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There are two patferns of progression in‘septic shock, the hyper- .
dynamic and the hypodynamic circulatory response. There is evidence
to suggest that B-endorphin, an endogenous opiate released at times
of stress, plays a role in the pathophysiology of shock. However,
the exact mechanism of action is not known. In this study, two
experimental models of septic shock in piglets were developed, one,
closely aﬁproximatiﬁg—¥he hypodynamic clinical setting and another
the hyperdynamic. Subsequently, the hypodynamic septic shock model
was chosen to investigate the effects of B-endorphin in shock, be- |
cause of its highly reproducible nature, and close proxiqity to the

‘terminal clinical shock’,

Inttavenous boluses of naloxone (group I), morphine (group II) and
normal saline (group III) were given to three groups 5k piglets
after .two hours of sepsis, which was induced ﬂy intravenous infusion
of live E. coli.

v

In group I, blood pressure, cardiac output, cortisol and cyclic AMP
levels increased after naloxone, while heart rate and liver glycogen
levels decreased. -The hemodynamic changes lasted fqr about thirty
minutes. In the second group of animals, morphine resulted in a
significant drop in blood pressure and cortisol levels while PWP,
substance-P and growth hormone increased. Prolactin levels did not
change. No hemodynamic changes were not%g in response to normal

saline. ‘

From these results it was concluded that during septic shock in
piglets, opiate receptor blockade results in transient hemodynamic
improvement, and therefore, endogenous opiates are partly respon-
sible for the hypotension and low cardiac output of shock. Morphine
decreases pulmonary vascular resistance by both depressing the myo-
cardium and causing pulmonary vasodilatation. Endogenous opiates
seem to play a role in the homeostasis of shock; and also appear to

-~work through the adenyl cyclase~cyclic AMP system. )}
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RESUME - -
N had
Le choc sept{ﬁge peut ge développer de.deux fagons: La réponse du systéme
circulatoire Wypodynamique et hyperdynamique. L'évidence suggére que le

B—endorphl e, un opiat endogdne sécrété dans les situations de stress, joue

un rdle dads la pathophystologie de choc. Cependant le mode exact d'action

de cet endorphine n'est paslconnu. Dans cette &tude avec les cochons de .
lait, deux modéles expérimentaux sur le choc septique ont &ét& développés,

Un modele se rapproche de 1la situation clinique hypodynamique et 1'autre

hyperdynamique. Subséquement le modéle hypodynamique de choc septique

était choisi pour investiguer les effets de B—endorphine en &tat de choc
8 cause de sa nature facilement reproducible et sa proximité& au choc

clinique terminal.

Des .bolus intraveineux de naloxone, groupe I, la morphine, groupe II, et
la saline physiologique normale, groupe IIT &taient donnés a trois groupes
de cochons de lait deux heures aprés le ddbut de 1'&tat septique, cet &tat

provenant d'une infusion intraveineuse de E,coli vivant. .
; _

o
v

/Le groupe I: La pression sanguine, débit cardiaque, le niveau de cortisol,
i/et de AMP cyclique augmentent aprés la naloxone aprés que le rythme
cardiaque et le niveau de glycogéne du foie diminue. Les changements
hémodynamiques ont &té& présents pendant environ trente minutes. Dans le
cond E}oupe d'animaux la morphine a causé une chyte significaiive dans
le niveau de cortisol, alors que PWP, la substance-P et l'hormone de
‘croissadce a augmenté.‘ Le niveau de prolactine n'a pas changé. On n'q{\
8 remgrqué(de changemeqt hémodynamique dans la réponse au saling_phys{o-

logique.

On a conclut de ces résultats que pendant u; Etat de choc septique sur les
cochons de lait un blocage de récepteur d'opiét a comme résultat une &
amélioration transitoire hémodynamique et, en cons&quence, 1es OpLatS \
endogénes sont, en partie, responsables pour 1°' hypotens1on et le fqlble
débit de choc. La morphine entrainait une d&té&rioration de r631stance
vasculaire pulmonaire en baissant le myocarde et en causant une vaso—
dilatation pulmonaire, Les opiats endogdnes semblent jouer un réle dans
1'homéostase ji/éhoc; et aussi semblent influencer le systéme adényl
1

cyclase/AMP cyclique:
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. ' PREFACE

"The investigations for thﬂ; thesis were performed in the uyrivers‘i:ty
Surgical Clinic at the Montreal General Hdspital. Resultqf from

. these investigations were pr‘bsented- at three international.scientific
meetings'. . The results descri\yed in Chapter II were present:edc/‘ at the .
Third Annual Meeting of the Sﬁgck Society in Lake Ozark, Hissouri,

and the abstract published in Circulatory Shock, Volume 7, Number 2,

- 1980, entitled "Hyperdynamic Versus Hypodynamic Septic Shock: The

Role of Focus of Infection'. Ré‘m;l‘f:’s described in Chapter IV were
presented at the Sixty-Sixth Annual Clinical Congress of the American
College of Surgeons in Atlanta, Georgia, and the abstract published

in the Surgical Forum, Volume XXXI. Both Chapters hav’e been sub- o
mitted for publication as full length papers. Furthermore, the |
_ £indings in GI hormone changes as described in Chapter IV were pre-
sented at the 42nd Annual Meeting of the Society of University

Surgeons in Hershey, Pennsylvania in February 1981 and will be

published in Current Surgery. . |

This thesis has been mostly rewritten since its first submission in
August 1981. A dew section has been added to Chapter I - Introduction -
titled "Endocrinology of Sepsis' while the rest of the chapter is mostl
rewritten, updated and a figkre added to clarify the structure of
godorphins. Chapter II of the original manuscript has been re-edited and
titled 'Development of a Model®. apters III (methods), IV (results),
.V (discussion) and VI (conclusions) |have also been rewritten and con-

- tain the information summarized in ptei‘ III of the original thesis.
Furthermore, results and discussion of GI hormone findings appear whic
were not present in the first manuscript. In summary, the overall forn.
of the thesis has been changed from one of self-contained and independent
chapters of published work to a more traditional format with multiple

additions, clarifications and updatinﬁ of the introduction.
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ABBREVIATIONS

Myocardial- depressant factor
Central venous pressure
Pulmonary artery pressure
Pulmonary wedge pressure
Cardiac output

Right ventricular end-diastolic pressure
Left ventricular end-diastolic pressure
‘Left: ventricle

Total peripheral vascular resistance
Pulmonary vascular resistance ‘.
_Anti~-diuretic hormone .
Adrenocorticotropic hormone
Molecular weight

Cyclic adenosine monophosphate
Corticosteroid binding globulin
Corticotropin releasing factor
Prolactin inhibitory factor
Prolactin releasing factor
Thyrotropin releasing factor
Thyroid stimulating hormone

Somatotropin releasing factor

- Adenosine triphosphate

“Phosphodiesterase

Cyclic guanosine monophosphate
Guanosine triphosphate -
Cex_ltral nervous system
Mesqenger-ribonucleic—-aé:id

o~melanotropin

Corticotropin—-like intermediate-lobe peptide

-1 i\‘potropin
B~melanotropin )
RB-lipotropin

a~-lipotropin
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DEFINITION OF SEPTIC "SHOCK

i
Shock is a state of circul'ation in'which a functional deficit-

of tissue perfusion in one or more'vitil organs is so severe
that organ function”is impaired and an unstable state develops
in which blood flow becomes progressively more deficient.
Precise criteria for. the diagnosis of shock applicable to all
situations are not available, primarily because.the term shock
itself has not been strictly defined. In experimental animals,
diagnosis of the shoék stage usually is based upon specific
hemodynamic abnormalities, including a*reduction in arterial’
pressdre and in cardiac output. In the clinical setting, how-
ever, criteria for the diagnosis of shock have usually de-
pended more ypon evidence of impaired organ function relating
to impaired flow. ‘

The term septic shock as distinct from other types of shock
implies that a wide spectrum of microbial species can 1nduce
shock. In this syndrome{,lnva51on of blood by micro-organisms
results in inadequate tissue berfusion by a mechanism not
complétely understood, Septic shock has been recognized in
association with a wide variety of bacterial, fungal, viral,
rickettsial and paras%tic infectiohs. However, bacterial

infection is easily the commonest underlying problem. In

about two-thirds of patients, septic shock results fom
bacteremia with endotoxin-containing Gram-negative bacilli P
so that the terms 'Gram-negative shock', 'endotoxin shock'
and 'septic shock' are often used interchangeably. The
commonest' Gram-negative bacterla implicated in septic shock

i

"are: E. coli, Pseudomonas aeruginosa and Bacteroides frag111s.

Sepsis and septic shock is now one of  the most important
causes of morbidity and mortality following surgery and trauma.

The pathophysiology of shock is complex, but most patients
begin with hypovolemia, heart failure, or improper distri-
bution of flow in small vessels. This distribution ‘of flow
it peripheral vessels is one of the most confusing aspects
of the circulatory system:disruption in shock. The defect
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consists of maldistribution of flow, with inadequate trans-
port of oxygen at the microcirculatory and cellular level,
which leads to the seeming paradox of high cardiac output,
while generalized underperfusion kills the patient. The
mechanism of the neurohumoral factors that lead to this
altered microvascular rheology is not well understood.

-
PATTERNS OF RESPONSE TO SEPSIS

There seem to be two clinical patterns of progression in -
‘ | \

septic shock .in patients evaluated by Maclean et al (1),

one being patients that are warm and vasodilated with highl//
cardiac output and a low peripheral resistance (2). The -~
second group of patients are vasoconstricted with col@fand
clammy skin, low cardiac output, high peripheral vascﬁ}ar
resistance and a high mortality (3,4,5,6). Experiments in -
dogs have shown that vasoactive kinins can produce the
features which we have associated with hyperdynanic septic
shock /(7). Clinical studies suggest that substances with
kinin activity may be released in human sepsis (8,9) .and
Attar et al (10) have shown decreased kininogen activity

in fatal septic shock in man. ‘

In a study by Siegel (11), it was noted thiét the patients
with hypodynamic (low-output) septic shock had poofer ven-
tricular function relationships than those with hyperdynamic
(high~output) septic shock. In 1966, Brand and Lefer (12),.
and Baxter et al (13) independently reported the presence
of a cardioinhibitory factor in the plasma of cats and dogs
in shock. Both groups termed the substance myocardial de-
pressant factor (MDF). Since that time, extemnsive work has
been done in this field and several MDFs identified. Some
scientists believe that MDFs play a significant role in the
pathogenesis of circulatory shock (14,15,16), while others
deny its existence altogether (1?518),‘and claim that flow
states represent inadequate volume replécement. Advocates
of yhe MDF theory feel that the primary event in any type
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iE' of shock is eplachnic hypoperfusion which then relgases |
lysosomal hydrolases, primarily from the pancreas, giving |

5 rise to MDF, which in turn exerts.strong negative ino- ;

tropic effect on the heart.

Another concept is that of increased arteriovenous shuntiﬁg |
in tissue (19,20,21). However, two Trecent studies, one in ! !
patients using radioactive xenon washout for skeletal muscle f
capillary blood flow (22) and the other in animals using é
JmicrOSpheres (23), failed to demonstrate either an increased \ f
arteriovenous shunt or a decreased capillary blood flow. ) ;
From the data presented above several conclusions can be .
made. Firstly, septic shock can present either as a high w. _
or lbw output state; and secondly, the pathophysiology for u

!

l‘

i

9

the two types of presentations remains obscure despite the %
numerous hypotheses that have been put forward. However, /
there is general agreement that septic shock induces 1n1t1a17

i[) ly a hyperdynamic state with a high cardiac output and a / ]
low peripheral resistance, unless the patient has prev1ousl§
had a-reduced blood volume. After a period of time, the
hyperdynamic state gives way to deterioyation of cardiac \
function and uftimate cardiac failure and death.

MONITORING IN SEPTIC SHOCK

— |

Parameters like central venous pressure (CVP), pulmonary
artery pressure (PAP), pulmonary wedge pressure (PWP), and
cardiac output (CO) can be used to monitor the hemodynamic
status of the patient in shock.

¢ Fepm

/

The gdequacy of the heart as a pump can best be evaluated o
clinically by relating the cardiac filling pressure to its L
stroke volume or cardiac output. When tpe heart or pulmonary i ;
" vascular bed is not directly involved in the etiology of the !
o J low flow state, the adequacy of cardiac filling can be as- ’
sessed by measurement of CVP (24). This pressure approxi-
mates the right ventricular end-diastolic pressure (RV-EDP)
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or the mean right atrial pressure. It is a measure of the
filling pressure of the right heart and provides a useful
assessment of left ventricular filling pressure only when
the pulmonary vascular bed is normal and the left ventricle -
is not primarily involved by a disease process (25,26,27).
The normal right ventricular filling pressure may range from
a mean of S to 10 mm Hg. The importance, however, of the
CVP is not that of a single measurement to make an assess-
ment of normality, but rather the response of this pressure
as a volume challenge is given to the patient in shock.
Response to a fluid load provides the most precise guide as
to whether the low flow state is related to an inadequate
venous return to the heart or to an abnormality of heart
function. A rise in venous pressure without any associated
iﬁbrovement in the signs of reduced tissue perfusion may be
taken as evidence that the shock is not volume-responsive.
In contrast, an improvement in signs of regional per-
fusion associated with little or no increase in venous pres-
sure is evidence of a volume-responsive state and an indica-
tion for further infusion of volume until the abnormal cir-
culatory state is corrected.

When acute volume expansion is ineffective in restoring the
circulation, it must be assumed that cardiac dysfunction is
playing an important role in the low flow state. Under these
circumstances, it is usually mandatory to identify whether |
the disturbance resides predominantly in the right ventricle,
the pulmonary vascular bed, or the left ventricle, and some
measure of the left vgntricular filling pressure usually is

necessary.

The ingenious Swan-Ganz catheter (28) is a simple means of
estimating left ventricular end-diastolic pressure (LV-EDP)
without direct left heart catheterization. In most patients
without intrinsic lung disease, pulmonary artery diastolic
pressure and especially PWP are useful estimates of LV-EDP.
Normal left-ventricular filling pressure (PWP or PAP dia-
stolic) is taken as up to a mean of 12 mm Hg, and is usually
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from 3 to 7 mm Hg higher than right ventricular filling pres-
sure (CVP). In the presence of disease confined predominantely
to the left ventricle, the left ventricul&r filling pressure
surpasses right ventricular filling pressure by more than the .
normal gradient, whereas when right ventricular filling pres-

‘sure surpasses left ventricular filling pressure, a disease

canfined predominantly to the right ventricle or to the pul-
monary vascular bed should be suspected.

There are several advantages for the shock patient when the
Swan-Ganz catheter is used rather than a central v%hous
catheter. First, it permits-measurement of PAP diastolic
and PWP that estimate LV filling pressures. Second,
continuous monitoring of PAP systolic and mean reflect
changes in pulmonary vascular resistance secondary to
hypoxemia, pulmonary edema, and pulmonary emboli. Third,
it permits estimation by thermodilution of cardiac output
from the right heart alone. This is obtained by injecting
cool saline through the proximal orifice of the Swan-Ganz
catheter and detecting the temperature changes at the tip
of the catheter. In most patients with shock, the actual
measurement of cardiac output is not necessary, for ade-
quacy of cardiac output is reflected in tissue perfusion
and organ function. Actual measurements of output become
useful only in situations where a therapeutic decision may
be based upon the absolute level of cardiac index or where
it seems important to monitor the patient's output in order
to determine whether therapy is producing a salutary effec;.

!

Although shock is often recognized clinically by a fall in
auscultatory blood pressure, it is now recognized that this
reduction in cuff pressure does not necessarily correspond

to a reduction in intraarterial pressure. The advent of
intgaarterial pressure monitoring has made it clear that the
clinical syﬁdrome of shock may exist in the absence of hypo-~
tension. Therefore, a low ‘arterial pressure no longer should .
be considered a prerequisite for the diagnosis of shock.
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When cardiac output falls,-a reflex increase in systemic
vascular resistance usually is»obéerved. The rise in
resistance is not homogeneous throughout the vascular
tree and is'dependent on the intensity of neural, humoral, '
and local factors affecting vascular tone. An increase 4

in peripheral vascular resistance (TPR) supports the
arterial pressurk, alters the regional distribution of
cardiac output, and may further depress cardiac output.
Since cardiac output is inversely related to outflow.
resistance, particularly when cardiac function is impaired,
a constriction of large and small arteries and arterioles.
will result in a further reduction of what may already be

a reduced cardiac output. Some increase in vascular re-
sistance may be necessary to support life when cardiac out-
put falls, since a very low aortic pressure may result in

a critical reduction of cerebral and coronary perfusion. o
The total peripheral vascular resistance may be calculated

using the- following formula:

TPR= Mean arterial pressure - Central venous pressure

. X- 80
Cardiac output

(dynes-sec-cm -5)

Another useful parameter in assessing septic shock is the
pulmonary vascular resistance (PVR) which is defined as !
follows:

PVR= Mean pulmonary artery pressure

N X 80
Cardiac output ;

/ (dynes-sec-cm '5)

Regional perfusion is critically dependent upon the state of
microvasculature.- The large conduit arteries and veins play

a relatively minor role in controlling circulation to regional
vascular beds, while the smaller vessels and capillaries are
critical in the control of regional flow and of microcirculatory

] R M B IR ot g oo DI U
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pressures that determine capillary filtration roles. Acti-
vation of the sympathetic nervous system with release of
norepinephrine is a well understood factor.leading to con-
striction of small arteries, arterioles, and venules (29)..
Other factors causing an incredsed pulmonary vascular re-
sistance are hypoxia, respiratory acidosis, and the degree
of inflation of the lung. With normal inflation of the lung,
the vessel size is increased, whereas at low lung volumes,
alveolar collapse will lead to reduced caliber of vessels

and increased vascular resistance. Hyperinflation at high
pressuré will also increase pulmonary resistance by com-
pressing the capillary bed. Pathologic studies in patienfs
dying from the shock syndrome reveal marked capillary dila-
tation, pulmonary edema, alveolar hemorrhage and atelectasis.

By following these parameters closely during sepsis, we can
assess the degree of function of the heart, the intravascular
volume of the patient or animal, and the response of the

.peripheral vasculature. These parameters are available at

the bedside and are the main criteria for the evaluation and
management of the patient in septic shock.

ENDOCRINOLOGY OF SEPSIS

g

" The importance of hormonal homeostasis in the pathophysiology

of sepsis cannot be overemphasized. Furthermore, there is
increasing evidence that endogenous opiates, as discussed
later in this chapter, play a role in the release of many
hormones associated with the pathophysiology of septic shock.

When, as a consequence of severe hypovolemia, bacterial toxins,

myocardial infarction, or for any other reason, tissue per-
fusion df%ps to shock levels, profound metabolic disturbances

occur (30). Bacterial endotoxin is capable of providing direct

hypothalamic -stimulation with attendant release of adreno-
corticotropic hormone (ACTH) (31), vasopressin (ADH) (32) and
growth hormone (33). Furthermore, sympathetic neural activity
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incredses and there is thus enhanced secretiqn of epinephriﬁe
and norepinephrine (34) from the adrenal medulla, of rénin
(35,36) from the kidney, and of glucagon (37) from the pancreas.
The same sympathetic stimulation of circulating cathecolamines
may inhibit release of insulin (38,39,40,41) from the pancreas.

. Sepsis leads to increased secretion’of ACTH which stimulates

the adrenals to produce more cortisol (42,33). Elevated plasma
levels of cortisol lead in turn to inhibition of further re-
lease/GE ACTH. However, increased plasma levels 6f cortisol
also lead to inhibition of release of vasopressin, growth
hormone and prolactin (43). Thus, the feedback effect of
cortisol may be general and may extend far beyond the control
of ACTH release per se. The response to some stimuli like
large hemorrhage or overwhelming sepsis, cannot be syppressed
by cortisol, and ACTH release will persist until the stimulus
is removed (44). Most patients who die following sepsis die
with very high blood levels of corticosteroids (45). As men-
tioned above, endotoxin can act directly ubon the hypothalamic
sympathetic control centers to produce epinephrine and nor-
epinephrine release (42). Epinephrine and norepinephrine both
increase cardiac output and elevate blood pressure. Denervatioh
of the adrenal stops the secretion of cathecolamines in the
adrenal venous blood.

Glucagon produces inotropic cardiovascular effects when given
to patients (37) or animals (46) in shock. These effects con-
sist of an increase in cardiac output and stroke volume and a
decrease in peripheral vascular resistance despite B-receptor
blockade. The main results of increased glucagon secretion' in
trauma are to produce increases in blood glucose through stimu-
lation of glycogenolysis, gluconeogenesis and lypolysis (47).

Another group of polypeptides has recently been identified (48),
which seem to play a part in the pathophysiology of low cardiac
output and hypotension of sepsis. These substances are grouped
under the name of endogerous opiates and their role in sepsis

is discussed in the following sections.




. —— - _— - - S —— T T
RSV AR -t

[ W AR - i -

A concise description of the properties and function of each
of the thormones investigated in this study will now be given.

a) Insulin and Glucagon

Insulin and glucagon are peptide hormones which are secreted
by pancreatic islet cells and exert important regulatory ’
effects on carbéhydrate, fat, and protein metabolism. Insulin
was isolatea in 1922 (49) and its amino acid sequence estab-
lished by]Sanger in the 1950's (50). 1In lééé, it was syn-
thesized in the lab as reported by Katsoyannﬁ?ﬁét‘fl (51),
while glucagon's structure was confirmed by total chemical

synthesis in 1967 (52).

Insulin biosynthesis is the exclusive property of the B cell
of pancreatic islet tissue (53), while glucagon is synthesi-ced
arld secreted mainly by the A cells of the pancreatic islets
(54). Small amounts of glucagon have also been extracted from
gastric and intestinal mucosa of a number of animal species
(55).

Insulin has a molecular weight (MW) of about 6,000 and con-
sists of two polypeptide chains, A and B, ‘joined by disulfide
bridges. The only differences noted among the five species

of mammalian -insulin ~ beef, pork, sheep, horse, and whale -
reside in the seéquence of three amino acids within the A-

chain (56). Glucagon, on the other hand, is a smaller molecule
with a MW of about 3,500 andqu amino acid residues.

In a classic study with éhe perfused rat pancreas, Anderson
and' Lorig (57), clearly demonstrated the primary role of glucose
in stimulating insulin secretion. The mechanism of this stinu-
lation is not known, but it appears to Pe closely related in
some way to the utilization of glucose (58). In addition to
glucose, amino acids have also been shown to evoke insulin re-
lease, the most potent being arginihe and lysine (59). Plasnma
glucose is the prime regulating agent of glucagon secretion '
(54,55), but acting to suppress rather than stimulate as it
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does in the B cell. By contrast, amino acids, particularly
arginine and alanine, are effective stimulators of glycogen
secretion, an action which resembles that in the B cell.
While glucose is the primary stimulus in both hormones,
several lines of evidence (60) strongly implicate cyclic
AMP (cAMP) and possibly calcium in the secreting mechanism.
This is discussed in detail in the following section en-
titled 'The Second Messenger System'. ’

Secretion of insulin and glucagon by the pancreatic islets
serves to maintain a constant level of plasma glucose.

When plasma glucose alone is altered, as following a high
carbohydrate meal, levels of plasma insulin and glucagon
often change in a reciprocal manner, reflecting positive

and negative influences of glucose on B and A cell secretion,
respectively. On the other hand, if a meal is high in
protein, plasma glucose will not change appreciably while
both insulin and glucagon levels will increase (61).

Insulin is rapidly removed from plasma by the body tissues
(62). Comparable rates of removal also have been shown for
glucagon, and both hormones are probably handled by systemic
tissues in a simflar manner. The half-life of plasma insulin
is 10 minutes or less. The initial reaction of these two )
hormones with tissues involves binding of the hormone to
specific sites on the cgll membrane. Those receptor sites,
which are specific for each hormone, have been nearly purified
in the past few years (63,64). From those receptor sites the
hormone exéffs\i;s metabolic effect on that cell and is in-
activatedﬂand broken down to its constituent amino acids.

The question of the nature of the pathway that links the
hormongireceptor to theNintracellular site of degradation
remains unanswered. \ i
The vital role of the liver\gs a source of glucose was shown
many years ago by Mann and Mégath (65) who studied the effects’
of hepatectomy in the dog. Although glucose is stored in the
form of glycogen in muscle, the‘\absence of glucose-6-phosphatase
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N
prevents its release as free glucose into the blood. The
solution to this impasse is conversion of glucose to lactate
by glycolysisizn ﬁuscle, but in the absence of the liver, ,
there is little reconversion of the lactate to glucose by
gluconeogenesis. While the kidney possesses the enzymes
that are required for gluconeogenesis, the quantitative
capacity is not sufficient to maintain normal glucose levels
in the absence of the liver. The two major pathways of
glucose formation in liver, glycogenolysis and gluconeogenesis,
are regulated by insulin. When rates of glucose formation
are increased by agents, such as glucagon or epinephrine, the
addition of insulin exerts a strong inhibitory effect on
glucose formation and‘¥elqase from the liver. Since the
effect of insulin to lower blood glucose can be attributed
to stimulation of glucose'uptake by muscle and adipose tissue,
the role of the liver in glucose regulation was not readily
recognized. In addition to these hormonal factors, blood
glucose itself strongly inhibits hepatic glucose release and
stimulates its uptake by effects which are exerted predominant-
ly on glycogen metabolism.

Considerable glucose is also derived by gluconeogenesis.
Approximately 20% of the glucose which is produced in this
way is synthesized from lactate while amino acids from the
breakdown of tissue protein contributes the largest fraction
of carbon for gluconeogenesis. The extent to which glycoggn
deposition is the result of diminished rates of glycogeno-
lysis as opposed to the stimulation of glycogen synthesis

is 'not established with certainty, but is likely that both
mechanisms operate. Insulin has been shown to stimulate
glycogen synthesis in liver. Although glucagon has no
direct effect on protein breakdown in skeletal muscle (66,
the hormone does stimulate steps in gluconeogenic pathways
in the liver and also directly enhances protein degradation
in the liver. It seems possible that the strong stimulatory
effect of amino acids on glucagon secretion would aid in
these aspects of afjno acid utilization.
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Finally, it is important to know that in addition to glucagon,
there are a number of agents whose actions, in general, are
opposite to those of insulin. Such agents include epinephrine,
glucocorticoids, growth hormone, and fatty acids. When one or
more of these antagonists is greatly increased or decreased in
amount, then the .effectiveness of insulin will be decreased or
increased accordingly, giving rise to significant alterations.
in metabolic regulation. \

b) Cortisol

The adrenal cortex synthesizes three classes of hormones;
glucocorticoid, mineralocorticoid, and sex hormone. The

most important steroids secfeted by the normal adult human’
adrenal cortex are the glucocorticoid, cortisol, and the
mineralocorticoid, aldosterone. The hormonal steroids are
all synthesized from acetyl/coenzyme A with cholesterol as
their common intermediate (67), and retain the basic four-
ring sterol structure. Cortisol is reversibly oxidized to
cortisone in the tissues, predominantly the liver. Cortisone
is biologically inert and has a half-life in plasma less than
half of cortisol. In plasma, about 2% of cortisol normally

/

'c1rcu1ates 1n the free state, a small fraction is nonspecifical-

ly bound to serum albumin, and greater than 90% 1is specifically
bound to corticosteroid- -binding a, -globulin (CBG). The gortisol
bound to CBG or albumin is metabollcally inactive, but is in
rapid equilibrium with free cortisol (68). Cortisol is cleared
from plasma with a half-life of 70 to 80 minutes mainly by
degradation in the liver. The metabolites of cortisol and
cortisone are excreted in the urine as conjugates of glucuronlc

acid.

The synthesis and secretion of cortisol are dependent upon
stimulation by ACTH with cAMP as a mediator. Three factors
are of major importance in #cgu]ating ACTH secretion. First,
there is homeostatic negative feedback inhibition of ACTH
secretion by circulating.cortisol. This inhibition may act
at the hypothalamic level by inhibiting the release of
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corticoétropin-releasing factor (CRF) into the hypothalamic-
hypophyseal portal blood vessels. Second, plasma cortisol
concentrations show a circadian rhythm, with high levels in
the early morning and low levels late in the evening. This
rhythm is the result of a circadian rhythm in ACTH secretion
and appears to be synchronized by the daily environmental
shift from darkness to light. Whether or not this is mediated
by CRF secretion is not known. The third .important factor
governing ACTH secretion is 'stress' (43). While some of the
influence of stress may be mediated via hypothalamic CRF re-
lease, it is of interest that section of the pituitary stalk
not always, and seldom permanently, abolishes stress-induced
ACTH release.

The overall pattern of cortisol action might be viewed as
promoting the conversion of protein to carbohydrate and the
storage of carbohydrate in the form of glycogen (69). It
is easier to define the effects of cortisol deficiency or
excess, which are manifested in every organ system, than to
define the role of glucocorticoids in normal physiology.
Some of the effects of cortisol on various organ systems
are listed here (69):

1) Central Nervous System. Cortisol seems to have a
stimalatory effect on brain excitability, independent
of electrolyte effects the mechanism of which is un-
known .

2) Musculoskeletal System. Cortisol has catabolic effects
on skeletal muscle, and a marked influence on connective
tissue integrity. In conditions of cortisol excess,
peripheral subcutaneous tissue is decreased and skin
becomes thin and friable. Wound healing is delayed and
bone formation inhibited. -

3) Cardiovascular System. Cortisol appears to, potentiate
the peripheral arteriolar response to vasoconstrictors.
It increases cardiac output when given in pharmacological
doses. .
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4) Gastrointestinal System. Cortisol antagonizes the
action of vitamin D in promoting calcium absorption
from the gastrointestinal tract. There is no con-
clusive evidence to support the belief thatghigh
levels of glucocorticoids can produce ulceration
of normal gastric mucosa.

5) ﬁrinary System. The net effect of cortisol on the
kidney is maintenance of the ability to excrete a
water load (70).

6) Immune Response. Cortisol has a dramatic catabolic
effect on lymphoid tissue manifested by lynphoid and
thymic atrophy and lymphopenia in hypercortiisolism.
It is involved in almost every phase of the/fnflam—
matory response by depressing the ability of the body
to fight infection. -

The importance of the adrenal glands in maintaining life

was first recognized clinically by Addison in 1855 and con-

firmed experimentally by Brown~Seguard.in the following

year. Much has been learned about the function of the adrenal

glands and the hormones they produce since then, but much more

remains to be learned.

c) Gastrin !

Gastric Secretion

Gastric secretion is controlled by both neural and humoral
mechanisms. The parasympathetic (vagus) innervation provides
the pathways for secretory stimuli to the gastric mucosa (71).
Sympathetic pathways control gastric secretion indirectly, due
to their control over vasomotor mechanisms of blood-flow to
the mucosa. ‘

A number of hormonal mechanisms also are involved in the

control of gastric sécretion. Examplesdinclude the release 2
of gastrin from the gastric antrum, which stitulates gastric
secretion, and the release of enterogastrone (72) from the
mucosa of the upper small bowel, which inhibits gastric
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i) secretions. It is convenient,.when discussing the gastric
secretory response to a meal, to divide the total response

into different phases: cephalic, gastric and in%%stinal
phases, named according to the area where the stimuli arise.
In man, gastric secretion tends to be continuous. For this - -
reason, a fourth phase of gastric secretion, the inter-
digestive phase is recognized. During this phase, gastric
secretion is continuous at rather low levels of maximal’
capacity, independent of circulating gastrin levels, and
reduced but not obliterated by vagotomy or removal of the
antrum. The sight, smell and taste of food which, if
agreeable (73), will initiate the psychic or cephalic phase
of gastric secretion. This stagg is mediated by the vagus
rerves by two mechanisms: (i) direct cholinergic stimulation

: % el of the oxyntic (parietal) cells; and (ii) cholinergic re- "\ //
- / lease of gastrim from the pyloric gland area. In man, the g
direct effect of vagal stimulation on the parietal cell is
{) probably the more important. The entry of food into the !

stomach (gastric phase) initiates gastric secretion by dis-
/

tention from the bulk of the meal, and in respdnse to .

peptides and amino acids, éspecially glycine, B—alaninetﬁmr\\K\\~“/ L
serine, and lysine. Distending the stomach or bathing the .
gastric mucosa with partially digested proteins or amino
acids leads to acid secretion by G-cells. The chemical
mediators of acid secretion are clearly acetyl-choline re- '
lease at postganglion synaptic junctions of the vagus, ;
gastrin released from the G-cell, and the/mysterious histamine.
Acetylcholine is released not only by vagal stimulation, but -
also by gastric distention. This may be blocked by atropine.
As soon as the stomach is empty and the buffering substances
present during digestion are no longer available, the pH of
the antrum or the duodenum falls to a point at which the in-

° hibitory effect of acid becomes evident and that period df
gastric secretion is brought to an end. During the gastric

g:, phase of secretion, some chyme enters the small intestine

where after a variable latent period of 1 to 2 hours, it

1
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initiatels thé intestinal phase (74). This phase probably
accounts for less than 20% of the total acid secreted by
the stomach, In duration, however, the intestinal phase
exceeds the other phases. Following the tompletion of the
intestinal phase, the interdigestive phase occurs. During
this phase, a minimal amount of gastric secretion occurs

intermittently. ) N

Gastrin - .

The recenikgpcrease in our knowledge of gastrin stems from
the chemical deflnltlon of gastrln €75) and the use of radlo—
immunoassay in the detection "of minute quantities of this
hormone in body fluids (76). Gastrin is produced by the G-
cell of the antrum of the stomach and first part of the duo-
denum. There are two main forms of gastrin. In addition to
the unsulfated tyrosine (form I, MW 2,098) and the' sulfated
tyrosine (form II, MW 2,176) forms, gastrin exists in three
size forms: big gastrin, little gastrin, and minigastrin.

Big gastrin (G 34; MW 3,839) has 34 amino acid residues;
little éastrin (G 17; MW 2,098) .4s a decaheptapeptide con-
sisting 6f residues 18 to 3% of G 34; and minigastrin (G 13;
MW 1,647) (77) consists of residues 22 to 34 of G 34 or
residues 5 to 17 of G 17. G 34 is predominant in the blood
after a meal and G 17 in the antrum, the latter being cleared
five times faster from the blood than G 37 and being five
times more active. Trypsin can convert G 37 to G 17. The
car%oxy terminal portion of the gastrin molecule is all that
is required to activate gastrin recepfﬁrs on the parietal

“cell.

The role of the vagus in the modulation of gastric acid and
gastrin secretion in mammalian species is not fully under-
stood. It has been shown both to inhibit and stimulate (78)
gastrin release under different conditions, and a cholinergic
inhibitory pathway for gastrin release appears to exist (79).
Cutting the vagus nerves greatly decreases the secretion of
acid in response to gastrin (80). Local qistention, peptide
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or amino acid solutions bathing the G cell area (81), calcium,

either in the luminal fluid or in the form of hypercalcenmia,
stimulate gastrin release. The release of gastrin from the X
pyloric gland area is markedly inhibited by acid bathing this

area of the stomach. A pH of 2 or less is required and can J
counteract the stimulatory effects both of vagal stimuli and

" of local distention and chemical factors (81). Thus, as the

stomach contents become more acidic during the course of a
meal, gastrin release is correspondingly suppressed.

Glucagon is found to inhibit gastrin and pancreatic secretions
and also inhibit stomach, small bowel, and gallbladder mobility,
while substance-P stimulates mobility of the fundus, antrum and

small intestine.
NS

According to Grossman (82), gastrigggz}mulates gastric secre-
tion of hydrogen ion (83) and pepsin; stimulates contraction
of the gastroesophageal sphincter and relaxes the ileocecal
sphincter (84). It also stimulates gastric antral motility,
and the secretion of bicarbonate, water and pancreozymin by

the pancreas (85).

So far no relationship between serum gastrin levels and sepsis’
or septic shock has been reported. 1In this study we attempt
to establish the changes in serum gastrin levels occurring
during septic shock in the pig.

\ ’” i

d) Prolactin

&
Prdlactin. a polypeptide hormone, was identified in 1928 as

a substance in anterior pituitary extracts capable of causing
lactation in the rabbit. Most of the amino acids constituting
prolactin are found in growth hormone making their physical
and chemical properties very simijlar. The development of
sensitive radioimmunoassays for each hormone has greatly
facilitated our understanding of their separate biological
roles (86). It is produced by the chromophobe cells in the
anterior pituitary. Two types of prolactin have been isolated:
a normal sized one with a molecular weight of 22,000 daltons
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and a larger one with a molecular weight of 10,000-50,000
daltons (87). The large molecule, probably representing a
prohormone, constitutes 10% to 20% of the radioimmunoactivity
in normal persons. Freezing and thawing and prolonged storage
may cause considerable conversion in vitro of 'big' to 'little’
_prolactin.

The serum level of prolactin appears to be regulated by stimu--
lation of the hypothalamus and pituitary. XNo peripheral
target feedback humoral response has yet been documented,

The hormone is.secreted in a diurnal rhythm described by .
Parker et al (88) as briefly episodic, and sleep enhanced.
Anesthesia and surgical stress significantly raise prolactin
levels (89) from preoperative levels to 20 ug/l to greater
than two-fold in women undergoing general surgery.

Prolactin is under tonic inhibition from the hypothalamus,
via the secretion of a neurohormone termed prolactin in-
hibitory factor (PIF). The hypothalamic content of cate-
cholamines (dopamine) can account for all the PIF activity
of the hypothalamus (90). Evidence is accumuiating that
dopamine is the only PIF secreted by the hypothalamus.
Apomorphine is a potent blocker of the dopamine receptor
site; opiates hence promote prolactin secretion. Oral
methadone, for example, results in a 70 to 80 ng/ml rise
in prolactin (91). Besides PIF, hypothalamic extracts
have also been shown to contain at lease two substances
that stimulate prolactin release, thyrotropin releasiﬁg
factor (TRH) and prolactin releasing factor (PRF). There
is no doubt that the predominant mode of prolactin regula-
tion is inhibitory. ‘

-

The role of cAMP in the secretion of prolactin appears to be
complex. It had previously been assumed that cAMP was an
essential second messenger mediating the action of TRH; recent
studies, however, suggest that such a role has not definitely
been established.




St s —n

O

T GRS S DSt <7~

19l

Prolactin is readily detectable in the plasma of almost all
human beings by-assays having a sensitivity of 1 to 2 ng/ml.
Its half-life is approximately 20 minutes, and normal serﬁh
levels in adult males is 4.7:+2.8 and women $.0%4.9 (92).

Mean serum prolactin concentrations in boys and girls from
one year of age until puberty are in the range of 5 to 10
ng/ml and there is no difference between the sexes. Stress
of all kinds tends to release prolactin in humans, in somewhat
the same’fashion as it does growth hormone, though the two
hormones do not necessarily rise in parallel (93). Pregnancy
and the act of nursing are powerful stimuli for prolactin re-
lease, as is hypoglycemia to a lesser extent (93).

23

The most important action of prolactin is in preparing the
female breast for lactation. In both sexes prolactin may
have a direct effect on the gonads, suppressing the secretion
of sex steroids and contributing to amenorrhea and f%potency.
In males, prolactin increases the contents of the seminal
vesicles. The presence of liver receptors suggests that
prolactin has important hepatic actions. Prolactin might
also have a role in maintaining serum osmolality in humans
(94).

Recently, a possible role of prolactin in breast cancer has
been suggested (95). However, it may be said that though
prolactin certainly influences the development of breast
cancer in some animals and may do so in man, a clear role
of prolactin in:.human breast cancer has not as yet been de-
fined.

The effects of shock, naloxone and morphine on serum pro-
lactin levels is discussed under the-heading 2~endorphinmns
and sepsis.

e} Growth Hormone

Growth hormone is produced almost solely by/ the acidophilic
cells of the anterior pifuitary. The pharyngeal hypophysis
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produces unknown amounts and occasionally may provide growth

q
c hormone when the pituitary is ablated.
I
) . .
The 191 amino acids of growth hormone constitute a single

c¢hain -that is looped back on itself in two places by sulfhydryl
bridges. Elution curves on Sephadex columns reveal three mole-
cules with growth hormone immunoreactivity labelled, little,
big and large. More than half of big growth hormone may be
converted to little during cold storage (96). The mode of

L
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action of this hormong¢’ has not yet been proven. With a mo-
lecular weight of'fITSOO, it most likely operates on the cell
membrane, effecting intracellular changes secondaril&. The
liver is accountable for most of the clearance in man (97).
The serum level is controlled by a negative feedback system
with the hypothalamus and pituitary involving releasing
somatotropin releasing factor (SRF) and inhibiting somato-
statin. The result is a diurnal rhythm of irregular and

"

Caan MR

intermittent spurts with a relationship to age, sex and
i 1
‘ ( sleep.

There are a number of stimuli whose locus of action is quite
nuclear. These include stress (98), exercise (99) and ad-
ministration of morphine derivatives (164,166). Martin found

il
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that (164) when morphine was administered to unanesthetized
rats, growth hormone secretion was stimulated, although it

«;, . could be blocked by prior administration of somatostatin.
Morphine has not been shown to act directly on the pituitary,
and its stimulating effect must be dependent on different,

yet undetected, neural sites.

!

As with stimulation, there are conditions that inhibit
growth hormone release, such as obesity, elevation of free
-fatty acid levels and glucocorticoids (100) whose site of

action 1s likewise unknown. Other than the direct use of

&

% somatostatin, perhaps the most potent agent accomplishing

2 - this is the ingestion of glucose. In normal persons, the

g ‘;5 ingestion of a glucose load is followed by a fall in serunm

g growth hormone, usually to undetectable levels (101). There
% -
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is also increasing awareness that rises in serum growth
hormone leVels that can occur without -a known stimulus:
the phenomenon of tsponféneous' increases in serum growth
hormone (102).

-

Growth hormone has both an insulin-like and an anti-insulin
effect on the metabolism of glucose. The insulin-like
effect is early and is observed both in vivo and in vitro.

. However, the effect is clearly attained only with very large
local concentrations of the hormone or after injection of
unphysiologic amounts of growth hormone. The contra-insulin-
like action can be demonstrated by perfusing the forearm
with insulin and growth hormone, when the effect of insulin
is abolished by growth hormone. Precisely in what manner
this contra-insulin effect is mediated is not clear.

Growth hormone causes an increase in the size of the skeleton,
the muscle and connective tissue mass, and induces general
splanchnomegaly by enhancing incorporation of amino acids into
protein. In summary, growth hormone has a powerful anabolic
effect. )

THE _SECOND MESSENGER SYSTEM ‘

Hormones (first messengers) affect target tissue by regulating
the enzymatic activity within that tissue. According to our
present knowledge, enzymatic regulation can occur in one of /
two ways. Many hormones act by activating or deactivating
enzymes that already exist within the target tissue. This
response is mediated through a second messenger system located
in the target tissue, the adenyl cyclase-cyclic adenosine
monophosphate system (103). The second general method for
regulation of target tissue enzymatic activity involves in-
duction of enzyme synthesis via transcription. Transcription
is followed by de novo synthesis of the enzyme, which is a
much slower process than the activation of preexisting enzyme
protein by the adenyl cyclase system.
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In the first system, adenyl cyclase, an enzyme contained in
the target cells can be stimulated by hormones such®as epi-
nephrine, glucagon, thyroid-stimulating hormone (TSH), ACTH,
vasopressin, insulin, growth hormone, leuteinizing hormones,
serotonin, angiotensin and prostaglanﬂins (164). This
enzyme which is located in the cell membrane, probably
adjacent to the hormone-binding sites, converts adenosine
triphosphate (ATP) to 3', 5'~-cyclic adenosine ménophosphate
(cAMP). cAMP is inactivated by conversion of 5'-adenosine
monophosphate (5'-AMP) through the action of a ﬁhospho~
diesterase (PDE). Recent evidence indicates that at least
two different phosphodiesterases exist in mammalian cells.
These enzymes probably have separéte functions in metabolic
regulation‘involving intracellular cyclic nucleatide content.

Cyé&ic AMP was discovered by Rall, Sutherland and Bartlet
in 1957 (106). The effect of cAMP within the target cells
is to activate protein kinases, enzymes that utilize ATP
to phosphorylate a protein, often another enzyme, within
the cell. Rrotein kinases contain two subunits. One sub-
unit is catalytic and the other is regulatory. When the
two are combined, the kinase is inactivated. The regulatory
subunit combines with the catalytic subunit in a way that
prevents the latter from functioning. cAMP binds to the -
regulatory subunit and causes it to dissociate from the
catalytic subuynit. Once the regulatory subunit no longer
is attached, the catalytic subunit is free to act.

Lypolysis and glycogenolysis are two of the most important
metabolic processes activated by cAMP-mediated phosphorylation.
In the case of lipolysis, triglyceride lipase is the enzyme
converted from the inactive to the active form through phos-
phorylation. In the case of glycogenolysis, cAMP stimulates
hepatic glycoéen breakdown in response to epinepﬁrine and -
glucagon. Epinephrine and glucagon increase the role of
hepatic cAMP production; which in turn promotes the conversion
of inactive phosphorylase b to active phosphorylase a (103)
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which then catalyzes glycogen bfeakdown (106) and glucose
production and release by the liver.

Another cyclic nucleotide, the 3', 5'-phosphodiester of
guanosine monophosphate, also is present in mammalian tissues.
This compound is commonly abbreviated cGMP and is produced
from guanosine triphosphate (GTP) by guanyl cyclase, an enzyme
that is similar to adenyl cyclase. Like cAMP, cGMP is degraded
by phosphodiesterase and is an intracellular modulator for
signals delivered from outside the cell by hormones or neuro-
transmitters. However, the cAMP concentration is ten to fifty
times higher than that of cGMP. The concept of alpha and beta
receptors initiated by Ahlquist (107) has since been expanded
to include the adenyl-éyclase-cAMP system. It is postulated
that (108) binding of a hormone to its Rgrticular Teceptor
changes the permeability of that cell tolcalciim. Calcium in
turn changes the adenyl cyclase activity. Alpha stimulation
increases calcium entry into the cell to reduce adenyl cyclase
activity, while beta stimulation reduces calcium entry to

provide an increase in adenyl cyclase activity.

The catecholamines exert their effects on target tissues by

- binding to receptor sites on the cell membrane. The receptors

have been divided into two categories, o and B8 on the basis

of the relative potency of various agonists, which activate
the receptors, and of various antagonists, which block them.

B receptors are most sensitive to stimulation by isoproterenol
(isopropylnorepinephrine) and least to norepinephrine, whereas
with a receptors, the reverse is the case. Although there is
no compelling evidence for the existance of two structurally
distinct receptors, it has remained a useful concept since
synthetic agents which activate or block only one class of
receptors have been developed. Thus, a receptors are selec-
tively blocked by phenoxybenzamine and phentolamine, whereas

B receptors are blocked by propranolel. More recently 8
receptors have been divided into two classes based on the
strong inhibition of some B receptors (called B:) by drugs
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like practolol, and of others (called B2) by drugs such as

butoxamine.

In the case of the 8 receptor mediated actions of catecholamineg,
there is evidence, as described previously, that catecholamine
binding causes activation of the adenyl cyclase-cAMP system with
a resultant mediation of the effects of the catecholamines.
Recently however, some doubts have been expressed that this
mechanism provides a complete explanation of these actions of
tﬁe/catecholamiﬂes (109). The exact mechanism by which a-
adrenergic agent’s act is even less clear. Earlier hypotheses
proposing that u~aﬂrenergic agents act by decreasing cyclic

¢

AMP levels have not been supported. ,

F]

A list of some of the effects of catecholamines and their
apparent receptor types is given in Table 1-1. Epinephrine

is more potent than norepinephrine in producing these effects.
There are such extreme changes in epinephrine, norepinephrine,
glucagon and cortisol levels in shoék, coupled with severe
ischemic, cellular, structural and functional damage, that
changes in the cAMP system might be expected. Few experi-
mental and even fewer clinical studies have been done in this
specific area. However, of the experimen%al studies that have
been initiated in this area, all indicate & depression in the
normal function of the second messenger system in low flow
states (110,111, 112). Studies done on dogs and pigs following
hemorrhagic shock (110,113), in humans following major surgical
trauma (114), myocardial infarction (115,116), and sepsis (117)
have shown increases in circulating plasma cAMP levels when
compared to levels in normal patients. The reports on shock
induced alterations on tissue PDE are inconclusive and contro-
versial (118). Stress activated hormonal and associated meta-
bolic changes appear to be directly related to significant
changes in the second messenger system. Inadequate or excessive
responsc of the second messenger system could result in the
decreased ability of the tissues to respond to homeostatic or
therapeutic controls and therefore may contribute to irrevers-

ibility in shock.
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n TABLE 1-1
5
Effector Organ Receptor Response
g Type
Eye - -
Radial muscle, iris a Contraction (mydriasis)
Ciliary muscle ’ 8 Relaxation for far vision \\)
Heart
Sinoatrial node B3 Increase in heart rate
Atrioventricular node By . Increase in conduction velocity and
shortening of functional refractory
period
Atria By . Increase in contractility
Ventricles i B . Increasc in contractility & irritability
Blood vessels a Constriction
X B2 Dilatation (predominates in skeletal muscle)
Bronchial muscle b 82 Relaxation (bronchodilatation)
Gastrointestinal tract N -
Motility - ~
Stomach 8 Decrease
Intestine o,B Decreasce
Sphincters a - Contraction
Urinary bladder .
Detrusor 8 Relaxation
Trigone and sphincter o Contraction
Skin ° ) \
Pilomotor muscles o Piloerection ]
Sweat glands a Selective stimulation (adrenergic

sweating)
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ENDOGENOUS OPIATES

'Telemachus, grieving for his missing
father, is given a drug by Helen. The
drug has the power to banish all care,
and to make a person so insensitive
to painful experiences that one can
regard the slaying of one's closest
relatives before one's very eyes with
indifference’.

from 'Odyssey’' by 'Homer'

The remedy offered by Helen to relieve the suffering is none
other than opium. Twenty-four centuries later, in 1971, those
receptors responsible for Telemachus' euphoria were identified
(119). They were found to be located in the central nervous
system being most abundant in the caudate nucleus, and closely
associated with the known pain pathways. However, they also
occur in parts of the nervous system not related to the pro-

cessing of pain information. R

Investigators began looking for an opiate-like substance in the
body with the same shape and pattern as the reactive chemicals
in opium plants. The generic name endorphins, from endogenous
and morphine, was proposed for these then hypothetical sub-
stances by Eric Simon at NYU. In the summer of 1975 Roger
Guillemin of the Salk Institute in California became interested
in these early observations. The isolation of these endogeﬁous
ligands of the opiate receptors ﬁroved to be relatively simple
for him, and was achieved in less than three months from ex-
tracts of porcine hypothalamus-neurohypophysis. Since that
time, several substances fitting the description of endogenous
opiates have been discovered (120,121,122,123).

These polypeptides can be classified in two systems: the
enkephalin and the endorphin system. In the enkepﬁélin
system there are two peniapeptides which seem to coexist
in the same cell. These are methionine-enkephalin and
leucine-enkephalin. Methionine-enkephanin is the (NH:) .
terminal pentapéptide of B-endorphin which will be discussed
later. Enkephalins are found in CNS, ganglia of the GI

tract, peripheral ‘nerves such as vagus, adrenal medulla,
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salivary glands and paracrine cells of the GI tract (124,125).
The first compound identified in the endorphin system was a-
endorphin and its primary structure established in 1976 (126,
127) is H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-Pro-~
Leu-Val-Thr-OH.

The primary structure of y-endorphin was similarly established
by mass spectromefry and by Edman degradation and was found to
have the same primary structure as a-endorphin with one addi-
tional Leu as the COOH-terminal residue in position 17. 8-
qndorphin, the active compound of this system, is a peptide
with 31 amino acids. Despite the clinical similarities, there
is evidence that the two systems have different biosynthetic
origin. B-endorphin appears to be formed from a macromolecule
which is also the precursor of B-lipotropin and ACTH.

In 1979, Nakanishi and Inoue (128) published the nucleotide
sequence of DNA encoding bovine ACTH and 3-lipotropin (B-LPH)
precursor messenger-ribonucleic-acid (mMRNA). These two hormones
which are formed from a large common precursor protein contain-
ing small component peptides with biological activity; a-
melanotropin (a-MSH) and corticotropin-like intermediate-lobe
peptide: (CLIP) are derived from ACTH, whereas y-lipotropin
(y-LPH), B-melanotropin (B-MSH), endorphins and methionine-
enkephalin are elaborated from B-LPH. Their results defined
the precise locations of ACTH and.B-LPH in the precursor
protein and predicted the amino acid sequence of its remaining
portion. Their findings appear in a more comprehensjve form

in Figure I-1. ,

The distribution of B-endorphin is markedly different from
that of the enkephalins. It has been identified in the CX\S
and anterior pituitary (129) in the same cells as ACTH.
Stimuli which release ACTH will also release B-endorphin
(130). Levels of endogenous opiates have been found to be
increased in patients who have high levels of circulating
ACTH or normal subjects givén metyrapone (131,132,133).
Similarly, administration of an endogenous opiate analogue
leads to decreased lcvels of serum ACTH and cortisol (13@). ‘
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>

4
The half-life of B-endorphin in blood is of the order of 10
minutes. Pituitary endorphins are Eggeased into the blood

.by various kinds of stress. Their function remains obscure;

it is not even clear what target tissue they act upon. 8-
endorphin is a potent releaser of growth hormone (135) and
prolactin (136,137) by an action in the hypothalamus, and
vasopressin. Recently an endogenous opiate antagonist con:
tained in efferent neurons has been identified. This peptide
has been called substance~P and is implicatedzin primary
sensory neurons as being involved in processing of pain and
in axon reflexes causing vasodilation in skin (138) and

thus a neurotransmitter. It may be expected that the more
stressful and anxiety producing the clinical situation is,
the more extensive the endorphin release would be.

hasically two approaches have been followed in inveséigation'
of endorphins; 1. the use of the narcotic antagonist naloxone .
and, 2. the measurement of endorphins in body fluids or tissue.
Both approaches may be criticized in that naloxone may not
behave 'ideally, as a pure antagdnist, and in that the measure-
ment of endorphin levels may not reflect the actual activity

in an endorphin system, which would be. better done with turn- '
over studies. Unfortunately, methods are still not avaijlable
for such studies. ‘ (

Without .going into the potential role of endorphins in the
regulation of the motility and function of the gastrointestinal
tract, the proper -function of autonomic ganglia and other .
peripheral systems, this short chapter illustrates the com-
plexity of endorphin systems and also the subtle nature of
their actions. It may‘be‘useful to stay with the dichotony
outlined bfuTerenium (139), of a neurchormonal systeﬁ in CNS
and periphery with B-endorphin and a neurotransmittef-like
system or short-range acting hormonal system with enkephalins.
These two systems may be complementary, the former giving a

tonic and general activity, the latter a localized ampiification.

The mechanisms for activating endorphin release is an important
goal for future research.

!
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B-ENDORPHIN-AND SHOCK

£

Endogenous opiates are released as a response to various
stresses (126,130). The cardiovascular system is an ex-
quisitely sensitive target in stressful situations and
also in iés response to opiates; both exogenous (140,141,
"7142,143) and endogenous (144). This led investigators to
believe that the stress of shock is infinitely linked to
the release of endogenous opiates which depress the cardio-
vascular system and thus may play an important role in the
pathogenesis of shock. In a study (144) designed to deter-
mine the effects of met-enkephalin on the ventral surface
of the brainstem of cats, where the cardiorespiratory centre
.lies, it was found that it depressed both blood pressure
?,and heart rate. This effect was reversihle by intravenous
naloxone. Similar responses were found by administering 8-
endorphin and Leu-enkephiiin into the cisterna magna or’sub-

*

cutaneously (145).

The fact that high levels of ACTH were present during shock
led Holaday and Faden to believe that endogenous opiates may
be involved in the pathophysiology of various shock states.
By using naloxone given intravenously, they were able to re- .
verse the hypotension of endotoxin (146) and hypovolemic (147)
shock states in rats. They later showed that the effects of
‘naloxone in endotoxin shock was stereospecific for the (-)-

*

naloxone isomer (148).

Gurll et al applied the same hypothesis‘to their more sophis-
ticated dog model. By giving naloxone to dogs with endotoxin
induced shock, they claimed improved survival and cardiac _
performance (149), noting that improvement in BP, LV, dp/dt
and cardiac output was dose related (150). This improvement
applied to canine hypovolemic shock (151,152) as well.

Reéently it has also been demonstrated that naloxone given
intravenously improves the depressed cardiovascular response
after experimental spinal shock in rats (153). As to the

j A e s g e—— S
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mechanism of action, a CNS mediated cardiovascular effect
exists for B-endorphin (154,155) as well as for morphine
(140,156). A direct peripheral effect for enkephalins has
been proposed. B-endorphin administration to patients .re-
sulted in increased serum prolactin levels, but it did not
affect plasma growth hormone (157).

Morphine is an opium alkaloid that, in man, produces analgesia
(158), drowsiness, euphoria, respiratory depression (159),
histamine mediated peripheral vasodilatation (159,160) with
resulting hypotension, decreased propulsive contractions (161)
and hydrochloric acid secretion in GI tract as well as spasm
of the sphincters?‘ In patients with coronary artery disease
(162) and in anesthetized dogs (163,141), morphine produced

a decrease in oxygen consumption, cardiac index, LV-EDP and
cardiac work, and an increase in pulmonary resistance. Morphine
stimulates growth hormone and prolactin secretion in rats (164,
165) and goats (166) and monkeys (167) while naloxone causes a
reduction in prolactin levels in monkeys (167). Naloxone
competes with morphine-like drugs for stereospecific opioid
receptor sites and occupies these sites. It has been hypo-
thesized that combination of the receptor with the agonist,
but not with the antagonist, produces a conformational change
that initiates certain pharmacological responses (168,169).
Naloxone of up to 1 gm has been administered to normal sub-

' jécts without producing any major subjective by hemodynanic
effect (170). ,Recently, naloxone has been recommended for

- treatment of shock states in man (171).

In an attempt to determine the role -of endorphins in the patho-
physiology of septic shock and their role in hormonal homeo-
stasis, it was decided to investigate the effects of opiate
receptor blockade with naloxone, and stimulation with morphine
in ourithypodynamic porcine septic shock model. This model is
described in detail in the following chapter. The effects of
opiate receptor blockade and stimulation were assessed by
monitoring changes ig hemodynamic, hormonal and biochemical

parameters. v
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BACKGROUND

The early hemodynamic pattern in the septic patient usually
consists of hypotension, tachycardia, normal or high cardiac
output, and a decrease in peripheral resistance and arterio-
venous oxyéen content difference. The patient appears to be
vasodilated and warm. Eventually the patient becomes vaso-
constricted with cold clammy skin, the cardiac output and
blood pressure drop and a high peripheral vascular resistance
becomes established (1,3,4,5).

A wide variety of experimental models have been used and
continue to be devised in order to study sepsis. During
the last 20 years, endotoxin shock has been the primary
method of studying the pathophysiology and treatment of
septic shock. However, due to numerous pathophysiologic
differences between human septic shock and experimental
endotoxin shock, the latter has frequently been criticized
as being an inadequate reproduction of the clinical situa-

“tion. As a consequence, many of the treatment modalities

which have had demonstrable effectiveness in endotoxin
shock have not been used by clinicians. The reasons for
the pathophysiological discrepancies are not known, but
it is possible that the clinical septic shock and the
experimental endotoxin shock are but two points on the

. spectrum of the septic state. Shoemaker et al (2) have

made numerous attempts to document and outline a patho-
physiologic continuum in the various forms of shock in |
man. Their data, as well as those of others.‘strongly '
suggest a progression in human septié shock from a hyper-
dynamic to a hypodynamic circulatory state. The latter
appears to be an essentially preterminal phenomenon and
is characterized by profound hypotension, low cardiac
output, high total peripheral resistance - clinical signs
and symptoms similar to endotoxin shock. Thus, the study
of endotoxin shock in animals may, in fact, be applicable
to late septic shock in man. To provide a better basis

for the development of new therapeutic modalities in clinical
/
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septic shock, an attempt” was made to develop an experimental
model of septic shock which closely approximated the clinical
setting, was highly reproducible and relatively economical.
We started by injecting a catalogue strain of E-coli imtra-
venously into anesthetized piglets and monitoring hemodynamic

changes.

The idea of using some means other than endotoxin to produce
septic shock experimentally is not new. Albrecht and Clowes
t180) injected a calcium chloride solution into the hind legs
of the dogs recovering from thoracotomy to produce a septic
focus. More than half of these dogs survived, and in this
group, the circulatory requirements were slightly increased.
Among the dogs that died, the characteristic hemodynamic
finding was a steady deterioration of the measured indices.
In a later study, Clowes and co-workers (181) produced
peritonitis in dogs by either ligation of the cecum or the
intraperitoneal injection of E-coli and bile. Neither method
proved to be lethal, nor were the hemodynamic changes suffi-
cient to warrant the general use of these techniques in the
study of septic shock. Blair (182) used the intraperitoneai
injection of fecal material 'to produce peritonitis in dogs
and, thereafter, noted the typical acid base and blood gas
abnormalities of septic shock. No hemodynamic or survival
data were recorded, however, Hermreck and Thal (183) in-

- jected fecal material into the hind 1imbs of dogs and ob-
‘served a hyperdynamic systemic circulatory response. All

of his dogs survived. Perbelini et al (184) injected E-
coli into the gallbladder of dogs, following division of
the cystic artery and duct. Based upon the circulatory
response and mortality two distinct groups were noted. In
one, the cardiac index decreased and the total peripheral
resistance was elevated. In the other, the cardiac index
increased and the peripheral resistance was significantly
lower. The average survival time in the former group was
three days and, in the latter, five days. Shatney and
Read (185) by using the same infected gallbladder model %n
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Rhe¢sus monkeys, were not able to duplicate the above results.
A1l the animals developed hypodynamic shock and died in periods
varying from 12 hours to 13 davs. At no timesdid those monkeys
show a hyperdynamic staEe and there was no fevidence of an ab-

scess in the gallbladder ared on autopsy.

The above observation suggested that the presence of a 'focus
of infection' was primarily responsible for the hyperdynamic
circulatory response seen in sepsis. Sepsis induced by the

<direct intravascular injection of bacteria or endotoxin has

no associated focus of infection and produces a low cardiac

output type of shock.

In our attempt to develop an experimental model it was felt
that pigs were probably the best species to use next to the
primates because of the similarities in their cardiopulmonary
and gastrointestinal responses in shock to humans. Their‘
size, in contrast to rats and other small animals, allows
for detailed hemodynamic studies. We chose 1ive bacteria
instead of endotoxin (186) since pure endotoxemia without
bacteremia does not occur in clinical situations (187). We
used E coli strain U9-41, which has the pathogenic marker

K-1 surface antigen (188). E coli is also one of the most
common bacteria recovered from the patients with gram negative
sepsis (180). The anantage of using a catalogue strain of

- E coli is that it is stable, and experiments can be highly

reproducible.

A HYPODYNAMIC MODEL

Our investigation started by testing the effects of intravenous
infusion of E coli to anesthetized, fasting, young, mixed breed
pigs of both sexes, weighing 11-19 kg. A diagram of the experi-
mental set-up appears in Figure II-1.

The six pigs in this group were anesthetized with 30 mg/kg
sodium pentothal administered intramuscularly and 20 mg/kg
pentobarbital administered intravenously. An endotracheal

o
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HYPODYNAMIC MODEL: Intravenous administration of E coli

to anesthetized piglets with Swan-Ganz
catheter and arterial lines connected

to polygraph and cardiac output computer.
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tube was inserted ‘and connected to a respirator. Light
narcosis throughout the experiment was maintained with
nitrous oxide 3.5 1/min. Through an inguinal incision,

a cannula was introduced into the femoral artery, con-
nected to a pressure transducer and a Grass Model 7D
polygraph for continuous blood pressure monitoring. A
Swan-Ganz catheter was positioned in the pulmonary artery
for continuous PAP recordinés, and cardiac output was ob-
tained by using the thermodilution method with an Edwards
9520 CO computer. Animals in this group were given live

E coli (strain U9-41) as a continuous intravenous infusion
at a concentration of 1.5x10% bacteria/kg/minute. They
received an average of 20 ml/kg of intravenous saline during
the coﬁrse of the experiment. Blood samples were obtained
prior to bacterial administration (controls), one and two
hours after beginning bacterial infusion for complete blood
count, lactate, pyruvate, cyclic AMP, and cyclic GMP

(190).

3

The following results were obtained. The control mean arterial
blood pressure (Figure II-2) was 100+7 mm Hg. This was 10116
at 30 minutes, 97+7 in one hour and significantly lower 51:7
mm Hg at two hours postbacterial infusion. The cardiac output
fell significantly from 2.03%.15 1/min to .93*.11 within 30
minutes (p<.001) and remained low throughout. The mean pul-

" monary artery pressure of 9.8:1 mm Hg increased dramatically

o Bl 85 Tt bt S

to 44+2.4 mm Hg within 30 minutes (p<.001) and remained
markedly elevated. /Pulmonary wedge pressure increased from
2.5+.34 to 4.5+.72 mm Hg within 30 minutes (p<.05). Calcu-
lated pulmonary vascular resistance increased tremendously
with sepsis as seen in Table 2-1 from a control of 386*24
dynes/sec/cm™% to 4,202+309 after one hour of IV E coli
infusion and 2,356+470 at two hours. The increase in heart
rate from 118 to 140 beats per minute was not statistically
significant. The temperature decreased slightly from
35.9+£.66°C to 34.7+.84°C in two hours (p>.1).

The white blood cell count which was initially 14,100:525
decreased significantly to 2,800#620 (p<.0C1l) at two hours.




LR T e

AR R VAN LR AT

T R LTI T T IR g T e T

s

bt b e e+

PR o —

37.
!
‘ FIGURE II~-2
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Changes in some
parameters with
two hours of

“intravenous E coli

infusion to pig-
lets. A1l re-
sults expressed

~as mean *SEM.

* Student t-test
‘p<.05.

O

| TABLE 2-1 i
CONTROL 1 HOUR 2 HOURS

Heart Rate 118+12 140+9 14610

beats/min

Stroke volume 17.9:22.1 6.07+.55%* 7.05+1.2%

ml/beat

Pulmonary -

vascular 38624 4,202+309% 2,356+470%*

resistance

dynes/sec/cm™3

Body (°c) "

temperature 35.9%.66 35.3%.7 34.7+.84

WBC per mm? 14,100£300 3,870x570% 2,800x620%

Het % 27.2+,63 29.3+.93 31.411,34

Platelets

x10? per mm?® 448433 232+37*% 150+10%

Lactate mg/dl 16.2+1.24 26.2+2.67% 30.2+£3,91%

Pyruvate mg % W 27£,13 .36+.19 .36£.17

CAMP nmol/1 34+.71 106+29% 25167*

CGMP pmol/ml 1 '10.96+3.97 18.0+2.77 16.8+1.23
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-

Platelets also decreased significantly from 1448,000:33,000
to 150,000+10,000 (p<.001). The hematocrit, however, did

not change.

Control value for lactate was 16.2¢1.24 mg/dl. Within two
hours, lactate had increased significantly to 30.2:3.91
(p<02). Cyclic CMP increased significantly from 10.96+3.97
pmoles/ml to 16.8+1.23 (p<.01) and cyclic AMP increased ,
from 34+.71 nmoles/1 to 251+67 (p<.01) at two hours.

*In this model where bacteria were introduced intravénously, *

progressive hypotension, low cardiac output, hypothermia

and leukopenia developed. The marked increases in PAP and
pulmonary resistance as well as cellular and biochemical
changes were consistent with previously reported hypodynamic
septic shock models (193,194,195,196). All the piglets died
within three to four hours from initiation of IV E coli.
This hypodynamic model of septic shock clbsely‘approximéted
the clinical septic shock at its end stage in patients and
was highly reproducible. At autopsy the animals were found
to be in frank pulmonary edema with both pleural and peri-
cardial effusions. Similarly, other organs were found to
be congested as well. At this point it was decided to
develop a model with a 'focus of iﬁfection' to see whether
this actually did result in a hyperdynamic response.

A HYPERDYNAMIC MODEL . *

This group consisted of six pigs that were injected with 15 ml
of 10 E coli/ml (strain Ug-41)aint;amuscular1y into the thigh.
Twenty-four hours following this injection, the pigs were
anesthetized and an arterial cannula and Swan-Ganz catheter
inserted as described in the previous model. Hemodynamic
measurements and blood samples were carried out and data

was analyzed using the Student t-test. Results are expressed
as mean *SEM.
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The control values of the previously described model were

" used in analyzing the results from these animals since they

were in the same weight category. Furthefmore, obtaining
baseline values prior to injection of E coli would have
meant sacrificing a femoral artery and vein, the effects
of which would have been another variable.

Tachytardia developed in this group. The heart rate of
184+6 per minute was noted 24 hours after the injection

of bacteria intramuscularly. This was significantly higher
than the control heart rate (p<.05) as well as the rate

in corresponding pigs injected intravenously with E coli
(p<.01). The mean arterial blood pressure as seen in
Figure II1-3 did not change significantly, however, cardiac
output increased to 3.1#.31 1/min at 24 hours. This is
significantly higher than the cardiac output in the con-
trols (p<.05) and in the intravenous E coli model (p<.001).
In contrast, mean PAP and PWP did not differ signiificantly
from control values, nor did the calculated pulmonary
vascular resistance of 238:49 dynes/sec/cm™°. The body
temperature rose to 38.7t.55°C at 24 hours. This was
significantly higher than that of the controls (p<.005).
and the intravenous E coli modél (p<.01). The WBC of
18,175+1,000 was significantly higher than both in the
controls and those receiving intravenous E coli. The

" platelet count was 245,000+38,000. This was lower than

the controls, but was still significantly higher than the
animals in hypodynamic shock. The lactate value of
16.922.1 mgt was markedly lower than that of hypodynamic
piglets (p<.01), while the pyruvate value of .45+.21 mg}

-remained unchanged. On autopsy the thigh where E coli was
injec¢ted showed a localized, severe, inflammatory reaction.

These animals were not followed for mortality rates. .

Tissue inflammation, by releasing various kinins, pyrogens
and other mediators, can produce a hyperdynamic picture
including increased cardiac output, vasodilation, fever and
leukocytosis. Sterile irritants, such as castor oil or
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FIGURE II-3
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Hemodynamic changes in animals ‘that received intrémusEulpr

E coli (Hyperdynamic model). The control values at time

» zero are the control values of the hyéodynamic-model animals.
; : They are used in this figure since the animals in this group
f (t§ were not instrumented at time zero for the reasons given in
the text. All values'éxpressed as mean *SEM.

- avemwvs e ] TaE S

Eas -2 1)

h

4 v vt e ol o e

an e

'
—— i -

v

——~e i - < e i, e s e e
N w fr o S B R v o A s @' - "

N W - . .~ . e - FALN N

o . pe T » o AR o




Y e T F N .
s T O N UUUE A v - PO e B et N amrin

42.

calcium chloride can also induce such reactioqs (180). 1In

practically all clinical sepsis, there is a focus of infection,
and the tissue inflammation in response to bacterial invasion

may lead to the familiar picture of hyperdynamic sepsis.
This particular model satisfied those criteria and confirmed
the importance of the elimination of the focus of infection,
such as by surgical drainage or excision, which is often
associated With a dramatic improvement in the patient's

[

hemodynamic condition.

MISCELLANEOUS TRIALS

Another concept is that in sepsis, patients develop a'hyper-
dynamic state initially, and later lapse into low output
shock. Whether septic shock is always preceded by a high
output phase was also examined. Gradually increasing doses
of E coli, starting with 10° bacteria/minute and reaching
to 10° bacteria/minute, was infused intravenously in a
parallel series of borcine experiments. No significant
hemodynamic change was observed until the infusion reached
the dose of greater than 10° bacteria/minute. The hemo-
dynamic response was identical to that observed in the hypo-
dynamic model, namely, a low flow state associated with myo-
cardial depression. Cardiac output and other hemodynamic
parameters were observed continuously from the time E coli
was administered intravenously. Our observations lead us

" to conclude that when the bacteria was injected ditectly

RS RRR TS TR prmpanasnr=s

into the vein, a hyperdynamic state did not éccur before the
onset of the low flow state.

To determine if hypovolemia, either as the result 6£ vaso-
dilatation or third space fluid loss, was in part or whole
a contributing factor to the hypodynamic state of septic
shock large émounts of intravenous saline (135 ml/kg) was
infused to a group of five pigs. These five pigs received '
intravenous E coli in a manner described in the previous

section-of 'a hypodynamic model', however their PWP was

T ma g

e el im0t e B

5 ot Beer ok A ot

e wﬂk&gmm&zwc‘a;—mw Fs s w ~Fard W e

o S n 2 e A

PR iRy

L.

Vet B e

E



ve

e, LA AT ASTRRY SO R T g T

e R I Rt

£ g
i
X

oo e

L o ke iy - e e eem -

43.

G

maintained at a, range of 10-15 mm’Hg. It was noted that the
mean’/arterial blood pressure in this group as noted in
Figure II-4 also fell steadily from 91:8 to 60:10 mnm Hg°
within two hours of bacterial infusion (p<.05) in spite of
volume expansion. Cardiac output decreased from 2.49+.21
1/min’to 1.1:.3 within two hours (p<0.2). -When data frop
this group was compared to the corresponding ones of the
non-volume expanded group they were found not be statisti-
cally different. The pulmonary artery pressure again in-
creased significantly (p<.01) from 7.6*2.2 to 28+4.6 mm-Hg
within 30 minutes. Pulmonary wedge pressure of 3.3%*1 in-
creased as the result of fluid infusion of 11.3+2.29 mm Hg
within 30 minutes (p<.05), and was kept high throughout the
experiment. The calculated pulmonary vascular resistance
increased significantly from 237%55 dynes?sec/cm"s to

oo 974:537 at one hour, to 1,548%391 at two hours while
temperature changes from:a control of 32.7+.94°C to 31.722. 18
at two hours were not significant (p>.5).

n
At autopsy these animals were found to be in gross pulmonary
edema and obvious anasarca with congestion of the GI tract ©
on histological sections. Interestingly, mortality was not
effected by the infusion of large amounts of fluid remaining
at three and a half to four hours.

THE FINAL CHOICE

During these investigations of an attempt to develop a good
model for the study of septic shock the variables were kept

to a minimum by using the same species of experimental

animal as well as the identical strain and dosage of bacteria.
Only the route of bacterial invasion differed, one directly
into the blood stream without a local site of tissue inflam-
mation resulting in a hypodynamic state and the other into

the muscular, mass with abscess formation resulting in a hyper-
dynamic state. Although the importance of the 'focus of
infection' has been recognized or implied by other studies

]
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Hemodynamic changes in the animals that received intravenous

¢ E coli with volume exparision. Note PWP which is maintained
9 at 10-15 mm Hg by fluid infusion. A1l values given as mean
+SEM. /
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(184,197) notably those of Thal et al (183), this study clearly
identified the different roles of local septic inflammation

as opposed to that of generalized bacteremia. It is the balance
of these two responses that determines the hemodynamic and

metabolic manifestations of sepsis.

3

The following factors influenced the choice of the+'hypo-
dynamic septic shock model' as best suited for the investi-
gation of the role of endorphins in shock:

1. Close approximation to the clinical end stage of
septic shock which is the critical period.

2. Highly reproducible results. ) ‘

I
3. Reasonable length of time required for completion of

experiment: six hours versus several days for the

hyperdynamic model.
4. And therefore a more economical model.

5. Repeated daily instrumentation of the animals is im-

practical if not impossible.

6. Uncertainty in the mortality rates in the hyperdynanmic

model.

It was decided not to overload the animals with fluids since
it had no effect in overall mortality and internal organs were
visibly mﬁre congested with fluid overload. Similarly, bac-
terial in%usion was kept at a steadf concentration throughout
the experiment since varying the concentration did not effect

the outcome.
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STUDY OBJECTIVE

The purpose of this experiment was to determine whether
endorphins play a Tole in the pathophysiology of septic

shock and to clarify the effects of opiate receptor block-

ade on various hormones involved in the homeostasis of

septic shock. Furthermore, the role of the 'second messenger'
system in relation to the mechanism of the action of endor-

phins was studied.

'PREPARATION OF ANIMALS -

Fasting youﬁg mixed breed pigs of both sexes weighing 13-19
kg were anesthetized as described in Chapter II. After
positioning a Swan-Ganz catheter in the pulmonary artery,

and inserting an arterial line through the femoral artery

a continuous intravenous infusion of E coli (strain U9-41)

at a concentration of 1.5x10° bacteria/kg/minute was started
and continued until the animal expired (about 3 to 4 hours).
The animals were divided into three groups on the basis of
the drug they received after two hours of bacterial infusion.

Naloxone Group

The six animals in this group that received an average of

. 20 ml/kg of intravenous saline during the course of the

experiment were given naloxone as a 2 mg/kg 1V bolus two
hours after the commencement of IV E coli. Hemodynanmic
paramcters were recorded at 0, 60, 120, 125, 130, 135 and
150 minutes from the time of E coli infusion was begun.
Blood and liver biopsy samples were obtained prior to bac-
terial administration, 120, 135 and 150 minutes for glucose,
liver, glycogen, insulin, gastrin, cortisol, prolactin,
lactate, pyruvate cAMP and cGMP determinations.

Morphine Group

In this group of five pigs, the same procedures described in

¥
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the Naloxone Group were followed, with the éxception that
instead of naloxone, morphine as a 4 mg/kg IV bolus was given.
Blood samples were obtained for cortisol, prolactin, growth
hormone, .substance-P, and B-endorphin levels in the times
mentioned for the previous group. The radioassay for 8-
endorphin levels was not successful.

Contrbl Group

In this grbup of five pigs, similar procedures described in
the Naloxone Group were followed. After two hours of IV
bacterial infusion, normal saline as a S ml/kg IV bolus
(equivalent in volume to the naloxone carrier) was given and
hemodynamic changes recorded. No morphine or naloxone was ,
given to these animals. -

/

BLOOD ANALYSIS

Glucose

Whole blood for glucose determination was collected in tubes
containing fluoride and glucose concentration was determined
using 'the Boehringer Mannheim Test Kit for glucose (Hexokinase
Method).

Hematocrit, white blood cell, and platelet counts

Those were obtained with the use of an automated Colder Counter.

Cortisol /

Cortisol levels were determined using the RSL (I'2?%) Cortisol
Kit made by Radioassay Systems Laboratories of Carson, California.

Radioimmunoassays depend on the ability of an antibody to bind

-its antigen. To quantitate the antigen, the radioactive and

non-radioactive form of the antigen compete for binding sites
on its specific antibody. As more non-radioactive antigen is
added, less radioactive antigen remains bound until equilibrium

-
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between the free and antibody-bound antigen occurs. Separation
of the free from the antibody-bound antigen may be accomplished

Ey several methods.

The RSL Cortisol Kit utilizes a second antibody-PEG tebhnique.
This is accomplished by adding a mixture of second antibody-
PEG, vortexing vigorously and immediately centrifuging. The
radioactivity level of the precipitate is then determined with
a gamma counter. The amount of bound cortisol I1'?® found in
the precipitate will decrease with increasing amounts of non-

)

radioactive cortisol. Levels of cortisol in samples are -
determined graphically from a standard curve constructed with
- results obtained from the cortisol standards.

Specificity of the antiserum: The following materials have o]
been checked for cross-reactivity by the 'kit' manufacturers.
The percentages indicate cross-reactivity at 50% displacement

compared to cortisol.

O Cortisol 100

Prednisolone . 58
: 11-Desoxycortisol 17.5* .
Prednisone 1.2
Cortisone <0.01
' Corticosterone 35* ) .

- .. , Spironolactone <0.01
Dexamethasone <0.01
Progesterone . ; 2.9

* The normal concentrations of these cross-reacting steroids
' are sufficiently less than that of cortisol so that their
overall contributions to the cortisol assay are negligible.

Normal values in man as determined by RSL are:
8:30 AM 7-21 ug/dl 'or 70-210 ng/ml
4:30 PM 3-11 ug/dl or 30-110 ng/ml

(: Insulin

“

The principle of competitive binding analysis was initiated

with the development of a radioimmunoassay for insulin by
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Berson and Yalow (76).

The RSL Insulin Kit produced by Radioassay Systems Laboratories
of ‘California was used for plasma insulin Ievel determinations.
The principles and basic procedure of the technique is the same
as with cortisol and will not be repeated. The RSL Insulin Kit
utilizes the second antibody technique. This is accomplished
by adding an antibody specific for immunoglobulin. Following

a second period of incubation the precipitate is packed by
centrifugation and the supernatant is decanted or aspirated

and discarded. The radioactive level of the precipitate is
then determined with a gamma counter. The amount of bound
insulin-I'2® found in the precipitate will decrease with in-
creasing amounts of non-radioactive insulin. Levels of

insulin in the samples are determined graphically from a
standard curve constructed with results obtained from insulin

standards.

!

Specificity and sensitivity (cross-reactivity):

Human insulin 100%
Dog insulin 100
Porcine insulin 100
Pro insulin 19
C-peptide . 0.003
Glucagon 0.09

Serum levels of glucagon, prolactin, gastrin and growth hormone
were determined using simular RSL Kits for each specific hor-
mone. They all employ the radioimmunoassay principle and tech-
nique which is basically similar for each hormone. Therefore,
only the cross reactivity data and normal values will be given
for these hormones. The detailed description of each method
can be found in the booklet included with each kit.

Glucagon
Specificity and sensitivity (cross-reactivity):
Pancreatic-glucagon 100%
Gut glucagon 0.0014

R T RAI o R -
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g
Porcine insulin 0.0005
(:g Porcine gastrin 1 & 2 <0.0003
Human synthetic gastrin 1 <0.0003
T, ' <0.0003 -
Ty <0..0003

Normal values as determined by RSL: 50-125 pg/ml.
Gastrin

Human gastrin appears in two almost identical forms, each
containing seventeen amino acid residues. The molecular |,
weight of human gastrin I is 2,096 and of gastrin II is

2,176. ‘
Specificity and sensitivity (cross-reactivity):
h Gastrin I 100%
h Gastrin II ‘ 100
Cholecystokinin / <0.1 .
(:i Pancreatozymin <0.1
# .
Ndkpal values as determined by RSL for gastrin: up to 200 pg/ml.
Pfglactin .
"Specificity and sensitivity (cross-reactivity):
h Prolactin 100% ;’
h Growth hormone <0.1
;o h Placental lactogen - <0.1
Anterior pituitary peptide
hormones <0.1

4

Normal values as determined by RSL:

Males: 7-18 ng/ml

Females: 6-24 ng/ml

Pregnancy: 6 times mean normal value
. Lactation: 15 times mean normal value

M

Growth Hormone

Specificity and sensitivity (cross-reactivity):

h Growth hormoéne 100%

!
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iE)k h ACTH . <0.02% T o

h TSH ' <0.02

h FSH <0.02 %

h LH ' <0.02 ¥

h Prolactin 0.3 }
|
I

Normal yalues as determined by RSL:

Adult male: up to 8 ng/ml : ’

Adult female: up to 30 ng/ml o
Children: up to 10 ng/ml '

Substance-P ’ S

A radioimmunoassay kit by Immuno Nuclear Corporation (INC) of
Minnesota was used (200) which employs simultaneous addition
« 0f sample, rabbit anti-substance-P antibody and 1'2% substance-P,
N followed by an overnight incubation at 4°C, Phase separation

; 4
is accomplished by the addition of an equal volume of saturated

(:) ammonium sulfate in the presence of carrier gamma globulin.
The assay is greatly affected by differences in protein and
salt concentration; therefore, all re-agents and samples were

Ao
R 3

kept on ice while performing the assay and extracted EDTA
plasma frozen immediately after centrifugation at 4°C, to

! minimize any degradation of substance~P by the presencé of ©
enzymes in the samples. The sensitivity of the assay as ¢

. employed is 8 picograms and the 50% displacement is 44 pico- ¢
grams. The antibody has been tested by INC for cross re-

activity with the following neurotransmitters:

Substance-P 100% ) é
Methionine enkephaliﬁ” <0.002 |
Leucine enkephalin <0.002 ; ?
g-endorphin 0.008 L
Eledoisin <0.002
Physalaenmin <0.002

ir) , Plasma can be analyzed if an extraction step is performed. . ‘

Serum or plasma analyzed without extraction will yield values
which do mot reflect true substance-P levels. Substance-P
was extracted from EDTA plasma with cold analytic grade acetone.
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The clarified extract was further purified with ether ex- .
traction, followed by air drying of aliquots of the extract
and reconstitution in assay buffer. Using this procedure,
recovery of substance-P ranges from 68 to 134 percent at
125-500 pg/ml levels as verified by the kit producers.

h )

cAMP

Cyclic AMP determinations in this experiment were done with
the use of the Amersham's cAMP Assay Kit. The competitive
binding protein assay for cAMP is similar to radioimmunoassay
where the reaction between an antigen and antibody provides
an assay for the antigen. The method is based on the com-
petition between unlabeled cAMP and a fixed quantity of
tritium labeled cAMP for binding to a protein which has a
high specificity for cAMP (202). The amount of labeled cAMP-
protein complex formed is inversely related to the amount

of unlabeled cAMP present in the assay. The concentration

of cAMP in the unknown is determined by comparison with a
linear standard curve. Separation of the protein bound cAMP
from the unbound nucleotides is achieved by absorption of

the free nucleotide on charcoal, followed by centrifugation.
A sample of the supernatant is removed for liquid scintillation
counting. The detailed procedure of the method can be founé
in the information booklet supplied with the Amersham cAMP

* Assay Kit.

cGMP

Because of the structural similarity of cAMP and c¢GMP and the
fact that levels of cGMP in most tissues are very much lower
ghan those of cyclic AMP, this work requires a highly sensitive
and very specific assay method. Although both CPB and RIA
methods have proved satisfactory for cAMP measurements, only
RIA methods for cGMP are sufficiently specific to be used
without preliminary separation of the cyclic nucleotides.
Cyclic GMP is present in mbst tissues at concentrations 10-
fold and occasionally 100-fold lower than those of cAMP.

Cyclic GMP levels in urine (203) (0.12-1.09 umol/24 hours)
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and plasma (203) (1.8-6.0 pmol/ml) are approximately half
those of cAMP.

In this experiment the Amersham/Searle Cyclic GMP RIA Kit

was used. This assay is based on the competition' between
unlabeled cGMP and a fixed quantity of tritium labeled com-
pound for binding to an antisefum which has a high speci-
ficity and affinity for cGMP.J}The details of the method

can be found in the booklet supplied with the kit. Cross-
reactivity of various nucleotides with cGMP antiserum causing
50% inhibition is as follows:

cyclic GMP ) 0.8

cyclic AMP - 120,000

‘AMP, ADP, ATP _>10°
v GMP, GDP, GTP T 25,000

Lactate

Blood lactate levels were determined with the use of a kit
supplied by Boehringer Mannhelm GmbH employing the UV-method
which was described by Gutmann and Wahlefeld ‘in 1974 (204).

Pzruﬁate .

Blood pyruvate levels were determined using a kit supplled by,

_ Boehringer Mannheim GmbH employing the UV-method. This was

described by Czok and Lamprecht in 1974 (205).

TISSUE ANALYSIS

Liver Glycogen

Liver glycogen levels were determined using a method described
by Somogyi (206) in 1933. This involves the hydrolysis of the
frozen liver sample in 30% KOH at 100°C and precipitation with
95% ethanol. The precipitate is dried and analyzed for glucose.
The amount is expressed as gm4 of glycogen.
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HEMODYNAMICS

A. Naloxone Group

The control mean-arterial pressure (Figure IV-1) was 100%7

mm Hg. This went down to 49:8 after two hours of bacterial
infusion. After the intravenous injection of naloxone, blood
pressure increased to 54+10 at S, 53+10 at 10 minutes and then
it continued to 48:10 at 15 minutes and 40+5 mm Hg at 30
minutes. Systolic and diastolic pressures (Figure IV-2)
similarly increased after naloxone injection with the changes
being significant at five (p<0.001) and ten (p<0.01) minutes.

Heart rate increased significantly (p<.05) during two hoursk
of sepsis, from 122+11 to 142+10. However, it decreasdd sig- '
nificantly to 128:9 (p<.001) 5 minutes after naloxoney}n— )
jection and then gradually went back to 151+10 at 30 minutes.

Mean pulmonary artery pressure (Figure IV-1) increased‘from a
control of 1P%.7 to 26+3.1 after 2 hours of sepsis (p<.001).
Naloxone produced no change in PAP &Figure IV-1).

Pulmonary wedge pressure did not show any significant change
either to naloxone or sepsisv

Cardiac output (Figure IV-4) dropped immediately, from a
control of 2.26+.33 L/min. to .96+.19 after 2 hours of sepsis
and then increased with naloxone to 1.19%.22 at 5 minutes,
1..13+.25 at 10 minutes, 1.1#+.26 at 15 minutes. All these
chapges were significant (p<0.05).

Body temperature remained unchanged throughout the experiment

B. Morphine Gryup

The mean arterial pressure (Figure IV-3) in this group de-

) creaged similarly with sepsis from 98+10, mm Hg to 48:8 at 2
hours. After injection of morphine it decreased significantly
to 26+2 at 5 minutes (p<.05), 22+4 at 15 minutes and 1726

at 30 minutes. n
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Heart rate again increased significantly (p<.05) during two
hours of sepsis from 125+12 to 160:3, but did not change

after the injection of morphine.
{

Mean pulmonary artery pressure (Figure IV-3), as with the other
group, increased significantly (p<.001) with sepsis from 11%1
to 30:3, but ' did not change after morphine.

‘In this group of animals' it was the pulmonary wedge pressure

(Figure IV-3) that showed the most dramatic change. After re- .
ﬁaining stable at 3+.6 during two hours of sepsis, PWP went to
32+9 mm Hg five minutes after morphine injection' and remained

"high during the subsequent one half hour, coming down to 21%4

after 30 minutes. All these changes were statistically sig-
nificant (p<.001).

Cardiac output (Figure IV-4), which significantly (p<.01) de-

creased with sepsis from 2.05+.24 to .57%.09 L/min did not
change after morphine injection. Again, no change in body
temperature was observed.

C. Control Group

When the five septic animals were given equivalent amounts of
normal saline injections, no significant changes in blood
pressure, PAP, PWP, heart rate and body temperature were ob-
served, '
N /

HORMONES \
A. Naioxone Group (Table 4-1) oy

)
Cortiso? (Figure IV-5) increased in response to sepsis, 73%15

pg/ml to 109:21 (p<0.01), and also thirty minutes after opiate
receptor blockade (p<0.01). On the other hand, insulin (Table 4-1)
decreased 30 minutes after naloxone injection from 37%11 to

23+3.9 uwU/ml (p<0.1). Glucagon (Figure IV-6) and“prolactin

(Figure IV-7) levels did not show a response either to sepsis
3
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or opiate recep%or blockade, while gastrin (Figure IV-6)
.increased significantly in response to sepsis from 161%22
pg/ml to 854+140, but did not respond to naloxone.

B. Morphine Group (Table 4-2)

Cortisol, prolactin, growth hormone,’substance—P and 8-
endorphin were measured- in this group. Cortisol (Figure IV-5)
decreased from 101218 ng/ml to 68+3 thirty .minutes after
morphine (p<0.1), while substance-P (Figure IV-8) significantly
decreased in response to sepsis (p<0.05) 91#5 pg/m§ to 76:2,
and increased in response to morphine (p<0.05) at 30 minutes,
762 pg/ml to 93+3. Growth hormone increased .from 0.82:0.07
ng/ml to 0.920.01 after 15 minutes (p<Q.1), to 0.94+0.08 at

30 minutes (p<0.1). Prolactin levels (Figure IV-7) did not
change significantly either in response to sepsis or naloxone.
The radioimmunoassay for B-endorphin was unsuccessful and no
serum B-endorphin levels were obtained.

»

BIOCHEMISTRY

Glucose levels (Figure IV-9) in resp&nse to sepsis and naloxone,
were kept stable at the expense of 1liver glycogen (Figure IV-9)

~which, from a control of 5.2+.64 gm 4 dropped to 2.3+.2 (p<.01)

after two hours of bacterial infusion and then further to
1.3+.45 fifteen minutes after naloxone blockade. This was -a
significant drop (p<.01).

Cyclic AMP, cyclic GMP, lactate and pyruvate levels were
measured only in the naloxone group. Lactate (Table 4-1)
significantly increased in response to sepsis (p<.01) from
16.2+1.2 to 26.2+2.7, but, no change was noted with naloxone.
Cyclic AMP (Figure IV-10) levels went up in response to

sepsis from 28:5.6 umol/1 to 88+29 (p<.05) and also 15 minutes
142+35 (p<.02) and, 30 minutes after naloxone injection,
253:67 (p<.001). '
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i

Cyclic GMP- (Figure IV-10) went up in response to sepsis
(p<.01) from 7:.9 pmol/ml to 17.6%3, but did not respond
to opiate receptor blockade. P &

Pyruvate levels (Table 4-1) did not show a response either

to sepsis or naloxone.
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Changes in mean arterial pressure, mean pulmonary artery
pressure and pulmonary wedge pressure in responsc to naloxone
O after two hours of intravenous E coli infusion. All values

represent mean *SEM.
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Changes in mean arterial%pressure, mean pulmonary artery

: pressure and pulmonary wedge pressure in response to morphine

after two hours of intravenous E coli infusion. All values
represent mean * SEM.
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FIGURE IV-4

CARDIAC OUTPUT

i PRESEPSIS CARDIAC OUTPUT
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Comparisoﬁ of the changes in cardiac output in response to
naloxone and morphine after two hours of intravenous E coli
infusion. Arrow indicates time of drug agministration. All
values represent mean * SEM. , -
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FIGURE IV-5 E
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Comparison of the changes in serum cortisol levels in response
to naloxone and morphine after two hours of intravenous E coli
infusion., Arrow indicates time of drug administration. All
values represent mean * SEM.
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Changes in serum gastrin and glucagon levels in response to
naloxone after two hours of sepsis. All values represent
mean * SEM. '
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FIGURE 1vV-7

PROLACTIN
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Comparfson of the changes in serum prolactin levels in response
to naloxone and morphine after two hours of intravenous E coli
infusion. Arrow indicates time of drug administration. All
valués represent mean : SEM.
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FIGURE IV-8

SUBSTANCE-P-
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Changes in serum substance-P levels in responsc to morphine
- after two hours of sepsis. All values represent mean * SEM.
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O two hours of sepsis further depletes lver-glycogen levels.
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FIGURE IV-10
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Changes in cyclic AMP and cyclic GMP levels in response to
naloxone after two hours of intravenous E coli infusion.

All values represent mean * SEM. )
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TABLE 4-1
| Post-naloxone
3 Control L ¢obeis | minuces ninutys
Insulin (pU/ml) 25%2.3 37+11 33:15 "23:3.9
Glucagon (pg/ml) 123+16 222:74 278270 315+65%
fGastrin (pg/ml) 16122 854+140% 892:148* 850+204
Cortisol (ng/ml) 7317 109+20* 10824 125427
Prolactin (ng/ml) 3.81+.26 | 3.42%.44 3.61%.3 3.12+.3
Glucose (m1%) 8417 105420 11630 100430
Glycogen (gm$) 5.2:0.64 2.3:0.29% 1.3:0.45% 1.1%0.47
Cyclic AMP (umol/1) |28#5 88+20% 142+35% 253+67%
Cyclic GMP (umol/1) 7+¢0.9 17.6+3% 20+2 17+1.4
actate (mi%) 16.2:1.2 26.2£2.7*% 27.2+2.5 30.2:3.9
Eyruvate (m1%) - .27+.06 .36£.07 .28+.08 .36+.07 -

»

n=0

* p<0.05 paired t-test

All values represent mean * SEM

e

TABLE 4-1: Hormonal and biochemical changes in response to naloxone 2 mg/kg
IV after 2 hours of IV E coli infusion.
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* TABLE 4-2° _
Post-morphine
L 2 hours Fifteen Thirty
Confr?l of sepsis minutes minutes
Cortisol fng/ml) 80+12 101x18%* 113+18 68+3*
Growth hormone /
(ng/ml1). 0.97:0.03 0.82+0.07 0.91+0.01 0.94:0.08
Prolactin (ng/ml) 6.13+,24 '5.85+.4 5.56+.71 6.34+.44
Substance-P - -
(pg/m1) 91:5.3 76£2.3% 73+9.4 _93+2,6%

* p<0.05°paired t-test

All values represent mean + SEM

n=5
¢

TABLE 4-2:

of sepsis.

Hormonal changes in response to morphine 4 mg/kg IV after two hours
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HEMODYNAMICS

The concommitant release of endorphins with ACTH and the
presence of high levels of ACTH during shock led @ﬁladay ?
and Faden to suspect that endogenous opiates were invqlved )

in the pathophysiology of various shock states. By uging

naloxoné. a pure opiate antagonist, given intravénously,

tﬂey were able to reverse the hypotension of éndotoxin

(146) and hypovolemic shock (347) in rats. Gurl and Reyﬁolds L

(207) implicated opiate receptors and endorphins in the '
cardiovascular pathophysiology of hemorrhagic shock and

endotoxin shock (149) after noting that naloxone produced

{9 dose-dependent increases in arterial pressure, cardiac out- .
) put, siroke volume, and left ventricular contractility. J
Survival was related to the dgse of naloxone used. :
g 3
7 : These hemodynamic improvements in arterial pressure, and

cardiac output were confirmed in our septic pig model. However,
(:; they'were found to be transient, lasting about thirty minutes,
and no further response was noted with repeated adminis-

tration of naloxone.

It is propaseﬁ“@hat the transient nature of the hemodynamic
improverient in these animals might be due to the adminis-
tration of naloxone late in the 'preterminal' stage of the
shock state. Others have reported that naloxone, when given

in the early stages of shock, returned the blood pressure to
preshock levels (146,149). .

Morphine administration, on the other hand, resulted in a
drop in blo&d pressure and PAP while (Figure V-1) cardiac N
output remained unchanged and PWP increased dramatically.
This cardiodepressant effect is in agreement with the work
. of Eckenhoff and Oech (159) in man, and of Lind and Reynolds
in anesthetized dogs (141). The hypotension causcd by
. morphine has been attributed partly to,low peripheral re-

(— sistance sccondary to histamine mediated peripheral vaso-

dilatation (159,160). Reynolds (141) noted that both low

' K
{
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(.25 mg/kg) and high (8 mg/kg) doses of morphines caused a -

significant drop in blood pressure and LV-dp/dt in anesthetized

dogs while vagotomy and stellectomy abolished the low dose
response and caused only a milder hypotension with high doses
of morphine. He concluded that morphine‘decreases arterial
prqssure and LV dp/dt at low doses through an autonomic mech-~
aﬁism, while the depressor effects in high doses are e1ther
on peripheral resistance, myocardial contractibility or both.
Further work with anesthetized dogs by Schrank et al (208)
revealed as well that morphine (2 mg/kg) given intravenously
resulted in significant decreases in CO, MAP, LV dp/dt and
myocardial blood flow in spite of a reduction in coronary
vascular resistance. However, Leaman et al (209) noted a
slight ronary vasodilation in humans after intravenous
morphine mipnistration (.2 mg/kg). Schwig et al (163)
showed that morphine .3 mg/kg increased pulmonary resistance,
and venous plasma histamine levels in anesthetized dogs.
Samuel et al (160) noted an increase in forearm blood flow
with a decrease in forearm vascular resistance even after
brachial plexus block in men that were given 10 mg/ 70 kg of
morphine. intravenously. Based on work done previously by the
same group (142) where CO remained stable following morphine,
they concluded that the predominant effect is local.

Zelis et al (144) demonstrated that the dose responsec curve
to continuously infus d intra-arterial noradrenaline was un-
affected after IV moriphine administration. Therefore, they
concluded that morphine induced venodilatation was unlikely
to be secondary to p'ripheral ao-adrenergic blockade but may
be related to attenuation of sympathetic afferent discharge
at CNS level (central sympatholysis). Interestingly, Farsang
et al (210) recently proposed that the cardiovascular effects
of central alpha-adrenoceptor stimulation (clonidine) in raﬁf/
is mediated by the release of an endogenous opiate. \

o

0u; findings of decreased blood pressure in response to intra-
venous morphine are in agreement with previous reported data
in dogs (141,208) and humans (159), while the decrease in pul-

oL

O




monary véscular resistance with intravenous morphine in bp
septic shock has not been reported previously. This appears
"to be due to a marked elevation of the PWP and concommitant
pulmonary vasodilatatéon. Therefore, we conclude that mor-
phine both depresses fhe myocardium and causes vasodilatation
during septic shock in pigs. The mechanism of these actions,
as discussed earlier, remains controversial. However, there

is strong evidence that CNS mediated mechanisms predominate.

It is also noted that naloxone and morphine fesult in opposite
effects on hemodynamic parameters such as mean arterial blood ‘
pressure (Figure V-1) and cardiac output (Figure IV-4). This
indicated that morphine and B-endorphins produce their effects
through the same receptors while the mechanism is not known.
Furthermore, the presence of high levels of endogenous opiates
during septic shock as reported previously (146,147,149,151,
152) is also confirmed indirectly and so is the fact-that
endorphins are partly responsible for the hypotension and
myocardial depression of septic shock (146,149).

A role of endogenous opioids in thermoregulation has been
suggested (148) on the basis of naloxone reversal of thermal
effects of exogenously-administered opiate agonists. We

have found no evidence,to support this hypothesis. .
HORMONES
Cortisol o ;

Cortisol is the principle glucocorticoid secreted by the adrenal
cortex. Adrenal secretion of cortisol is modulated by a complex
negative feedback mechanism involving the CNS, hypothalamus,
pituitary and adrenals as described in Chapter I.

In this experiment it was shown that cortisol levels increase
in response to sepsis. Opiate receptor blockade in the animal
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Comparison of the effects of opiate receptor blockade with
naloxone and stimulation with morphine on the blood pressure
of the animal in septic shock. All points expressed as mean
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* with septic shock resulted in an increase in cortisol while
(’~ morphine caused a significant drop in the serum level of this

~ hormone (Figure IV-5). This is indicative of B-endorphin
involvement in the mechanism of cortisol secretion, and it
can be postulated that opiates, whether endogenous or exo-
genous result in a lowering of serum cortisol either through
production inhibition or increased clearance from plasma.
Since ACTH and cortisol levels are known to be high at times
of stress (43), the depressive effect of endogenous opiates
may interfere with the defense mechanisms of the body to
septic shock. On this basis opiate receptor blockade may
have a beneficial effect duriné septic shock directly by

' improving hemodynamic parameters, and indirectly by increasing

serum cortisol levels. )

Prolactin and Growth Hormone

When normal rodents (211), baboons (137), goats (166), and
(:% humans (82) are given naloxone intravenously there is a

persistent decrease in prolactin levels, while intravenous
morphine administration to baboons (157), humans (212), rats
(213), and goats (166) results in persistently high levels

of prolactin and growth hormone. That increase seems to be
dose related in rats (213) and no changes are observed im
human growth hormone levels (212). Furthermore, intravenous
B-endorphin admin}stration to humans (157) and rodents (213)
result in high prolactin levels, and also high growth hormone

\.

"t

«levels in rodents (213).

N N
In this study it was noted that after one half hour naloxoné¢
resulted in a sf&ght decrease in the serum prolactin levels
while morphine caused an increase (Figure IV-7). These
changes wére not statistically s@gnificant, and a, longer
follow-up of these hormones is iﬁdicated Growth hormone
levels did not change in response to sepsis or morphine in
contrary to previous reports (212 213 166) in nonshocked

(& animals and humans.
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Glick et al (211) pointed out that stress might provoke hor-
mone release. This clearly injects difficulties into inter-
pretation of results obtained after using provocative agents
for the release of growth hormone. This probleﬁ has been
appraised in greater detail (212). When repeated injections
of narmal saline were given intermittently to 12 normal men,
it was noted in one study that although initial growth hor-
mone values were low, in about half the patients a substantial
rise was observed - generally within 60 minutes of needle
placement. Some subjects also showed a later increase of
plasma growth hormone three hours after needle placement.
There was no correlation of either the early or the late
rise in growth hormone with any of the metabolic parameters
that were followed. A spomtaneous secretory incidence rate
of 50 percent is unusually high but must be considered in (
judging all alleged stimulus of growth hormone secretion.

There is conclusive evidence that endogenous opiates play
a role in stimulating hormonal secretions. These neuro~
endocrine effects seem to be species dependent. As with
hemodynamlc effects, endogenous opiates and morphlne seem
to work through the same receptors (213,137,166).

While the mechanism for hemodynamic effects of B-endorphin
remains. intact during sepsis, that for growth‘hormone and :
prolactin regulation seems to be depressed.

This is in agreement with the hypothesis that oplate agonlsts
m1ght increase serum prolactin by reduc1ng hypothalamlc nor-
epinephrine release which inhibits prolactin release (137)
and since norepinephrine levels are high in shock states,
this mechanism may overyide that of direct prolactin stimu-
lation by 8-endorphin. \\j }'

Substance-P

\\
Substance-P is an eleven amino acig peptide with a structure.

Arg-Pro-Lys-Pro-Gln-Gln-Phe-Gly-Leu-Met-NH,. It is thought
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to be a neurotransmitter’écff;;:primarily in primary afferent
nerve endings (198). It is found in highest concentrations
in the dorsal horn grey matter of the spinal cord and also in %3_,
the dorsal root ganglia. Substance-P has also bee%?fopnd'in ') ’
gut. In physiological experiments, substance-P causes hypo-
tension and secretion of saliva (199).

In this experiment morphine resulted in a sigpificant increase
in serum levels of substance-P which has alsp been shown to
increase after a meat meal.in dogs (214). resently very little
is known about this substance and its relation to the endogenous
opiate systems is just becoming apparent.

° Insulin, Glucagon, Castrin

With respect to hormonal reéﬁoﬁges to naloxone, no significant
changes were noted in glucagon and gastrin while insulin de-
creased. Once again endogenous opiate blockade seems to be
involved in the regulation of a hormone whose function in

shock is important, while it has no effect on others. However,
thirty minutes may not have been sufficient time for any sig-
nificant changes in the -levels of some hormones. A slower
mechanism of response for their secretion or inhibition may

be responsible for this, as shown with growth hormone (212).

BIOCHEMISTRY

It is now well established that cAMP has a criéical fole as a
regulator of hormones, enzymes, and other biologically active
substances and has been identified as a 'second messenger' in

the concept of hormone action proposed by Sutherland (201).
Cyclic AMP has been found in most tissues including the mammalian
body, fluids and in bacteria. The concentration of cyclic

AMP in plasma is usually low, being of the order of 107 %M

(8-20 pmol/gm). However, its concentration in urine is rel-
atively high, being in the range of 107°M (1000'° pmol/gm).
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Research has suggested that cyclic GMP acts in a s1m11ar*
(:) manner to cyclic AMP as a second messenger in the concept
of hormone action. More recently it has become apparent
that the roles of cyclic GMP and cyclic AMP may be linked,
and that some cellular functions controlled bidirectionally
are of two types: those which are stimulated by cAMP and
suppressed by cAMP and vice versa. Because cGMP and cAMP
can act in opposition to one another in many 'systems, the
relative proportions of one to the other may, under some
circumstances, be more important than the absolute concen-
tration of either cyclic nucleotide. Current hyﬁetgeses
do not, however, completely explain regulatidh of all
systems and much experimental work still remains to be
done before the role of cGMP as a biological regulator

can be fully understood.

It has been shown that the second messenger response to

epinephrine is abolished in hemdrrhagic (110,211) and

{i) A septic (190) shock, with an increase &n plasma cAMP and-
the failure of tissue adenyl cyclase activation by epi- )

| nephrine (190). The finding of a significant increase

- in cAMP levels after opiate receptor blockade with:
naloxone is 'interesting in view of the increasing evi-
den&e‘bf endogenous opiate affecting the second messehger
systém t215 216) . For example, morphine and endogenpus
oplates have been shown to selectlvely inhibit cate-
chplamlne -induced cAMP accumulation in various brain
areas (217) It is possible that endogenous opiates <

" exert A depressant effect by inhibiting cAMP production,

on the mul\gyormonal systems which strive to achieve
homeostasis ip shock and thus, indirectly, at the cellular
level, contributing to the chain of homeostatic failures
in shock statek. The exact significance of the altered
intracellular second messenger system has yet to be fully
clarified and further efforts to elucidate the ecffects of

(j) endogenous dbiates on cellular metabolism are warranted.
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( CONCLUSIONS

O

1. Tissue inflamhation. by releasing various kinins, - -
pyrogens and other mediators produces a hyperdynamic '
p{cture including increased cardiac output, vaso-
dilatation, fever and leukocytosis.

T

2. Intravenous administration of pathogens in the dbsence
of a focus of infectiqg$produces a hypodynamic state
with low cardiac output, vasoconstriction, leukopenia

R

and a high pulmonary vascular resistance.

RS-

e

3. A focus of infection with tissue inflammation is
©o necessary for a hyperdynamic response.

- 4. The low output state in hypodynamic sepsis is not necessarily
due to hypovolemia.

i {i) 5. Opiate receptor blockade with naloxone in hypodynamic
{ sepsis leads to a transient hemodynamic improvement,
with hormonal and biochemical changes.

~

6. Opiate receptors and perhaps endorphins are implicated
in the hormonal homeostasis of septic shock.

-7. The effects of opiates on receptors seem to be mediated
by the adenyl-cyclase-cAMP 'second messenger' system.

8. Naloxone may be an important temporizing measure or
a useful adjunct to- shock therapy.
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