 
death. Furthermore in unstressed dogs, treated with 
antifibrinolysin, just before rapid decompression, the 
blood clotted similar to the stressed animals. Since 
extreme drops in pH would be anticipated under the 
experimental conditions of these studies, some doubt 
may be cast on the direct role of pH on accelerating 
clotting. 

EVIDENCE FOR INCREASED PROTEOLYSIS AND 
PROTEOLYTIC ENZYME ACTIVITY IN SHOCK 

A. Review of Evidence 

Ungar reviewed the evidence for increased proteolysis 
and proteolytic enzyme activity in shock and noted that: 

1) The earlier literature contains many references to 
increased protein breakdown in shock, as measured by 
the nonprotein nitrogen or amino acid content of blood 
and urine (Taylor and Lewis, 1915; Lurje, 1936; 
Russell, 1944; Hoar and Haist, 1944; Harkins and Long, 
1945; Simonart, 1958; Godfraind, 1958). More direct 
evidence has been supplied by measurement of protease 
activity in blood and urine, mostly by fibrinolytic 
methods, under various clinical and experimental 
conditions: surgical, traumatic and anaphylactoid 
shock, widespread tissue damage, thermal and radiation 
injury, infection and other conditions of stress (Imperati, 
1937; Rocha e Silva, 1952; Cliffton, 1952; Kwaan and 
McFadzean, 1956; Beard and Hampton, 1960). Bac- 
terial endotoxins whose role in shock has been under 
discussion also cause fibrinolysis by activation of pro- 
teases (Horder and Kickhofen, 1957). Tissue proteases 
were shown to increase in anaphylaxis (Herberts, 1955; 
Hayashi, 1958) and asa result of prolonged stimulation 
of nerve centers (Ungar, 1957; Ungar and Romano, 
1958). Protease activity was also demonstrated in 
cerebrospinal fluid of patients subjected to intense pe- 
ripheral stimulation (Chapman and Wolff, 1958). 

2) Protease activation can be demonstrated in vitro 
by submitting isolated tissues or serum to various stimuli 
which produce shock in the intact animal (Ungar, 1947; 
Ungar and Mist, 1949; Ungar and Damgaard, 1954, 
1955; Ungar, 1956, 1961). These studies were sum- 
marized and the relevant literature surveyed in a review 
(Ungar and Hayashi, 1958). 

3) The occurrence of protease activation under 
conditions leading to shock has been proved abundantly 
but its interpretation is still a matter of controversy. It 
is sometimes assumed that proteolysis, instead of being a 
pathogenic factor, is merely a consequence of tissue injury 

and shock. An important argument against this in- 

terpretation is the well-known fact that application 
of proteases can elicit shocklike phenomena as well as 
different types of tissue damage. This was demonstrated 

for trypsin by Rocha e Silva (1941), chymotrypsin by 
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Tagnon (1945) and kallikrein by Westerfield (1944). 
The latter results have been contested by Webster and 
Clark (1959) who could not produce irreversible shock 
with kallikrein alone but found a synergistic effect of 
this enzyme with bacterial endotoxins. 

4) If proteolysis is accepted as a decisive event in the 

response of tissues to injurious stimuli and in the causa- 
tion of shock, the following main mechanisms of action 
can be proposed: 

a) Direct enzymatic attack of the vascular endothelium. 
This is supported by a number of observations re- 
viewed by Jensen (1956) and Ungar (1955). Accord- 
ing to this hypothesis, the inner coating of vascular 
endothelium, consisting of fibrin and other protein 
and mucoprotein material, would be in constant 
renewal. These proteins are being continuously 
removed by minute amounts of circulating proteases 
and replaced by the clotting process. When the rate 
of proteolysis exceeds that of fibrin deposition, the 
normal equilibrium is disrupted and the capillaries 
lose their ability to retain large molecules and particu- 
late matter. 

b) Formation of vasoactive protein breakdown products. 
Almost all known proteases can attack some plasma 
protein constituents and split off peptide fragments 
characterized by their hypotensive, vasodilator and 
smooth muscle-stimulating properties. These com- 
pounds are now designated by the generic name of 
“kinins” (Lewis, 1959, 1960). Their prototype is 
bradykinin, probably identical with kallidin men- 
tioned above (for a recent review, see Rocha e Silva, 
1960). This peptide has now been purified (Elliott, 
Horton and Lewis, 1960a), characterized (Elliott, 
Horton and Lewis, 19604) and synthesized (Boissonas, 
1960). It seems to be the most potent vasoactive 
material known. The larger protein fragments, 
described by Menkin (1956) as playing a role in 
phenomena related to tissue injury, may also be 

produced by protease action. 
c) Serotoxin formation. Bordet (1913) described, in 

serum submitted to various treatments, the develop- 
ment of a toxic, shock-producing principle, called 
“serotoxin.” More recently this agent has been 
reinvestigated under the rather misleading name of 
“anaphylatoxin’”’ (Rocha e Silva and Aronson, 1952; 
Hahn, 1957). Although serotoxin itself is probably 
not an enzyme, its production may involve a proteo- 
lytic step. The same conditions which give rise to 
serotoxin formation also cause activation of proteases 
in serum (Ungar, 1961). Unlike plasma kinins, sero- 
toxin does not act on effector systems directly but 
through the intermediate step of histamine release. 

d) Release of mediators. A good correlation found 
between histamine release and proteolysis in isolated 
tissues prompted the formulation of a hypothesis 
according to which histamine is bound to cell proteins 
and is released when these are attacked by proteases 
(Ungar, 1956). If the linkage between proteins and 
histamine is a labile one (ionic bonds, H-bonds, Van 

der Waals forces, etc.) release could occur without 
proteolysis. A slight configurational change, such as 
those described in the proteins of stimulated nerve 
cells (Ungar, 1957), would be sufficient to liberate the 
amine. The same mechanism could, of course, operate 
for the release of other mediators, such as 5-hydroxy- 
tryptamine. It may also be related to the pattern 
of inorganic cation transport which is a characteristic 
feature of cellular excitation. 
The discussion following Ungar’s presentation revealed 

a paucity of observations on the proteolytic activity of 
the blood in human shock. It is well documented that 
increased fibrinolytic activity may be observed fre- 
quently in shock mediated by immunological reactions, 
severe trauma, hemorrhage, etc.; however increased 
fibrinolytic activity cannot be equated with increased 
proteolysis for its most frequent cause is the presence of 
an increased amount of a plasminogen activator. Con- 
versely not all increased fibrinolytic activity need 
necessarily be due to increased activity of the plasmino- 
gen-plasmin system; other proteolytic enzyme systems 
may have an effect on fibrin. 

The need for investigating and defining the extent and 
nature of increased proteolytic activity in human shock 
was readily apparent. Since a number of different latent 
proteases in plasma may be activated, the investigation 

should be undertaken with methods involving a variety 
of substrates (casein, hemoglobin, fibrin, synthetic 
substrates, etc.) and inhibitors, similar to those currently 
being used in the experimental studies. Though the 
results obtained may be complicated by previous treat- 
ment of the patient, this complexity should not deter 
the systematic accumulation of observations which 
could serve as a most useful background for further study. 

B. Latent Proteases of Plasma 

Becker discussed the latent proteases of plasma with 
particular emphasis on those which are poorly char- 

acterized at present. He pointed out that of the plasma 
proteolytic enzymes existing in plasma in a latent inert 
state, only two, plasmin and thrombin, have been at 
all well characterized (Ablondi and Hagan, 1960; 
Waugh, Baughman and Miller, 1960). However, 
investigators are now beginning to realize that plasma 
contains in addition to the above two proteases a number 
of other latent proteases or supposed proteases (Lewis, 
1960; Ungar and Hayashi, 1958). Since none of them 
have been characterized biochemically, to any great 
extent, their separation from plasmin, and from each 
other, as well as their very nature as proteolytic enzymes 
are frequently matters of inference based on various 
forms of direct and indirect evidence. Therefore, the 
nature of the evidence and the basis for the inferences 
made were considered; particularly the basis for the 
use of amino acid esters as substrates for proteases, and 
of the role of specific inhibitors such as soybean trypsin 
inhibitor and di-isopropyl-fluorophosphate (D.F.P.). 

While, by definition, all proteolytic enzymes can 
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hydrolyze proteins, they differ widely in this ability. 
Some proteolytic enzymes, such as trypsin, etc., act on a 
wide variety of protein substrates causing more or 
extensive breakdown. Others, however, are highly 
selective bing able to act upon a very few proteins or a 
single protein as substrate, e.g., the action of thrombin 
on fibrinogen. In addition, some proteases are able to 
split off only a very small fragment from the substrate 
protein leaving most of the molecule intact; here again, 
the action of thrombin on fibrinogen can serve as an 
example. Thus, the lack of activity of a given enzyme 
on the usual protein substrates, fibrin, casein, denatured 
hemoglobin, etc., cannot be taken as sufficient evidence 
that the enzyme is not a protease. On the other hand, 

because so many proteases are capable of acting on these 
substrates, the finding of activity when one of these 
substrates is employed does not, by itself, allow one to 
attribute the activity to a specific enzyme; unfortunately, 
it is still the habit to consider the appearance of fibrino- 
lytic activity in plasma as necessarily denoting the 
presence of plasmin. 

Certain, although far from all, proteases can hydrolyze 
amino acid esters, such as p-toluene sulfonyl-L-arginine 
methyl ester (TAMe), acetyl-L-tyrosine ethyl ester 
(ATEe), etc. (Green and Neurath, 1954). In general, 
it has been found that the same active site on the 
enzyme is responsible for both the enzyme acting as 
a proteinase or peptidase and for its action as an esterase. 
So far as is now known, only proteases will act on these 
amino acid esters; therefore, the finding that one or 

another of the amino acid esters are split enzymatically 
has been taken as presumptive evidence of the protease 
nature of the enzyme concerned. This assumption, while 
heuristically useful, is an assumption, and must be 
proved in each case. 

There is a certain broad specificity of these amino 
acid ester substrates, for example, trypsin (Schwert, 
1948), plasmin (Troll, 1954) and thrombin (Sherry, 
1954) will hydrolyze TAMe, but not ATEe to any great 
extent, while chymotrypsin hydrolyzes the latter, but 
not TAMe. Because of this sort of specificity (which in 
many cases is only partial); because of the ease with 
which the splitting can be detected and quantitatively 
determined; and because their enzymatic hydrolysis 
does provide presumptive evidence of protease action, 
these amino-acid esters have proved very useful in the 
detection and measurement of the activity of known 
proteases, and of enzymes whose nature is essentially 
unknown. 

A further useful tool in the investigation of the 
potentially proteolytic basis of certain biologic activities 
found in plasma has been the use of inhibitors such as 
soybean trypsin inhibitor and similar specific inhibitory 
proteins. Soybean trypsin inhibitor is specific for a class 
of known proteolytic enzymes such as trypsin (Northrop, 
1948) and plasmin (Christensen, 1945); its inhibition 
is due to an actual combination with or blocking of the 
active site of the enzyme (Green, 1953). Thus, the 

finding that a given activity is inhibited by soybean 
trypsin inhibitor provides presumptive evidence that 
this activity is due, directly or indirectly, to a protease. 
However, the lack of such inhibition is no argument that 
a proteolytic enzyme is not concerned. 

Certain of the esterolytic proteases, e.g., trypsin, 
chymotrypsin, plasmin, thrombin, etc., can be irrever- 
sibly inhibited by organophosphorous compounds such 
as di-isopropyl-fluorophosphate (DFP) (Balls, 1952); a 
property which is shared with some of the non-proteolytic 

esterases such as acetyl choline esterase, lipase, phospho- 
glucomutase, etc. The inhibition by DFP is directed 
against the active site of the enzyme (Green, 1953). 
Thus the observation that, under the proper experi- 

mental conditions, a given activity is inhibited by DFP, 
or a similar organophosphorous compound, is suggestive 
that an enzyme with esterase activities is involved, though 
the esterase need not be a protease. Conversely a lack of 
inhibition does not exclude the presence of an esterase 
or protease. 

By the use of these and other tools, it has become 
possible to conclude that the process of blood clotting 
involves not only the activation of the proteolytic 
enzyme, prothrombin, but of other plasma proteases as 
well. For example, Hageman factor (Ratnoff and Calopy, 
1955), the activation of which initiates the clotting of 
blood by glass (Margolis, 1958; Ratnoff and Rosenblum, 
1958) is inhibited by soybean trypsin inhibitor (Margolis, 
1958), and by DFP (Becker, 1960). Milstone has de- 
scribed an enzyme, thrombokinase, which is capable of 
acting on prothrombin in the presence of oxalate to 
yield thrombin (Milstone, 1960). It exists in an inactive 
form in plasma; is inhibited by soybean trypsin inhibitor; 
and on purification is associated with TAMe esterase 
activity (Milstone, 1960). Since Hageman factor is 
supposed to act at the beginning of the clotting process 
and thrombokinase at the end stage, they may well be 
different enzymes. 

Other biologically active substances such as the 
permeability factor, PF/dil (Mackay, 1952), and plasma 
kallikrein (reviewed in Lewis, 1960), which also exist in 
plasma in an inactive form, recently have been shown 
to be enzymes similar to Hageman factor and thrombo- 
kinase. PF/dil from guinea pig serum is not only inhibited 
by soybean trypsin inhibitor and DFP, but the enzyme 
activity has been shown to be associated with TAMe 
esterase activity (Becker, Wilhelm and Miles, 1959). No 
protein substrate for PF/dil has as yet been found. Plasma 
kallikrein is also inhibited by soybean trypsin inhibitor 
(Werle, 1952) and DFP (Haberman, 1960; Webster and 
Pierce, 1961), and is known to release physiologically 

active polypeptides from an a». globulin in plasma 
(Lewis, 1960). Because of these similarities, and for 
other reasons, some investigators (Bhoola, 1960) have 
suggested that Hageman factor, PF/dil, and plasma 
kallikrein are actually the same enzyme. Becker, on the 
basis of preliminary observations, suggests that Hageman 
factor and plasma kallikrein might well be the same 
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enzyme, but PF/dil is probably different. In any event, 
all investigators agree that none of these substances is the 
same as plasmin. 

In addition to the aforementioned enzymes, the first 
component of hemolytic complement has been shown to 
exist in serum in an inactive precursor form. It is a 
TAMe esterase, and is inhibited by DFP but not by 
soybean trypsin inhibitor (Becker, 1957; Lepow, 1959). 
No protein substrate has been found, as yet, for this 
enzyme. 

In addition to the above enzymes, to which a more or 
less definite biological function or activity can be 
assigned, there is another group of enzymes whose 
biological function or activity has not been determined. 
The findings of Troll and Sherry that plasmin and 
thrombin (Troll, 1954; Sherry, 1954) are TAMe esterases 
have stimulated the use of TAMe and other amino-acid 
esters in the investigation of the latent TAMe esterases 
of serum (Austen, 1959; Becker, Austen and Marcus, 
1959). A number of such enzymes have been uncovered; 

lack of plasminogen activation; however, it does raise 
for reconsideration, the conclusion that chloroform 
treatment of serum or plasma necessarily activates 
plasminogen. 
Though one may conclude from this discussion that 

plasma contains a large number of latent proteases of 
varied nature, it is equally evident that much further 
work need be done on the isolation and purification of 
these enzymes, as well as the development of techniques 
for their characterization, measurement and _ differ- 
entiation. 

C. Plasma Kallikrein System 

This was discussed by Webster with particular 
emphasis on the role of Hageman factor in the activation 
of human plasma kallikrein, and observations on the 
purification of kallidin from human plasma. 
The basic nomenclature in the kallikrein system is as 

follows: 

: : kallikreinogenase ae sop — inactive 
kallikreinogen > kallikrein + inhibitor kallikrein 

(inactive plasma (active protease) 
precursor) 

+ 4: Pere — inactive 
kallidinogen —————> ol + inhibitor jy allidin 

(plasma substrate in polypepti de) 
a2 globulin fraction) 

these for the time being must be looked upon as ‘‘orphan”’ 
enzymes which are only possibly proteolytic in nature. 
In guinea pig serum there are two distinct TAMe 
esterases capable of being activated by streptokinase 
and human activator; only one has the properties 
ordinarily associated with plasminogen (Austen, 1959), 
unlike the situation in human serum (Troll, 1954; 
Austen, 1960). While peptone added to serum activates 
little or no plasminogen (Becker, Austen and Marcus, 
1959; Austen, 1960), activation of two other TAMe 
esterases occurs. Moreover, it has been shown repeatedly 
that peptone either in vivo or in vitro activates a fibrino- 
lytic enzyme; however, this enzyme is apparently neither 
the two TAMe esterases nor plasmin, for sufficient DFP 
can be added to inactivate these enzymes without 
appreciably impairing the fibrinolytic activity (Becker, 
1959). This observation implies that a latent protease 
exists in serum which differs from all others discussed 
previously. 

Chloroform treatment of plasma is known to give rise 
to proteolytic activity which has been attributed to 

HF 
absorbed 

if activated HF 
glass 

aoe 

plasmin (Christensen, 1946). A study of the increase of 
TAMe esterase activity following such treatment showed 
that at least one and probably two TAMe esterases were 
activated. These esterases were not plasmin; in fact, no 
evidence for the activation of plasmin could be obtained 
in this study. It is possible that in this instance the 
method of chloroform treatment was responsible for the 

component A 

The system has many similarities to the bradykinin 
system where trypsin or snake venom will act upon a 
plasma substrate termed bradykininogen to release 
bradykinin, a nonapeptide (Elliott, Horton and Lewis 
1960a) with vasoactive properties similar to kallidin. 
Though it is likely that bradykinin and kallidin are 
similar substances, some uncertainty still exists. Plasma 
kallikrein activity, like bradykinin activity, is assayed by 
its biological activity in vivo. 

1) Role of Hageman factor in the activation of human plasma 
kallikrein. Hageman factor (HF) is a clot-promoting 
substance thought to be lacking in the plasma of patients 
with Hageman trait (Ratnoff, 1960). The coagulation of 
blood obtained from patients with Hageman trait is 
grossly abnormal, although hemostasis is usually un- 
impaired. The defect in the blood in Hageman trait may 
be corrected in vitro by the addition of partially purified 
HF. Margolis (1960) has also implicated HF in the 
appearance in plasma of a permeability factor, and a 
pain-producing and smooth muscle-contracting factor 
according to the schema shown below: 

See: : — plasma kinin 
activated component A 

Since the permeability factor and the glass-activated 
proteinase have not been definitely distinguished from 
plasma kallikrein, it appeared likely to Webster and 
Ratnoff that the inactive proteinase (Component A) 
might be kallikreinogen which on activation became 
plasma kallikrein. Investigation was, therefore, made of 
the activation of plasma kallikrein in plasma deficient in 
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HF. It was found that celite activated not only the 
permeability factor and the glass-activated proteinase 
but also small quantities of plasma kallikrein. With 
plasma deficient in HF, no activation occurred. Simi- 
larly, plasma kallikrein did not appear in HF-deficient 
plasma treated with acetone, a technique thought to 
destroy inhibitors and thus permitting the activation of 
kallikreinogen by kallikreinogenase. Trypsin activation, 
on the other hand, directly attacks the kallikreinogen 
molecule and this method liberates plasma kallikrein 
even from HF-deficient plasma. The addition of partially 
purified HF to the deficient plasma restored its ability 
to activate plasma kallikrein. To Webster and Ratnoff, 
these data suggest that the plasma deficient in HF is 
not deficient in kallikreinogen, but rather lacking in 
kallikreinogenase or some prior enzymatic step required 
for the activation of plasma kallikrein. The question of 
the identity of the permeability factor, the glass-activated 
proteinase and plasma kallikrein cannot as yet be 
resolved. The data provide evidence that a common 
mechanism is involved in their release, but does not 
exclude the possibility that the proteinases themselves 
may be different; however, the simplest hypothesis would 
be that they were the same substance. 

2) Purification of kallidin from human plasma. The recent 
isolation by Elliott et al. (1960a) of bradykinin and its 
chemical identification as a nonapeptide has stimulated 
considerable interest; it provides hope that within the 
near future the question of the identity of bradykinin 
and kallidin will be resolved. Elliott and co-workers have 
isolated bradykinin by the action of trypsin on bovine 
serum globulins. Independently, Pierce and Webster 
have been working on the isolation of kallidin from 
human plasma using human urinary kallikrein as the 
proteinase. Out-dated human ACD plasma was stored 
for 10 minutes at pH 3.0, 37°C to destroy inhibitors. 
The plasma was adjusted to pH 7.5 and incubated with 
0.025-0.075 Frey units of human urinary kallikrein per 
ml of plasma for 2 hours. The kallidin was purified 
400-fold by adsorption on XE-64 at pH 4-4.5, and 
elution with ammonium formate buffer at pH 8.2. 
Another 10-fold purification was achieved by passage 
through a 6-25 Sephadex column and developing with 
0.001 N HCl or HCOOH. The kallidin in an over-all 

yield of 10 to 25 % showed no evidence of inhomogeneity. 

However, when this mixture was placed on a column 
of carboxymethy] cellulose using EDTA (Elliott, Horton 
and Lewis, 1960b), two widely separated kallidins were 
obtained. Both kallidins had similar biological potency 
on the guinea pig large intestine and were approximately 

the same as that given by pure bradykinin. At the 
present time only preliminary analyses of the amino 
acid composition of these kallidins are available. Kallidin 
I appears to be contaminated with small amounts of 
other peptides but its composition does not appear to be 
inconsistent with that of pure bradykinin. Kallidin II 

appears to be more homogeneous and contains lysine 

in addition to the amino acids found in bradykinin. 

Paper electrophoresis of the kallidins in 2.0 N acetic 

acid showed that they were different peptides. Althousyh 
further data will be required to substantiate these pre- 
liminary findings, it is clear that two chemically different 
but highly active polypeptides have been isolated. 

Other points brought out in the discussion included: 
1) Urinary kallikrein has characteristics different from 

plasma kallikrein. The former is acidic, the latter basic; 
they are inhibited by different substances. Kidney 
extracts have little kallikrein activity; however renin in 
the kidney extracts may interfere with its detection. At 
the present time the source of urinary kallikrein is un- 
known. Pancreatic kallikrein also has different properties 
and is probably distinct from plasma and urinary kal- 
likrein. Marked species differences also exist. 

2) Despite the considerable progress in character- 
izing the plasma kallikrein system, much further char- 
acterization is needed. 

3) At present, there is insufficient experimental data 
to support a quantitative relationship between the 
activity of any of the kinin producing enzyme systems 
and the total biological effect observed; therefore, the 
role of these enzyme systems in eliciting biological 
phenomena in the normal animal, let alone in shock, 
remains to be established. 

D. Other Evidence for Increased Proteolysis in Shock 

Rehn commented on observations of humoral factors 
in shock; he observed a marked increase in depressor 
amines and peptides in the liver of animals subjected to 
an experimental third degree burn involving 30% of the 
body surface. Similar findings could be reproduced in 
hemorrhagic shock. He attributes these findings to the 
products of proteolysis resulting from the action of 
proteolytic enzymes, activated by a falling Redox poten- 
tial in the tissues and blood (a consequence of diminished 
oxygen tension). The changes in Redox potential were 
observed consistently before the increased proteolytic 
activity (as measured against peptides) and occur in 
clinical as well as experimental states of shock; similar 
observations have been made after trauma and surgery. 
This negativity of the Redox potential can be reversed 
by vitamin C administration and may explain some of 
the beneficial effects attributed to vitamin C in experi- 

mental shock models where hypovalemia is not the 
major problem. 

Finally, Godfraind (1958), though unable to attend, 
submitted data which indicate that, in rabbits, the 
edema fluid surrounding a burned area (or appearing 
after the local injection of protein hydrolyzates) contains 

an increased quantity of proteolytic enzymes; most of 
these enzymes are located in the euglobulin fraction; and 
administration of this euglobulin fraction into animals 

will elicit all of the delayed toxicity seen in animals with 
delayed shock and death after burns. Though his evi- 
dence is far from conclusive, Godfraind suggests that 
protease activation in the burned area and its subsequent 
effects may play an important part in the toxicity seen 
following burns. 
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SIGNIFICANCE OF PROTEOLYSIS AND ALTERED HEMOSTASIS 
IN THE PATHOGENESIS OF THE SHOCK SYNDROME 

A. Significance of Intravascular Coagulation 
in Experimental Shock Models 

Observations on human shock and transfusion reac- 
tions suggested to Hardaway that intravascular clotting 
and a bleeding tendency may be associated with these 
states. For this reason, Hardaway has undertaken an 
extensive investigation of intravascular clotting and 
bleeding in dogs injected intraaortically with human 
blood, human amniotic fluid, thrombin, and E. coli 
endotoxin through a femoral artery catheter. Clinical, 
hematological and pathological changes have been 
essentially similar in all cases. All the agents caused an 
immediate drop in blood pressure, followed by a recovery 
period; then, depending upon certain conditions, a 
secondary fall in blood pressure occurred with death and 
autopsy findings of hemorrhagic necrosis of the gastroin- 
testinal mucosa. 

Serial observations in association with the injection of 
V4 ml of endotoxin/lb body weight into 46 dogs revealed: 
a) a hundredfold increase in antithrombin titer within 
60 minutes of the endotoxin injection; 6) an initial fall 
in platelets in the first 20 minutes, followed by partial 
recovery at the end of an hour; c) a fall in fibrinogen 
levels of approximately 40% in the first 20 minutes; 
d) a marked and progressive delay in clotting; and ¢) 
usually, evidence of increased fibrinolytic activity. 
Preheparinization of the animals before endotoxin 
administration prevented the fibrinogen fall, and pro- 
tected 5 of 6 animals from a lethal dose of endotoxin. 
Detailed examination of the organs of animals dying 
after endotoxin administration revealed extensive hemor- 
rhage and thrombosis in the gastrointestinal tract, lungs, 
and spleen; the gastrointestinal tract of the one dog dying 
after heparin and endotoxin administration was normal. 
Hardaway concluded that the shock associated with 

endotoxin, incompatible blood, amniotic fluid, and 
thrombin is associated with the early onset of intra- 

vascular coagulation; this is followed by increased 
fibrinolytic activity and the appearance of antithrombin 
activity. The thrombi resulting from the initial episode 
of intravascular coagulation are probably responsible 
for the development of gastrointestinal lesions and death 
of the animal in irreversible shock. These postulated 
events are supported by the observations with heparin; 
heparin by inhibiting the intravascular coagulation phase 
can protect animals from a lethal dose of endotoxin. 

B. Fibrin-Intermediates as Indicators of Clotting In Vivo 

Both from an experimental and clinical standpoint, 
there is a great need for a specific laboratory test which 
would indicate that intravascular clotting had taken 

place; for example, considerable support for Hardaway’s 
conclusions (see above) would come from direct evi- 
dence that intravascular clotting had taken place in the 
initial stages of endotoxin shock. Since fibrin, the princi- 

pal product of coagulation, is insoluble and cannot be 

recovered for measurement in blood, Shainoff and Page 
(1960) have developed methods for the assay of the 
intermediary products of the action of thrombin on 
fibrinogen. 

The conversion of fibrinogen to fibrin by thrombin 
involves the release of four moles of peptide from the 
fibrinogen molecule (Bailey, 1955). Since four peptide 
linkages are broken, four steps in the reaction may be 
visualized. The first step involves liberation of one 
molecule of peptide A (also called cofibrin A), and 
formation of a soluble fibrin-intermediate which has 
been named “‘cryoprofibrin” (Shainoff, 1960) to distin- 
guish it from fibrinogen and fibrin. The prefix ‘‘cryo” 
describes an important property of the intermediate, its 
cold precipitability. When fibrinogen is incubated with 
thrombin in ammonium acetate and the reaction stopped 
by adding tosylarginine methyl ester (a competitive 
thrombin inhibitor (Sherry, 1954)), the cryoprofibrin 
produced can be separated from fibrinogen by simply 
chilling the reaction mixture. The suffix “‘profibrin” 
describes it as a precursor of fibrin. When cryoprofibrin 
is allowed to react further with thrombin, it is converted 
to fibrin monomer (‘‘activated fibrinogen’) with the 
liberation of an additional molecule of peptide A and 
two molecules of peptide B. The liberation of peptides 
from the fibrinogen molecules opens up binding sites 
that were previously hidden, and, when the peptides 
are liberated, the molecules polymerize into fibrin poly- 
mers which subsequently undergo gelation. 

Shainoff and Page attempted to find cryoprofibrin in 
plasma, since it is a specific and soluble product of the 
action of thrombin and, would, accordingly, provide a 
measure of thrombin activity in vivo. Since Thomas, 
Smith and van Korff (1955) had described an abnormal 
type of fibrinogen which is precipitable in the cold by 
adding heparin to plasma of endotoxin-treated rabbits, 
and since this abnormal protein might be cryoprofibrin, 
attempts were made to obtain chemical evidence for its 
identification; however, the heparin used to isolate the 
protein complicated the studies because of the former’s 
anticoagulant properties. 

However a protein having the properties of cryopro- 
fibrin was separable from plasma by low temperature 
precipitation from Cohn plasma fraction I dissolved in 
0.15 M ammonium acetate (Shainoff, 1960). The amount 

of protein derived from plasma of endotoxin-treated 
rabbits was found to be six times greater than from nor- 

mal plasma. When the protein was redissolved and 
converted to fibrin by reacting it with thrombin, the 
cofibrins were liberated in amounts equivalent to one 
mole of A and two moles of B per mole of fibrin. The 
cofibrin content and solubility of the protein were the 
same as cryoprofibrin, and provided reasonable evidence 
that the protein was cryoprofibrin. As a result of addi- 
tional studies, considerable evidence has now accumu- 
lated which clearly indicates that the cryoprofibrin was 
formed in vivo prior to the bleeding of the rabbits. 

The demonstration of the identity and in vivo origin 
of cryoprofibrin, and the quantitative measurements of 

\ 



216 CONFERENCE ON SHOCK 

cryoprofibrin in the plasma of normal and endotoxin- 
treated rabbits, led Shainoff and Page to conclude: 
1) the in vivo formation of cryoprofibrin provides the 
only presently available chemical evidence for intra- 
vascular thrombin activity in normal animals; 2) the 
six-fold increase in cryoprofibrin following endotoxin 
injection in rabbits reflects increased thrombin activity; 
3) Brunson, Gamble and Thomas (1955) showed that 
fibrinoid is deposited after treatment with endotoxin. 
The demonstration of increased thrombin activity after 
endotoxin treatment, as shown by the increased cryo- 
profibrin, implicates thrombin in the mechanism of this 
fibrinoid deposition; and 4) the recovery of relatively 
large amounts of cryoprofibrin from plasma of endotoxin- 
treated rabbits provides circumstantial evidence that 
fibrinoid is derived from fibrin-intermediates having a 
generalized rather than a localized origin. 

The observations on cryoprofibrin, if confirmed and 
extended, may well shed light on a number of obscure 
phenomena: the nature of the heparin precipitable cold 
fibrinogen seen in many acute phase sera; the nature of 
the cryofibrinogen seen in true cryofibrinogenemia; and, 

of broader interest, its possible role in erythrocyte clump- 
ing and blood sludging. Some reservations may be 
expressed that the presence of cryoprofibrin necessarily 
implies thrombin action; conceivably other naturally 
occurring proteolytic enzyme may have the capacity 
to convert fibrinogen to cryoprofibrin. 

C. Hemostatic Defects Induced by the Shwartzman Reaction 
Alone and in Combination with Fibrinolysis 

Hardaway’s investigation of the clotting defects 
induced by endotoxin, and Shainoff and Page’s evidence 
of alterations in circulating fibrinogen as a consequence 
of the administration of endotoxin provided an excellent 
basis for Alexander’s discussion of observations made 
with McKay and Kliman (McKay, 1959). These inves- 
tigators were concerned with the mechanism underlying 
the development of a hemorrhagic diathesis with absent 
or extremely low fibrinogen levels, as seen in certain 

clinical conditions such as premature separation of the 

placenta, amniotic-fluid embolism and septicemia. Some 
investigators had postulated that the syndrome was 

secondary to an vivo fibrinolytic enzyme; others have 
raised the possibility that the fibrin depletion is due to 
disseminated intravascular coagulation. 

It occurred to McKay and associates that both factors 
might be required since in the rabbit, intravascular 
coagulation, occurring during the generalized Shwartz- 
man reaction, resulted only in a 40 to 50% reduction 
in circulating fibrinogen but not in afibrinogenemia or 

hemorrhage; similarly, induced fibrinolytic activity 
(following streptokinase administration) did not signifi- 
cantly change the fibrinogen level or induce hemorrhage. 
However, when the rabbit was subjected to the gener- 
alized Shwartzman reaction and given streptokinase as 

well, the combination of intravascular coagulation and 
fibrinolysis resulted in severe fibrinogenopenia and a 
hemorrhagic diathesis. 

This phenomenon also could be simulated in vitro. 

The addition of streptokinase to plasma in vitro failed 
to lower the fibrinogen level significantly. The addition 
of small amounts of thrombin alone, insuffcient to induce 
complete coagulation, resulted in a decrease in fibrin- 
ogen. The addition of both these agents to plasma caused 
prompt and complete depletion of assayable fibrinogen. 

Alexander concluded that these observations may 
have a bearing on the problem of acquired afibrinogenia 
in man and may be pertinent to the shock problem, 
particularly where hemostasis is severely endangered. 

The discussion took note of the fact that endotoxin 
in the rabbit causes intravascular coagulation but no 
increased fibrinolytic activity; pathologically, there is 
thrombosis and fibrinoid deposition but little hemor- 
rhage. In contrast, endotoxin in the dog causes both 
intravascular coagulation and_ increased fibrinolytic 
activity; pathologically there is thrombosis and hemor- 
rhage. Thus, by inciting fibrinolytic activity with strep- 

tokinase, McKay and associates had made the effects of 
endotoxin in the rabbit more comparable to that usually 
seen in dogs with endotoxin alone. 

D. Modification of Endotoxin Shock in Dogs with 
Epsilon Aminocaproic Acid 

Recent work by Spink and associates in preventing 
mortality from lethal doses of endotoxin in dogs by the 
use of epsilon aminocaproic acid suggests that activation 
of the plasminogen-plasmin system following endotoxin 
administration (Gans and Krivit, 1960) may play more 
than a casual role in the lethality of this toxin. 

Recent observations by Vick in Spink’s laboratory 
(Vick, 1960) suggested that endotoxin reacts with 
plasma, possibly to activate some enzyme system, which 

then results in the liberation of a histamine-like sub- 
stance. The possibility that the plasminogen-plasmin 
system, or some similar enzyme system, might be involved 
in this reaction was investigated through the use of 
epsilon aminocaproic acid (6 aminohexanoic acid), a 
known powerful competitive inhibitor of plasminogen 

activation (Alkjaersig, 1959; Ablondi, 1959). 

The intravenous administration of epsilon amino- 
caproic acid (EACA) either before or immediately 
following (within 30 minutes) the injection of a lethal 
dose of endotoxin into dogs completely protected the 
animals. When the EACA was given more than 30 
minutes after the administration of endotoxin, no pro- 

tection was afforded. EACA, in limited observations 
had no protective effect in rabbits, even when given 

before the endotoxin; however, as previously noted, the 

plasminogen system is not activated in the rabbit by 
endotoxin administration. 
Though there is still insufficient data to claim that 

the EACA is having its protective effect in dogs by 
inhibiting the plasminogen system (changes in this system 
were not studied by Spink), it does provide a lead for 
further investigation. Interestingly, Spink noted that 
preliminary observations at the University of Minnesota 
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Hospital suggest that EACA may protect patients against 
the fibrinogenopenic states seen in association with open 
heart surgery. 

In the discussion which followed, it was noted that: 
1) the blood pressure responses following EACA adminis- 
tration need more clarification (in Spink’s studies, there 
was an initial rise in blood pressure; others have not 
observed this effect); 2) EACA may inhibit the activation 
of proteolytic enzyme systems other than plasminogen, 
and these may be more related to the effects observed 
(note the recent report of Zweifach et al. (1961) on the 
effects of EACA on tissue injury and anaphylaxis); and 
3) though heparin has a protective effect in anaphylactic 
shock, no thromboses have been described in this state. 
Perhaps the protective action of heparin may be related 
to its inhibition of proteolytic enzyme systems when 

used in large doses. 

E. Defective Clot Formation in Abnormal Proteolytic States 

Sherry presented the recent observations of his asso- 
ciates (Fletcher, 1960) on the coagulation defect and 
hemorrhagic diathesis which may be seen in association 
with increased plasma proteolytic activity. Such states 
when they occur clinically are referred to as fibrinolytic 
disorders; the syndrome may develop following surgery, 
occur in association with obstetric complications, arise 
in conjunction with other disease states or be induced 
iatrogenically in the course of thrombolytic therapy. 
There is agreement that the coagulation defect results 
from the action of a proteolytic enzyme on susceptible 

plasma proteins, but uncertainty as to the nature of the 
defect produced. Sherry’s laboratory has obtained evi- 
dence that during the proteolysis of fibrinogen and fibrin, 
both in vivo and in vitro, a large molecular fragment is 
released which has a strong inhibitory effect on the later 
stages of fibrin polymerization; since a defective polymer 
is formed, the clotting disorder has been termed “‘defective 
fibrin polymerization’’. Physico-chemical and electron 
microscopic studies reveal that, when clotting takes place 
in the presence of significant quantities of this breakdown 

product, the abnormal, large molecular sized fragment 

competes with fibrin monomer (‘activated fibrinogen’) 
for incorporation into the developing clot structure; 
however lacking essential binding sites, the fragment 
delays and distorts the final clot. 

The data suggests that ‘“‘defective fibrin polymeriza- 
tion” is the major clotting anomaly seen in abnormal 
fibrinolytic or proteolytic states. It accounts for the 
delay in clotting, the abnormal appearing clots (loose 
and friable) and the “antithrombin” activity; it also 

interferes with the assay of fibrinogen, and may distort 
other coagulation tests which depend on clot formation 
as an end point. Though reductions in blood clotting 
factors V and VIII also may occur as a direct conse- 
quence of increased circulating proteolytic activity, the 
extent of the reduction of these latter factors is of rela- 
tively minor consequence. 

In the discussion which followed it was pointed out 

that these findings relate to abnormal proteolytic states, 
i.e., those with increased circulating proteolytic activity 
and fibrinogen digestion (hyperplasminemia would be 
one example); it does not apply to the increased fibrin- 
olytic activity seen under physiological circumstances in 
response to certain stresses. In the latter situation, there 
is no evidence of increased circulating proteolytic activity 
but only the presence of an increased level of plasminogen 
activator (Sherry, 1959); fibrinogen levels remain un- 
affected. However physiological fibrinolytic activity may 
contribute to the development of defective fibrin poly- 
merization whenever extensive intravascular clotting or 
defibrination occurs in its presence; here, rapid digestion 
of the large fibrin deposits may be expected to release 
significant quantities of the polymerization inhibitor. 
Such a sequence of events may be expected to occur in 
certain experimental and clinical situations (e.g., the 
endotoxin treated dog (see Hardaway above) the endo- 
toxin plus streptokinase treated rabbits (McKay, 1959), 
and some of the acquired “afibrinogenemias” which 
follow obstetrical accidents), and be responsible for the 
hemorrhagic manifestations and clotting abnormalities. 

EACA by inhibiting the fibrinolytic response may pre- 
vent this severe coagulation disorder and account for the 
protective effect of this compound in the endotoxin 
treated dog (see Spink above). 

F. Influence of Proteolytic Enzyme Inhibitors in Burns 

Koslowski presented a brief report on the effects of 
Trasylol in experimental burns. Trasylol, a proteolytic 
enzyme inhibitor extracted from the parotid gland of 

cows, is capable of inactivating trypsin, kallikrein, and, 
probably, plasmin. It may be given by intravenous 
injection to animals and humans without anaphylactic 
reactions or other side effects. It has been made available 
in Germany for the treatment of acute pancreatitis. 

Since there is experimental evidence for increased 
proteolysis in burns, Koslowski studied the influence of 
this new protease inhibitor on experimental burns in the 
rat. The effects of a severe burn of reproducible extent 

(25% of body surface) and depth were followed by 
measurements of blood pressure and urinary alpha 

amino nitrogen excretion. 
The blood pressure in the Trasylol treated rats showed 

less decrease and an earlier return to normal. Alpha 
amino nitrogen excretion increased three-fold in the 
untreated burned animals but showed less than a two- 

fold increase in the treated animals; these findings were 
statistically significant. 

The effects of Trasylol on the mortality rate of burned 
mice was also studied. While all controls died within 

three days, all the treated animals survived longer or 
recovered. Preliminary investigations are now under 
way in man (burns, radiation injury, crush syndrome, 
etc.). 

It was suggested that proteolytic enzyme inhibitors 
may prove to have an increasingly important role in the 
treatment of burns and other forms of extensive tissue 
injury. 
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SUMMARY 

The possibility that altered hemostasis and/or in- 

creased proteolysis may occur in the various shock 
syndromes and contribute to its pathogenesis has been 
advanced relatively recently. As a result, knowledge in 
this area is still extremely superficial; nevertheless there 

are sufficient clues to suggest that this should prove to be 
a fruitful area for expanded investigation. 

The group which met to discuss these problems was 
composed of individuals with different interests and 
training; relatively few actually had worked on the 
problem of shock. It was apparent that few, if any, of 
the obvious questions, which might be raised by those 
interested in clinical shock, could be answered. There 
are no well-defined systematic studies on the state of the 
hemostatic mechanism in the shocked patient; nor has 

anyone yet investigated the state of the proteolytic 
activity of the blood of such patients; or systematically 
studied the blood for abnormal or increased amounts of 
peptides. Nevertheless the following points could be 

made: 
1) Hemostatic mechanism in shock. It seems likely that 

alterations in the coagulation mechanism should occur 
in hemorrhagic shock, for one may anticipate clotting 
factor depletion by blood loss, impaired mobilization of 
clotting factors from extravascular sources, impaired 
liver regeneration of depleted factors, and the appear- 
ance of increased fibrinolytic activity. 
Though the above factors should contribute to a 

hypocoagulable blood state, there is animal work which 
suggests that the opposite takes place. In the initial 
stages after extensive bleeding, the coagulability of the 
blood may be sharply increased (rather than reduced) 

and this may be followed by intravascular defibrination 

and the formation of microthrombi; this in turn may 
result, through one or more mechanisms, in the develop- 

ment of a hemorrhagic diathesis. 
The state of hemostasis in shock is in need of careful 

investigation, particularly since such studies may give 

rise to important therapeutic leads. However, it is sug- 
gested that studies of this type should take into account 
not only the coagulation and fibrinolytic mechanisms, 
but other aspects of hemostatis as well, particularly 
those concerned with small vessel bleeding. Current 
clinical impression suggests that this problem may prove 
to be an increasingly important one. Patients, who 
have been extensively treated for hemorrhagic shock and 
are beginning to slowly improve, not infrequently 
suddenly begin to bleed into many tissue sites; this is 
followed by a rapid exodus. 

2) Increased proteolysis and proteolytic enzymes activity in 
shock. There is now abundant evidence in animals that 

shock induced by antigen-antibody reactions is asso- 

ciated with the appearance of increased proteolytic 
activity in the blood, and that this proteolytic activity is 

independent of the fairly well-characterized _plas- 
minogen-plasmin system. However it is still unclear as 
to whether a similar increase in proteolytic activity 
appears in all types of shock; how many different pro- 

teolytic enzymes may be activated in blood; and whether 
proteolytic enzymes may be released into the circulation 
from anoxic or injured tissues. Furthermore, we do not 
know whether the appearance of increased proteolytic 
enzyme activity (or the products of proteolysis) is an 
incidental finding, or responsible for some of the 
biological events which lead to the toxemia of shock. 
It seems most important, at this time, for us to delineate 
the various latent protease systems in blood and those 
which may be derived from tissues; to concentrate on 

their isolation, purification and characterization; and 
then attempt to define their particular participation or 
importance in the complex shock syndrome. In this 
respect, it is encouraging to note that some of these 
systems and their digestion products are being extensively 
purified and characterized; perhaps their true signifi- 
cance may soon become known. However, increasing 
attention also should be directed toward other latent 
yet activatable proteases of blood whose action is still 
entirely obscure. 

3) Significance of altered hemostasis and proteolysis in shock. 
At present, there is insufficient data to define the signifi- 
cance of proteolysis and altered hemostasis in the patho- 
genesis of the shock syndrome. However, such alterations 
may be quite important, since dogs dying after endotoxin 
administration succumb with massive hemorrhage and 
thrombosis; heparin and epsilon aminocaproic acid will 

protect these animals; heparin also may protect animals 

from hemorrhagic shock or from prolonged cardiac 

arrest; and a proteolytic enzyme inhibitor of parotid 
gland origin may protect animals after severe burns. 
These empirical therapeutic observations, though re- 
stricted to particular animal species, to selected shock 
models, and without specificity as to their exact mode 
of action, do suggest that the contributions of altered 
hemostasis and increased proteolytic enzyme activity 

to the pathogenesis of clinical shock may ultimately 
prove to be of more than incidental interest. 

In conclusion, it is suggested that investigators studying 

the shock problem, particularly those with ready access 

and control of the shocked patient, strongly encourage, 

if not solicit, the active participation of individuals 

specially trained in the areas covered by this summary, 

for only through such collaborative efforts will the neces- 

sary data be obtained. 
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Round-table conference 

Dynamics of the heart and peripheral vessels in shock 

H. S. MAYERSON, Moderator 

I SHOULD LIKE TO ECHO what my predecessors have 
said in their summaries of other round-table sessions 
of this conference, that I think the greatest benefits 
in our round-table were to the people who participated. 
I want to thank them for making it a rather lively session. 

I think perhaps the highlight of our session was the 
initial discussion of the micro-circulation; and we owe 
a debt of gratitude to Dr. Berman and to Dr. Knisely 
for being with us—particularly to Dr. Knisely for 
showing us a very interesting film in which we saw 
what happens to the blood flow in the micro-circulation 
in the leg of the frog after crushing. There were a 
number of interesting points brought out in this film, 
and I think some of us were glad to see these effects 
again. To some of the group the phenomena were new. 

In watching the circulation through the microscope 
in a frog whose leg had been crushed, it was quite 
evident that after a short interval the blood flow slowed 
in the vessels, in the veins and arteries, and there was 
a certain amount of stagnation, slow flow, and, very 
interestingly, separation of the blood constituents into 
layers, so that actually we saw the cells settling from the 

plasma, the plasma layer on top, and below a central 

layer of red cells, and then white cells separating again 

in the peripheral part of the layer. Thus, there was a 
plasma layer moving at its speed, a white-cell layer 
moving at its speed, and then red cells moving at still a 
slower rate. As Dr. Knisely suggested, perhaps we 
must reorient our thinking as to the movement of blood 

in vessels. He showed us the phenomenon that he has 
been showing for many years, the phenomenon of 
sludging; that is, the fact that some of the smaller vessels 
get completely plugged up so there is no circulation in 
these parts. I think this perhaps has a good deal of 

significance in the shock picture. 
The question inevitably came up as to whether this 

type of study could be translated to the human. Dr. 
Knisely indicated to us that there will soon be available 
a horizontal microscope which will make it possible to 
study tissues in man and at the operating table. He had 
made some trials with it and feels that it will work well. 
This is an interesting feature of his approach, the use 
of the horizontal microscope, in this way being able 
to look at the tissue with the tissue being vertical, 
rather than poking the microscope down to the tissue. 
In other words, he is now able to get depth in his obser- 
vations and this is quite important. 
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One incidental comment that Dr. Knisely made as 
an anatomist, which I would like to throw into the 
picture here, which was at least new to me and, I 
think, new to many of us, is that the so-called hepatic 
sphincter mechanism was not unique to the dog but 
was present in all of the laboratory animals that we 

usually use. Dr. Moore will probably discuss this again 
later. 

Dr. Berman told us of the studies of his group on 
hemorrhagic shock on the hamster. The hamster seems 
to be more resistant to bleeding than some of the other 
animals that have been studied. He showed us some 
interesting pictures, again showing that there is a 
certain amount of sequestration, if you will, certainly 
slowing of flow in the micro-circulation. His experi- 
ments again call attention to the importance of temper- 
ature. The hamster survives better in a cooler temper- 
ature than in a warmer one. 

There was evidence of constriction of small vessels 
in the early stage of bleeding, and then evidence of 
dilation. I think one question that came up, particularly 

afterward, was the question as to what keeps blood 
vessels open. In other words, once the arterioles empty, 

let’s say, constrict, and push the blood to the venous 
side, we don’t find these vessels closed; they remain 
open, there’s blood in them. And this, I think, needs 
some more thinking and investigation as do the general 
problems of the rheology of flow in blood vessels. 

As Dr. Knisely pointed out, we have been thinking of 
flow in blood vessels, treating the blood vessels as 
cylinders, and he feels that we really ought to be thinking 
about them as cones. They are not the same diameter 
throughout their courses. 

A good deal of discussion followed on the micro- 
circulation which then led into what I would call a 
generalized “bull session,” a very informal one, with 
many questions being asked, and certain points being 
made. We heard some rather interesting information 
from others of the participants as to the importance of 
maintaining the blood flow. This in contradistinction 
to the blood pressure. That is, that the important factor 
was the perfusion of tissues and that actually we did 
not need a high pressure to get good perfusion. 

In essence, what this all came down to was the fact 
that we needed the heart (and I’ll come back to the 
heart in a minute) but that really what we needed was 
a good pumping action; that the main problem was 

\ 
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not the reduced blood flow, that is, a lack of venous 
return in irreversibility, but we needed to be able to 
pump the blood out. Several of the participants de- 
scribed experiments in which they had _ substituted 
pumps and the animals did quite well. These results 
suggested that what was needed was a good pumping 
action, then dilatation of vessels in key areas, if you 
will, so that these areas could be perfused properly. 
And the suggestion was thrown in that perhaps this is 
one of the actions of the sympathetic blocking or sympa- 
tholytic agents; that they permit better perfusion of key 
areas. 

Dr. Guyton came in for a good deal of questioning 
regarding his plenary session paper and inevitably we 
got back to the role of the heart in the shock picture. 
Dr. Guyton clarified his point of view, pointed out that 
certainly there were things happening in other organs; 
that he did not mean to imply that this was all that 
there was to the shock picture. But he still felt that the 

situation in the heart was fundamental. He admits, of 

course, as we’ve discussed previously, that we still don’t 
know the key factor here; the exact changes that occur 
in the metabolism; these remain to be clarified or 
evaluated. 

There was some discussion as to whether constriction 
was really valuable or important in the picture, i.e., 
is the compensatory vasoconstriction that we talk 
about really helpful, et cetera? I don’t think that we 
came to any conclusion here. 

I think I can summarize the general discussion by 

saying that it seemed as if it would be the desirable 

thing clinically if we could get a drug or a substance 

which would permit the circulation of the heart to go 

on; that is, which would prevent the ischemia or the 

anoxemia so that we could at least have the heart 

pumping well. If we could keep the vessels dilated so 

that we could get perfusion to certain areas, that this 
would be one of the objectives in the treatment of shock. 

I don’t think we settled any issues but I think we all 

found, as we usually do, that by the end of the session 

we were all talking about very much the same things. 

Dr. Guyton’s point of view, which when he first pro- 

pounded it seemed to be naive to some people, appears 

to merit further study and serious consideration. I 

think we all admit, as I think one of my predecessors 

said, that when the heart does stop functioning then we 

really have a very serious situation. 

Discussion of Report by Dr. Mayerson 

Dr. Lonemire: Thank you, Dr. Mayerson. Certainly 
this covers a very important field—one that I know has 
created a good deal of discussion in the corridors and 
hallways. I just wondered if Dr. Guyton would care to 
make any further remarks in regard to his presentation. 
I personally wondered about the emphasis placed on 
anoxia to the myocardium when I think, in various 
perfusion and other studies, it’s been shown that the 
myocardium is not necessarily one of the most sensitive 
parts of the body to anoxia; but we'll give Dr. Guyton 
another opportunity to express his views at this time. 

Dr. Guyton: I wasn’t going to say anything; I was 
simply going to let Dr. Mayerson’s remarks go un- 
challenged. But if Dr. Longmire wishes me to make 
some more comments, I will be glad to. 

In the first place the heart is not insensitive to oxygen 
—not by any means. A very, very slight decrease in 
oxygen causes the cardiac reserve to fall instantaneously 
and immediately. The heart has one of the highest 
oxygen extraction ratios in the whole body. The A-V 
oxygen difference as the blood goes through the heart 

is in the order of 11 volumes per cent in comparison 

with about 4 to 5 volumes per cent elsewhere. This is 

quite a difference. Therefore, in order for the myo- 

cardium to receive the oxygen required for increased 

workloads, the flow of blood through the heart must 

increase each time the load increases. Whether the 

load be increased by pressure or whether it be increased 

by flow, the actual coronary flow normally increases 

immediately. 

I think the problem can be stated this way. From 
available data the heart of a dog, when stimulated by 
the sympathetics, has a cardiac reserve of approximately 
600%, and in the human being the reserve under 
these conditions is about 300 to 400%. 

Only, if you stress the heart, by infusing into the 
right atrium an excess amount of blood, can you demon- 
strate the great amount of cardiac reserve; then you 
can tell what the heart can do. But you must stress the 
heart; you cannot simply measure the circulatory 
pressures or the cardiac output—these alone will not 
tell what the heart is capable of doing. 

Now, as shock goes on, experiments to determine the 
cardiac reserve show that by the time the point of 
irreversibility is reached, the heart no longer has a 
significant cardiac reserve. In other words, during even 
the early phases of shock the heart is already deterior- 
ating; but one cannot tell this by cardiac output studies 
alone; one cannot tell it by right-atrial pressure studies; 
you have to stress the heart by raising the right atrial 
pressure to a level that loads the heart to its optimal 
point—that is, the heart is made to operate on the 
upper part of Starling’s curve. You have got to stress 
the heart enough to see what it can do, not what it is 
doing. 

This is actually the old problem we've had in clinical 
medicine for years; how does one measure cardiac 
reserve? We very frequently see patients who have 
serious cardiac disease; yet, the cardiac outputs are 
perfectly normal; the right-atrial pressures are not 
elevated to the point that one can really say that cardiac 
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disease exists. However, if one stresses the heart with 
exercise, or in some other way, then we can tell how 
much damage has occurred to the heart. 

Therefore, I will simply point out again that in basic 
experiments in which the cardiac reserve has been 
studied at all stages of shock, the reserve has been found 
to fall to a very low ebb by the time the state of ir- 
reversibility comes about. 

I would caution all research workers, then, not to 
neglect the heart in the earlier stages of shock because 
it is not perfectly normal even then, though one might 

think it is. 

Dr. Corcoran: A sort of clinical connotation of Dr’ 
Guyton’s concept might be that there is a phase in 
terminal shock, as was claimed by Kohlstaedt and 
Page, when the heart is almost stopped—or is stopped— 
at which an oxygenated arterial transfusion is life- 
saving and a venous transfusion in volume may be 
lethal. 

Dr. SimMEoneE: I did not sit in on this round-table, so 
I can say almost anything I want, I guess. The heart is 
not immortal. I don’t believe that anyone here would 
insist that the heart is immortal. The point is, that the 
heart is capable of doing remarkable things. It can be 
insulted and knocked down and will come up fighting. 

Other organs and tissues will be knocked down, but 
will stay down. And at least clinically I think everyone 
has seen patients in whom the hearts had been knocked 
down but they have come up fighting, but for the next 
week or ten days they are patients whose kidneys have 
refused to come up fighting again; whose livers have 
refused to come up fighting again; and whose brains 
have refused to come up fighting again; so that they are 
decerebrate. 

Dr. Nickerson: I’d like to add just one basic observa- 
tion to this, which I think fits in with what Dr. Simeone 
has just said—I think it’s a central problem—the 
question of irreversiblity—and that is the weak link in 
the chain. 
We have some rather old experiments which were 

reported at an earlier Macy conference. What we did 
was simply to place a balloon in the aorta at the level 
of the diaphragm so that we could bleed the lower half 
of the animal to the standard shock levels for the standard 
period of time, but keep the upper half of the animal, 
including the heart and the coronaries, normotensive. 
I believe Dr. Smith did this by an external pressure on 
the aorta. There was simple replacement but not over- 
transfusion. 

The results of both series of experiments was that 
the animals go into shock in essentially the same manner 
for essentially the same period of time as though the 
heart had been made hypotensive along with the rest 
of the animal. I think this is important in evaluating 
the weak links in this chain of shock. 
The heart was not stressed. The point was, that 

without any reduction in the coronary blood flow or 

the coronary perfusion pressure, shock developed as it 
did in the animals in which there was a reduction in 
coronary blood flow and coronary profusion pressures. 

I agree with Dr. Simeone and with your basic point 
that the heart is not immortal. But I doubt that it is 
the weakest link. 

UNIDENTIFIED SPEAKER: We've tried to point out 
that it may well be that the decrease in coronary flow 
is not the primary thing that affects the heart and causes 
it to fail; but that perhaps the metabolic defect that has 
been demonstrated in shock may be one of the main 
factors and that with this as a primary thing, the coronary 
flow then may become a limiting factor. 

Dr. KniseLy: Gentlemen, this conference has pro- 
ceeded on the assumption that many shocks are alike, 
or that we have one shock with minor variations. To 
make a very quick statement—we’ve put the microscope 
on the bulbar conjunctiva of human beings donating 
blood to the blood bank. With the smallest possible 

traumatic injury, withdrawing of blood up to about 
800 cc—the patient would go into a sweating phase 
evident on his face and then we stopped. In all those 
cases, the visible blood vessels contracted so that we 
got a shutoff of blood flow, sometimes almost no blood 
going through the bulbar conjunctiva. This is the one 
place where you can see the circulation very clearly in 

the human being with no anesthetic, no operation, 
and—if you choose your patients—no fear. 
Now contrarywise, people who have been severely 

burned and seen within a half hour show almost all the 
blood coming through the vessels in small masses; 
they’re not very big but they’re extremely rigid. We 
have studied pulmonary vessels in animals and the 
pulmonary capillary is a little bit wider and more 
distensible than others; so some of these masses get 
through the pulmonary capillaries. I have never seen 
whether they go into the coronary capillaries or not, 
but in terms of physics and anatomy, I don’t see any 
reason why they shouldn’t. 
Now in these two conditions—which are quite sepa- 

rable—I would not expect that there would be any 
embolization of the heart vessels following pure hemor- 
rhage alone, and I would surely expect a fair amount 
of it following the agglutination of a severe burn. Others 
have demonstrated that there is a sharp decrease in 
cardiac output very shortly after a severe burn. I think 
one of the great dangers of this conference and all such 
conferences is that we think we’re dealing with the same 
thing, and we certainly aren’t. 

These two types of shock—shock with no sludge, and 
shock with a killing sludge—can be separated com- 
pletely in human beings with no anesthetic. 

I want to agree very strongly with many of the things 
that Dr. Guyton has said. I think that in the severe 
sludge shock—you get a severe sludge following crush— 
you probably can decrease coronary flow very quickly. 

He has emphasized the concept of what can the 
heart do; I’m getting to be an old man and I know I 
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can’t do a lot of the things I could do before; it isn’t 
“what is it doing right now?—but ‘“‘what can it do?” 
I don’t like the word “‘stress,”’—I would say “how much 
work can you put on it?” If I may, I would add one 
more parameter to that: not only how much work can 
it do, but for how long can it keep doing it? 
Now there are two major concepts that have come 

out in the conference; one is that if you shut off the 
blood supply to nerve cells for as long as ten minutes, 
they die. They don’t just die for a little while, they die 
permanently. Somewhere in this conference came the 
idea that the heart will die permanently if you shut 
off the blood flow for thirty minutes. Many ideas have 
come up for changes in metabolism, perhaps due to 

reduced oxygen, perhaps due to many other things; but 
one thing we can begin to look for is the length of time 
that each kind of tissue will survive if you shut off its 
blood supply permanently or if you put it on a pro- 
gressively reduced flow. 

There are three factors here—the degree of reduction 
from what it needs, how much work it’s doing, and how 
long can it do it. These three factors run all at the same 
time. 

I'd like to emphasize again that the shocks are not 
all alike at all: and these things should not be compared. 
There have been many wonderful fights started here, 
when people were not entitled to fights at all. 

Dr. Lonemire: Dr. Knisely, while you’re up, could 
you comment in regard to the reversibility of this 
sludging? 

Dr. KnisELy: Not usefully. Sometimes it will reverse 
very quickly and sometimes in small vessels the masses 
will soften up and go on through; sometimes the masses 
don’t soften up at all and they stay there. In the shock 
of severe burns, animals have vessels solidly impacted 
every place we can get a microscope and only after all 
of that does the animal die. 

I’ve seen one more thing that I should wait 20 years 
and publish, but I’m getting too old, I don’t dare wait. 
I’ve seen masses of sludge in animals that were crushed 
but without hemorrhage. The whole circulating blood 
turns to a severe sludge; although the masses are large 
in diameter, they are a little soft and can go through 
capillaries. And please note this—all of you—during the 
course of the experiment, the masses changed their in- 
ternal rigidity and those which were soft and would go 
through capillaries changed so that they would no longer 
go through. This is one of those things you say you’ll do 
research on—when you’re a young man. 

Dr. GREEN: This is a question directed at Dr. Knisely. 
A number of years ago we were studying ischemic 
compression shock in dogs in which we wrapped the 
legs from the ankle to the groin with rubber tubes and 
left them on for about five hours. Following release of the 
tubes, these animals developed a marked fall in pressure 
followed by a little rise; they then went into terminal 
shock which we concluded was due solely to loss of fluid 
into the tissues. 

I would presume that in these dogs there would be a 
rather severe degree of sludging of the type that Dr. 
Knisely mentions. If it were an etiologic factor and if 
we could transfer this sludge to another animal, we 
should be able to detect some effect of the sludge. 
We did two types of cross transfusion experiments. 

One of these was artery to artery, using a flowmeter 
system that would prevent any bleeding of one animal 
to the other. We didn’t do quite the same thing that Dr. 
Fine did in his cross-transfusion experiments; we didn’t 
render the animals already partly in shock, but we did 
bleed the test animals to the point where their pressures 
had started to fall. In such experiments we cross-trans- 
fused about 35,000 cc or as long as we could keep the 
traumatized animal going. 
We never saw any significant change in the test 

animals; as a matter of fact all test animals came out 
of the anesthetic very shortly afterward and were alive 
running around the animal quarters the next day. 

Thinking that perhaps the test animal hadn’t gotten 
the full benefit of whatever sludging might be coming 
out of the traumatized legs; in another series, we col- 
lected blood from the vena cava of the traumatized dog 
so that all of the blood from the traumatized legs had 
to go through the test animal before it could get back 
to the traumatized animal. In this case, of course, the 
rate of cross-transfusion was a little smaller, perhaps 
7,000 or 8,000 cc. Again the test animals showed not 
the slightest change and every one of them survived, 
whereas all of the traumatized animals died. To try to 
keep the traumatized animals going long enough to get 
plenty of the sludge across, we transfused the animals 
with many hundreds of centimeters of blood. 

Dr. Knisely, perhaps you have an answer to this 
particular observation. 

Dr. KniseLty: I would suggest that perhaps you 
diluted some things; many times in shock conferences 
people talk about the fact that they transfused and they 
increased the volume. I think you must face the fact 
that you always dilute things when you transfuse. 
We do know about the physics of the flow of sus- 

pensions. That the resistance to flow—it’s not viscosity, 
it’s more complicated, it has friction and it has solids in 
it—the resistance to flow increases as you increase the 
concentrations of the solids. Whitaker and Winton, 
about 1933, showed you could run the resistance to 
flow up to twelve and a half times what it was to begin 
with by running the hematocrit up to 80%, I think. 
But I don’t know whether they had agglutinated blood, 
the paper didn’t say. 

I think we have to face the possibility that if you’re 

diluting things and separating masses, that these masses 

are not solid individuals forever; in many cases they’ll 
break up and reform, such things as that. 

I wouldn’t attempt to adversely criticize your experi- 

ment at all, I just don’t know. I think it would be 

very nice if a lot of people would begin watching 

their experiments with microscopes to see what’s going 
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on. More on this subject will appear in a paper coming 
out in Angiology this month. 

UNWENTIFIED SPEAKER: Surely, from the anatomical 
standpoint, we’ve been finding that there are actual 
structural changes going on to the level of hemorrhage 
in the posterior wall of the left ventricle and the ven- 
tricular septum; to a less extent in the right ventricular 

wall just below the valve area at various stages in shock 
occurring in Shigatoxin shock, occurring in traumatic 
experiments, and whether heparin is or is not used; we 
look upon the hemorrhagic phenomena as a late evi- 
dence of a tissue damage, rather than an early one. All 
these experiments were conducted to the level where 
the animal died, so that we were dealing with irreversible 
shock; but in attempting to study the development of 
the lesion we were able to find changes, even hemor- 
rhages, say three or four hours before the usual death 
time of the animal. 

Dr. CLowes: In view of what Dr. Mayerson and Dr. 
Guyton have said concerning the necessity for the 
maintenance of flow, I simply want to make a remark 
about the results in the study of men who have been 
subjected to the trauma of surgery. From our studies of 
the cardiac output in man we believe the situation to 
be similar to that in the experimental animal. 

Dr. Guyton says that the reserve of the heart, to be 

able to pump, must be maintained at or above a critical 
level so that it can pump a quantity of blood equal to 
the basal control value. I gather that if the heart cannot 
put out more blood as it’s re-stressed by adding blood 
after the shock has taken place, that the animal will die. 
We have found that any patient who is unable to put 
up his cardiac output postoperatively in response to the 
stimulus of pain upon waking up is apt to die in the 
postoperative period. If the cardiac output is not main- 
tained at or above the basal level in the postoperative 
period death occurs within two to three days. This has 
occurred in six cases in our series. Thus, the normal 
response is a rise in cardiac output postoperatively. If 
these people remain in a state of low cardiac output 

they are essentially in incipient shock; they are not 
putting out the blood which is required for their tissue 
metabolic needs and, ultimately, they proceed to die in 
a state of acidosis. 

UNIDENTIFIED SPEAKER: Dr. Clowes, would you 
comment on Dr. De Bakey’s remarks concerning low 
blood pressure in patients who had been given blocking 
agents after vascular surgery? 

Dr. Crowes: Dr. De Bakey mentioned that in some 
of his patients who had had arterial repair, it was 
necessary for mechanical reasons to lower the blood 
pressure, using blockading agents. These people did 
perfectly well as long as systolic pressure was maintained 
above seventy. However, it was necessary to give them a 
greater blood volume. Care was required to avoid 
cardiac failure when the sympathetic blockade was 
removed because of the large blood volume. In answer 
to Dr. Knisely’s other question, I said that we studied 
two patients in what we might call endotoxin shock. 
Both had a low venous pressure and low cardiac output. 
When they were given Levophed, the venous pressure 
rose and the cardiac output rose but, interestingly 
enough, the peripheral resistance did not change. In 
other words, they seemed to improve by means of 
increasing the venous gradient of return to the heart. 

Dr. Guest: I’d like to make a comment, if I may, 
about plugging of blood vessels which Dr. Knisely has 
described. I am a novice in this field, since I haven’t 
made many direct microscopic observations of the 
circulation. However one aspect, I believe, should be 
considered very strongly and, that is, what is cause and 
what is effect, in terms of sludging? 

In observing the circulation of various tissues under 
the microscope, if one reduces the pressure either 
locally or the total blood pressure of the animal, sludging 
appears; this seems to indicate that one important 
factor which determines whether or not cell masses 
block small blood vessels is the perfusion pressure at the 
time when the observation is made. 



Round-table conference 

Anesthesia and shock 

ROBERT D. DRIPPS, Moderator 

‘bu DISCUSSION centered about five topics: 7) the 

effects of anesthesia on experimental results; 2) general 
anesthesia for the patient in shock; 3) supportive 
measures used by the anesthetist in the management 
of shock; 4) pulmonary function in shock; and 5) 
hypothermia and shock. 

I. EFFECTS OF ANESTHESIA ON EXPERIMENTAL RESULTS 

The panel agreed that the administration of a general 
anesthetic to a laboratory animal could affect the 
experimental results obtained to a significant degree. 
It suggested, however, that certain improvements in 
experimental design could be made to limit these 
effects. The following possibilities were offered : 

a) Greater effort should be made to maintain normal 
alveolar ventilation and to assure arterialization of 
venous blood. If one of the etiologic factors in shock is 
hypoxia, it appears unwise to add to this by permitting 
respiratory obstruction or depression to exist. Since 
CO, is a potent stimulant to the sympatho-adrenal 
system with a consequent mobilization of catechol- 
amines, hypercarbia secondary to the _ respiratory 

depressant actions of anesthetic agents should be avoided 
if reliable cause-effect relationships are to be drawn 
from the experiment. 

b) The pharmacological actions of the anesthetic 

drugs used must be known for the mammalian species 
to which these are to be given. Species differences are a 
problem and different anesthetics exert different effects 
on such systems as the respiratory and cardiovascular 
(see section 2). In the prolonged studies of the chemo- 
receptors of the carotid and aortic bodies, chloralose 

was used as the anesthetic agent by the majority of 
investigators. The role of the chemoreceptors in the 
physiology of respiration was determined in part by 
the influence of this anesthetic, for it has the property 
of enhancing reflex activity and in a sense exaggerating 
the contribution of the structures under investigation. 
A somewhat different chapter in physiology might have 
been written had another anesthetic been selected. 

c) The depth of anesthesia appropriate for the experi- 
ment should be determined in advance and greater 
efforts made to maintain a steady state throughout the 
study. Measurements made while the effect of a single 
dose of an anesthetic agent is wearing off cannot properly 
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be compared with those recorded during a much 
greater depth of anesthesia. 

2. GENERAL ANESTHESIA FOR THE PATIENT IN SHOCK 

Is there a general anesthetic agent better than all 
others for a patient in shock or one who has just been 
resuscitated from shock? 

One approach to this is to analyze the action of the 
general anesthetics upon the human circulation. When 
this is done, two groups of drugs emerge: 7) those which 
call forth a marked or moderate sympatho-adrenal 
response; and, 2) those which stimulate such a reaction 
not at all or only to a slight degree. In the first group is 
cyclopropane as the outstanding member, with ether 
and thiopental also included. In the second group is 
halothane (Fluothane). 

Cyclopropane, in particular, tends to maintain 

arterial blood pressure or to elevate it. The greater the 
depth of anesthesia, the greater the mobilization of 
catecholamines, primarily norepinephrine. Although 
cyclopropane, in common with all general anesthetic 
agents, will depress myocardial contractility of the 
isolated heart preparation in direct proportion to the 
concentration of the anesthetic drug, this action is 
antagonized almost quantitatively in the intact organism 
through sympathetic nervous system stimulation, pre- 

sumably arising in the hypothalamus. It is common 
clinical knowledge that the administration of cyclo- 
propane to a patient whose arterial blood pressure 
has been reduced as the result of hemorrhage will be 
followed by a rise in pressure. The unknown question 
is whether such a pressor response is good. 

This point is raised in view of the considerable evidence 
that pretreatment of animals with adrenergic blocking 
agents is useful in preventing the development of ir- 
reversible hemorrhagic shock. The actions of halothane 
on the circulation resemble those of adrenergic blocking 
substances to some extent. This volatile liquid anesthetic 
results in a progressive decline in arterial pressure with 
minimal compensatory increase in activity of the 
sympathetic nervous system. The previously normo- 
tensive patient given helothane is usually of good color, 
warm, dry, and with a full, pounding pulse despite a 
systolic pressure of 70-80 mm Hg. The situation is 
reminiscent of the studies of Sir Henry Dale on acetyl- 
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choline. Although this drug produced the same degree 
of hypotension in an experimental animal as was pro- 

duced by histamine, the appearance of the animal 
after administration of the drug was quite different. 
In the histamine-treated animal the color was poor, the 
pulse weak and thready, and death often occurred. The 
acetylcholine-treated animal resembled the human 
anesthetized with halothane. 

The problem is not unlike that considered by Dr. 
Nickerson’s panel when they discussed the potentially 
undesirable effects of vasoconstrictor substances in the 
treatment of patients in shock. Our group’s opinion on 

this topic is presented in section 3. 
Johnstone, of Manchester, England, regards haiothane 

as the anesthetic agent of choice in preventing irre- 
versible hemorrhagic or traumatic shock in man. This 
opinion is based on failure to observe such a syndrome 
in patients in whom the degree of blood loss or of trauma 

was extensive and in whom treatment-resistant circu- 
latory inadequacy might have been expected to develop. 

Evidence such as this of a prophylactic action of halo- 
thane is not convincing, but is suggestive. Nor are there 
data on the administration of the nesthetic to indi- 
viduals in shock and requiring immediate operation. 

The members of the panel were unable to select an 
anesthetic of choice for the management of the shocked 
patient. There was agreement that whatever drug was 
selected must be administered in small amounts. But 
two factors contribute to the uncertainty of the value of 
one anesthetic over another. One is the lack of clinical 
material to study. Except in war-time, there is an 
insufficient number of patients in shock for a given 
anesthetist to appraise. Second, one is unable to justify 
producing shock in human volunteers to permit con- 
trolled evaluation of anesthetics. There is an almost 
complete lack of information on the effect of anesthetics 
when given to patients in shock on the distribution of 
blood to the brain, kidney, liver, heart, and skeletal 

muscle. 
The problem of the apparent susceptibility of the 

shocked individual to inhalational anesthesia was 
considered. Kety has offered the following suggestions: 
the concentration of a volatile anesthetic in arterial 
blood is a function among other things of pulmonary 
blood flow. The more rapid the pulmonary blood flow, 

the lower the concentration will be. Conversely, a 
reduced cardiac output will increase the concentration 
in the blood going to the brain. Over-dosage might 
therefore occur readily unless the concentration in- 

spired was reduced. 
A point of secondary significance is the absence of 

blood flow to such large tissue depots as muscle, fat, and 
viscera. These act ordinarily as sinks for the anesthetic, 
but express their effect largely in terms of what con- 
centration of anesthetic they permit to be returned to 

the heart by way of the mixed venous blood. With 

these large reservoirs eliminated to a great extent in 

shock, venous blood will return to the heart with a 

higher concentration of the anesthetic than it would 
otherwise hold. This would further help the develop- 

ment of an increased concentration of anesthetic in the 
arterial blood leaving the lungs. All of this would con- 
spire to make an individual in shock more susceptible 
to volatile anesthetics as long as he had a normal cerebral 
circulation. Kety cautions however that since the rate of 
development of the concentration of anesthetic in the 
brain is a function of cerebral blood flow, if this is re- 
duced significantly it would counteract the high con- 
centration of anesthetic in the arterial blood. 

In hemorrhagic shock at least cerebral blood flow is 

usually fairly well maintained, partly as the result of 
compensatory vasoconstriction in the vascular beds of 
the skin, gastrointestinal tract, liver and kidney. The 
uncertain area is skeletal muscle. Studies are needed 
here. If blood flow to the brain is not reduced in shock, 
overdosage by general anesthetics should be easier on 
the basis of Kety’s reasoning. 

Beecher, as the result of studies conducted during 

World War II, concluded that ether was the anesthetic 

of choice for patients with hemorrhagic or traumatic 
shock. Studies on normal man, however, have indicated 
that this drug causes hypotension in a large proportion 
of individuals, apparently as the result of an inadequate 

sympatho-adrenal response. Observations on the rat 
mesentery, although almost impossible to transfer to 
man, have condemned ether for shocked patients on the 

basis of capillary stagnation, reduced vasomotion and 
reduced sensitivity to epinephrine. Few data are available 
for nitrous oxide and/or thiopental. 

One is left regretfully with the conclusion that in- 
sufficient evidence is at hand about the actions of differ- 
ent anesthetics to permit an intelligent selection. 
Furthermore, that anesthetic which might be indicated 
for one type of shock might have undesirable actions in 
another. Comparative studies of the response to anes- 
thesia of patients with burn, traumatic or septic shock, 

for example, do not exist. 

3. SUPPORTIVE MEASURES FOR THE ANESTHETIZED, 
SHOCKED PATIENT 

The panel considered measures used by anesthetists 
and surgeons to prevent or treat traumatic, hemorrhagic 

and burn shock. 
a) Adrenal corticoids. It was agreed that unless adrenal 

cortical deficiency was shown to be present, the ad- 
ministration of such substances as hydrocortisone made 
little or no contribution to the treatment of shock. It 
was further agreed that such adrenal insufficiency was 

not commonly encountered. 
b) Pressor drugs. These substances, in the opinion of 

the panel, have contributed to the prevention of ir- 
reversible shock by maintaining blood pressure and 
more adequate tissue perfusion. Dr. Nickerson does not 
believe this, if we interpret his statements correctly. 
Perhaps we are discussing different things. Our approach 

is undoubtedly that of reversing hypotension as soon as 
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it appears during anesthesia, not permitting low blood 
pressure as the result of spinal anesthesia, overdosage of 
general or local anesthetics, blood or plasma loss, re- 
flexes, or trauma to persist. Under these circumstances, 
and when parenteral fluids are used simultaneously, 
pressor drugs have clinical utility in our opinion. Acidosis 

should not be permitted, since pressor drugs act less 
favorably under these circumstances. Determination of 
acidosis is best made by examining the pH of arterial 
blood. This deters many physicians and an accurate 
appraisal of acid-base balance is frequently neglected 
in the shocked patient. Should acidosis be found, sodium 
lactate or THAM given by vein will be useful, and may 
permit greater effectiveness of pressor drugs. There is no 
doubt that some clinicians rely too much on increasingly 
concentrated solutions of levarterenol (norepinephrine, 
Levophed). If a solution containing 4-8 mg of this drug 
per 500 ml is insufficient to elevate systolic pressure, it is 
unlikely that stronger solutions will. 

The problem of excessive vasoconstriction, produced 
either via baroreceptor induced, compensatory sym- 
pathetic nervous system activity, or through parenterally 
injected pressor drugs, has not been solved. If such excess 
constriction takes place and results in lower nephron 
nephrosis, or the liberation of vasodepressant materials 
from an anoxic gastrointestinal tract or liver, it is 

obviously undesirable. Under these circumstances 
dilator drugs would appear indicated. The panel agreed 
with Nickerson that an adequate circulating blood vol- 
ume must be provided before an adrenergic blocking 
drug was used in the treatment of shock. If this is not 
done, catastrophic circulatory collapse and death may 
result when the drug is injected. 

The author and his colleagues have had the clinical 
experience of seeing chlorpromazine in small (2.5-5.0 
mg) doses intravenously convert a dark, black liver and 
intestinal tract into pinker tissue, and appear to open up 
circulation in the arm so that a pulse became palpable. 
This sequence of events was noted in several patients, 

apparently close to irreversible shock, who had received 
large volumes of whole blood and pressor drugs and 
whose condition improved only after use of chlorproma- 
zine. On the other hand, we have also seen sudden death 
follow such therapy under apparently similar conditions. 

c) Whole blood. In the treatment of hemorrhagic, 
traumatic and burn shock, massive transfusions are 
frequently used. This poses several problems, including: 

1) Lowered body temperature. Banked blood is cold and 
its rapid infusion will often reduce core temperature 
5-10°F. The possibility of differentially reducing ven- 
tricular temperatures has been raised. A lower tem- 
perature in the right as compared to the left ventricle 
has been suggested as a cause of ventricular fibrillation 
during hypothermia. 

wt) Citrate intoxication. Bunker and colleagues have 
conclusively demonstrated that the calcium-binding 
effect of citrate can result in hypotension, a reduction in 

the contractile force of the heart, and a lowered cardiac 
output. These depressant, circulatory actions have been 

seen with arterial blood levels of citrate of 40-50 mg %, 
a value frequently found after transfusion of citrated 
blood. 

This action of citrate may be more threatening during 
general anesthesia than for conscious man. The un- 
desirable effects can be readily reversed by epinephrine 
and calcium. The latter is the preferred method of 
prophylaxis as well as treatment. 

iit) Potassium intoxication. The panel was unwilling to 
give a clean bill of health to potassium when problems 
arise after massive transfusion. Data implicating this ion 
are only, suggestive, however, but a rise of plasma po- 
tassium of 1-2 mEq is not uncommon after large trans- 
fusions. 

iv) Uncontrolled oozing. This problem has not been 
solved. Its cause deserves continued study. Its most 
successful treatment to date still consists of the adminis- 
tration of freshly drawn blood. 

4. PULMONARY FUNCTION AND SHOCK 

A tremendous amount of attention has been paid to 
the function of such organs as the liver, heart, adrenal 
and kidney in shock. The panel suggests that more 
intensive study of the function of the lung is overdue. 

Scattered bits of evidence indicate that impairment of 
pulmonary function may be significant in hemorrhagic, 
traumatic and burn shock. In the latter condition, 
respiratory tract burns are not necessary to cause inter- 

ference with arterialization of venous. blood. Abnormal- 
ities in ventilation/blood flow ratios, together with a 
reduction in diffusing capacity of the lung, have been 
suggested as possible mechanisms to explain the hypoxia 
which a few investigators have reported not only in 
experimental hemorrhagic shock, but also in traumatic 
and burn shock in man. Pulmonary venous constriction 
has been reported in addition. 

The panel believes that the contribution of the lung 
to deterioration of the shocked organism deserves con- 
siderable attention. 

5. HYPOTHERMIA AND SHOCK 

The role of hypothermia in the management of septic 
shock was presented by Blair. Body temperature was 
reduced to 31—33°C in those patients who had proved 
refractory to the conventional treatment of septic shock. 
The majority of patients had coliform septicemia. A 
reduced temperature was maintained for as long as 
three weeks in some individuals. The gratifying responses 
to hypothermia included a rise in arterial blood pressure 
and an arousal from semi-coma to much greater mental 
acuity. Shivering was rarely a problem. A reduction in 
mortality was believed to have been demonstrated. 

The panel was unable to recommend hypothermia 
either for the prevention or treatment of hemorrhagic, 
traumatic or burn shock. A number of studies in animals 
have been reported on this matter, none sufficiently 

convincing to suggest clinical utility of reduced body 
temperature. 
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Relevance of experimental shock studies to 

clinical shock problems’ 

FRANCIS D. MOORE 

Peter Bent Brigham Hospital and Harvard Medical School, Boston, Massachusetts 

I, DIscUSSING the relevance of the laboratory animal 

to the human patient in shock, we must differentiate 
sharply between detailed events in the cell and the 
over-all circulatory adjustment of the host. If ‘‘shock”’ 
is that sum total of bodily changes that converts injury of 
a peripheral nonvital structure into central organ 
damage and death, then its lethal message is trans- 
mitted to the living cells of these central organs by 
prolonged deficiency of blood flow. The secondary 
cellular changes that result are common to many 
species. By contrast, the integrated circulatory changes 
that convey this primary message of injury are re- 

markably species-specific. 
The closer one approaches the cellular and molecular 

level—biological oxidations for example—the less im- 
portant are differences in vertebrate species. As one 
leaves this, to consider inter-organ integration, posture, 
diet, genetics, blood flow and its neuroendocrine regula- 
tion, or the circulatory effect of bacterial toxins, then 
species differences become very important. This is true 
in any field of biological study. It is most especially 

important in considering the problem of shock. 
The relevance of laboratory studies to events in man 

must be viewed precisely in this framework. 

THE CELL BEFORE AND AFTER DEATH 

The events in the cell start long before death in shock, 
and continue long after. Many organs and tissues remain 
viable for minutes or hours after death, largely as a 
function of time and temperature. By ‘‘viable”” we mean 
that if studied as in vitro systems or by transplantation, 
they will resume essentially normal cellular function. 
They are dying cellular systems suffering from the same 
type of circulatory stasis both before and after the death 
of the host, with only a quantitative difference in the 
degree of circulatory deficiency. 

The cardio-cerebral events that we refer to as “death”’ 
are but one of many cellular milestones that are passed 

1The research work from which these summarizing views are 
derived was carried out with the aid of the Advisory Committee 
on Metabolism in Trauma, Office of the Surgeon General, United 
States Army, through a contract with Harvard University, and 
with the aid of the Atomic Energy Commission through a con- 
tract with the Peter Bent Brigham Hospital. 
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in the downward course of shock. The brain, being the 

most responsive and the most sensitive, ‘dies’ first even 
though cells of many other tissues can still be revived—a 
fact of no clinical importance save in the transplant 
field. Deficiency of flow produces gradual loss of cellular 
viability over a long downward slope during which—not 
at the end of which—death occurs. Therefore, if we are 
ever to use the word “‘irreversible” in any connection to 
shock, we must distinguish sharply between irreversible 
circulatory derangement—occurring very early in the 
dog, for example—and irreversible cellular damage, 
which is very late. 

While one investigator speaks of ‘shock irreversible 

to transfusion” in the dog, another person in the next 
discussion mentions shock that has produced “‘irreversible 

changes” in some cellular or organ system. The two are 
discussing quite different phenomena; “‘shock irreversible 
to transfusion” refers to an over-all circulatory derange- 
ment whereas “irreversible changes in an organ’’ refers 
to detailed cellular damage. The tyranny of words has 
joined together two quite different concepts. 

The irreversible circulatory derangement seen in the 

dog is not associated with irreversible cellular damage 

in any one group of cells, yet it is a clearcut event en- 

abling the 80% predictability of certain death. The 

whole animal remains alive and to some extent functional 

for many hours after its onset. Although there is di- 

minished performance of many organs, none of them 

has as yet become irreversibly damaged at the cellular 

level. This circulatory derangement so characteristic of 

the dog does not find any clearly analogous moment in 

man in either traumatic or hemorrhagic shock, as we 

will discuss in the next section. 

By contrast, the death of the cell, when it finally does 

occur, involves biochemical changes that are common 

to all vertebrate species. 

THE HEPATO-SPLANCHNIC ENIGMA 

The most important irrelevance of laboratory study 

in understanding human shock lies in circulatory rather 

than cellular matters, and specifically in the differences 

of hepato-splanchnic circulatory arrangements as be- 

tween the dog and man. I would like to spend a few 
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moments on this matter, although it has been thoroughly 
discussed by others previously. 

Because of the availability of the dog, his large size, 
the fact that multiple blood samples can be studied, and 
a number of other factors, it is the animal generally 
considered as being closest to man in shock research. 
Recent work on monkeys is of interest, but there is no 
particular reason to suspect that a small arboreal vege- 
tarian brachiating primate with a prehensile tail has 
visceral arrangements closer to man, until this is so 
proven. For most clinicians who read experimental 
literature, work on the dog seems much closer to home 
than, let us say, drum trauma in the rat or mouse, 
interesting though the latter may be. The clinical 
surgeon, anxious to help his patient by a study of the 
experimental literature, pays more attention to dog 
work than he does to any other despite the fact that the 
canine species has a host of important differences from 
man. 

Examples of these differences are the lack of postural 
reflexes required for the pronograde quadruped and the 
fact that its dietary habit consists of infrequent meals 
eaten after seizing, fighting and killing its prey, followed 
by digestion of the entire victim including skin, hair and 
skeleton. The dog has a different cutaneous blood supply 
traceable to the fact that its thermal water loss is pulmo- 
nary rather than cutaneous; one suspects that there are 
special arrangements in the dog to prevent hyperventila- 
tion alkalosis during panting. But outstanding among all 
these differences are those that have to do with the 
peculiar circulatory arrangements in the hepato-splanch- 
nic area. 

Hepatic outflow obstruction in the shocked dog is 
seen most clearly if one is looking directly at the liver 
after blood volume has been restored during a period 
of hemorrhagic oligemia. The normal canine liver is 
pinkish brown, very soft, with very sharp edges, and 
anatomically sculptured lobes that fit into each other 
and are adapted to the shape of the subdiaphragmatic 
space. Within a matter of minutes after blood volume 
restoration has begun late in hemorrhagic shock, this 
liver becomes turgid, tense, purplish black, swollen and 
rounded. Although I am unaware of plethysmographic 
studies that have been done on this phenomenon, one 
would estimate that the liver has increased in size by 
50 to 75%. The portal venous system is then seen to be 
filled and distended with very dark desaturated blood 
under high pressure. Soon, a reticulated mottling appears 
on the serosal surface of the gut and bloody fecal material 
starts to issue forth from the rectum. “Irreversibility” 
has arrived. 

It must be noted that the precise timing of this 
sequence—a laparotomy after resuscitation in shock—is 
perfect for the observation of this same sequence in man 

if it should occur. It would be seen in operations carried 
out for bleeding ulcer, ruptured spleen, ruptured ectopic 
pregnancy or abdominal trauma. In all of these the 
laparotomy is carried out at the moment—after shock 
followed by transfusion when one would be most 

likely to see the portal hypertension and tense, turgid, 
swollen, black, rounded liver. The bloody diarrhea which 
appears to be a pathologic characteristic of this state 
should be seen in human patients who have been in 
prolonged shock due to trauma to peripheral organs or 
hemorrhage. 

It has been our experience that this sequence is not 
seen in man and that herein lies the most important 
single difference between the dog and the man in shock. 
Nonetheless, one should not rely solely on his own ex- 
perience. Perusal of the reported studies of shock in man 
in World War II and Korea have failed to reveal men- 
tion of swollen liver, portal hypertension or bloody 
diarrhea as an aspect of shock. Despite this negative 
result in traumatic shock, we had been under the im- 
pression that the “‘liver triad” might be seen in septic 
shock since here, with the possible added factors of 
endotoxin or exotoxin arising from the gut and into the 
portal circulation, hepatic obstructive phenomena might 
be more important. Indeed, I was under the erroneous 
impression that Dr. Spink and Dr. Weil had indeed 
reported this. At this meeting they have corrected my 
reference on this: their patients in septic shock who had 
bloody diarrhea were all patients with pseudomem- 
branous enterocolitis. 

It would be interesting to gather information from 
throughout the country on this point; it would be my 
belief that a few patients in severe shock followed by 
bloody diarrhea would probably be reported, particu- 
larly if they suffered from prolonged illness such as 
burns or uremia, both of which affect the gastrointestinal 
mucous membrane by their own specific mechanisms. 
Should such a nation-wide search be rewarding in finding 
a few human situations analogous to the dog, the im- 
portant fact remains that in the vast majority of human 
patients in shock there is no evidence that this sequence 
of hepato-splanchnic outflow obstruction occurs, whereas 
in the dog it is so common as to be virtually 100% 
reproducible. 

This hepatic outflow obstruction may be produced by 
vascular changes at the sinusoidal level, or possibly by 
the much-discussed but infrequently demonstrated 
sphincteric mechanisms in the hepatic veins. The portal 
hypertension may also result from A-V shunts in the 
gut wall. We have no specific evidence on this point. 
This hepatic outflow obstruction, so marked in the dog, 
is evidently seen also in other laboratory species such as 
the rat, mouse and possibly the rabbit. We have had no 
personal experience with its observation or study in 
this group. 

It is of key importance in evaluating the current 
literature, that this hepatic outflow obstruction in the 
dog can be produced by the injection of endotoxin. 

If this hepatic outflow obstruction (so specific for 

certain laboratory species) is indeed the characteristic 
earmark of the onset of “‘irreversible shock,” and if it is 
one of the early changes produced by the injection of 
endotoxin, where, then, does this leave us in our thinking 
as we progress from the dog laboratory to the emergency 
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ward? Where does this leave us with the importance of 
endotoxin and of “‘irreversibility’’ in man? 

I believe that we can make a postulate on both scores, 
subject of course to the uncertainties of any biological 
extrapolation. 

IRREVERSIBILITY TO TRANSFUSION 

First, as to irreversibility. The concept of irreversi- 
bility is that of “‘irreversibility to transfusion” as Dr. 
Fine is always so careful to point out in his teaching and 
writing. This is an example of deterioration in circulatory 
effectiveness, the onset of which in the dog marks an early 
and ominous time when a fatal outcome can be reliably 
predicted and all therapy is ineffective. The timing of its 
onset is associated with the earliest evidence of hepatic 
outflow obstruction. Has this concept any place in man 
either biologically or therapeutically? It seems to me that 
we might find agreement on two points: 

First, there is no such clearcut moment in human 
shock of the hemorrhagic, traumatic or operative type. 
There is no single visceral event (heralded, for example, 
by gut hemorrhage or some other clearly-defined change) 
whose onset is unmistakable and whose significance is 
that of certain death. Patients long neglected in shock 
will still revive. Traumatic shock may indeed be re- 
fractory but it has no analogous onset of inevitable 
death or irreversibility. That there may be “pooling,” 
or even “sludging,”’ is not contested here. The point is 
merely made that there is no clinical way of indicating 
clearly when these or other circulatory deteriorative 
changes have reached a point of complete hopelessness. 

Second, those who have done postmortem examina- 
tions on patients considered to have been in “irreversible 
shock”’ have found that the term was poorly used and 
was often a hiding place for misdiagnosis. Such com- 
plicating factors as hemopericardium, bilateral pneu- 
mothorax, mediastinal emphysema, unrecognized cranial 
injury, or unreplaced internal hemorrhage have all 
been found in patients signed out as dying of “irreversible 
shock.”’ Surely this is a tragic clinical misuse of the 
laboratory concept. 

It is our conclusion, therefore, that in clinical surgery, 
medicine and pediatrics the term “irreversible shock” 
should not be used because it is inappropriate both 
biologically and therapeutically. Furthermore, even in 
its laboratory connection it should be used with much 
greater care than it usually is, so as to distinguish between 
some irreversible circulatory derangement on the one 
hand and actual irreversible cellular death in some 
specific tissue, on the other. 

ENDOTOXIN 

The participants in this Conference universally look 
forward to the day when bacteriologic, chemical or 
immunologic techniques will permit the exact identifi- 
cation of circulating endotoxin in man so that the 
diagnosis may be accurately made. Nonetheless, a 

clinician summoned to speak on the relevance of the 

laboratory to the clinic in shock must look at this prob- 
lem within the framework of his own shortcomings, and 
try to make a valid judgment as a basis for his activity 
in the care of the sick. Here, my own reaction to the 
laboratory data is quite different from that mentioned 
above in connection with “irreversibility.” I believe 
that the finding of endotoxinlike changes in the shocked 
animal has been a major advance because it has given 
the clinician something specific to search for in under- 
standing the circulatory deterioration of certain patients 
with sepsis. 

Yesterday, in one of the round tables, Dr. Magnus 

Gregersen told the interesting story of how he, in 1940, 
sought an accurate picture of clinical shock in man so 
that he might study it more accurately in the laboratory. 
Now, with growing knowledge of bacterial toxins in 
shock, the shoe is quite on the other foot. It is up to us 

as clinicians to study what the investigator finds in the 
laboratory, so that we may then determine whether or 
not we are seeing something like this in our patients and, 
if so, improve our therapy accordingly. It is my belief 
that we do indeed see sudden severe and fatal hypo- 
tensive intoxication particularly where there is sepsis or 
transient bacteremia. This often follows instrumentation 
or anatomic disturbance in a septic area. Before the 
diagnosis of endotoxin or exotoxin shock can be made 
one must of course await specific methods of identifica- 
tion but the diagnostic supposition is justified by the 
extremely rapid demise of these patients. Although the 
clinical picture does not resemble that seen in the dog 
(as described above), there is every evidence, in these 
septic patients, for a toxic mechanism over and beyond 
simple volume-reduction. 

To describe in greater detail the sort of patients in 
whom I believe we see a clinical analogue of laboratory 
endotoxemia, it is essential to mention our own simple 
classification of the clinical settings of shock. This 

classification follows: 

1) Hemorrhagic Shock 

Here volume-reduction, with a minimum of other 
factors is the major event. The reduction in volume may 
be from whole-blood loss as in ruptured spleen, ectopic 
pregnancy, external arterial hemorrhage or bleeding 
ulcer. It may be loss of some particular fraction of the 
effective circulating extracellular fluid, as in the plasma 
loss of retroperitoneal irritation in pancreatitis, in early 
mesenteric venous thrombosis, or the extracellular fluid 
loss in such a condition as ileostomy diarrhea. The 
important point is that volume-reduction, relatively 
uncomplicated by other factors, is the initiating mech- 
anism. 

2) Traumatic Shock 

Here volume-reduction has been complicated by 
massive tissue injury. The factors so carefully enumerated 
by Dr. Grant, and further studied by Dr. Churchill, 
under the heading of “Wound Shock” are all-important 
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here. These include such things as pain, muscle injury, 
ischemic tissues, pigment release, massive contamination, 
respiratory obstruction, and prolonged adrenomedullary 
discharge during transportation. This is the shock of the 
war wound or mixed civilian and industrial trauma. 

3) Operative Shock 

This includes the all-important effect of anesthetic 
drugs, premedication, postmedication and operative 
manipulation in the pathogenesis of shock. Dr. Dripps 
has mentioned many of these important factors. A pa- 
tient with operative shock cannot be approached 
realistically without a knowledge of the circulatory 
effect of the anesthesia used. The ready utilization and 
frequent effectiveness of vasoactive drugs in this group 
is merely one example of its separate nature. 

4) Septic Shock 

By this term we mean the coincidence of a septic 
process with a shocklike state and we further subdivide 
this group into three sub-categories according to the 
predominant initiating mechanism. The three may be 
mixed in their later manifestation and of course are not 
mutually exclusive. 

a) Sepsis arising from the same wound that caused the shock. 
The example here is a patient with a compound fracture 
of the femur who develops shock because of local fluid 
and blood loss plus tissue trauma and who, a day or 
two later, develops a severe infection in the wound. The 
septic process produces a second fall in blood pressure 
with or without bacterial invasion or toxemia; none- 
theless the therapy of this patient must initially be 
directed at the volume changes of the traumatic episode. 
Unrepaired oligemic hypotension favors the develop- 
ment of anaerobic infection. 

b) Shock arising because of fluid sequestration in the septic 
process. The fluid segregation of streptococcic cellulitis 
and peritonitis are the classical examples here. The 
septic process may later involve bacterial invasion with 
or without toxemia but in its initial manifestation the 
loss of fluid from the bloodstream because of the irritated 
exudate of the inflammatory process is the predominant 
event. A high hematocrit, oliguria, and a shocklike state 
responding well to initial infusions of plasma or extra- 
cellular fluid, are characteristic in the early case. 

c) Shock due to bloodstream invasion or intoxication. This is 
the group in which the clinical analogue of laboratory 
endotoxemia is seen. This may be the terminal event in 
any type of sepsis. Consideration of this subject must 
necessarily focus more upon the septic process and its 

bacteriology, than on the shock that results. The shock 
that results is significantly different from other types of 
shock as pointed out so clearly yesterday by Dr. Ebert. 
The loss of blood volume is not prominent although any 
slight loss greatly accentuates the hypotensive effect; 
the patient is extremely vulnerable to any volume- 
reduction and may actually improve with the infusion of 
supernormal volumes of blood. Death may occur within 
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6 to 18 hours. There are many who feel they can dis- 
tinguish between a shocklike state produced by the 
gram-negative bacilli as opposed to that seen with the 
gram-positive cocci. Although this clinical nicety may 
not always be attainable, it is our belief that the focusing 
of attention on the specific circulatory defect produced 
by bacterial intoxication is one of the major advances 
of shock research. 

DEGENERATIVE VASCULAR DISEASE AND THE HEART 

A major factor in consideration of the contrast be- 
tween the animal and the man in shock lies in physiologic 
age and degenerative vascular disease. Although the 
experimental dog may be indeed very aged, he does not 
show the same vasculo-occlusive atherosclerotic pathol- 
ogy that is so characteristic of the aged human patient 
in our society. This atherosclerotic disease, as it affects 
the heart, kidneys and brain, produces many of our most 
refractory cases of shock. The blood supply to the myo- 
cardium is itself a peripheral vascular bed and is in- 
volved in shock to a very major extent. 

In the fascinating controversy that has waxed and 
waned at this meeting, concerning the importance of the 
heart in shock, we must take our position firmly on the 
side of Dr. Guyton. It is our conviction that in civilian 

shock as seen today, especially in elderly individuals, the 
effects on the heart are of critical importance. Electro- 
cardiographic changes are seen early. These may involve 
either the S-T segment or the T wave and at times 
arrhythmias and conduction defects. The EKG changes 
are interpreted by the electrocardiographer as being due 
to myocardial or subendocardial ischemia. And indeed 
they are! The blood flow to the myocardium is a function 
of the inflow pressure at the coronary ostia at the base 
of the aorta and the peripheral vascular resistance in 
the myocardium. An important feature of the latter is 
the net coronary arterial caliber. As this coronary 
arterial caliber is reduced by atherosclerotic placques, 
the adverse effect of slightly reduced inflow pressures 
at the coronary ostia is greatly magnified. Prolonged low 
systolic pressure in the aorta is quickly reflected in poor 
myocardial perfusion and in the electrocardiogram. 

In the young wounded soldier a remarkably pro- 
longed state of shock may exist with little adverse effect 
on the myocardium. In elderly people, by contrast, the 
myocardial effects are early: electrocardiographic 
changes, conduction defects and, most significantly, a 
rising venous pressure in the face of active blood volume 
replacement. In such patients digitalization may indeed 
be effective. If the patient is also hyponatremic, acidotic, 
hyperkalemic and hypocalcemic (see below), the myo- 
cardial effects of the ion disorder are drastic and if the 
patient has previously been digitalized the effect of 
digitalis is almost entirely lost. In such patients intra- 
arterial transfusion appears to us to have a place, not 
through any retrograde progression of the infused blood 
from the brachial artery to the coronary ostia, but be- 
cause of the transient increase in pressure in the ra 2 
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aorto brachial system. This results in a transient rise in 
coronary inflow pressure and a temporary reperfusion 
of the myocardium with more effective resumption of its 
forward flow. Full myocardial function can then be 
restored. 

I do not believe it is necessary to elaborate further on 
this problem. It is a very major horizon in transfering 
laboratory findings to man. One of the significant things 
about Dr. Guyton’s presentation lies in the fact that he 
has found in the laboratory animal more marked cardiac 
changes in shock than one might previously have 
suspected. 

OTHER FACTORS MAKING FOR UNRESPONSIVENESS 

There are many other factors in clinical shock which 
make for unresponsiveness to transfusion and _ refrac- 
toriness in treatment. If these defects are recognized and 
repaired the patient’s recovery may be most gratifying. 
It is not necessary to devote further time to associated 
changes in other organ systems. Dr. Dripps has called 
to our attention the importance of adequate alveolar 
ventilation. In our experience in shock in civilian surgical 
practice, some form of ventilatory defect is at fault in a 
large percentage of patients who do not respond initially 
to transfusion. In these patients adequate assisted 
respiration, thoracentesis, tracheotomy, tracheal suction 

or other such steps improve oxygenation and quickly 

restore the acute respiratory crisis to normal and with it, 

oftentimes, the adequacy of the circulation. 

Of remarkable interest are the biochemical changes 

which often make for unresponsiveness to transfusion 

in shock. As mentioned above there is one family of 

chemical alterations which tend to come together. These 

alterations are acidosis, hyponatremia, hyperkalemia, 

and hypocalcemia. This sequence is produced both by 

metabolic and by respiratory acidosis, by overloading 

with water in the absence of adequate salt, by any 

degree of renal failure, and by the infusion of large 

amounts of unbound citrate. This characteristic ionic 

disturbance interferes with the normal response of the 

myocardium to epinephrine and to digitalis. Our own 

studies in this field (carried out in collaboration with 

Dr. Louis Smith) showed, surprisingly, that peripheral 

resistance was not affected as much as cardiac function 

by this particular ionic disturbance. We have seen a 

number of patients in whom specific repair of this 

disturbance has restored completely the patient’s re- 

sponsiveness to transfusion and has enabled the dis- 

continuance of vasopressor drugs. In this area we know 

of no spectacular difference between the dog and man. 

Possibly it is worth mentioning in these remarks as an 

example of one aspect of shock that should be studied 

more in the laboratory so that we may approach the 

human problem with more data than we now possess, 

more studies such as the important recent studies of Dr. 

Clowes and others in this field. 

UNITY IN SHOCK 

Finally, we come to the matter of the laboratory 
search for a “unified field theory” of shock. 

As has been pointed out by Bronowski, the essence of 
both the scientific and the artistic process is to find unity 
in the variety of nature. The search for unity in the 
shock problem (both by the surgeon and the experi- 
mentalist) has resulted, in the last twenty years, in the 
proposal of a number of unitary concepts to explain all 
of shock. I will not review an entire listing of these. They 
include kallicrein, adrenal failure, VDM-VEM, blood 
“sludging,”” potassium intoxication, liver failure and 
endotoxemia. 

It is our conviction that the unified theory of shock has 
already arrived and that it is indeed with us at this time 
if we but recognize its real importance. This unified 
theory of shock, or unifying factor that unites all shock 
phenomena, is to be found in the words “prolonged 
deficiency of blood flow.”” The mechanisms by which 
prolonged deficiency of flow may be produced are as 
many as the species and the clinical instances of shock. 
The secondary cellular changes are legion. Many of these 
cellular changes result in the release of substances into 
the circulation that produce further circulatory deteri- 
oration. 

Prolonged deficiency of blood flow is the common 
pathway through which all shock passes. To us therefore 
it has appeared to be the important homogeneous and 
unifying factor in shock. The physiologic structure both 
“‘before”’ and “after” this common pathway is extremely 
heterogeneous according to the system analyzed. 

If we devote attention to the speed and accuracy in 
recognition of prolonged deficiency of flow, then we have 
moved far in the treatment of shock. This concept 
furthermore de-emphasizes the matter of blood pressure 
alone and re-emphasizes tissue perfusion. And finally, 
it does not in any way diminish the importance or alter 
the intensity of our search for important significant 
secondary circulatory or cellular changes that render 
this prolonged deficiency of flow refractory to therapy. 

SUMMARY 

1. Irreversible cellular changes occur before, at, and 
after death, whether from shock or any other cause. 
These cellular changes are common to all species and 
result from deficiency of blood flow. They are the sum 
total of biochemical and morphologic changes that occur 
in an energy-requiring cellular system when neither the 
substrate nor the oxygen is any longer available. Labora- 
tory data in this area of study are relevant to the care 
and understanding of human shock. 

2. By contrast, the term “irreversible shock”’ or “shock 
irreversible to transfusion” refers to a specific circulatory 

derangement seen in the dog. This involves, amongst 
other things, hepatic outflow obstruction, portal hyper- 
tension and massive gastrointestinal hemorrhage. This 
sequence is not seen in man, a species in whom prolonged 

hypotension is frequently followed by successful resuscita- 
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tion without hepatic obstruction or portal hypertension. 
The term “irreversible shock” is therefore biologically 
inappropriate and clinically inaccurate in man. An addi- 
tional reason for a strict avoidance of this term in clinical 
medicine, surgery and pediatrics, lies in the fact that it 
becomes a cover-all for misdiagnosis as to the actual 
causes of the clinical deterioration. 

3. Amongst the specific causes for such deterioration 
in man are degenerative cardiovascular disease, various 
secondary biochemical changes (particularly acidosis- 
hyperkalemia and hyponatremia), and invasive sepsis. 

4. Sepsis can complicate shock in man; sepsis can 
cause shock in man. In the latter instance a drastic and 
sudden deterioration with demise is often seen. This is 
particularly common where there is gram-negative infec- 
tion and bacteremia. The presumption that endotoxemia 
has caused the death is justified by the clinical appear- 
ances. Nonetheless, pending more specific identification 

of endotoxin one cannot say for certain, in any specific 
instance, whether the death is caused by gram-negative 
endotoxins, by exotoxins of gram-positive bacteria, or 
by some other effect of specific bacterial invasion itself. 

PP ———- - 

m—w AS 



is can 
ic and 
“his is 
infec- 
xemia 
)pear- 
-ation 
ecific 
ative 
la, or 
tself. 

New leads to therapy 

JOHN M. HOWARD 

Hahnemann Medical College, Philadelphia, Pennsylvania 

Or EXISTENCE as a conference and as individual 
scientists is ultimately dependent upon the treatment 
of the patient. What new leads to therapy have evolved? 

Transfusion has been taken as a matter of course and 

deliberately minimized in planning the program. Three 
points, however, have been made. At the Canadian 
conference last week Burgen of Montreal reported that 
in human volunteers fresh citrated autologous plasma, 
when infused, produced an expansion of the plasma vol- 
ume to 100% of the predicted amount. No reactions 
resulted. If homologous plasma were infused, allergic 
skin reactions were frequent. After the infusion of 500 
ml of homologous plasma within 30 minutes, one-third 
of the subjects developed serious reactions of a serum 

sickness type, developed urticaria, and showed negligible 
plasma volume expansion. Several subjects revealed an 
actual contraction of the plasma volume with an associ- 
ated rise in the hematocrit. No such reaction followed 
the infusion of autologous plasma or dextran. 

Citrated banked blood is acid and when infused 
rapidly promotes the already existing acidosis (me- 

tabolic) found with hemorrhagic shock. Nahas and 
Rosen, and others have recently reported on the use of a 
potent CO, buffer THAM (2 amino, 2 hydroxymethyl 
1-3 propanediol) in acidosis. When deep hemorrhagic 
shock was produced in the dog, rapid retransfusion of 
citrated blood resulted in death from acidosis. The addi- 

tion of THAM to the transfusion significantly increased 
survival and lessened the state of acidosis. Similarly when 

the pH of the blood fell below 6.90 in dogs in respiratory 
acidosis, THAM intravenously restored the pH to 
normal. A marked increase in oxygen consumption 
resulted. 

Millstein, Miyazaki and Howard (in press) have 
demonstrated that in the dog, total body irradiation up 
to 400 roentgens does not alter the clearance of dextran 
from the plasma within the first week after irradiation. 

CARDIAC FAILURE 

Cardiac failure appears to develop in the refractory 
stage of hemorrhagic shock in dogs. This is to be dis- 
tinguished from the drop in cardiac output secondary 
to inadequate venous return which occurs early in 
hemorrhagic shock. Simeone found in the dog that the 
oxygen tension of the heart falls in hemorrhagic shock 
and is slow to respond completely to retransfusion. 
Norepinephrine in our laboratory as well as in Simeone’s 
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has been found to increase sharply the coronary blood 
flow of the dog in hemorrhagic shock. This is associated 
with an increased oxygen extraction by the myocardium. 
However, Simeone reports that the pyruvate extraction 
in the myocardium, low in hemorrhagic shock in the 
dog, is not increased by norepinephrine. He reported a 
decreased myocardial contractile force in the dog in late 
shock. Guyton also has found evidence of cardiac failure 
during the stage of refractory hemorrhagic shock in the 
dog. He described a late rise in the left atrial pressure. 
He also described an oxygen debt in hemorrhagic shock. 
Those dogs in hemorrhagic shock whose cumulative 
oxygen debt was less than 100 cc of oxygen per kilogram 
of body weight lived with retransfusion; those dogs with 
a debt of 150 cc/kg all died. 

Treatment of the cardiac failure has not been fully 
explored. Digitalis preparations have been used; Guyton 
stated that the investigators had not found them benefi- 
cial in the dog. In our laboratory, efforts have been made 
to reverse the failure by changing the electrolyte ratios. 
Calcium administrations (1.0 grams of calcium gluconate 
intravenously) did not reverse the failure in the dog. 

However, it may strikingly but infrequently increase 
the blood pressure of the patient in refractory hemor- 
rhagic shock (Strawitz, Howard and Artz, 1955). 
Bunder’s report on effects of citrated blood in this regard 
is specific. A decreased ionized calcium concentration 
resulted in decreased cardiac output. Further studies 
should center around the patient, emphasizing perhaps 
therapeutic efforts to change the pH in the environment 
of the myocardium. 

Altemeier reported also a rise in atrial pressures 
terminally in the dog and rabbit following the injection 
of the exotoxin of hemolytic staphylococcus aureus. 

Adrenergic agents vs adrenergic blocking agents. Green has 

concluded that disturbances in resistance of peripheral 

vessels have not been demonstrated to be responsible for 

the decompensatory phenomenon of irreversible hemor- 

rhagic shock. There is growing evidence that 

norepinephrine increases blood pressure in hemorrhagic 

shock primarily by increasing cardiac output. 

The beneficial or deleterious effects of these two types 

of agents remains unsettled and it is disappointing that 

more progress has not been achieved. All. of us have 

experienced numerous failures from norepinephrine, 

when used in the hospital as well as in the laboratory. 
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No leads as to why refractoriness develops have come 
forth except Simeone’s observation that pyruvate ex- 
traction by the heart remains as low as in the pre- 
existing hypotensive state. Others have indicated that 
acidosis promotes refractoriness to norepinephrine and 
norepinephrine promotes acidosis. In patients, we have 

been unable to overcome the drug refractoriness by 
efforts to shift the pH back toward the alkaline side. 
Perhaps THAM might provide a better approach. 
Stevenson’s work with hemorrhagic shock with dogs 
indicates a better cardiac output, but oxygen utilization 
and better survival if norepinephrine were used in very 
small doses—doses not sufficient to restore blood pressure 
to normal. 

Meanwhile, Nickerson has continued studies with the 
blocking agents, such as Dibenamine and Dibenzylene. 
Survival of dogs in hemorrhagic shock has been im- 
proved by the use of hydralazine, survival after in- 
testinal manipulation, muscular (skeletal) trauma or 
hemorrhage has been improved by Dibenamine. 
Nickerson has also studied approximately 70 patients 

and believes that the blocking agents promote a gradual 
restoration of blood pressure and of urinary flow if 
blood volume deficits had been previously corrected. 

Two rather striking clinical responses were demon- 
strated, both possibly representing examples of septic 
shock. 

Nickerson has shown that the administration of free 
hemoglobin intravenously to the dog is followed by a 
decreased urine flow. If modest hemorrhage or nor- 
epinephrine administration is superimposed, the urine 
flow is profoundly depressed. 

Page has called attention to the fact that hypophysec- 
tomized dogs are ultrasensitive to hemorrhage and 
Haist describes a functional hypophysectomy when the 
temperature is reduced below 28°C. Frieden and Keller 

found that a subpressor dose of Pitressin restores the 
normal susceptibility to hemorrhage after hypophysec- 
tomy. Perhaps this might be of interest and perhaps of 
assistance in some of our problem with cranial injuries 
or with hypothermia. 
Hume has shown that the adrenal of the dog, under 

Nembutal anesthesia, does not secrete epinephrine 
when hemorrhage is induced. This failure to detect a 
secretory increment was limited to the dog anesthetized 
with Nembutal in contradistinction to the unanes- 
thetized dog or to the dog anesthetized with ether. A 
fall in blood pressure has been repeatedly noted in the 
wounded man when barbiturate anesthesia was induced. 
Watts has described an autonomic depression at the 
hypothalamic level by these agents. Fluothane evidently 
has a blocking effect (Dripps). 

SEPTIC SHOCK 

Hinshaw and associates found a decreased peripheral 
resistance when F. colt was administered to dogs. When 
the exotoxin of hemolytic staphylococcus was given 

intravenously to dogs or rabbits, there was an early fall 
in central venous pressures and a rise in portal pressures, 
As mentioned earlier, the atrial pressures rose later as the 
arterial pressure fell secondarily and the animals died 
(Altemeier). 

Dresel, Nickerson and colleagues described a beneficial 
effect of Dibenzyline pretreatment when the endotoxin 
of E. coli was given to mice. Debenzyline (18 mg/kg) 
24 hours earlier doubled the LDsp dose of the endotoxin. 

Bein and Jaques (1960) have reported a striking 

protection of the cat from the endotoxins of Proteus and 
Seratia when aldosterone was administered. Results in 
our laboratory promise to support this. Bein and Jaques 
also noted that under these circumstances, aldosterone 
would restore the pressor responsiveness of the cat to 
norepinephrine and epinephrine. 

Blair, Cowley and associates in clinical studies report 
that in septic shock prolonged hypothermia at 32°C 
may result in an elevation of the depressed blood pres- 
sure, arousal of the patient from coma, and survival. 
They found that oxygen consumption was cut from 300 
to 400 % of normal to 33 % of nermal. Urinary flow was 
increased. Fourteen patients have been so treated for an 
average of 7 days with a maximum of 23 dogs. The 
mortality rate was 40%. 

Miscellaneous. Perhaps unrelated, Haist and Stoner 
have demonstrated that cold acclimatization reduces 
mortality of rats subjected to tourniquet shock. An 
increase in survival time was also noted simply by 
altering atmospheric temperature after injury. 

Kovach has described that survival from hemorrhagic 
shock in rats can be increased by prophylactic depression 
of thyroid activity. DePasqualini has described an 

increased survival of guinea pigs from hemorrhagic 
shock when vitamin C was given prior to the hemor- 
rhage. 

Page and Mayerson have separately called attention 
to the need of continued exploration of the use of the 
sodium ion in treatment of shock of various forms. 

Irradiation has been shown to depress tolerance to 
infection and to burns but studies on tolerance to 
mechanical wounding, hemorrhage, and anesthesia 
may not have been described at least at this meeting. 

In summary, in this conference, transfusion as a 
therapeutic tool, the shock of burns, and acute renal 
failure as a sequel to shock were deliberately omitted. 
In the review of other areas, one of the more promising 
therapeutic areas especially in older patients may prove 
to be studies of acid-base change with emphasis on a 
resulting or associated myocardial failure. 

Finally, might we consider recommending a stand- 
ardized NRC shock model for hemorrhage, trauma, 
burns, or sepsis (separately) and perhaps one or more 

for irradiation injury? A therapeutic agent might be 
tested against such a model as well as against the in- 
vestigator’s own model. This would have the advantage 
of allowing more rapid correlation of results. 
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Summation of conference 

JONATHAN E. RHOADS 

I SHALL BEGIN BY TELLING you about another sort of 

a get-together—a conference—which was described to 
me by a friend of mine who is a divinity student. He 
always went home to an aunt’s for his vacations and 
he knew that she was quite active with a group study- 

ing the Bible. 
So he asked her at Christmas time, “Aunt Mary, 

what are you studying this year in your Bible group?” 
She said, ““‘Why we’re studying Revelations.” And he 
said, ‘Why, Aunt Mary, in divinity school we regard 
that as one of the most difficult books in the Bible to 
study—don’t you have any difficulty understanding it?” 

She said, ‘‘Oh yes, we have difficulty but not really—we 
explain it to each other.” And I suppose everything’s a 

little like that when you have a conference, particularly 

on a complicated subject. 
We have listened to a series of the most carefully 

prepared presentations on the subject of shock; perhaps 

the most carefully that have been assembled for a long 
time. We have had some opportunity for informal dis- 
cussion in at least one area of particular interest to each 
of us. Finally we have had two excellent summaries, one 
on the relevance of animal experimentation to human 
shock and the other on the implications of the conference 

for therapy. 
I hope you will note that I have not been asked to 

give a summary, but a summation. This exempts me 
from the necessity of tediously working over the program 
paper by paper. You will agree with me that each paper 

has been clear and has spoken for itself. 

I would like to be able to establish in a very tentative 

way where we are and where we are going. It is not 

possible to do that, of course, but it may be possible to 

emphasize a few points. 

Many speakers have dealt with a definition of shock. 

Some would repudiate the word, others would let each 

man define it for himself. Perhaps the majority of 

definitions proposed would be encompassed in the 

following: “‘Shock is a default in the transport mech- 

anisms of the body, generally affecting vital cells.’”” Thus 

the default may be absolute, which is the irreversible 

shock of the physiologist, or it may be relative as in the 

reversible shock syndrome so important for the clini- 

cian. Such a definition includes the several forms of 

hypovolemic shock; it includes cardiac shock; shock 

due to partial respiratory obstruction; that due to 

uremia; and at least the late phases of neurogenic and 

septic shock. 
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Although this is a broad definition, it does not go as 
far as including all cellular response to injury. 

It is convenient to divide the study of shock into the 
etiology or the initiating factors, pathogenesis and 
therapy. 

Pathogenesis has occupied the center of the stage in 
this conference. This is logical because in this area lies 
the key to irreversibility. The experimentalist may 
create the impression that irreversibility is absolute, 
and that it is uninfluenced by the intensity of the thera- 
peutic effort. He, of course, does not hold such a view 
but it does appear that after shock reaches a certain 
stage, there may be a fairly sharp cutoff point beyond 
which therapeutic measures so far tried are unavailing. 

The reach of the therapeutic measures so far developed 
is considerable. One author estimated that it increased 
the duration of leg ischemia from which recovery was 
possible in the rat by over 100%. 

McCarthy, in studying burns in the rat, also obtained 
data that therapy permitted ten-day survival in animals 
after injuries approximately twice as large as in the 
case of the untreated animal surviving the same length 
of time. 

Thus the objective of therapy must be to advance the 
criteria for irreversibility to ever more severe levels. 

A review of this conference also points up some of the 
areas which had to be omitted. We have touched very 
lightly on predisposing factors. Dr. Levenson men- 
tioned the general nutritional state reflected in the 
protein balance. 

Dr. Lyons and Dr. Mayerson have long called atten- 
tion to the hypovolemic state which they designated—I 
hesitate to mention it—as ‘“‘chronic shock.”” Dr. Ravdin 
and a group of his associates some time ago demon- 
strated increased susceptibility to shock in the hypo- 
proteinemic animal. The increased susceptibility for 
certain types of shock resulting from previous sub-lethal 
ionized irradiation was emphasized by Dr. Douglas 
Smith recalling some of the work of the late Dr. Everett 
Evans. Everett Evans’ absence today is still felt by many 
of us. 

The increased susceptibility due to adrenalectomy 
emphasized 30 years ago by Swingle, Pfiffner, Vars, 

Bott and Parkins was a remote contingency then; but 
with the advent of cortisone and other corticoids. it is 

by no means unusual now to encounter a patient who 

must be thought of as functionally adrenalectomized. 

Turning now from predisposing factors—we now 

recognize the possibility of enhancing resistance to 
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certain shock-generating stimuli. The sub-lethal in- 
jection of endotoxin has already been touched upon as 
has loading the guinea pig with ascorbic acid and the 
removal of certain bacteria from the bowel by anti- 

biotics. 
Whether protein loading would be of value to the 

normally nourished individual has not been as thor- 

oughly tested. 
It should be pointed out that testing the length of 

time an animal can endure hypotension of standardized 
degree is not likely to measure such an advantage; it 
would be necessary to test the amount of blood loss 
which can be tolerated. 

Likewise, it is not clear that the arterial reservoir 
technique is appropriate in testing agents that lower the 
tone of vessels. Patients or animals treated in this way 
stand hypotension better but may be like the dogs which 

Freeman did total sympathectomies upon in our la- 

boratories in the 1930’s—they too stood hypotension 

better but they bled less. 
In the chlorpromazine experiments of DeBakey and 

his associates the ultimate bleeding volume was as 

great, but the rate of blood loss was slower, allowing 
more time for mobilization of plasma, protein, water 
and electrolytes. 

An important area not touched upon very much 

concerns the usefulness of electrolyte solutions in place of 

macromolecular solutions in therapy. I interpret the 
absence of this topic from the program to mean that the 
views of Sanford Rosenthal, supported by the observa- 
tions of Moyer and Ben Wilson, and of Kehl Markley 
and his associates in the Peruvian study, are no longer 
being actively contested for burn shock. I may be 
wrong. 

The effectiveness of the balanced salt solution in 
preventing burn shock in adults is accepted fairly 
widely and in children it is useful though not sufficient. 
However, its usefulness in hemorrhagic shock has not 
been widely evaluated. Parkins has found it useful for 
immediate replacement following a rapid severe hemor- 
rhage; in fact, when three times the volume of the 
hemorrhage was given, the dog’s bleeding capacity was 

restored to 73% of his original capacity, close to the 

range achieved by plasma in a single volume replace- 

ment. 

Furthermore, once blood pressure was restored, the 

latter part of the saline could be given by mouth or 

stomach tube. This, of course, has tremendous im- 

plications for civil defense situations. 

The light shed by studies of hypothermia on shock 

was reflected to some extent in the sixth round-table 

conference, that chaired by Dr. Dripps. It has long been 

known that metabolism declines with cooling and rises 

with fever. Clearly, if the transport mechanisms of the 

body are handicapped, the slower the metabolism, the 

lower the demands for transport and the longer the 

local stores will last. 

Parkins and his associates have made extensive use of 

this principle in the treatment of the ischemic shock in 
dogs induced by occluding the thoracic aorta. Iced 
saline applied intraperitoneally more than doubled the 
period of ischemia from which animals could recover as 
compared with controls irrigated with saline at 37°C. 

Irreversible damage to the lower reaches of the spinal 
cord were best avoided by generalized hypothermia. 
Weinberg and the Gibbons showed in cats the dramatic 
changes which occur in the central nervous system 
between the third and sixth minute of circulatory arrest. 
These animals were at normal temperature. Nature has 
reproduced the experiment in the anesthetized man 
before the eyes of many of us here. 

Parkins and Jensen showed that by differential hypo- 
thermia of the cephalic circulation to 12 or 15°C, the 
tolerance of the brain for respiratory arrest was greatly 
increased. Similar findings in the case of the heart, 

carried out in many laboratories, formed the basis for 

the use of hypothermia in cardiac arrest for open-heart 
operations. 

The five-minute tolerance of brain tissue for total 

circulatory arrest is perhaps the clearest evidence that 
“anoxia not only stops the machine, but wrecks the 
machinery” (Haldane). To my knowledge, no one has 
nailed down the fact that the reaction is due solely to 
the oxygen want though this is presumably the major 

factor. The extreme rapidity of this reaction suggests a 
positive feedback mechanism with a gain of more than 
one. 

In the example of the failing heart which Dr. Guyton 

gave us, of the heart which failed to supply its own 
coronary circulation, one might wonder if this particular 
feedback mechanism did not become positive during the 
last short period of life rather than over the 180 to 330 
minutes between the initiating factors and the cessation 
of the circulation. 

The series of a hundred shock experiments reported 
by Dr. Guyton in which the accumulated oxygen debt 
was measured was particularly intriguing. All animals 
in which this figure was less than 100 cc per kilogram 
recovered, all in which it exceeded 150 cc per kilogram 
died, and the LDs» was close to the mean between these 
two figures. Such consistent data are rare in the biologi- 
cal field and will no doubt incite a number of us to 

repeat the experiments, using a variety of the shock 
models described so well by Drs. Zweifach, Selkurt, 
Stoner and others on Thursday morning. 

The tremendous series of experiments reviewed by 
Fine may well stimulate others to test the apparent 
conclusions in a wider frame of reference. On the one 
hand, Fine indicated that it could take up to three 
weeks to re-establish colon bacilli in the rabbit reared on 
antibiotics and that even then the pool of endotoxin 
might be inadequate. On the other hand, he explained 
shock produced in the germ-free animal, tentatively, on 
the basis of the amount of preformed endotoxin in the 
sterile food which the animal ingests. 
Though my personal guess would be against such a 

unitary explanation of the mechanism of irreversibility, 
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that endotoxin is one of the factors that can produce 
irreversibility would appear well supported. The view 
that endotoxin may serve to augment the effect of adren- 
aline in producing shock through vasoconstriction is an 

interesting one. 
Norman Freeman was the first, to my knowledge, to 

induce shock with adrenaline alone, somewhat over 20 
years ago. He found it necessary, however, to use levels 

that were well above the range which the dog was 

thought capable of reaching from his own adrenals. 
Among the noteworthy contributions of Dr. Fine and 

his group is the demonstration of the prolonged effect of 
a period of severe hypotension on the capacity of the 
animals to rid themselves of bacterial invaders. This of 
course finds immediate relevance to clinical problems. 

It has never been possible to measure the usefulness 

of conferences such as this; it is my personal conviction 
not only that they are intensely valuable, but that they 

are one of the best uses to which research funds have 

been put. 
Attendance at the conference has afforded the privilege 

of hearing the presentations first hand and of also meeting 
the speakers and asking them questions. The formal 
discussions have been available to a still wider group 
through WRAMC-TV and the printed transactions will 
be available to all who wish to read them, including 

those not now active in the field but who may wish to 

work in the field later. 
Despite the undoubted fact that each year of investiga- 

tion seems to unfold more rather than fewer problems to 

solve, I believe much progress has been made. This 

progress is basic to recent advances in cardiovascular 

surgery so well exemplified by Dr. De Bakey’s work, as 

well as to much of the progress in cardiac surgery, 

neurosurgery and cancer surgery. 

Like all knowledge, it is replicated by our total educa- 

tional system which includes press, radio and TV, as 

well as our system of formal educational institutions. 

Thus its reach is enormous. I would estimate the results 

presented at this conference as having cost the lives of 

tens of thousands of animals, yet they may well extend 

the lives of millions of human beings. 

Among the various directions for research which have 

been indicated in the talks during this conference, I 
have been especially stimulated by the studies of adaptive 
mechanisms by which resistance is enhanced; by studies 
on the rate of regeneration of high-energy phosphates in 
shocked animals; by considerations regarding the ad- 
vantages and disadvantages of vasodilatation versus 
vasoconstriction; by the studies on histidine decarboxyl- 
ase; by some of the studies on proteolysis, and by many 
of the opportunities offered for study of the micro- 
circulation. 

It is, however, presumptous for anyone to endeavor to 
indicate certain avenues of future research in shock and 
to label some as blind alleys and others as promising. 
Some investigators may have the capacity to pick the 
latter by the exercise of judgment; or it may be that 
various investigators will follow their curiosity into blind 
alleys and others into pathways that lead to new and 

important revelations of truth and that only after their 

success is manifest will we attribute to the latter this 
quality of foresight which perhaps they never had. 

A psychologist has denied that necessity is the mother 

of invention and maintained, rather, that success in 
discovery was the thing that mothered inventiveness. 

Certainly on a collective basis this audience has 
tested success both at the basic science and at the clinical 
level in more than sufficient amount to encourage a 

continuing and enhanced effort to understand the basic 
mechanisms and to study the pathogenesis of the common 
forms of shock and to devise means of putting this 
understanding to work, both in the prevention and in the 
treatment of shock in man. 

May I take this opportunity on behalf of the Com- 
mittee on Trauma to thank the participants, the program 
committee and also the sponsors, for this wonderful 
program and to express our appreciation of the fine 
staff work both at the NRC and here at Walter Reed, 
which were prerequisite to its success. 

We are grateful to those participants who have come 
from Canada, and especially to those who have come 
from overseas, Dr. Alberto Fonnesu, Dr. Ronald T. 
Grant, Dr. A. G. B. Kovach, Dr. Ashley A. Miles, Dr. H. 
B. Stoner and others whom I may have failed to list. 
They have added immeasurably to the value of the 
conference. 
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shock therapy, 43, 109 
dibenzyline: see Phenoxybenzamine 

Digitalis 
in cardiac failure, 233 
mechanism of action, 71 

Diisopropy! fluorophosphate 
inhibition of esterases, 212 
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Diisopropyl phosphofluoridate 
as inhibitor of permeability factors, 145 

Dimethylnitrosamine 
amino acid to protein and, 122 

Dimethylphenylpiperazinium iodide 
cardiovascular response to, 76, 78, 79 

Dinitrophenol 
cloudy swelling and, 120 

DMN: see Dimethylnitrosamine 
DMPP 

definition, 76 
DNP: see Dinitrophenol 
Dog 
compared to squirrel monkey, 31 
differences from man, 228 
hepatic outflow obstruction, 228 
sequence after transfusion, 228 
vasoactive material in, 32 

Dopamine 
see also Catecholamines 
cardiac efficiency, 81 

DPNase 
mode of action, 174 

Driers, R. D. 
Anesthesia and shock, 224 

Drucken, W. 
round-table conference, 202 

Epert, R. V. 
Septic shock, 179 

E. coli 
see also Coliform bacteria 
in shock, 207 
production of shock by, 181 

ECoG: see Electrocorticogram 
Edema 

antihistaminics and, 156 
calcium and, 156 
histamine liberator and, 156 
reduction by dibenamine, 134 

EINHEBER, A. 
discussion, 170 
Nutritional and metabolic aspects of 

shock, 99 
E1seMAN, B. 

discussion, 138 
Electrocardiogram 

staphylococcal toxin, 176 
Electrocorticogram 

radiation injury, 161 
Electrolytes 
changes in shock, 231 
excretion, after hemorrhage, 64 
metabolism, in shock, 101-102 

Electromagnetic flow meter 
diagram, 76 

Electroshock 
phosphocreatine resynthesis and, 130 

Emotional trauma 
adrenal function and, 87 

Endotoxins 
see also Infection 
adrenal function and, 94 
catecholamine depletion and, 204 
catecholamines and, 170 
definition, 173 
experimental results with labelled, 206 
histidine decarboxylase and, 155 
in irreversible shock, 47 
in shock, 7, 47, 166-170, 182, 216, 229 
in shock, reserpine and, 204. 
mode of action, 169 
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physiological effects, 23 
Shwartzman reaction, 170 
staphylococcal, shock in dogs and, 176 
tolerance to, 81 

Energy 
loss, in shock, 133 
output, in shock, 47 

Energy-rich phosphates 
in shock, 113 
of brain, in shock, 114, 129 
of liver, in shock, 122 

ENGEL, F. L. 
discussion, 73, 98, 138 

Enterotoxin 
mode of action, 175 

Environmental temperature 
limb ischemia and, 41 

Epinephrine 
see also Catecholamines 
anesthesia and, go 
glycogen deposition and, 107 
in hemorrhage, 87 
in shock, 64, 81, 83, 86, 183 
operative trauma and, 93 

Erythrogenic toxin 
mode of action, 174 

Ether 
adrenal function and, 89 

Ethionine 
amino acid to protein and, 122 

Exotoxins 
see also Infection 
characteristics of shock produced by, 177 
clostridial, 177 
criteria of effects, 173 
definition, 173 
shock and, 173 
staphylococcal, 174 
streptococcal, 174 

Experimental shock: see Shock models 

Ferritin 
in shock, 82, 166 
relation to VDM, 82, 166 

Ferrofusin 
treatment in shock, 118 

Fibrinogen 
in shock, 103 

Fibrinolysin 
mode of action, 175 

Fine, J. 
Endotoxins in traumatic shock, 166 
round-table conference, 206 

Fluothane: see Halothane 
Fonnesu, A. 

discussion, 119 
Fracture 

as source of injury, 40 
FRANK, E. 

round-table conference, 195 
Freezing 

as source of injury, 39 
Fructose-1-6-diphosphate 

metabolism, in shock, 46 

Gas gangrene 
toxins of, 176 

Gastrectomy 
adrenal function during, 91 

Gastrointestinal tract 
in shock, 31 

Germfree animals 
shock and, 100, 172 

Globulin PF’s 
activation of, 146 
blood pressure and, 148 
description, 145 
serum kallikrein and, 147 
species differences, 147 
susceptibility to inhibitors, 147 

Glucose 
oxidation, in shock, 46 
preservation, in shock, 108 
uptake, ratio to oxygen consumption, 137 

Glycogen 
in shock, breakdown in muscles, 132 
in shock, in heart, 72 
in shock, phosphorylation, 132 

Glycolysis 
in shock, 108 

Grant, R. T. 
discussion, 48 
round-table conference, 193 

Green, H. D. 
Peripheral circulation in shock, 61 
round-table conference, 206, 222 

GREGERSEN, M. I. 
round-table conference, 193 

GREISMAN, S. E. 
round-table conference, 206 

Guinea pig serum 
permeability factors in, 148 

Gurp, F. N. 
round-table conference, 195 

Guyton, A. C. 
Dynamics of heart in shock, 51 
round-table conference, 220 

Hacket, D. B. 
round-table conference, 203 

Hatey, T. T. 
discussion, 164 

Ha..eercG, F. 
round-table conference, 196 

Halothane 
circulation in man, 224 

Hageman factor 
activation of kallikrein and, 213 

Harpaway, R. M. 
round-table conference, 215 

Head 
perfusion, renal function and, 135 

Heart 
see also Cardiac 
age, and shock, 230 
anoxia, metabolic changes, 72 
degenerative vascular disease, 230 
deterioration, factors in, 51 
deterioration, oxygen transport and, 58 
failure, adrenergic blocking agents, 233 
failure, calcium administration, 233 
failure, hemorrhagic shock, 58 
fatigue of, 72 
function, in acidosis, 231 
in shock, 5, 6, 51-60, 202, 203 
in shock 

ATP, 72 
circulation, 63 
defect, 68 
glycogen, 72 
hypotension and, 203 
metabolism, 5 
size, 80 
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Heart (continued) 
myocardial metabolism, 72 
pyruvate metabolism, 5 
radiation injury and, 159 
radiation injury to, 164 
rate, species differences, 20 
ratio phosphorylase a to total phos- 

phorylase, 72 
sensitivity to anoxia, 220 
shock dynamics, 219 
staphylococcal alpha toxin, 175 

Hematocrit 
during shock, 62 
species differences, 20 
staphylococcal alpha toxin and, 175 

Hematopoietic system 
radiation syndromes and, 158 

Hemorrhage 
as causal agent for shock, 16 
blood volume and, 64 
corticosteroids in, 87 
epinephrine in, 87 
initial effects, 75 
plasma-bound iron and, 118 
salt and water excretion, 64 
venomotor tone, 64, 81 
volume necessary for shock, 66 

Hemorrhagic anemia 
lipemia, species differences, and, 110 
plasma lipids and, 110 

Hemorrhagic hypotension 
atrial pressure and, 57 
blood values during, 62 
compensation, 61-65 
limb ischemia and, 116 

Hemorrhagic shock 
see also Shock 
atrial pressure and, 57 
carbohydrate metabolism in, 105 
cardiac failure and, 233 
cerebral blood flow, 225 
dibenamine, 234 
dibenzylene, 234 
energy-rich phosphates, 113 
experimental, seasonal variability, 196 
heart failure in, 58 
heart size in, 80 
hypotension and, 30 
in man, 229 
myocardial metabolism, 72 
production, 30, 195 
sequence of events, 59 
temporal variability, 196 
vascular neurogenic control in, 35 

Hemorrhagic shock models: see Shock 
models 

Hemostasis 
clot formation and, 217 
in shock, 209, 215 
mechanisms, in shock, 209-218 
plasma kallikrein and, 213 

Heparin 
in shock, 84 

Hepatic sphincter mechanisms 
in various species, 219 

Hexamethonium bromide 
shock therapy and, 44 

Hexokinase activity 
in shock, 128 

HF: see Hageman factor 
Histamine 

after birth injury, 155 
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as mediator of delayed response, 144 
capillary permeability and, 155 
distribution of, 24 
edema and, 156 
heart deterioration and, 51 
5-hydroxytryptamine and, 154 
hypotensive effect, 149 
in endotoxic shock, 208 
in local injury response, 143 
in shock, 19, 24, 83, 183, 207, 211 
irreversible shock and, 154, 155 
permeability and, 156 
release by protease, 154 
site of production, in shock, 142 
tourniquet injury and, 155 

Histamine shock 
definition, 15 

Histidine decarboxylase 
endotoxin, 155 
histamine formation and, 154 
in endotoxic shock, 207 
inflammation and, 155 
shock and, 155 
stress and, 154 

Homeostasis 
nervous control, 85 

Hormones 
patterns, shock and, 86 

Howarp, J. M. 
discussion, 165 
Introduction, 1 
New leads to therapy, 233 

Hume, D. M. 
discussion, 87 
round-table conference, 204 

Hyaluronidase 
mode of action, 175 

Hydralazine 
shock and, 81, 97 

Hydrogen ion concentration 
intracellular, in shock, 202 

5-Hydroxytryptamine: see Serotonin 
Hyperglycemia 

in hemorrhage, 105 
Hypoglycemia 

irreversible shock and, 109 
late shock and, 105 

Hypotension 
shock and, 79 

Hypotensive factors 
proof of, 149 

Hypothalamic lesions 
in shock, 125 

Hypothermia 
shock and, 226 

Hypoxemia 
capillary permeability and, 69 

Hypoxia 
blood pressure, 9 
enzymatic lesions, 155 
following shock, 45 
infection and, 178 
lysosomes and, 152 
metabolic changes due to, 101 
plasma-bound iron and, 118 

Infection 
see also Endotoxins, Exotoxins, Bacteremia 
adrenal insufficiency in, 178 
factors contributing to shock, 174 
hypoxia and, 178 
production of shock by, 173 
shock and, 116-117, 180 

Inflammation 
histidine decarboxylase and, 155 

Injury 
see also Shock, Trauma 
definition, 38 
requirements, 38 

Insulin 
glucose uptake in shock and, 132 

Intestinal tract 
radiation syndromes of, 158 

Intestine 
flora, shock and, 169 
oxygen consumption, in shock, 115 
vasoactive material from, 32 
vasodilator material from, 33 

Irreversible shock 
see also Shock 
adrenergic agents in, 65, 66 
basic problems, 47, 60 
biochemistry of, 99 
decompensatory phenomena in, 65-68 
definition, 61, 99 
factors in, 231 
histamine, 154, 155 
hypoglycemia, 109 
in liver, 166 
oxygen deficiency and, 59 
total peripheral resistance and, 65 

Ischemia 
see also Limbic ischemia 
as source of injury, 39 
production of, 39 

Ischemic shock 
see also Shock 
reversal of, 133 

Jounson, P. C., Jr. 
Shock problems in vascular surgery, 185 

Kallidin 
definition, 213 
purification of, 214 
relation to bradykinin, 213 

Kallidinogen 
definition, 213 

Kallikrein 
definition, 213 
Hageman factor and, 213 
hypotensive agent, 152 
of human serum, hypotensive effect, 149 
pancreatic, as mediator of delayed re- 

sponse, 144 
plasma, compared with urinary, 214 
plasma hemostasis and, 213 
system, nomenclature, 213 
urinary, as mediator of delayed response, 

144 
Kallikreinogen 

definition, 213 
Kallikreinogenase 

definition, 213 
Ketone production 

in shock, 110 
Kety, S. S. 

round-table conference, 225 
Kidney 

blood pressure, vasoconstriction and, 81 
function, dibenamine and, 136 
function, head perfusion and, 135 
in shock, nervous regulation, 135 
in shock, vascular resistance and, 65 
staphylococcai alpha toxin and, 175 
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Kininogenases 
as permeability factors, 145 

KniseLy, M. H. 
discussion, 49 
round-table conference, 219, 221, 222 

Kostowsk1, L. 
discussion, 155 
round-table conference, 217 

KovAcu, A. G. B. 
discussion, 122 

Lactic acid 
delayed hypersensitivity, 150 

Lactic-pyruvate ratio 
in shock, 105 

Lanpy, M. 
round-table conference, 206 

Lethal bleeding volume 
in dog, 30 

Leukocidin 
mode of action, 175 

Levarterenol : see Norepinephrine 
LeveNsSON, S. M. 

Nutritional and metabolic aspects of 
shock, 99 

round-table conference, 202 
Levophed: see Norepinephrine 
Limb ischemia 

see also Shock, Tourniquet shock 
acclimatization and, 41 
anesthesia in, 40 
biological rhythms and, 41 
brain temperatures, 45 
carbohydrate metabolism, 106 
environmental temperature and, 41 
infection and, 42 
liver temperatures, 45 
production of, 40 
relation to hemorrhagic hypotension, 116 
swelling after, 43 

Limbic ischemia 
see also Ischemia 

Lipemia 
species differences, 110 

Lipids 
in shock, 110 
mobilization, hormonal control, 110 
of heart, after radiation, 159 

Liver 
after transfusion, 228 
blood flow, in shock, 107 
blood pooling in shock, 71 
function, catecholamines and, 72 
in irreversible shock, 166 
injury, blood volume changes in, 66 
intestinal flora in, 166 
metabolism, 104 
metabolism, shock and, 46, 107 
protein, amino acid incorporation into, 

122 
species differences, 19 
species differences, in shock, 228 
structure in dog, 31 
temperature, limb ischemia and, 45 
temperature, outcome of shock and, 108 
toxin from, 167 
vascular capacity, 68 

Local injury 
delayed phase, 143 
delayed response mediators of, 144-145 
immediate response, 143 
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time course, 143 
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round-table conference, 220, 222 

Lymph flow 
blood volume and, 66 

Lysosomes 
anoxia and, 152 
shock and, 150 

MacMi.ian, B. 
Exotoxin aspects of shock, 173 

Maus, O. J. 
Nutritional and metabolic aspects of 

shock, 99 
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circulation, anesthetic agents and, 224 
differences from dog, 228 
heart in shock, 230 
hemorrhagic shock in, 229 
hemostasis in shock, 209 
sequence after transfusion, 228 
shock in, 26 
traumatic shock in, 229 

Masoro, E. J. 
round-table conference, 202 

Mayerson, H. S. 
discussion, 68 
Heart and peripheral vessels in shock, 219 

McMurray, J. D. 
Shock problems in vascular surgery, 185 

MER-29: see Triperanol 
Mesentery 

circulation, in shock, 63, 65 
circulation, vascular capacity, 67 
vascular resistance in shock, 65 

Metabolism 
in resistance to shock, 201 
of liver, in shock, 107 
shock and, 81, 99, 111-112, 201-205 
shock and, characteristics, 101 
shock and hypoxia and, 101 
tissue, species comparison, 26 

MicHaeE.is, M. 
discussion, 137 

Mites, A. A. 
discussion, 157 
Local and systemic factors in shock, 141 

Mitochondria 
in shock, 202 
metabolism, after shock, 46, 115 

Moore, F. D. 
Experimental shock studies to ctinical 

shock problems, 227 
round-table conference, 194 

MSF: see Muscle shock factor 
Muscle 

in shock 
carbohydrate metabolism, 132-133 
glycogen in, 131 
oligosaccharides, 133 
reducing substances, 131 
vascular resistance, 62, 65 

Muscle shock factor 
definition, 170 

Myocardium 
blood flow, vascular surgery and, 190 
infarction, blood volume changes in, 66 
metabolic defects in, 72, 203 

Necrobiosis 
in shock, 47 

265, 

Necrosis 
stasis and, 148 

NEFA: see Nonesterified fatty acids 
Negative feedback 

illustration, 53 
Neuroendocrine factors 

in shock, 75-84, 111-112, 201-205 
Neurogenic shock 

definition, 156 
Neurohumoral factors 

in shock, 75-84 
Nickerson, M. 

discussion, 138, 139 
Neuroendocrine and metabolic aspects 

of shock, 201 
round-table conference, 221 

Nonesterified fatty acids 
in shock, 201 

Norepinephrine 
see also Catecholamines 
cardiac efficiency and, 81 
cardiovascular response to, 76, 78, 79 
ineffectiveness in shock, 81 
in shock, 82, 138, 139, 204, 226 
rise in blood, 86 
secretion, operative trauma and, 93 
sensitivity, after drugs, 139 
survival in shock and, 203 

Normovolemic shock 
definition, 61 

Nutrition 
deficiency, heart deterioration and, 51 
shock and, 99 

Oligemic shock 
see also Shock 
definition, 61 

Oligosaccharides 
in shock, in muscles, 133 

Operative mortality 
age and, 185 
heart disease and, 185 
hypertension and, 185 

Operative trauma 
see also Shock 
adrenal function and, g2 
shock, in man, 230 

Oxygen consumption 
brain, in shock, 114, 127 
in shock, 113, 114 
of intestine, in shock, 115 

Over-night syndrome 
definition, 138 

Oxygen debt 
shock and, 59 

Oxygen deficiency 
irreversible shock and, 59 

Oxygen transport 
cardiac deterioration and, 58 
in shock, 47 

Pace, I. H. 
Neurohumoral and endocrine aspects of 

shock, 75 
Paton, B. 

round-table conference, 196 
PEKKARINEN, A. 

discussion, 139 
Pentobarbital 

adrenal function and, 88 
pulse rate in dog, 10 
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Peptides 
as mediators of delayed response, 144 

Peptides in Babesia infection 
relation to shock, 82 

Peripheral circulation 
neurohormonal control, 25 
shock, 61-68 

Peripheral resistance 
acidosis and, 231 

Peripheral vascular resistance 
hemorrhage, 70 
shock, 70 

Peritonitis 
shock and, 182 

Permeability 
animal preparations and, 142-143 

Arthus phenomenon, 147 
blood volume and, 67 
bradykinin and, 147 
capillary, histamine and, 155 
capillary, radiation injury and, 160 
definition in shock, 155 
detection of increase, 141 
for various substances, 156 
histamine and, 156 
in shock, 141 
increase due to drugs, 142 
increase in small vessels, 141 
lactic acid and, 150 
leukotaxine and, 147 
PF and kininogenase, 147 
tissue factors in, 147 

Permeability factors 
critique, 144 
depletion of, 145 
hypotensive effects, 148 
in shock, 140, 212 
neurogenic activation, 147 
proof of inhibition, 145 
protein fractions as, 145 
time and place, 145 

Permeability response 
time course, 144 

PF: see Globulin PF 
pH: see Hydrogen ion concentration 
Phagocytic index 

species comparison, 23 
Phenoxybenzalone dibenzyline 

in shock, 81, 138 
Phenoxybenzamine 

in shock, 203 
plasma volume and, 203 
protection against shock, 97 

Pheochromocytoma 
shock and, 98 

Phosphate 
release from toxin, 169 

Pituitary gland 
response to trauma, 95 

Plasma 
in shock therapy, 43 

Plasma constituents 
amino acids, affected by shock, 104 
calcium, in shock, 102 
magnesium, in shock, 102 

Plasma volume 
see also Blood volume 
bretylium tosylate and, 132 
dibenamine and, 132 
dibenzyline and, 203 

Plasminogen 
action of chloroform on, 213 
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Pneumococci 
production of shock by, 181 

Portal blood flow 
blood amino acids and, 108 
in shock, 108 

Portal vein pressure 
in shock, 7 

Potassium 
cardiac glycosides and, 69 
intoxication, in shock, 226 
of heart, after radiation, 159 

Properdin 
in shock, 103 

Prosser, C. L. 
discussion, 27 

Proteins 
amino acid incorporation, 121 
as mediators of delayed response, 144 
metabolism, in shock, 102 
permeability for, 156 
regeneration, blood volume and, 67 

Proteolysis 
amino acid esters and, 212 
as pathogenic factor, 153 
in burn shock, 214 
in shock, 117, 151, 152, 209-218 
mechanism of, 211 
protease activation, shock and, 151, 152 
protease : substrates, 212 
proteinase, mode of action, 174 
trasylol and, 217 

Prothrombin 
in shock, 103 

Pulmonary embolism 
heart deterioration and, 52 

Pulmonary function 
shock, 226 

Pyruvate metabolism 
in heart, 5 
in shock, 46, 108, 202 

Radiation injury 
see also Shock 
as shock, 162, 164 
bacterial infection and, 161 
blood pressure and, 160 
blood volume and, 160 
burns and, 162 
capillary permeability and, 160 
cardiovascular system and, 159 
differences from, shock, 164 
EEG and, 161 
endocrines and, 161 
factors influencing symptoms, 1538 
importance of, 158 
immune mechanism and, 162 
nervous system and, 161 
reticuloendothelial system and, 164 
shock and, 158-164 
vascular fragility, 160 
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Reducing substances 
in shock, in muscles, 131, 133 

Reeve, E. B. 
round-table conference, 193 
‘Traumatic shock in man, 12 

Reun, J. 
round-table conference, 214 

Renal function: see Kidney 
Renin 

in shock, 82 

RES: see Reticuloendothelial system 
Resistance 

acquired, to shock, 118 
Respiration 

species differences, 20 
staphylococcal toxin and, 176 

Restraint hypothermia 
definition, 41 

Reticuloendothelial system 
blockade by Thorotrast, 171 
damage in shock, 168 
injury and toxin destruction, 169 
radiation injury and, 164 
shock and, 208 
species comparison, 23 

Reverse stress relaxation mechanism as 
negative feedback, 53 

Ruoaps, J. E. 
Summation of conference, 235 

Rrocu, D. McK. 
discussion, 84 

Rorue, C. F. 
Experimental hemorrhagic shock models, 

30 

Saline 
as shock therapy, 43 

Salt: see Electrolytes 
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permeability for, 156 
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round-table conference, 206 
SBTI: see Soya bean trypsin inhibitor 
ScHAYER, R. W. 

discussion, 154 
round-table conference, 207 

SEELEY, S. F. 
discussion, 29 

SevLkurtT, E. E. 
Experimental hemorrhagic shock models, 

30 
round-table conference, 194 

Septic shock, 179-184 
see also Shock 
adrenals in, 183 
adrenocorticosteroids in, 184 
blood volume in, 181 
characteristics, 234 
endotoxins in, 182 
explanation, 183 
in man, 230 
syndrome, 181 
treatment of, 183, 234 

Septicemia 
adrenal function and, 96 

Serotonin 
as mediator of delayed response, 144 
formation of, 153 
in local injury response, 143 
in shock, 19, 24, 83, 183, 211 

SHERRY, S. 
Hemostatic mechanisms and _ proteolysis 

in shock, 209 
round-table conference, 217 

Shock 
see also Radiation injury, Anaphylactic 

shock, Operative trauma, Oligemic 
shock, Limb ischemia, Ischemic 
shock, Septic shock, Hemorrhagic 
shock, ‘Tourniquet shock, Injury, 
Tumbling trauma, Traumatic shock, 
Irreversible shock, Wound shock 
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Shock (continued) 
adaptation to, 197, 199 
chronological and regional studies, 201 
circulating blood volume and size of the 

vascular bed, 178 
clinical, experimental shock and, 227-232 
criteria of irreversibility, 31-33 
definition, 4, 29, 49, 99, 151, 179, 193 
differences from radiation injury, 164 
endotoxin in, e. aminocaproid acid and, 

216 
etiologic factors in, 19 
experimental design, 224 
factors in development, 201 
general vascular changes in, 148-149 
histamine, at site, 142 
intracellular pH, 202 
lipids, 110 
local and systemic factors, 141-155 
loss in, 124 
management in, 138 
metabolic aspects, 81, 99, 111-112, 201- 

205 
neuroendocrine factors, 75-84, 111-112, 

201-205 
production, factors in, 33-37 
production, in squirrel monkey, 31 
production, radiation and, 162 
recovery in, 47 
resistance, adrenalectomy and, 125 
resistance, metabolic factors, 201 
resistance, thyroxine and, 126 
scalding, 79 
seasonal rhythms, 199 
sequence of events, 154 
study team, 138 
value of animal studies, 49 

Shock models 
see also Experimental shock 
comparative animal physiology and, 18 
critique of use, 48 
definition, 48, 194 
hemorrhagic, 30 
hemorrhagic, validity, 167 
hemostasis in, 209 
intravascular coagulation in, 215 
traumatic, 38, 42-48 
variables, 194 

Shock therapy 
adrenergic agents and, 65, 66 
adrenocorticosteroids, 87, 139, 184, 225 
antibiotics in, 167 
chlorpromazine, 43 
chlorpromazine sulfoxide, 43 
dibenamine, 43, 70, 109, 123, 133 
ferrofusin in, 118 
hexamethonium bromide in, 44 
liver temperature and, 108 
plasma in, 43 
saline in, 43 
transfusion in, 14, 15, 58, 138, 226, 229 
traumatic, 42 

Shwartzman reaction 
catecholamines and, 170 
endotoxin and, 170 
hemostatic defects, 216 
shock, 8 

Simeone, F. A. 
Analysis of models of experimental shock, 

193-200 
Problems of shock, 3 
round-table conference, 221 
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Skin 
in shock, vascular resistance, 62, 65 

Sludging 
in shock, 222 

Situ, D. E. 
Radiation injury and shock, 158 

Sodium 
see also Electrolytes 
in shock, blood level, 102 
in shock, capillary permeability to, 69 

Sodium pump 
in shock, 102 

Soya bean trypsin inhibitor as inhibitor of 
permeability factors, 145 

Species 
anatomy in, liver, 19 
differences in shock, 194 
vascular parameters in, 20 

Splanchnic circulation 
in shock, 71 

Spleen 
in shock, vascular resistance, 62 
species differences in, 21 

Squirrel monkey 
compared to dog, 31 
hemorrhagic shock in, 31 

Staphylococci 
production of shock by, 181 

Staphylococcus aureus 
hemolytic, exotoxin, 175 

Starvation 
response to bacteria and, 100 

Stetson, C. A. 
Bacterial toxins and tissue factors in 

shock, 206 
discussion, 150 

Stoner, H. B. 
round-table conference, 197 
Traumatic shock models, 38 

StrRAwitz, J. 
discussion, 137, 139 

Streptococcus hemolyticus 
exotoxins from, 174 

Streptolysin-O 
mode of action, 174 

Streptolysin-S 
mode of action, 174 

Stress 
histidine decarboxylase and, 154 

Strom, G. 
round-table conference, 204 

Subcellular structures 
general role, 100 

Sympathetic nervous system 
depletion of catecholamines and, 204 
hyperactivity in shock, 204 
in shock, 76, 97, 123, 133, 203 
renal function and, 135 
species differences in, 21 

Sympathomimetic drugs 
use in shock, 203 

TAMe esterases 
in hemostasis, 213 

Temperature control 
in shock, 109 

Terminal shock 
definition, 75 

THAM: see 2-Amino-2-hydroxymethyl-1 ,3- 
propanediol 

Thiamine 
administration, in shock, 112 
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round-table conference, 202 

Thyroid 
secretion, in shock, I11 

Thyroxine 
oxidative phosphorylation, 120 
resistance to shock, 126 

Tissue factors 
in shock, 206-208 

Tolerance 
to shock, definition, 39 

Total vascular resistance 
in hemorrhagic hypotension, 61 

Tourniquet shock 
see also Limb ischemia, Shock 
blood volume changes in, 66 
blood volume distribution, 64 
cold-acclimatized rats and, 109 
plasma constituents in, 110 

Toxemia 
in shock, 116-117 

Toxins 
action on capillary walls, 178 
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