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ABSTRACT 

There are two patterns of yrogression in sep tic shock, the hyper- ~ 

dynamic and the hypadynamic circulatory response. There ia evidence 

ta suggest that S-endarphin, an endogenous opiate released at times 

of stress, plays a role in the pathophysiology of shock. Rowever, 

the exact mechanism of action ia not known. In this study, two 

experimental models of sep tic shock in piglets were developed, one, 

closely approximating'1he hypodynamic clinical setting and another 

the hyperdynamic. Subsequently, the hypodynamic septic shock model 

vas chosen to investigatè the effects of B-endorphin in shock, be­

cause of it8 highly reproducible nature, and close proxi~~ty to the 

#terminal clinical shock'. 

Inttavenous boluses of naloxone (group 1), morphine (g~up II) and 

normal saline (group III) were given to three groups ~f piglets . 
after,two hours of,sepsis, which was induced by intravenous infusion 

of live E. colt. 

In group l, blood pressure, cardiac output, cortisol and cyclic AMP 

levels increased after naloxone, whil~ heart rate and liver glycogen , . 
levels decreased. 'Tne~hemodynamic changes lasted fQr about thirty 

minutes. In the second group of animaIs, 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. 

saline. 

No hemodynamic changes were noted in response ta normal 
" 

From these results it was concluded that during septic shock in 

piglets, opiate receptor blockade res~lts in transient hemodynamic 

improvement, and therefore, endogenous opiates are partly respon­

sible for the hypotension and low cârdiac output of shock. Morphine 

decreases pulmonary vascular resistance by bath 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 MlP system. 
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RESUME -, 
Le choc septl~~ peut se d~velopper de" deux fafons: La réponse du système 

CirCUlatOire pDdynamique et hyperdynamique. L'évidence suggère que le 

a-~ndorphi et un opiat endogène sécr~té. dans les situations de ,stresa, ioue 

un rSle da 8 la pathophys4t.ologie de choc. Ce-pendant le mode exact d' acÙon 

de cet endorphine n'est yas~connu. Dans cette étude avec les cochons de 

lai~déux modèles expérimentaux sur le choc septique ont été développes. , 
Un modèle se rapproche de la situation clinique hypoâynamique et l'autre 

hyperdynamique. Subséquement le modèle hypodynamique de choc septique 

~tait choisi pour investiguer les effets de a-endorphine en ~tat de choc 

à cause de sa nature facilement reproducible et sa proximité au choc 

clinique terminal. 

Des~bolus intraveineux de naloxone, groupe l, la morphine, groupe II, et 

la saline physiologique normale, groupe III étaient donnés ~ trois groupes 

de cochons de lait deux heures après le, début de l'état septique, cet état 

provenant d'une infusion intraveineuse d'e E, coli vivant. , 
) ------

1.. )Le groupe 1: L$ pression sanguine, débit cardiaque, le niveau de cortisol, 

J' et de AMP cyclique augmentent après la naloxone après que le rythme 

cardiaque et le niveau de glycogène du foie diminue. Les changements 

h~mo ~amiques ont ~té présents pendant environ trente minutes. Dans le 

cond groupe d'animaux la morphine a causé une chute significative dans 

le niveau de cortisol, alors que PWP, la substance-P et l'hormone de , ~, 

crQissance a augmenté. Le niveau de prolactine n'a pas changé. On n'a, 

~à rem,arqu~ 1 de changeme~: hémodynamique dans la réponse au saline, pli;~i~-
~~ique. 

On a conclut de ces résultats que pendant un ~tat de choc septique sur les 

cpchons de lait un blocage de r~cepteur d'opi~t a comme rhultat une ~ 
am~lioration transitoire hémodynamique ét:, en condquence, lès op~at,s 

; \ 

endogènes sont, en partie, responsables pour l'hYPoEens~on et le f,ible 

débit de choc. La l1lorphine entrainait une détérioration de résistance 
'\ 1 

vasculaire pulmonaire en baissant le myocarde et en causant une 'véso-

dilatation pulmonaire. 

l'bom~ostase dejéhoc, 

Cyc lasel AMP cyt' lique .. 
// 

Les opiats endogènes semblent jouer un rôle dans 

et aussi semblent influencer le système adényl 
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\. PREPACE 

-:rb~ investigations for thi~ thesis were performed in the ~iversity 

Surgieai Clinie at the Montteal General Hoi/9ital. Resulta: from 

. these investigations were pr~sented-at three international,scientific 

meeting~ ... The results descri~ed in ~hapter II were present{ed' at the 

Third Annual Heeting of the Sf\ock Society in Lake Ozark, Missouri, 

and the ab8tr~ct published in ~ireulatory Shock, Volume 7,' Number 2, 

1980, entitled 'Hyperdynamie Ve1nus Hypodynamic Septic Shock: The 

Role of Focus of Infection'. R~suîts described in Chapter IV were .. 
prelentEtd _at the Sixty-Sixth Annual Clinical Congress of the American 

College of Surgeons in Atlanta~ Georgia, and the abstract publisbed 

in the Surgieal Porum, Volume XXXI. Both Cbapters have been 8ub­

~tted for publication as full 1ength papers. Furtbermore, the 

,~indings in GI hormone changes as described in Chapter IV were pre­

lented at the 42nd Ann'ual Meeting pf tbe Soci~ty of University 

Surgeons in Hershey, Pennsylvania in Pebruary 1981 and will be 
1 

published in Current Surgery. \ 

This thesis bas been !DOstly rewrit en sinee its first submission in 

August 1981. A tiew section has bee added ta Chapter 1 - Introduction ...J 

titled '~ndocrinology of Sepiis' wh"le the rest of the ehapter ia IDOsti 

rewri~ten, updated and a fi_ra add d to clarify tbe structure of 

.,ndorphins. Chapter II of the orig na! manuscript bas been re-edited a d 

, _ titled 'Devt!lopment of a Hodel'. apters III (metboda), IV (reluIts), 

.V (discussion) and/VI (conclusions) have a180 been rewritten and con-

" tain the information summarized in pter III of tbe original tbeail. 

purth.naore, resulta and di.cuasion of GI hormone findinga appear whic 

vei. not present in the firet manulcript. In 8U11111ary, the overall fOrai. 

of th. thesi. has been changeel frOll one of self-eontained and independent , . 
chapt.ra of published vOrk to a more "traditional format: vitb IllUltiple 

1 
additions, darifications. and updating of th. introcluction. 
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ABBREVIATIONS 

Myoeardial-depressant factor 

Central venous pressure 

Pulmonary artery pressure 

Pulmonary wedge pressure 

Cardiac outp~t 

Right ventricular end-diastolie pressure 

Left ventricular end-diastolic pressure 

• Left ventricle 

Total peripheral vascular resistance 

Pulmonary vascular resistance 

Anti-diuretic hormone 

Adrenocorticotropic hormone 

MOlecular weight 

Cyclic Adenosine monophospha~ 
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Central nervous system 
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DEFiNITION OF SEPTIC 'SHOCK 

Shock is a state ,of circufation in'which a functional deficit· 
of tissue perfusion in one or more ~itil organs is so s~vere 
that organ function/is impaired and an unstable st~te develops 
in ,."hich ,blood flO\V' becomes progress i vely m0.:re d:ficient. 
Preoise criteria fox:. the diagnos.ts of shock applicable to aIl 
situations are not available, primarily because.the term shock 

1 

its~lf h~s not been strict1y defined. In experimental animaIs, -d~agn9sis of the shock stage usually is based upon,specific 
hemodynamic abnormalities, including a'-reduction--in arterialo 

, 

pressure and in cardiac output. In the ~linical setting, how-
~ ---

~ver, criteria for the diagnosis of ~hock have ~sually de-
pended more 4pon evidence of impaired organ function relating 

ta impaired fI 0'''' . 

The term septic sho~kt, ~s d{stinct from other types of shock~. 
implies that a wide spectrurn of microbial species can induce 
shock. III this syndrome~;, in~asion of bluod ,by micro-organisms 

, ' 

results in inadequate tissue perfusion by a mechan~sm not 
compl~tely understood. Septic shock has been rec~gnized in . . 
association with a wide variety of bacterial, fungal, viral~ 
rickettsial and parasitic infections. HO\lTe\"er, bacterial 

/ 

infection is easily the commonest underlying problem. In 
about two~thirds of patients, septic shock results from 
bacteremia with endotoxin-containing Gram-negative bacilli ~ 

so that the terms 'Gram-negative shock', 'endotoxin shock' .. 
and t sept ic shock 1 are oft'en used interchangeably. The , 
cbmmonest' Gram-negative ba~teria impli~ated in septic shock 

'" are: E. coli, Pseudomonas aer~ginosa and Bacteroides fragi1is. 
Sepsis and septic shock is 'now one of'the most important, 
causes of morbidity and mortality following surgery and trauma. 

, 
The pathophysiology of shock i5° complex. but most patients 
begin with hypovolemia, heart. failure 7 or improper distri­
bution of flow in small vessels. This distribution ~f flow 
irt peripheral vessels iS,~ne of the most confusi~g aspects 
of the circulatory syste~, disruption in shock. The defect 
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consists of maldistribution of flo"" wi th inadequate trans-
, ' 

port of oxygen at the microcirculatory and cellular level, 

which leads to the seeming paradox of high cardiac output 9 

while generalized underperfusion kills the patient. The 

mechanism of the neurohumoral factors that lead to this 

altered microvascular rheology is not weIl understood. 

1 • 

PATTERNS OF RESPONSE TO SEPSIS 

There seem to be two clinical patterns of progression in 

septic shock,in patients evaluated br Maclean et al (1), (' 
1 

one being patients that are ,,'arm and vasodilated wi th high // 

cardiac output and a low peripheral resistance (2). The ./ 
1 

second group of patients are vasoconstricted ,vith col<Vand 

clammy skin. low cardiac output, high peripheral vascu~ar 
resistance and a high mortalitr (3,4,5,6). Experiments i'n-",­

dogs have shown that vasoactive kin-ins can produce the 

features which we have associat~d with hyperdynamic septic 

shock!(7). Clinical studies suggest that substance. with 

kinin activity may be released in human sepsis (8,9) .~~d 

Attar e,t al (10) have shown decreased kininogen activity 

in fatal septic shçck in man. 

. ; 

In a study br Sie~el (11), it was nated thit the patients 

with hypodynamic (low-output) septîc shock had poorer ve-n­

tricu1ar function re1atianships than those Ki th 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 shack. Bath groups termed othe substance r:lyacardial de­

pressant factor (~DF): Since that time. extensive ~ork has 

been done in this field and severa! MDFs identified. Some 

scientists believe that MDFs play a significant role in the 

pathogenesis of circulatory shock (14,15.16) .. \"hile others 

deny its existence al together (1~:18). and claim that flow 
~I 

sta tes represen t inadequa te \'01 ume rep1acenen t. Advocates 

of rhe ~1DF theory fce 1 that the primary c\"ent in any type 
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of shock is fiplachnic hypoperfusion \~hich then releases 

1ysosomal hydrolases. primari ly from the pancreas. gi ving 

rise to MDF. uhich in turn exerts--strong negati ve ino­

tropic effect on the heart. 

Another concept is that of increased arteriovenous shunting 

in tissue (19,20,21). However, two recent studies. one in 

patients using radioactive xenon washout for skeleta1 muscle 

capil1ary blocid f10w (22) and the other in animaIs using 

microspheres (23). failed to demonstrate ei ther an increased 
1 

arteriovenous shunt or a decreased capillary blood flow. 

From the data presented above severaI conclusions can be 

made. FirstIy, septic shock can present either as a high 

or low output sta te; and secondly, the pa thophys iology for 

the two types of presentations remains obscure despite the 

numerous hypotheses that have been put fOTl\'ard. HO\'lever, / 

there is general agreement that septic shock induces initiaIt 

ly a hyperdynarnic state wi th a high cardiac output and a ,­

Iow periphera1 resistance t unless the patient has previousJ 

had a~reduced blood volume. After a period of time, the 

hyperdynamic state gives way to deterioratl0n of cardiac 

function and ufStl;~ te cafdiac failure, and death. 

MONITORING IN SEPTIC SHOCK 

Pararneters like central venous pressure (CVP), pulmonary 

artery pressure (PAP), pulmonary wedge pressure (PWP). and 

cardiac output (CO) can be used to monitor the hemodynamic 

stàtUs of the patient in shock. 

The adequacy of the heart as a pump can best be evaluated 
\ 

c1inical1y by relating the cardiac filling pressure to its 

stroke volume or cardiac output. "'hen t?e heart or pu1monary 

vascular bed is not directly involved in the et iology en the 

10\~ 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 fil 1 ing) pressure only when 
the pulmonary vascular bed is normal and the left ventricle 

is not prirnarily involved by a disease process (25,26.27). 

The normal right ventricular filling pressure May range from 
a mean of 5 to 10 mm Hg. The importance, ho,,,ever, of the 

CVP is not that of a single rneasurement 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 abnor~ality of heart 
function. A rise in venous pressure without any associated 

f' 

improvement 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 -f(lr 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 flm .... state. Under these 
circu~stances, 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 ventricular filling pressure usually is 
necessary. 

( The ingenious ,S\\'an-Ganz catheter (28)' is a simple means of 
estimating left ventricular.end-diastolic pressure (LV-EDP) 
without direct 1eft heart catheterization. In most patients 

without intrinsic lung disease, pulmonary artery diastolic 
pressure and especially PWP are use fuI estjmates of LV-EDP. 
Normal left-ventricular filling pre$sure CPKP or PAP dia­
stol ie) is taken as up ta 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 CCVP). In the presence of disease cpnfined predominantely , 
ta 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
~ure surpasses left ventricular filling pressure, a disease 
canfined predominantly to the right ventricle or ta thé pul­
monary vascular bed should be 5uspected. 

There are several advantages for the shock patie.n.:t l,hen the -..:;...., 

Swan-Ganz catheter is used rather than a central venous 
catheter. First, i~ permit~-measurement of PAP diastolic 
and PWP that estimate LV filling pressures. Second. 
continuous monitoring of PAP systolic and nean 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 
cathèter and detecting the tempe rature changes at the tip 
of the catheter. In Most patients with shock, the actual 
me~surement of cardiac output is no~ 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 levei of cardiac index or where 
it seems ,important to monitor the patient's output in order 
ta determine whether therapy is producing a salutary effect. 

Although shock is often recognized clinically by a fall in 
auscultato~y blood pressure, it is now recognized that this 
reduction in cuff pressure does not necessarily correspond 
ta a reduction in intraarterial pressure. The advent of 
int~arteri?l pressure monitoring has made it clear that the 
clinical syndrome of shock May exist in the absence of hypo­
tension. Therefore. a low 'arterial pressure no longer should 
be considered a prercquisite for the diagnosis of shock. 

... ___ -..1_ 

\. 1 

\ 
l 
; 
\ 

,~ 
-~ 
.' 
, , 

: 

...." 

1 ,. 
" 

1 
! 
1 
j' 

/. 
1 

1 
! 



~" C 

~ i 
- " , 

'i 

- ---------.. 
6. 

ti 

When cardiac output falls,'a reflex increase in systemic 
vascular resistance usually iS,observed. The rise in 
resistance is not homogeneous throughout the vascular 
tree and is'dependent on the intensity of neural, humoral, 
and local factors affecting vascul'ar tone. An increase 
in peripheral vascular resistance (TPR) supports the 
arterial pressur~, alters the regional distribution of 
cardiac output, and May further depress tardiac ou~put. 
Since cardiac output is inversely related ta outflow, 
resistance, particularly when cardiac functian 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. Sorne increase in vascular re­
sis~ance may be nece~sary to support life when cardiac out­
put falls, since a very low aortic pressure May resul~ in 
a critical reduction of cerebral and coronary perfusion. 
The total peripheral vascular resistance May be calculated 
using the-following formula: 

TPR= Mean arterial pressure - Central venous pressure 

Cardüic 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~ulmonary artery pressure 

'Cardiac output 

(d -5) ynes-sec-cm 

X 80 

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

, , 

X' 80 

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

) 
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pressures that determine çapillary filtration roles. Acti­
vation of the sympathetic nervous system Kith release of 
norepinep~rine is a weIl understood factor, leading to con­
striction of small arteries, arterioles, and venules (29) .. 

Other factors eausing an incte"'âsed 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 inereased, whereas at IOK lung volumes, 
alveolar eollapse will lead to teduced caliber of vessels 
and inereased vascular resistance. Hyperinflation at high 
pressure will also increase pulmonary resistanee by com­
pressing the eapillary bed. Pathologie studies in patients 
dying from the shock syndrome reveal marked eapillary dila­
tation. pulmonary edema. alveolar hemorrhage and atelectasis. 

By following t~ese 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 vaseulature. These parameters are available at 
the medside and are the main criteria for the evaluation and 
management of the patient in septic shock. 

- ENDOCRINOLOGY OF SEPSIS 

The importance of hormonal homeostasis in the pathophysiology 
of ~epsis cannot be overemphasized. Furthermore. there i5 
ihcreasing 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. 

Nhen, as a consequence of severe hypovolemia, bacterial toxin$. 
~yocardial infarction, or for ~ny other reason, tissue per-
fus ion dtops to shoek leve 1s, profound metabo1 ic di:sturbances 
occur (30). Bacterial endotoxin is capable of providing direct 
hypotlYcÙamic -s timulat ion wi th attendant re l'ease of adreno­
corticotropic hormone (AGTH) (31). vasopressin CADH) (32) and 
growth hormone (33) .. Furthermore. sympa·thetic neural activi ty 
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increâses and there is thus enhanced secretion of epinephrine , , 
and norepinephrine (34) fiom the adrenal medulla. of renin 
(35,36) from the kidney, and of glucagon (3ï) 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 ptoduce more cortisol (42,33). Elevated plasma 
levels of cortisol lead in turn ta inhibition of further re­
lease~f ACTH. However, increased plasma levels of cortisol 
al 50 lead to inhibition of release of vasopressin. growth 
hormone and prolactin (43). Thus, the feedback effect of 
cortisol may be genera! and may extend far beyond the control 
of ACTH release per se. The response to sorne stimuli like 
large hemorrhage or overwhelming sepsis. cannot be s~pressed 
by cortisol, and ACTH release will persist until the stimulus 
is removed (44). Most patients who die following sepsis die , 
with very high blood leveis of corticosteroids (45). As men-
tioned above, endotoxin can act directIy upon the hypothalamic 
sympathetic control centers to pro duce epinephrine and nor­
epinephrine release (42). Epinephrine and norepinephrine both 
increase cardiac output and eievate blood pressure. Denervatiob 
of the adrenal stops the secretion of cathecolamines in the 
adrenal venous blood. 

Glucagon produces inotropic cardiovascular effects when given 
to patients (37) or animaIs (46) in shock. These effects con­
sist of an increase in cardiac output and stroke volume and a 
decrease in peripheral vascular resistance despite S-recep~or 
blockade. The main results of incrcased glucagon secretion\ in 
trauma are to pro duce increases in blood glucose through stimu­
lation of glycogenolysis. gluconeogenesis and lypolysis (47). 

Another group of polypeptides has recently been ident~fied (48), 
which seem to play a part in the pathophysiology of low cardiac 
output and hypotension of scpsis. These substances are grouped 

;--

under the name of endogenous opiates and their role in sepsis 
1s discussed in the following sections. 
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A concise description of the properties and ~unction of each 
of the~hormones investigated in this study wi1l now be gi\en. 

a) Insulin and Glucagon 

/ 

Insulin and glucagon are peptide hormones which are secreted 
by pancreatic islet cells and exert important regulatory 
effects on carbohydrate, fat, and protein metabolism. Insulin , 
was isolated in 1922 (49) and its amino acid sequence estab-

, , , 

lished by Sanger in the 1950's (50). In 196~~ it was syn-
thesized in the lab as reported by Katsoyann~et ~l (51), 
while glucagon's structure was confirmed br total chernica! 
synthesis in 1967 (52). 

Insulin biosynthesis is the exclusive property of the B cell 
of pancreatic islet tissue (53), while g!ucagon is synthesi:ed . 
add secreted rnainly 'by the A cells of the pancreatic islèts 
(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 &.000 and con­
sists of two polypeptide chains. A and B, 'joined by disulfide 
bridges. The only differences noted among ~he five species 
of mammalian -insulin - beef, pork, sheep, horse, and whale ... 
reside in the sèquence 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 and 29 amino acid residues. 

"q, . 
In a classîc study with the 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 be closely re1ated in . 

1 

sorne way to the utilization of glucose (58). I~ addition to 
gluco,se. amino acids have also been shown to evoke insulin, re­
lease. the most potent being arginine and lysine (59). Plas~a 

glucose is the prime regulating agent of glucagon secretion 
(54,55)t but acting ta sùpP!ess rather than stimulate as it 
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does in the B cell. By contrast. amino acids. particularly 
arginine and alanine, are effective s~imulators of glycogen 
secretion. an action which res~mbles 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 meèhanism. 
This is discussed in detail in the fo1lowing section en­
titled 'The Second Messenger System'. 

Secretion of insulin and glucagon by the pancreatic is1ets 
serves to maintain a constant level of plasma glucose. 
When plasma glucose alon~ is altered, as following a high 
carbohydrate meal. levels of plasma insulin and glucagon 
often change i~ a reciprocal manner. reflecting positive 
and negative influences of glucose on B and A cell secretion, 
respe~tively. On the other hand, if a mea~ is high in 
protein. pl~sma glucose will not change appreciably while 
both insulin and glucagon levels will increase (61). 

1 

Insulin is rapidly remaVed from plasma by the body tissues 
(62). Comparable rates of removal also ~aYe been shown for 
glucagon. and both hormones are probably handled by systemic 
tissues in a sim~iar manner. The half-life of plasma insulin 

\ 
is 10 minutes or tess. The initial reaction of these two 
hormones with tissues involves binding of the hormone to 
specifie sites on the cell membrane. Those receptor sites, 

\ 

which are specifie for each hormone, have been nearly purified 
in the past few years (63,64). From those receptor sites the 
hormone exé~~its metabolic effect on that cell and is in-

~:;::::~:;!::: ~::~~:~:~:: :~~:~:; ~:;~:::: ::~:;::: :~:~ 
remains unanswered. \ 

\ 
The vi ta! role of the liver \~s a source, of glucose was shown 
many years ago by Mann and M~gath (65) who studied the effects 

\ 

of hepatectomy in the doge Although glucose is stored in the 
\ 

form of glycogen in muscle. the\absence of glucose-6-phosphatase 

\ 

, 
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'\ 

prevents its release'as free glucose intp the hlood. The 
, , 

solution to this impasse i5 conversion of glucose to lactate 
by glycolysis ~n muscle, but in the absence of the liver. 
there i~ little reconversi~n 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 mainta~n normal glucose levels 
in the absence of the liver. The two major pathways of 
glucose formation in liver, glycogenolysii and gluconeogenesis~ 
are regulated by insuline When rates of glucose formation 
are increased by agents. such as glucagon or epinephrine. the 
addition of in~ulin exerts a strong inhibitory effect on 
glucose formation and tel~ase 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. I~ addition to these hormonal factors, blood 
glucose itself strongly inhibits hepatic glucose release and 
stimulates its uptake by effects which are exerted predominant-
1y on glycogen metabolism. 

Considerable glucose is also derivéd by gluconeogenesis. 
Approximately 20% of the glucose which is produced in this 
way is synihasized from lactate while amino acids from the 

J 

breakdown of tissue prote in contributes the largest fraction 
of carbon for gluconeogenesis. The extent to <'which glycogtn 
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 ~timulate 
glycogen synthesis in liver. Although glucagon has no 

• 1 

d1rect effect on protein breakdown in skeletal mtiscle {66J. 

the hormone does stimulate steps in gluconeogenic pathways 
in the liveT and also directIy enhances protein degradation 
in the liver. It seems possible that the strong stimulatory 
effect of amino acids on glucagon secretion ~ould aid in 
these aspects of a~~no a~id utilization. 

, -
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Finally, it is important to know that in addition to glucagon, 
there are ~number rif agents whose act~ons. in genera!, are 
opposite to those of insulin. Such agents include epinephrine, 
glucocorticoids, growth hormone, and fatty acids. 11hen one or 
more of these antagonists is greatly increased or decreased in 
amount, thert the-effectiveness of insulin ~ill 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 secreted by the normal adult human' 
adrenal cortex are the glucocorticoid, cortisol. and the 

, 
mineralocorticoid, aldosterone. The hormonal steroids are 

j 

aIl synthesized from acetyl(coenzyme A with cholesterol as 
their common intermediate (~7). 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 . ~" 
'circulates in the free state. a smal1 fraction is nonspecifical-
ly bound to serum albumin. and greater than 90% is specifically . , 

bound to corticosteroid-binding a
2
-globulin (CBG). The çortisol 

bound to CBG or albumin is metabolically inactive, but is in 
rapid equilibrium with free cortisol (68). Cortisol i5 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 glucuronic 

/ 

/ ac id. 
1 

The synthesis and secretion of cortisol are dependent upon 
stimulation by ACTH with cAMP as a mediator. Three factors 

l , 

are of major importance in rcguJating ACTH secretion. First, 
there is homeostatic negative feedback inhibition of ACTH 
secretion by circulating cortisol. This inhibition may act 
at the hypothalamic lcvel by rnhibiting the release of 
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cortic6tropin-releasing factoi (CRF) into the hypothalamic­
hypophyseal portal blood vessels. Second, plasma cortisol 
concentrations show a circBdian rhythm, with high levels in 
the early morning and low levels late in the eveniQg: 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 

,1 governing ACTH secretion is 1 stress 1 (43). While sorne 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. 

o 

The overall pattern of cortisol action might be viewed as 
promoting the conversion of protein to carbohydrate and the 
storage of carbohydrmte in the form of glycogen (69). It 
is easier to define the effects of cortisol deficiency or 
éxcess, 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): 

o 

• ]111$ 

1) 

f, 

Central Nervous System. Cortisol seems to have a .., 
stimulatory 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 t~ potentiate 
the peripheral arteriolar response to vasoconstrictors. 
It increases cardiac output when given in pharmacological 
doses. 
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1 
Gastrointestinal System. Corti~ol antagonizes the 
action of vi ta~in D in promoting calcium absorption 
from the gastrointestlnal tract. There is no con-

~ 
clusive evidence to support the belief tha~ high 
levels of glucocorticoids can produce ulceration 
of normal gastric mucosa. 

, 5) Urinary System. The pet effect of cortisol on the 
kidney is maintenance of the ability to excrete a 
water Ioad (70). 

6) Immune Response. Cortisol has a dramatic catabolic 
1 

effect on lymphoid tissue manifested by Iy~phoid and 
thymic atrophy and lymphopenia in hypercort\iS,ol ism. 
It is involved in aimost every phase of the;, inflam­
matory response by depressing the ability of the body 
to fight infection. ---

The importance of the adrenal glands in maintaining 1ife 
was first recognized clinically by Addison in 1855 and con­
firmed experimentally by Brown-Seguard.in the fo110wing 
year. Much has been learned about the function of the adrenal 
glands and the hormones they produce since then. but much more 
remains ta be learned • 

c) Gastrin 

Gastric Secretion 

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

A numbcr of hormonal mechanisms also are' involved in the 
cont)rol of gastric sècretion. Examples,/include the release 
of gastrin frorn the gastric antrum. which stimulates gastric , , 

secretion. and the release of enterogastrone (72) from the 
mucosa of the upper small bO\'1e l, \'1hich inhibits gastr ic 
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secretions. It is convenient,.when discussing the gastric . ~ 

secretory response to a meal, to divide the total re~ponse 
into different phases: cephalic, gastric and in~stinal 
phases, named according to the area'where the stimuli arise. 
In man~ gastriê seçretion tends to be continuous. For this 
reason, a four th phase of gastric secretion. the inter­
digestive phase is recognized. During this p~ase, gastric 
secretion is continuous at rather low levels of maximal' . , 

capacity, independent of circulating gastriri levels, and 
reduced but,not obliterated by vagotomy or removal of the 
antrum. The sight. 'sme!! and taste of food 'ihich, if 
agreeabJe (73), will initiate the psychic or ce~halic phase 

of gastr~c secretion. This stagç is mediated ~r the va~us 
Ïterves by two "mechanisms: Ci) direct cholinbrgic stimulation 
of the oxyntic (parietal) cells; and (ii) cholinergie re- /~ 

lease of gastrim from the pyloric gland area. In man, the l 
direct effect of vagal stimulation on the parietal cell is \ 

probably the more important. The entry of food into th~. ~t 
stomach (gastric phase) initiates gastric secretion' by d~­
tention from the bulk of the meal, and in response to 1 

peptides and amino acids, èspeCia~lY glycine. a-alanine~ 
serine, and lysine. Distending the stomach,or bathing t~e 
gastric mucosa with partial!y digested proteins or amino 
acids leads to acid secretion by G-cells. The chemical 
me~iators 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. 

/' 

Acetylch9line 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 buffcring substances 
present during digestion are no longer available. the'pH of 

the antrum or the duodenum falls to a paint at whieh the ,in­
hibitory effeet of acid becomes evident and that period of 
gastric secretion is brought to an end. During the gastric o phase of secretion, sorne chyme enters the 'smal! intestine 
where after a variable l?tent period of 1 to 2 hours, it 
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initiate~ the intestinal phase (74). This phase probably 

a,:counts for less than 20% of the total acid secreted by 

the stomach. In duration, however, the intestinal phase _ 

exceeds the other phases. Fo110\dng the tompletion of the 

intestinal phase, the interdigestive phase occurs. During 

this phase, a minimal amount1of gastrie secretion occurs 

intermittently. ~ 

Gastrin 

The reee~~ç_rease in our knowledge of gastrin stems frorn 

the Jcherniea! d~fini t ion of gastrin P 5) and the use of radio­

immunoassay in the detection n bf minute quanti ties 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 al1'e two main forms of gastrin. In a,ddition to 

the unsulfated tyrosine (form l, MW 2,098) and the' sulfated 

tyrosine (form II, MW 2,176) forms, gastrin exists in three 

size forrns: big gastrin. little gastrin. and minigastrin. 

Big gastrin CG 3.4; MW 3,839) has 34 amino acid residues; 

lit tle gastrin (G 17; MW 2 t 098) .~is a decaheptapeptide con­

sisting bf residues 1~ to la-- ~f G 34; and minigastrin CG ~3; 
MW 1,647) (77) cons i s t5 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 tirnes faster from the blood than G 37 and being five 

times more active. Trypsin can convert G 37 to G 17. The 

carboxy terminal portion of the gastrin molecule is aIl that 
o 

is required ta activate gastrin receptors on the parietal 

" celi. 

The role of the vagus in the modulation of gastric acid and 

gas trin secret ion in mammal ian species is not fully under­

stood. 1t has been s~o\"n both ta inhibit and stimulate (78) 

gastrin release under different conditions, and a cholinergie 

C' inhibitory path''Iay for gastrin release appears to exist (79). 

Cutting the vagus nerves,greatly decreases the secretion of 

acid in response to ga'strin (80). Local distention. peptide 
1 

,. 
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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 hypercalccrnia. 
stimulate gastrin release. The release of gastrin from the 
pyloric gland area is markedly inhibited by acid bathing this 
area of the stomach. A pH of 2 or less is rcquired and can 
counteract the stimulatory effects bath of vagal stimuli and 
of local distention and chemical faetors (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 s~cretions 
and also inhibit stomach, small powel, and gallbladder mobility, 
while substance-P stimu1ates mobility of the fundus, antrum and 
small intestine. 

According' to Grossman (82), gastri~Qimu1ates 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 b~tween serum gastrin levels and sepsis· 
or septic shock has been reported. In this study we attempt 
to establish the changes in serum gastrin levels Qccurring 

during septic shock in the pig. 
(1 

d) Pro1actin 

• l ' Prolactin, a polypeptide hormone, was identified in 1928 as 
j 

a substance in anterior pituitary extracts capable of causing 
lactation in the rabbit. Most of the amine acids constituting 
prolactin are found in growth hormone making their physical 
~nd chemica1 properties very sim~lar. The development of 
sensitive radioimmunoassays for each hormone has greatly 
facilitated our understanding of their separate biological 
roles (86). It is produced by the chromophobc ce Us in the 
anterior pituitary. Two'types of prolactin have becn isolated: 
a normal sized one with a molecular weight of 22.000 daltons 
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and a 1arger one \dth a molecular weight of 40,000-50.000 
daltons (87). The large molecul~, 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. Xo peripheral 
target feedback humoral response has yet been documented p 

The ho'rmone is -secreted in a diurnal rhythm described br 

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 tonie inhibition fr~m the hypothalamus, 
via the secretion of a neurohormone t~rmed prolactin in­
hibitory factor (PIF). The hypothalamic content of cate­
cholamines (dopamine) can account for aIl the PIF activity , 

of the hypothalamus (90): Evidence is accumulating that 
dopamine is the on1y PI·F s,ecreted by the hypothalamus. 
Apomorphine is a potent blocker of the dopamine receptqr 
site; opiates hence pro~ote prolactin secretion. Oral 
methadone, for example, resul ts in a 70 to 80 ng/ml rise 
in prolactin (91). Besides PIF, hypothalarnic extracts 
have also been shown to contain at lease t\\"O substances 
that stimulate prolactin release, thyrotropin Teleasi~g 
factor (TRH) and prolactin releasing factor (PRF). There 
is no doubt that the predominant mode of prolactin regula­
tion is inhibito!y. 

The Tole of cAMP in the secretion of prolactin appeaTs to be 
complex. 1t had previously been assumed that cAMP ,~as an 
essential second messenger mediating the action of TRH; recent 
studies. however. suggest that such a role has not definitely 
been established. 
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Prolactin is readily detectable in the plasna of almost ail 
hurnan beings by·assays having a sensitivit~· of 1 to 2 ng/ml. 
Its half-life is approximately 20 minutes, and normal serum 
levels in adult males is 4.7±2.8 and ,.,omen S.0~4.9 (92). 

Mean serum prolactin concentrations in boys and girls from 
one year of age until puberty are i~ the range of 5 to 10 

ng/ml and there is no difference between the sexes. ,Stress 
of aIl k~nds tends to release prolactin in humans. in somewhat 
the same fashion as it does gro' .... th hormone, though the two 
hormones do not necessarily rise in parallel (93). Pregnancy 
and the aet of nursing are powerful stimuli for prolactin re­
lease, as is hypoglycemia to a lesser extent (93). 

The most important ac~ion of prolactin is in preparing the 
female breast for lactation. ,In both sexes prolact in may 
have a direct effect on the gonads, suppressing the secretion 
of sex steroids and contributing to amenorrhea and i~potency. 
In males. prolactin increases the contents of the seminal o vesic1es. 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) . 

o 

Recently, a possible role of prolactin in breast cancer has 
been .suggested (95). Ho\..rever, i t may be said that though 
prolactin certainly influences the_development of breast 
cancer in Sorne animaIs and may do so in man, a clear role 
of proIactin 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 3-endorphins 
and sepsis. 

e) Growt h Hormone 

Growth hormone ls produced almost solely by! the acidophilic 
celIs of the anterior piiuitary. The pharyngeal hypophysis 
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produees unknown amounts and oeeasionally may provide growth 
\ 

hormone when the pituitary is ablated. 

Thè 191 amina aeids of growt~ hormone c6nstitute a single 
c'hain -that is looped baek on i tself in hm places by sulfhydryl 
bridges. Elu~ion curves on Sephadex columns reveal three mole­
cules with growth hormone immunoreactivity labelled~ little, 
big and large. More than haif of big growth hormone may be 
converted to litt le during cold storage (96). The mode of 
action of this hormon~1 has not yet been proven. lHth a mo-

/" 

lecular weight of 'fi.BOO. it most likely operates on the cell 
membrane, effeeting intra~ellular changes secondarily. 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-
1 

statin. The resu1t is a diurnal rhythm of irregular and 
intermittent spurts with a rela~ionship to age, sex and 

c 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 
that (164) when morphine was administered to unanesthetized 
rats, growth hormone secretion was stimulated. although it 
could be b10cked by prior administration of sornatostatin . 
Morphine has not been shown to act directly on the pituitary, 
and its stimulating effeet 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 lev~ls and glucocorticoids (100) whose site of 
action is likewise unknown. Other than the direct use of 
somatostatin. perhap5 the mast patent agent accomplishing 

this i5 the ingestion of glucose. In normal persans. the 
ing~stion of a glucose load is followed by a fall in serum 
growth hormone, usually to undetectable levels (101). Thcre 
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1s also increasing aw~~eness that rises in serum growth 
hormone le~els that can occur \\pithout -a knO\·m stimulus: 
the phenomenon of 'spont~neous' incrcases 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 bath in vivo and in vitro • 

• Howe:ver. the effect 1s clearly attained only \'li th very large 
local concentrations of the hormone OT after injection of 
unphysiologic amounts of grQwth hormone. The contra-insulin­
like action can be demonstrated by perfusing the forearm 
with insulin and growth hormone, when the cffect 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 amine acids into 
~rotein. 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 

1 
response 1s 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 nova synthes is of the enzyme. lihich is a 
much slower process than the activation of preexisting enzyme 

protein~y ,~he 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 9 as epi­
nep'hrine, gluca~on, thyroid-stimulating, hormone (TSH) , AC TH , 
vasopressin, insu1in, growth hormone, 1euteinizing hormones, 

serotonin, angiotensin and prostagIandins (104). This 
enzyme which is Ioçated in the celI membrane, probably 
adjacent to the hormone-binding sites, converts adenosine , 
triphosphate (Arp) to 3'. S'-cyclic adenosine monophosphate 
(cAMP). cAMP is inactivated by conversion of St-adeno~ine 
monophosphate (5'-ANP) through the action of a phospho­
diesterase (PDE). Recent evidencé indicates that at least 
two different phosphodiesterases exist in mammalian cells. 

These enzyme$ probab1y have separ~te functions in metabolic 
regulation involvi~g intracellular cyclic nucIeQtide content. 

Cyclic AMP was discovered by RaIl, Sutherland and Bartlet 
in 1957 (106). The effect of cAMP within the target cells 
is to activate prote in kinases, enzymes that utilize ATP 
to phosphory1ate a protein, often another enzyme, within 
the cell. Protein kinases contain two 5ubunits. One 5ub­
unit is catalytic and the other i5 regulatory. Illien 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. cA.~IP binds to the '" 
regulatory subunit and causes it to dissociate from the 
catalytic sub~nit. Once the regulatory subunit no longer 

1 

is attached, the catalytic subunit is free to aet. 

Lypolysis and glycogenolysis are two of the most important 
met~bolic processes aetivated by cAMP-mediat'ed phosphorylation. 
In the case of lipolysis, triglyceride lipase is the enzyme 

-1 

conv.erted from the inactive to the active form through phos-
phorylation. In the case of glycogenolysis. cA.'1P st irnulates ,. 
hepatic glycogen breakdown in response to epinep~rine and· 

1 glucagon. Epinephrine ~nd glucagon increase the role of 
hepatic cAMP production. which in turn promotes the conversion 
of inactive phosphorylase b ta active phosphorylase a (103) 
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1 
which then catalyzcs glycogcn bteakdown (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 cG~IP and is produced 

from guanosine triphosphate CGTP) by guanyl cyclase, an enzyme 

that is similar to adenyl cyclase. Like cA~P. cGMP is dégraded 
by phosphodiesterase and is an intracellular modulator for 

signaIs delivered from outside the cell by mormones 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-c'yclase-cAMP system. It Ïs postulated 

that (108) binding of a hormone to its ~articular receptor 

changes the permeability of that cell to\calciùm. 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 cyclalse activi ty. 

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. a and B 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 rçceptors, the reverse is the case. Although there i5 

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 reccptors are 5elec­

tively blocked by phenoxybenzamine and phentolamine, whereas 
B receptors are blocked by propranolol. More recently B 

receptors have becn dividcd into two classes based on the 

strong inhibition of sorne B receptors (called 61) by drugs 

, , 
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1ike practo101, and of others (called B2) by drugs such as 

butoxamine. 

In the case of the B receptor mediated'actions of catecho1amine~. 
there is evidencc, as described previous1y~ that catecholamine 
binding causes activation of the adenyl cycl!ase-cAMP system with 

a resultant mediation of the effects of the catecholamines. 
Recently however, sorne doubts have been expressed that this 
rnechanism provi4es a complete explanation of these actions of 

tne
l 

catecholamines (10~). The exact mechanism by which a­

adtenergic agents act is even less clear. Earlier hypotheses 
proposing that a-adrenergic agents act by decreasing cyclic 

AMP leveis have not been supported. 

A list of sorne 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 leveis in shock, coupled with severe 
ischemic, cellular, structural and functional damage. that 

; 

changes in the cAMP system might be expected. Few experi-
mental and even fewer clinica1 studies have been done in this 
specifie area. However, of the experimental studies that have 
been initiated in this area, aIl indicate a depression in the 
normal function of the second mcssenger system in 10l{ f10w 
states (110,111, 112). Studies done on dogs and pigs fo110wing 
hemorrhagic shock (110,113), in humans fo11owing major surgica1 
trauma (114). myocardial infarction (115.116), and sepsis (117) 
have shown increases in circu1ating plasma cAMP leveis when 
compared to 1evels in normal patients. The reports on shock 

induced alterations on tissue PDE are inconclusive and contro­
versiai (118). Stress activatcd hormonal and associated meta­
bolic changes appear to be directIy related to significant 
changes in the second messcnger system. Inadequate or excessive 
response of the second messcnger system could result in the 
decreased ability of the tissues to rcspond to homeostatic or 
therapeutic controls and therefore may contribute to irrcvers­
ibility in shock. 
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Effector Organ 

Eye 
Radial muscle, iris 
Ciliary muscle 

lIeart 
Sinoatrial node 
Atrioventricu1at node 

Atria 
Vent r ic le's 

Blood vesse-Is 

Bronchial muscle 
Gastrointestinal tract 

Motility 
Stomnch 
Intestine 

Sphincters 

Urinary bladder 
Detrusor 
Trigone and sphincter 

Skin 
Pilomotor muscles 
Sweat glands 

0 

il TABLE 1-1 
Il 

-\;j 

Receptor 
Type 

a 
S 

fh 
Sl 

81 
S-

a 
SI 
fh 

~~ 
a 
a.8 
a 

~ 
a 

CI 
CI 

'0 

Response 

Contraction (mydriasis) ~ 
Relaxation for far vision ) 

Increase in heart-rate 
Increase in conduction velocity and 
shortening of functional refractory 
period 
Increase in contractility 
Tncreasc in contractility & irritability 

Constriction 
Dilatation (predominates in skeletal muscle) 
Relaxation (bronchodilatation) 

Dccrcase 
Dccrcasc 
Contraction 

Relaxation 
Contraction 

Piloercction 
\ 

1 

Selective stimulation (adrenergic 
sweating) 

'C-
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ËNDOGENOUS OPIATES 

'Telemachus, grieving for his missing 
father, is given a drug by Helen. The 
drug has the power to banish aIl care, 
and to make a perso~ 50 insensitive 
to painful experiences that one can 
regard the slaying of one's closest 
relatives before one's very eyes with 
indifference 1 • 

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-
ces5ing of pain information. 

.f. 

Investigators began looking for an opiate-like substance in the 
body with the same shape a~d 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 endogenous 

, 
ligands of the opiate receptors proved to be relativelr. simple 
for him, and was achieved in less than three months from ex­
tracts of porcine hypotha1amus-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 t"o systems: the 
enkephalin and the endarphin system. In the enkep~alin 
system there are twa pentapeptides which seem ta coexist 
in the same celI. These are methionine-enkephalin and 
leucine-enkephal in. Methionine-enkephanin is t'he (NHz) 
terminal pentapeptide of B-endorphin which will be discussed 
later. ~nkephaIins arc found in CNS, gariglia of the GI 

t~act, peripheral Inerves 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 œ­

endorphin and its primary structure estabiished in 1976 (126. 
127) is H-Tyr-Gly-Gly-Phc-Met-Thr-Ser-Glu-Lys-Se~-G1n-Thr-Pro­
Leu-Val-Thr-OH. 

The primary structure of y-endorphin was similarly established 
by mass spectrometry and by Edman degradation and was found to 
have the sarne primary structure as a-endorphin with one addi­
tiona! Leu as the eOOH-terminal residue in position 17. s­
~ndorphin, the active compound of this system. is a peptide 
with 31 amino acids. Despite the clinica1 similarities, there 
i5 evidence that the two systems have different biosynthetic 
origine s-endorphin appears to be formed from a macromolecule 
which is also the prccursor of B-lipotropin and ACTH. 

In 1979, Nakanishi and Inoue (128) published t~e nucleotide 
sequence of DNA encoding bovine ACTH and 3-1ipotropin (S-LPH) 
precursor rnessenger-ribonucleic-acid (mRNA). The5e two hormones 
which are formed from a_ large common precursor protein contain­
ing smaU componen t pept,ides \d th b iological activi ty; a­
melanotropin (a.MSH) and corticotropin-like intermediate-lobe 
peptide, (CLIP) are deri ved from ,ACTH. whereas y-lipotropin 
(y-LPH), B-melanotropin (S-MSH), endorphins a~d methionine­
eilkephaljn ,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 comprehens~ve form . 

/ 

in Figure 1-1. 

The distribution of S-endorphin is markedly different from 
that of the enkephalins. It has been identified in the CXS 
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 leveis of circu1ating 
ACTH or normal subjects gi~~n metyrapone (131.132~133). 

Sirnilarly, administration of an endogcnaus apiate analogue 
leads ta decreascd levels of serum ACTH and cortisol (l3:~). 

. : 
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The half-life of a-endorphin in blood is of the order of 10 

minutes. Pituitary endorphin: are ~eased ïnto the blood 
~, . by various kinds of stress. Their function remains obscure; 

i t is not even clear what target tissue they act upon. S­
endorphin is a potent rel~.aser of growth hormone (135) and 
prolactin (136,137) by an action in the hypothalamus. and 
vasopressine Recently an endogenous opiate antagonist con: 
tained in efferent neurons has been identified. This peptide 
,has been called substance-P and is implicated in 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 expeeted that the more 
stressful and anxiety producing the clinical situation 15. 
the more extensive the endorphin ~elease Kould be. 

i 1 l 

Basica11y two approaches have been followed in investigatio~' 
of endorphins; 1. the use of the narcotic antagonist naloxone . 
and, 2. the measurement of endorphins in body fluids or tis5ue~ 
Both approaehes m,y he criticized in that naloxone may not . . 
behave'idea~ly, as a pure antagonist? and in that the measure-
ment of endorphin levels rnay not reflect the ac~ual aetivity 
in an endorphin system, which'would be~ better do ne with turn­
over studies. Unfortunately, methods are still not 'ava~lJ.ahle 

! 
for such studies. 

Without,going into the potentia! role of endorphins in the 
regulation of the motility and function of the gastrointesti~al 
tract 1 the proper -functlon- of autonomie gangl ia and other . 
peripheral systems, t~is short chapter illustrates the com­
plexity of endo'rphin systems and also the subtîe nature of 
their actions. It may be-usefu1 to stay with the diehotomy 
outlined by" Terenium (139). of a neurohormonal system in CNS 
and periphery with B-endorphin and a neurotransmitter-like 
system or short-range acting hormonal system with enkephalin~. 
These two systems may be complementary, the former giving a 
tonie and general activity. the latter a loçalized amplification. 
The mechanisms for activ~ting endorphin ~elease is an important 
goal for future research. 
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B-ENDORPHIN-AND SHOCK 

Endogenous opia~es are released as a response to various 

st~esses (126,130). The cardiovascular system is an ex­

quisitely sensitive target in stressful situationj and 

also in i es response to opiates; both exogenous (140,141 9 

• 1 

~-

142,143) and endogenous (144). This led investigators to 

believe tha~ the stress of shock i5 infini te1y linked to 

the release of endogenous opiates which depress the cardio­

vascular system and thus may play an important role in the 

pathogene sis of shock. In a study. Cl<\.4 J. des j.gned to deter­

~~ne the effects of met-enkephalin on the ventral surface 

of the br~instem of cats, where the cardiorespiratory centre 

,lies, it was found that it depressed both blood pressure 

\_ and heart. rate. l'his effec t was revers iq!e by intravenous 
t 

naloxone. Similar re5po~,ses ",ere found by administerin~ B-

endorphin land Leu-enkeph~lin ipto the cisterna magna or sub-
- ....... 

cutaneous1y (145). • 

The fact that high levels of AC TH were present during shock 

led Holaday and Faden to bè 1 ieve that endogenous opiates may 

be involved in the pathophysiology of various shock states.' 

,'By us ing naloxone gi ven intraveno?sly, thèy ' .... ere '~ble to re-. ~ 

verse the hypotension of endotoxin (146) and hypovolemic (147) 

shock states in rats. They later showed that the· e:ffects of 

'naloxone in endotoxin shock was stereospecific fo,r the (-)­

naloxone isomer (148). 

GurlI et al applied the same hypothesis to their more sophis­

ticated dog mode!. By giving na1oxone to dogs with endotoxin 

induced shock, they c1aimed improved survival and cardiac ~ 

performance (149), noting that improvcment in BP. LV, dp/dt 

and cardiac output \<las dose related (150). This imprC!,vement 

applied to canine hypovolemic shock (151,152) as weIl. 

, 
Recently i t has also been demonstrated that naloxone given .. 
intravenously improves the depressed cardiovascular response 

after experimental spinal shock in rats (153). As to the 
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mechanism of action, a CNS me·diated cardiovascu1ar eff~ct 

exists for S-endorphin (154,155) as weIl as for morphine 

(140,156). A direct peripheral effect for enkephalins has 

been proposed. B-endorphin administration to pa t ients ,re­

sulted in increased serum pro1actin levels, but i t did not 

affect plasma growth hormone (157). 

Morphine is an opium a1kaloid that, in man, produces analgesia 

(158), drowsiness. euphoria, respiratory depression (159), 

histamine mediated peripheral vasodilatation (159.160) with 

resu1ting hypotension, decreased propulsive contractions (161) 

and hydrochloric acid secretion in GI tract as weIl 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-ED! and 

cardiac work, and an increase in pulmonary resistance. Morphine 

stimulates growth hormone and prolactin secretion in rats (164, 

165) and goats (166) a,nd monkeys (67) whi1e na1oxone causes a 

reduction in prolactin levels in monkeys (167). Xaloxone 

competes wi th morphine-l ike drugs for stereospeciJic opioid 

receptor sit(;s and occupies these sites. It bas bee~ hypo­

thesized that combination of the receptor with the agonist. 

but not with the antagonist, produces a conformational change 

that initiates certain pharmacologica1 responses (168,169). 

Naloxone of up to 1 gm has been administer'ed to normal sub-

. jects without producing any major subjective Ct; hemodynamic 

effect (170). ,Recently, naloxone has been recommended for 

~~c_ treatment of shock states in man (171). 

o 

In an attempt to determine the rolecof endorphins in the patho­

physiology of septic shock and their role in hormonal horneo­

stasis. it was decided ta investigate the effects of opiate 

;receptor blockade with naloxone. and stimulat ion ld th morphine 

in oUJ.+:~i1ypodynamic porcine septic shock model. This model is 

described in detail in the following chapu~r. The effects of 

opiate receptor blockade and st imula t ion ' .... ere assessed by 

moni tor ing changes in hcmodynamic. hormona 1 and b iochemical 
( 

parameters. \ 
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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 deerease in peripheral resistance and arterio-

J 

venous oxygen content difference. The patient appears to be 
vasodilated and warm. Eventually the patient becomes vaso­
constricted with cold elammy skin. the eardiac output and 

\ 

blood pressure drop and a high peripheral vascular resistance 
becomes established (1,3,4.5). 

A wide variety of experimental modeis have been used and 
continue to be devised in order to study sepsis. During - " 

the last 20 years, endotoxin shoek has been the primary 
met-hod of studying the pa thophysiology and treatment of 
septic shoek. 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 si~ua-

-tion. As a consequence, many of the treatment modalities 
whieh have had demonstrable effectivene5s in endotoxin 
shock have not been used by clinicians. The reasons for 
the pathophysiological discrepancies are not known, but 
it i5 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
physiologie continuum in the variou~ forms of shock in . 
man. Their data, as weIl as those of others, strongly 
suggest a progression in human septic shock from a hyp~r­
dynamic to a hypodynamic cireulatory state. The latter 
appears to be an essentially pre terminal phenomenon and 
is characterized by profound hypotension. low cardiac , 
output, high total peripheral resistance - clinical signs 
and symptoms similar to endotoxin shack. Thus. the study o of endotoxin shùck in animaIs may. in faet. be applicable 
to late septic shock in man. Ta provide a better basis 
for the dcvelopment of new therapeutic modalities in clinical 



( 

'/ 

33. 

septic shock, an attempt· was made to develop an experimental 

model of septic shock which closely approximated the clinical 
setting, was high1y reproducible and relati\"ely econom)ical. 
We started by injecting a catalogue strain of E-coli intra­
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 

(180-' 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 s1ightly 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 generaI use of xhese techniques in the 
study of septic shock. Blair (182) used the intraperitoneal 
injection of fecal material/to produce peritonitis in dogs 
and, thereafter, noted the typical acid base and blood gas 

1 

abnormalities of septic shock. No hemodynamic or survival 
data were recorded, however, Hermreck and Thal (183) in­
jected feca1 material into the hind 11mbs of dogs and ob-

'served a hyperdynamic systemic circu1atory response. AlI 
of his dogs survived. Perbclini ct al (184) injected E­
coli into the gallbladder of dogs, following division of 
the cystic artery and duct. Bascd upon the circu1atory 
response and morta1ity two distinct groups Kere noted. In 

one, the cardiac index ~ecreased and the total peripheral 
resistance was e1evated. 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, fiv~ days. Shatney and 
Read (185) by using the same infected gallbladder model in 

.\ 

1 
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Rh!sus monkeys, ~ere not able to duplicate the above resuJts. 
AlI the animaIs developed hypodynamic shock and died in periods 

", 

varying fT'om 12 hours to 13 days. At no time aid those monkeys . 
show a hyperdynamic state and there was no evidence of an ab-

scess in the gallbladder are& 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 experiment~l model it was felt 
that pigs were probably the best species to use next ta the 
primates because of the similarities in their cardiopulmonary 
and gastrointestinal responses in shock ta humans. Their 
size, in contrast ta rats and other small animais,' allows li 

4[) f9r detailed hemodynamic studies. We chose live bacteria 
instead of ~ndatoxin (186) since pure endotoxemia without 
bacteremia does not occur in clinical situations (187). We 
used B coli strain U9-4l, which has the patbogenic marker 
K-l surface antigen (188). E coli is also one of the most 
common bacteria recovered from the patients with gram negative 
sepsis (180). The advantage of using a catalogue strain of 

J 

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

A HYPODYNAMIC MODEL 

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

o The six pigs in this group , ... ere ancsthetized \YÏ th 30 mg/kg 
sodium pentothaJ administered intramuscularly and 20 mg/kg 
pentobarbital administered intravenously. An endotracheal 
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CARDIAC' 
OUTPUT 

COMPUTER 

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 insirted "and connected to a respirator. L~ght 

narcosis throughout the experiment W3S maintained with 
nitrous oxide 3.5 l/min. Through an inguinal incision, 
a cannula was introduced into the femoral artery, con­
nected to a pressure transducer and a Grass ~rodel 7D 

polygraph for continuous blood pressure monitoring. A 

Swan-Ganz catheter was positioned in the pulmonary artery 
for continuous PAP recordings, and cardiac output was ob­
tained by using the thermodilution rnethod with an Edwards 
9520 CO computer. AnimaIs in this group werç given live 
E coli (strain U9-4l) as a continuous intra~enous infusion 
at a concentration of I.SxI0 8 bacteria/kg/minute. They 

received an average of 20 ml/kg of intravenous saline during 
th~ course 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 cycl;c GMP 

(90) • 

The following results were obtained. The control mean arterial 
blood pressure (Figure 11-2) was IOO±7 mm Hg. This was lOl±6 
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 i/min to .93±.11 within 30 

minutes (p<.OOI) and rernained low throughout. The Mean pul­
monary artery pressure of 9.8±1 mm Hg increased dramatically 
to 44±2.4 mm Hg within 30 minutes (p<.OOI) and remaine~ 

markedly elevated. Pulmonary wedge pressure increased from 
/ / 

2.S±.34 to 4.S±.72 mm Hg within 30 minutes (pc.OS). Calcu-
lated pulmonary vascular resistance increased tremendously 
with sepsis as seen in Table 2-1 from a control of 386±24 
dynes/sec/cm- s to 4,202±309 after one hour of IV E coli 

infusion and 2.$S6±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 
3S.9±.66°C to 34.7±.84°C in t~o hours (p>.l). 

The white b100d celi count which was ~nitially 14,lOO~525 

decreased significantly to 2,800t620 (p<.OO!) at two hours. 

-

l' , 
1 

l, 
1 

, 1 

, 



l' 

c 

/ 

L 

'120 

FIGURE II-2 

• MAP {MEAN ARTERIAL PRESSURE) 
•• ------. CO (CARDIAC OUTPUT) 
... ----. PAP (PULMONARY ARTERV PRESSURE) 

.. 

.. .. flwp (PULMONARY WEDOE PRESSURE) 

37. 

2 

o~==~=====I=====C====~ o 30 60 
TIME - min 

90 

Hemodynamic changes in animaIs that received 
intravenous E coli. AlI values expressed as 

mean ±SEM. 
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Changes in sorne 

parameters with 
two hours of 
intravenous E coli 
infusion ta pig­
lets. AlI re­

sults expressed 
as mean ±SEM. 

1\ Student t-test 

.p<.OS. 

Heart Rate 
beats/min 

Stroke volume 
ml/beat 

Pulmonary' 
vascular 
resistance 
dynes/sec/cm- s 

Body (Oc) 
temperature 

WBC per mm] 

Hct \ 

Plate lets 
xl0 3 per mm! 

Lactate mg/dl 

Pyruvate mg \ 

cAMP nmol/l 

cGMP pmol/m1 
--_._------
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TABLE 2-1 

CONTROL 

118±12 

17.9±2.1 

-

386±24 

35 ·:b±. 66 

14.100±300 

27.2±.63 
-

448±33 

16. 2±!. 24 

.27±.13 

34±.71 

'lO.96±3.97 

--::-_ ï. ..... _-------::- .. ;:--~ ----- ------- --;:- -- _.~ --- -~--- ~~ --....... 

1 HOUR 2 HOURS 

140±9 146±10 

1 

6.07±.55* 7.0S±1.2* 1 

4,202±309* 2.356±470* 

35.3±.7 34.7±.84 

3.870±570* 2,800±620* 

29.3±.93 3l.4±1.34 

232±37* lSO±10* 

26 .• Z±Z.67* 30.l±3.91* 

--
.36±.19 .36±.17 

lO6±29* 251±6711' 

l8.0±2.77 16.8±l.Z3 

-~--_ ... _~-- --- ~------~--~-
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, 

Pla~elets al 50 decreased significantly from ~48~OOO±33,OOO 
ta l50,OOO±lO,OOO (p<.OÜl). The hematocrit. however:+did 
not change. 

Control value for lactate was 16.2±1.24 mg/dl. \Ilithin two 
hours, lactate had increased significantly to 30.2±3.91 
(p<02). Cyclic GMP increased significantly from lO.96±3.91 
pmoles/ml to 16.8±1.23 (p<.Ol) and cyclic .~\fP increased 
from 34±.71 nmoles/l to 251±67 (p<.Ol) at t"o hours. 

"In this modei where bacteria were introduced intravénously.~ 
progressive ~ypotension. low cardiac output, hypothermia 
and leukopenia developed. The marked increases in PA~ and .. 
pulmonary resistance as' weIl as cellular and biochemical 
changes were consistent \Vith previously reported hypodynamic 
septic shock models (193,194,195.196). AlI the pi~let~ ~ied 
within three to four hours from initiation of IV E coli. 
This hypodynamic model of septic shock c~oselyapproximated 
the clinieal septic shock at its end stage in patients and 
was highly reproducible. At autopsy the animaIs were found 
to be in frank pulmonary edema with both pleural and p~ri­
cardial effusions. Similarly, other organs were found to 
be congested as weIl. At this point it was decided to 
develop a model with a 'focus of infection' ta see whether 
this actually did result in a hyperdynamic response. 

A HYPERDYNAMIC MODEL 

This group consisted of six pigs ~hat were i~jected with 15 ml 
• 1 

of 10 9 E coli/ml (strain Ug-4l) 'intramuscularly into the thigh. 
Twenty-four hours follO\~ing this inj ect ion. the pigs ""ere 

~" 

anesthetized and an arterial cannula and S~an-Ganz catheter 
inserted as described in the previous mode1. Hemodynamic 
rneasurements 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 oontrol values of t~e previously described model vere 
. used in anaIyzing the re~ults from these animaIs since they 

were in the same weight category. Furthermore, 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 Ber minute vas noted 24 hours after the injection 
of bacteria intramuscularly. This was significantly higher 
than the control heart rate (p<.OS) as weIl as the rate 
in corresponding pigs injected intravenously with E coli 
(p<~Ol). The mekn arterial blood pressure as seen in 

~igure 11-3 did not change significantly. however, cardiac 
output increased to 3.1±.31 I/min at 24 hours. This is 

significantly higher than the cardiac output in the con­
troIs (p<.05) and in the intravenous E coli model (p<.OOl). 

ln contrast. mean PAP and PWP did not differ s igni\:tl.èantly 
from control values, nor did the calculated pUlmOn~ry 
vas9ular resistance of 238±49 dynes/sec/cm- s • The body 
temperature ,rose to 38. 7'±. 55°C at 24 hours. This was 
significantly higher than that of the controls (p<.005)-
and the intravenous E coli -model (p<.Ol). The WBC of 

18.17S±I:OOO was significantly higher than both in the 
controls and those receiving intravenous E coli. The 
platelet count was 245.000±38.000. This vas lower than 
the controt's, but was still s ignificantly higher than the 
animaIs in hypodynamic shock. The lactate value of 
16.9±2.1 mg\ was markedly lower than that of hypodynamic 
piglets (p<.OI). while the pyruvate value of .4S±.21 mg' 

:remained unchanged. On autopsy the thigh where E coli was 

injectéd showed a localized, severe, inflammatory reaction. 
These 'animaIs 'vere not followed for mortal ity rates •. 

. 
Tissue inflamm~ion, by releasing various kinins, pyrogens 

and other mcdiators. can produce a hyperdynamic picture 
including increased card~ac output, vasodilation, fever and 

leukocytosis. Sterile irritants, such as castor ail or 
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2 
L/min 

1 

o 
28 

Hemodynamic changes in animaIs -that received intrâmustul~r 
E coli (Hyperdynamic model). The control values at time . 
zero are the control values of the hypodynamic. model animaIs. 

, 
Th~y are 'used in this figure since the animaIs in this group 
were not instrumented at time zero for the reasons given in 
, 

the text. AlI values expressed as Mean ±SE~l. 
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calcium chloride can also induce such reactions (180). In 
practica1ly aIl clinical se'psis. there is a focus of infection, 
and the tissue inflammation in response ta bacterial invasion 
May lead to the fami.1iar picture of' hyperdynamic S"eps,j~. 

This particular model s~tisfied those criteria and confirmed 
the importance of the elimination of the focus of infection, 
such as by surgical drainage or excision. ~hich is often 
associated with a dramatic improvement in the patient's 
hemodynamic condition. 

MISCELLANEOUS TRIALS 

Another 
dynamic 
shotk. 

concept is that in sepsis, patients develop a hyper­
state initially, and later,lapse into lowoutput 
Whether septic shoc~ is always prece4ed by a high 

, 
output· phase was also examined. Gradually increasing doses 
of E coli, starting with 10 3 bacteria/minute and reaching 
to 10 9 bacteria/minute, was infused intravenously in a 

1 

parallel series of porc~ne experiments. No significant 
hemodynamic change was observed until the infusion reached 
the dose of greater than 10 6 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 othe~ 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 
into the vein, a hyperdynamic state did not 6ccur before' the 
onset of the low flow state. 

To determine if hypovolemia. either as the result of vaso­
dilatation or third space fluid loss, vas in part or whole 
a contributing factor to the hypodynamic state of septic 

, 

shock large amounts of intravenous saline (135 ml/kg) was o infused to a group of five pigs. These fü-e pigs received' 
intravenous E coli in a manner described in the previous 
section-of 'a hypodynamic model', however their PWP was 
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maintained at a/ range of 10-15 mm Hg. 1t lfOas noted that the 
~ 

mean larterial blood pressure in this group as noted in 

Figure 11-4 also fe Il steadily from 91 ±8 to 60tlO mm Hg , 

within two hours of bacterial infusion (p<'~OS) in spite of 

volume expansion. Cardiac 

l/min 'to l.l±. 3 \\'i thin two 

this group was compared "to 

outpu t decreased from 2. 49±. 21 

hours (p<O. 2). -l\'hen data from 
\':' 

the corresponding ones of the 

non-volume expanded group they were found not be statisti­

cally different. The pulmonary artery pressure again in­

creased significant ly (p<. 0 1) frorn 7. 6±2. 2 to 28±4. 6 mm ,jHg 

wi thin 30 minutes. Pulmonary h'edge pressure of 3. 3±1 in­

creased as the resul t of fluid infusion of 11.3±Z. 29 mm Hg 

wi thin 30 minutes (p<. OS), and was kept high throughout the 

experiment. The calculated pulmonary vascular res ~stance 

increased significantly from 237±55 dynes/sec/em- s to 

1,974±537 at one hour. to 1,S48±391 at !\oro hours l'tThile , 
temperature changes from~a control of 32.7±.94°C to 1$1. 7±2.l8 

at two hours were not significant Cp> .S). 

At autopsy these animaIs were foun<;l to be in gross pulmonary 
( . 

edema and obvious anasarca wi th congestion of the GI tract 

on histological sec1!ions. Interestingly~ 1mortality l'laS not 

effected by the infusion of large amounts 'of fluid remaining' 

at three and a haH to four hours. 

THE FINAL' CHOleE 

During these investigations of an attempt ta develop a good 

mode! for the study of septie shock the variables were kept 

to à minimum by using the same species of experimental 

animal aS weil as the identical strain and dosage of bacteria. 

Only the route of b~cterial invasion differed, one direc~ly 

into the blood stream without a local site of tissue inflam­

mation rc~ul,\ing in a hypodynamic state and the other into 

the muscular: mass l'li th absccss formation resulting in a hyper­

dynamic state. Although the importance of the 1 focus of 

infection 1 has been recogi1i zed or impl ied by other studies 
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FIGURE II-4' 
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(184,197) notably those of ,Thal et al (183). this study clearly 1 

identified the different roles of local septic inflammation 

as opposed to tha t of genera 1 ized bacterernia. It is the balance 

of these t\\'o responses that determines the hemodynamic and 

rnctabolic manifestations of sepsis. 

The follO\dng factors influenced the choice of theJ .. '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 

s~ptic shock which is the criticil period. 

2. 

3. 

Highly reproducible results. 
1 
1 

Reasonable length of time required for completion of 

experiment: six hours ve rsus several days for the 
hyperdynamic model. 

4. And therefore a more economical model. 

5. Repeated daily instrumentation of the animaIs is ,im­
practical if not impossible. 

6. Uncertainty in the rnortality rates in the hyperdynamic 

modeL 

It was decided not to overload the animaIs \iith fluids since 

i t had no effect in overal! mortali ty and interna! organs were 

visibly more congested with fluid overload. SimilarIy. bac­

terial in~usion was kept at a stead~ concentration throughout 

the experiment since va~ying the concentration did not effect 
the ou tcome • 

---_._--------
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STUDY OBJECTIVE 

The purpose of this experiment was to determine whether 
endorphins play a role in the pathophysiology of septic 
shock and to clarify the effects of opiate receptor Iblock­
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 young 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 fcmoral artery 
a continuous intravenous infusion of E coli (strain U9-4l) 
at a concentr~tion of 1.SxIO o bacteria/kg/minute was started 
and continued until the animal expired (about 3 ta 4 hauTs). 
The animaIs wcre divided inte three groups on the basis of 
the drug they received after two hours of bacterial infusion. 

Naloxone Group 

The six animaIs in this group that received an average of , 
20 ml/kg of intravenous saline during the course of the 
expcriment were given naloxone as a 2 mg/kg IV bolus two 
hours after the commencement of IV E coli. Hemodynamic 
parameters were recorded at O. 60, 120. 125. 130. 135 and 
150 minutes from"the time of E coli infusion l(aS begun. 
Blood and liver biopsy samples were obtained prior to bac­
terial administration. 120, 135 and 150 minutes for glucose 9 

1 i ver. glycogen, insulin. gas tr in, cortisol. prolactin. 

lactate. pyruvat~ cAMP and cGMP determinations. 

Morphine Group 

ln this group of five pigs. the same procedures d~scribed in 
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the Naloxone Group ~ere fhllowed, with the exception that 
instead of naloxone. morphine as a 4 mg/kg IV bolus ~as given. 
Blood samples were obtained for cortisol, prolactin, growth 
hormone,.substance-P, and S-endorphin levels in the times 
mentioned for the previous group. The radioassay for B­
endorphin levels was not successful.' 

1 

Control Group 

In this group of five pigs, similar procedures described in 

the Naloxone Group were followed. ~fter two hours of IV 
bacterial infusion, normal saline as a 5 ml/kg IV bolus 
(equivalent in volume to the naloxone carrier) was given and 
hemodynamic changes recorded. ~o morphine or naloxone was 
given to these animaIs. 

BLOOD ANALYSIS 

Glucose 

Whole blood for glucose determinati9n was cqllec~ed in tubes 
containing fluor ide and glucose concentration was determined 
using1the Boehringer Mannheim Test Kit for glucose (Hexokinase 
Method). 

Hematocrit, white b!ood celI, and platelet counts 

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

Cortisol 

Cortisol levels were determined using the RSL (1 125 ) Cortisol 
Kit made by Radioassay Systems Laboratories of Carson. California. 

1 

Radioimmunoassays de pend on the ability of an antibody to' bind 
-its antigen. To quantitate the antigen. the radioactive and 
non-radioactivé form of the antigen eompete for binding sites 
on its specifie antibody. As more non-radioactive antigen is 
added. Iess radioactive antigen remains hound 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 

~several methods. 

The RSL Cortisol Kit utilizes a second antibody~PEG tc~hnique. 
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 r 125 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 c~nstructed with 
results obtained from the cortisol standards. 

Specificity of the antiserum: The following materials have 
been checked for cross-reactivity by the tkit' manufacturers. 
The percentages indicate aross-reactivity at 50\ displacement 
compared to cortisol. 

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 th an that of cortisol so that their 
overall contributions to the cortisol assay are negligible. 

Normal values in man as dctermined 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 developmcnt of a radioi~munoa5say for insulin by 

" ... 
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Berson and Yalow (76). 

The RSL Insul in Kit produced by Radioassay Systems Laborato,ries 
of"California was used for plasma insulin ieyel determinations. 
The principles and basic procedure of the technique is the same 
as with cortisol and will not be repeated. The RSL In5ulin Kit 
utilizes the second antibody technique. This is accomplished 
by adding an antibody specifie for immunoglobul in. Following 
a second period of incubation the precipitate i5 packed by 
centrifugation and the supernatant i5 decanted or aspirated 
and di5carded. The radioactive leveI of the precipitate is 
then determined with a gamma counter. The amount of Dound 
insulin-I 125 found in the precipitate will decrease with in­
creasing amoun~s of non-radioac tive insulin. Levels of 
insulin in the sàmples are determined graphically from a 
standard curve constructed with results obtained from insuiin 
standards. 

o Specificity and sensitivity (cross-reactivity): 
Human insulin 100\ 

Dog insulin 100 

Porcine insulin 100 

Pro insulin 
C-peptide 
Glucagon 

19 

0.003 

0.09 

Serum levels of glucagon, prolactin. gastrin and growth hormone 
were determined using simular RSL Kits for each specifie hor­
mone. They aIl employ the radioimmunoassay principle and tech­
niq~e which is basically similar for each hormone. Therefore, 
only the cross reactivity data and normal ~alues will be given 
for thesc hormones. The dctailed description of each method 
can be found in the booklet inc luded wi th each kit. 

Glucagon 

o Specificity and sensitivity (cross-rcactivity): 
Pancreatic-g1ucagon 100% 
Gut glucagon 0.0014 

.. 



Porcine insulin 
Porcine gastrin 1 & 2 
Human synthetic gastrin 1 
T3 

T4 

50. 

0.0005 
<0.0003 

<0.0003 
<0.0003 

<0,. 0003 

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

Gastrin 

, 
Huma~ gastrin appears in two almost identical forms 9 each 
containing seventeen amine acid residues. The molecu1ar 
weight of human gastrin 1 is 2,096 and of gastrin II is 
2,176. 

1 

Spccificity and se~sitivity (cross-reactivity): 
h Gastrin 1 100\ 
h Gastrin II 

Cholecystokinin 
Pancreatozymin 

100 

<0.1 
\ 

No\ma1 values as determined by RSL for gastrin: up to 200 pg/ml .• 
\ 
P~~lactin • , 

Specificity and sensitivity (cross-reactivity): 
h Pro1actin 100\ 

h Growth hormone <0.1 
h P1acenta1 lactogen <0.1 
Anterior pituitary peptide 

hormones <0.1 

Normal values as determined by RSL; 
Males: 
Females: 
Pregnancy: 
Lactation: 

Growth Hormone 

7-18 ng/ml 
6-24 ng/ml 
6 times mean normal value 
lS times mean normal value 

Specificity and sen~itivity (cross-reactivity): 

h Growth hormbne 100\ 

1 
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h AC TH 
h FSH 
h LH 
h Prolactin 
h TSH 

<o.o:!t 
<0.02 

<0.02 

0.3 
<0.02 

Normal ~.alues as determined bl' RSL: 

Substance-P 

Adul t male: 
l\dul t female: 
Children: 

up to 8 ng/ml 
up to 30 ng/ml 
up to lOng/ml 

51. 

A radioirnmunoassay kit by Immuno Nu~lear Corporation (INC) of 
Minnesota was used (200) which employs simultaneous addition 

'1> bf sample t rabbi t l anti-substance-P antibody and 1125 substance-P. 
followed by an overnight incubation at 4°C. Phase separation 
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, aIl re-agents and samples were 
kept on ice while performing the assay and extracted EDTA 

plasma frozen immediately after centrifugation at 4°C, ta , 
minimize any degradation of substance-P by the presence of 
enzymes in the samples. The sensitivity of the assay as 
employed is 8 picograms and the 50% disp)acement is 44 pico­
grams. The antibody has been tested by INC for cross re­
activity with the following neurotransmitters: 

Substance-P 
'" Methionine enkephalin 

Leucine enkephalin 
B-endorphin 
Eledoisin 
Physalaemin 

100% 
<0.002 

<0.002 

0.008 

<0.002 

<0.002 

Plasma can be analyzed if an extraction step is performed. 
Serum or plasma analyzed without extraction ~ill yield values 
which do not reflect tru~ substance-P levels. Substance-P 
was extracted from EDTA plasma h'i th cold analytic grade acetone. 
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The elarified extract was further purified with ether ex- 1 

traction. fol1owed by air drying of a1iquots 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 1evels as verified by the kit producers. 

cAMP 

Cyclic AMP determinations in this exper.fment l'lere done with 
the use of the Amersham' s ~AMP Assay Ki,t. 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
peti tion between un1abeled cMIP and a fixed quanti ty of. 
tritium 1abeled cAMP for binding to a protein which has a 
high specificity for cAMP (202). The amount of labeled eAMP­
protein complex formed is inversely related to the amount 
bf unlabe1ed cAMP present in the assay. The concentration 

.C~ of cAMP in the unknown is determined by comparison with a 
linear standard curve. Separation of the prote in bound eAMP 
from the unbound nuc1eotides is achieved by absorption of 
the free nucleotide on charcoal, followed by centrffugation. 

c 

A sample of the supernatant is removed for liquid scintillation 
A 

counting. The detailed procedure of the method can 'be found 
in the information booklet supplied with the Amersham cAMP 
Assay Kit. 

cGMP 

Because of the structural similari ty of cA.\1P and cGMP and the 
faet that levels of cGMP in mos't tissues are very much lower 
than those of cyelic AMP, this work requires a high1y sensitive 
and very specifie assay method. Although both CPB and RIA 
methods have proved satisfaetory for cAMP measurements, only 

i 

RIA methods for cGMP are suffieiently specifie to be used 
without preliminary separation of the eyclic nucleotides. . 
Cye1ie GMP is present in most tissues at concentrations 10-
fold and oceasionally lOO~fold lower than those of cAMP. 

Cyclie GMP levels in urine (203) (0.12-1.09 ~mol/24 hours) 

• 



• 

o 

o 

S3. 

and plasma (203) (1.8-6.0 pmol/ml) are approximately half 

those of cAMP . 

In this experiment the Amersham/Searle Cycl~c GMP RIA Ktt 

was used. This assay 1s based on the competition'between 

unlabeled cGMP and a fixed quantity of tritium labeled com­

pound for binding to an ant ise~um which bas a high speci-

fici ty and affin i ty for cGMP. )The detai 15 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: 

.. 
Lactate 

cyc! ie GMP 

, cyc1ic AMP 

'AMP 9 ADP 9 ATP 

GMP, GDP, GTP 

0.8 

120,000 

>10 6 

25,000 

Blood lactate' levels were determined wi th the use of a kit 

supplie~ by'Boehringer Mannheim GmbH employing the UV-method 

which was described by Gutmann and Wahlefeld'in 1974 (204). 

Pyruvate 0 

Blood pyruvate levels were d'etermined using a kit supplied by, 

Boehringer Mannheim GmbH emplo-ying the UV-method. This was 
desC'ribed by Czok and Lampre,cht in 1974 (20S). 

TISSUE ANALYSIS 

Liver Glycogen 

Liver glycogen leve15 were determined using a method described 

by Somogyi (206) in 1933. This involves the hydrolysis of the 

frozen liver sample in 30% KOH at lOO°C and precipitation with 

95\ ethanol. The precipitate is dried and analyzed for glucose. 

The amoun,t i5 expr~ssed as gm~ of glycogen. 
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54. 

HEMODYNAMI CS 

A: Naloxone Group 

The control mean·arterial pressure (Figure Iy-l) was lOO±? 
mm Hg. This went dOlin to 49±8 after two hours of bacterial 
infusion. After the intvavenous injection of naloxone. blood 

'Ir'" " 

pressure increased to 54±10 at S, S3±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 inj ection with the changes 
being significant at five (p<O.OOl) and ten (p<O.Ol) minutes. 

Heart rate increased significantly (p< .05) during two hours 
of sepsis, from 122±11 to 142±lO. However, it 'decreas~ sig­
nificantly ta 128±9 (p<. 001) 5 minutes after naloxone in-

11') 

jection and then gradually went back to I5l±10 at 30 minutes. 

Mean pulmonary artery :Qressure (Figure IV-I) increased ... from a 
control of H)±. 7 to 26±3.l after 2 hours ,of sepsis (p<. 001) • 
Naloxone produced no change in PAP ~igure IV-I). 

Pulmonary wedge pressure did not show any significant change 
either to naloxo~e or sepsis~ 

Cardiac output (Figure IV-4) dropped immediately. from a 
control of 2.26±.33 ~/min. to .96±.19 after 2 hours of seps~s . 
and then increased with rialoxone to 1.19±.22 at 5 minutes, 
1·.l3±.25 at 10 minutes, 1.1±.26 at 15 minutes. AlI these 
changes were significant (p<O.05). , 

Body temperature remained unchanged throughout the experiment 

B. Morphine Gr.iS>up 

The rnean arterial pressure (Figure IV-3) in this group de­
crea~ed similarly \Vi th scpsis frorn 98±10Q 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 minute~ and l7±6 
a t 30 minutes. 
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55. 

Heart r,ate again increased significantly (p<. OS) during two 

hours of sepsis from 125±12 to 1?O±3. but did, not change 
• 

after the injection of morphine. 

Mean pulmonary artery pressure (Figure IV-3), as wi th the other 

group. increased significantly (p<.OOl) with sepsis irom- Il±! 

to 30±3. but' did not change after morphine. 
l 

. In this group of animaIs' i t ''/as the pulmonary 'iedge pressure 

(Figure IV -3) that showed the most dramatic change. After re- -

~aining s table a t 3±. 6 during two hours- of sep sis t PWP went ta 

32±9 mm Hg !ive minutes after morphine injection" and remained 

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

after 30 minutes. AlI these changes were statistically sig­

nificant Cp<. 00 1) • 

Cardiac output (Figure IV-4). which significantly (p<.Ol) de-
~ 

creased with sepsis from 2.0S±.24 to .S7±.09 L/min did not 

change after morphine injection. Again. no change in body 

temperature was observed. 

t. Control GrOUE 

When the five septic animills were, given equivalent amounts of 

normal saI ine inj ections. no signi fiean t changes in blpod 

pressure. PAP, PWP, heart rate and body temperature were ob­

served', 

HORMONES 

A, Naloxone Group~ (Table 4-1) 

\ 

Cort isof (Figure IV-S) incre rlsed in response to seps is, 7 3±1 5 

pg/ml to 109±2I (p<O.Ol). and aIso thirty minutes after opiate 

receptor b lockade (p<O. 01) • On the other hand. insu l in (Table 4-1) 

decreased 30 minutes after naloxone injection from 37±1l to 

23±3.9 llU/ml (p<O .1) . Glucagon (Figure IV-6) and prolactin 

(Figure IV -7) lcvels d id not ShOl'l a re,sponse e i ther to seps is 

. 
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, 
or opiate receptor blockade t whilc gastrin (Figure IV-6) 

.increased significantly in response to sepsis trom 161±22 

pg/ml to 854 ±UO, but d id 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-S) 

decreased from lOl±I8 ng/ml to"'68±3 thirty.minutes after 

morphine (p<O.I), while substance-P (Figure IV-8) significantly 

decreased in response to sepsis (p<O. 05) 9l±S pg/~\ to 76±2. 

and increased in response to morphine (p<O.05) at 30 minutes, 

76±2 pg/ml to 93±3. Growth hormone increased ,from O. 82±O. 07 

ng/ml to O. 9±0. 01 after 15 minutes (P1t. l ) , to O. 94±O • 08 at 

30 minutes (p<O .1). Prolactin leve 1s (Figure IV -7~ did not , 
change significantly ei ther in response to sepsis or naloxone. 

The radioimmunoassay for a-endorphin was unsuccessful and no 

serum B-end.orphin levels were Ç>btailled. 

BIOCHEMI STRY 

GÎucose levels (Figure IV-9) in response to sepsis and naloxone, 

were kept stable at the expense of liver glycogen (Figure ,IV-9) 

,which, from a control of 5.2±.64 gm -\ dropped to 2.3±.2 (p<.Ol) 

after two hours of bacteria! infusion and then further to 

1.3±.45 fifteen minutes after naloxone, blockade. This was °8 

significant drop (p< .01) • 

Cyclic AMP, cyclic GMP. l~ctate and pyruvate levels were 

measured only in the na1oxone group. Lactate (Table 4-1) 

significantly increased in response to sepsis (p< .Ol) from 

l6.2±1.2 to 26.2±2.7, but, no change lias notcd with naloxone. 

Cyclic AMP (Figure IV-lO) leveis went up in responsc to 

seps is from 28±S. 6 lJmol/l to 88±29 (p<. OS) and also 15 minutes 

142±35 (p<. 0 2) and. 30 minutes after naloxone inj ection, 

253±67 (p<.OOl). 
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Cyclic GMP-(Figure IV-IO) went up in response to sepsis 
(p<.OI) from 7±~9 pmo1/ml to 17.6±3, but did not respond 
to opiate receptor b1ockade. ~ 

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

to seps~s or naloxone. 
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58. 

Changes in mean arterial pressure, meàn pulmonary artery 
pressure and pulmonary wedge pressure in responsc to naloxone 
after two hours of intravenous E coli infusion. AlI values 
represent mean ±SEM. 
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j • 

2 3 
t 

NALOXONE 

Changes in systolic and diastolic blood pressure in response 
to naloxone after two hours of intravenous E coli infusion. 
AIl values represent mcan ± SEM. 
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Changes in mean arterialt,pressure. menn pulmonary artery 
pressure and pulmonary wedge pressure in response to morphine 
after two hours of intravenous E coli infusion. AlI values 
represent mean ± SEM. 
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FIGURE IV-4 
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Comparison of the changes in cardiac output in response to 
rtaloxone and morphine after two hours of intravenous E coii 
infusion. Arrow indicates time of drug aSmin,istration. AlI 
values represent mean ± SEM. 

, 



'0 

150 

100 

50 

FIGURE IV-S 

CORTISOL 

.... -~. NALOXONE 

..... ----4-. MORPHINE 

o 1 2 
TJME - hours t 

1 

62. 

f"""'. . 1 
" 

/ 
,} 

.. 

"1 

3 

Comparison of the çhanges in serum cortisol levels in response 
to naloxone and morphine after two hours of intràvenous E C91i 
infusion. Arrow indicates time of drug administration. AlI 
values represent fuean ± SEM. 
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FIGURE IV-6 
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Changes in serum gastrin and glucagon levels in response to 
naloxone after two hou/rs of sepsis. AlI values represent 
mean ± SEM. 
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FIGURE IV-7 
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Comparison of the changes in serum prolactin levels in response 
to naloxone and morphine after two ho~rs of intravenous E col~ 
infusion. Arrow indicates time of drug administration. ~l o valués represent Mean ± SEM • 
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FIGURE IV-8 
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after two hours of sepsis. AlI values represent mean ± SEM. 
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Changes in cyclic AMP and cyclic GMP levels in response to 
naloxone after two hours of intravenous E coli infusion. 
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TABLE 4-1 

1 
; 

1 Post-naloxone 

Control 2 hours Fifteen Thirty 
~ 

pf s;epsis minutes minutes 

Insulin (vU/ml) 2S±2.3 37±11 33±15 23±3.9 
~1ucagon (pg/m1) 123±16 222±74 

~ 

271h70 31S±6S* 
pastrin (pg/ml) 161±22 S54±140* S9.2±14S* SSO±204 

~ortisol (ng/ml) 73±17 lO9±20* lO8±24 12S±27 
, 

~rolactin (ng/ml) 3.81±.26 3.42±.44 3.61±.3 3.12±.3 
Glucose (mIt) 84±7 I05±20 116±30 IOO±30 . 

t 

Glycogen (gm\) 5.2±O.64 2.3±O.29* 1. 3±O. 45* 1.1±O.47 
Cyclic AMP (vmol/l) 28±S &8±29" 142±35" 253±67" 
Cyclic GMP (umol/l) 7±O.9 17.6±3* 20±2 1?±I. 4 
Lactate (mi':,) 16.2±1.2 26.Z±2.7* 27.2±2.5 30.2±3.9 
Pyruvate (ml %1) -:" .27±.O6 • 36±.,O7 .2S±.OS .36±.07 . , 

* p<O.OS paired t-test -
" 

~1,1 values represent Mean ± S~ . 
• 

~=6 
0 

TABLE 4-1: Hormonal and biochemical changes in response to naloxone Z mg/kg 
IV after 2 hours of IV E coli infusion. 
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~ - --' - Control 
- , . 

Cortisol (ng/ml) 80±l2 

Growth hormone 
(ng/ml), O.97±O.O3 

Prolactin (ng/ml) 6.13±.Z4 , 

Substance-P 
(pg!ml) 91±5.3 

~ 

" -
* p<O.OS:paired t-test 

AlI values represent mean ± SEM 

n=5 
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TABLE 4-2 ' 

. 
-

J 

2 hours 
of sepsis 

lOl±18* 

O.82±O.O7 

S.8S±.4 

76±2.3* r 

" 

l "Post-morphin~ 
- . 

~ ~ , -

Fifteen Thirty 
minutes minutes 

, 0 

113±l8 68±3* 

O.91±O.Ol O.94±O.O8 

5.56±.71 6.34±.4'4 1 

" 

73±9.4 ,93±Z.6* 

._ .... 
~ 

, 

TABLE 4-2: Hormona~ changes in response to morphine 4 mg/kg IV after two hours 

of sepsis. 
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70. 

HEMODYNA~lI CS 

The concommitant release of endorphins'with ACTH and the 

presence of high levels of ACTH during shock led 1':J~laday 
--'-

and Faden to suspect that e.ndogenous opiates were i,nvQlved 

in the pathophysiology of various shoek states. Br'u~ing 
. / . 

;/ 

naloxone t a pure opiate antagonist. given intraV'enous1y, 

they were able to reverse the hypotension of (ndotoxin f( 
(146) and hypovolemic shock (14~) in rats. Gurl and Rey~olds 
(207) implicated opiate receptors and endorph~,ns in the 

cardiovascular pathophysiology of hemorrhagie shock and 

endotoxin shock (149) after noting that naloxone produced 

dose-dependent,increases in arterial pressure, cardiac out­

put, slroke volume, and left ventricular contractility. 

Survival was related to the dose of naloxone used . • 

These hemodynamic improvements in arterial pressure. and 

cardiac output were eonfirmed in our septie pig model. However, 

~hey''Wre found to be transient. lasting about thirty minutes. 

and no further response was not't~d wi th repeated adminis­

tration of, naloxone. 

~, 

It 15 propo.SR1:t'~!ha t the tl'ans ient nature of the hemodynamic 

impro\renent in these animaIs might be due ta the adminis­

tration of naioxone late in the 'preterminal' stage of the 

shock state. Others have reported tha~ naloxone. when given 

in the early stages of shoek, returned the blood pressure to 

preshock levels (146,149). 

Morp~inc administration, on the other hand, resulted in a 

drop in bloô'ù pi"es sure and PAP \~'hi 1 e (Figure V -1) cardiac 

output rcmained unchanged and PWP increased dramatieally. 

This cal'diodepressant effect i5 in agreement \~i th the lyork 

of Eekenhoff and Oeeh (159) in man, and of Lind and Reynolds 

in ane s thet i zèd dogs (141). The hypotcns i on caus cd by 

morph ine has been a ttri buted pa rtly to,.~ la\\' per ipheral re­

sistancc sccondary to histamine mediated peripheral vaso­

dilatation (159,160). Reynolds (141) noted that both low 
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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 wi th high doses 

1 

of morphine. He eoncludcd that morphine decreases arterial 
pr,ssure and LV dp/dt at low doses through an autonomie meeh­
a~ism, while the depressor effects in high doses are either 

1 • 

on peripheral resista~ce, myocardial contractibility or both. 
Further work with anesthetized dogs by Schrank et al (208) 
revealed as wcll that morphine (2 mg/kg) given intravenously 
resulted in signifi~ant decreases in CO, MAP, LV dp/dt and 
myocardia1 blood flow in spite of a reduction in coronary 

vascula~resistance. HOl'lever, Leainan et al (209) noted a 
slight ronary vasodilation in humans after intravenous 
morphine ministration (.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 f10w 
with a decrease in forearm vascular resistance even after 
brachial plexus block in men that l'lere given 10 mg/ 70 kg of 
morphin~ intravenously. Based on work done previously by the 
5ame group (142) where CO remained stable following morphine, 
they eoncLudcd that the predominant effect is local. 

Zel is et al (144). demonstra ted that th.e dose responsc curve 

to continuously infusld intra-arterial noradrcnal ine ,."as un­
affected after IV monphine administration. Therefore, they 

concluded that morph~ne induced venodilatation was unlikely 

to b~·secondary to p~Tipheral a-adren~rgic blockade but may 
be related to attenuation of sympathetic afferent dischargc 
at CNS leve] (central sympatholysis). Interestingly, Farsang 

et al,(210) recently proposed that the cardiovascular effects 
of central alpha-adrenoccptor stimulation (clonidine) in ra)! 
is mediated by the re lease of an endogenous opj a te. \ .... ,....--/ 

'j 

Our findings of decreascd blood pressure in response to intra-
venous morphine arc in agreement with prcvious reportcd data 
in dogs (141,208) and humans (159), while the decrease in pul-

. ) 

'~-., /. 

, 

___ 1: 

1 

·1 , 

, 
j, 
1 , 

Il 
1 

" . 
1 
" 
;\ 
)1 



( 

72. 

monary vascular resistance with intravenous morphine in ~ 

septlc shock has not been reportcd previously. This appears 
'to be due to a marked elevation of the PWP and concommitant 
pulmonary vasodilatation. Therefore, we conclude that mor-

" 

phine both deprcsses "-the myocardium and causes vasodilatat ion 

during septic shock in pigs. The mechanism of these actions, 

as discussed earlier, remains controversial. However, thera 
is strong evidence that CNS mediated mechanisms predominate. 

Tt is also noted that na]oxone and morphine tesult in opposite 

effects on hemodynamic parameters such as mean arterial blood 

pressure (Figure V-l) and cardiac out~ut (Figure IV-4). This 

indicated that morphine and 8-endorphins produce their effects 
through the same receptors \Y'hile the mechanism is not known. 

Furthermore, the presence of high levels of endogen~us opiates 
during s~ptic shock as reported previously (146,147,149,151, 

152) is also confirmed indirectly and so i5 the fa<Ctc-.that 

endorphins are partIy responsible for the hypotension and 
myocardial depression of septic shock (146,149). 

A raIe of endo~enous opioid~ in thermoregulation has been 
suggested (148) on the basis of naloxone reversaI of thermal 

effects of exogenously~administered opiate agonists. We 

have found no evidence~to support this hypothesis. 

HORMONES 

Cortisol 

1 
Cortisol is the principle glucocorticoid secreted,by the adrenal 

cortex. Adrenal secretion of corti.so~ i5 modulat~d by a conwlex 
negative feedback mechanism involving the CXS, hypothalam~s, 

pituitary and adrenals as described in Chapter 1. 

In this experiment i t ,was shown that cort i501 le,"e Is increase 

in response to seps}s. Opiate receptor blockade in the animal 

" 
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. with septic shock resulted in an increase in cortisol while 
morphine caused a significa~t drop in the serum level of this 
hormone (Figure IV-S). 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 

p 

production inhibition or increased clearance from plasma. 
Since ACTH and cortisol leve1s are known to be high at times 
of stress (43)~ the depressive effect of endogenous op~ates 
may interfere with the defense mechanisms of the body ta 
septic shock. On this basis opiate receptor b10ckade may . 
have a beneficial effect during 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 tnere is a 
persistent decre~se in prolactin levels, while intravenous 
morphine administration to baboons (157), humans (212), rats 
(213), and goats (166) resu1ts in persi~tently high levels 
of prolactin and growth hormone. That increase seems to be 
dose related in rats (213) and no changes are observed i~ 
human growth hormone levers (212). Furthermore, intravenous 
B-endorphin administration to humans (157) and rodents (213) 

t 

resu1t in high prolactin leve1s, and also high growth hormone 
~levels in rodents (213) . . ' ?-U""'"',,-Y ,\ ... 

In this study it was noted that after one haIf hour naloxon~ 
p. 

resulted in a slight decrease in the serum prolactin levels 
while morphine caused an increase (Figure IV-7). These 
changes were not statistical1y ~ignificant, and fl~ longer 
follow-up of these hormones is in\iica ted. Gro\\lth hormone 

1 

levels did not change in rcsponse1to sepsis or morphine in 
( , ) 

contrary to previous reports (212~2l3.166) in nonshocked 
animaIs and humans. 
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Glick et al (~11) pointed out that stress might provoke hor-
" mone release. This clearly injects difficulties inte inter-

pretation of re5ults ohtained after using provocative agents 
for the release of growth hormone. This problem has been 
appraised in greater detail {212). When repeated injections 
of normal saline were given intermittently to 12 normal men. 
it was noted in one study that although initial growth hor­
mone valpes were low, in about half the patients a substantial 
rise was observed - general1y ~ithin 60 minutes of needle 
placement. Sorne subjects also showed a later increasi of 
plasma growth hormone three hours after needle placement. 
There was no c6rrelation of either the early or the late 
rise in growth hermone with uny of the metabolic parameters 
that were followed. A spo~aneous secretory incidence rate 
of 50 percent i5 unusually high but must be considered in 
judging aIl 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 t~ be species dependent. As with 
hemodynamic effects, endogenous opiates and morphine seem 

l , 

~o work through the sarne receptors (213,137,166) •. 
, 

While the mechanism for hemodynamic effects of 8-endorphin 
remains, intact during sepsis. that for growth hormone andl 
prolactin regulation seems to be depressed. 

.. 
This is in agreement with the hypothesis ~hat opiate agonists 
might increase serum prolactin by reducing hypothaiamic nor­
epinephrine release which inhibits pro1actin release (137) 
and since norepinephrine levels are 
this mechanism may ov~r~idè t~at of 
1 a t ion by B-end orph in .\ ,,) 

Suhstance-P 

high in shock states, 
dt:rect prolactin stimu­

\ 

~) Substance-P is an eleven amine aci~ peptide with a structure. 

Arg-Pro-Lys-Pro-Çln-Gln-Phe-Gly-Leu-Met-NHa • It is thought 
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to ~e a neurotransmitter'~ct~primariIY 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 

\ 

the dorsal root ganglia. Substance-P has also been,fo~nd'in 
gut. In physio1ogical experiments, substance-P cau~es hypo­
tension and secretion of saliva (199). 

In th,is 
in serum 

\l-
increase 

experiment morphine resu1ted in a ifieant increase 
levels of substance-P which has aIs been shown to 
? -

after a meat mea1,in dogs (214). resently very 1ittle 
is known about this substance and its relation to the endogenous 

opiate systems is just beocoming apparent. 

Insulin, Glucagan, Castrin 

With respect to'hormonal responses to naloxone, no significant 

changes were noted in glucagon and gastrin whlle insulin de­
creased. Once again ~ndogenous opiate blockadc scems to be 

" involved in the regulation of a hormone whose function in 
shock is important,. ,~hile i t has no effect on others. However, 

" 

thirty minutes may not have been sufficient tim~ for any 5ig-
nificant changes in the ·levels of sorne hormones. A slower 
mechani5m of respon5e for their secretion or inhibition may 

be responsible for this~ as shawn with growth hormone (212). 

BIOCHE~IISTRY 

Jt is now weIl established that cAMP'has a critical tole às 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). 
Cyelic 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 IO-8M 
(8-20 pmol/gm). However, its concentration in urine is rel­
atively high, being in the range of IO-6M (1000 10 pmol/gm). 

• _..v __ • 
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Research has sugges'ted that cyclic GMP acts in a similar • 
, . 

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 sorne cellular functions controlled bidirectionally 
are of two types: those ,.,rhich 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 rnay, under sorne 
circumstances, be more important th an the absolute concen­
tration of either cyclic nucleotide. Current hyp~tieses . 
do not, however, completely explain regulation of aIl 
systems and much experimental work stil~ remains to be 
done before the role of cG~P as a biological regulator 

,1., can be fully understood. 

i 

" 0, 

o 

It h~s been shown that the second messenger response to 

: epinephrine is abolished in hernorrhàgfc (110,211) and 
septic (190) shock. with an increase in plasma cAMP and • ... 
the failure of tissue adenyl cyc1ase activation by epi­
nephrine (190). The finding of a significant increase 
in cAMP levels after opiate receptor blockade with' 
nal9lÇone is ·interesting in vie,,, of the increasing evi­
den~;-bf endogenous opiate affecting the second messe~ger , .. 

syst'~m (215,216). For example, morphine and endogenpus 
, , , 

opiat'~s fi~ve been shown to selectively inhibi t cate-
i " ' 

cnolamine~induced cAMP accumulation in various brain 
are~s ~2l7\. It is possible that endogenous opiates ~ 
axert jl dep'ressant effect by inhibiting cAMP production, 
on the m~i~ormonal systems which strive to achieve 
homeostasis lp shock 'and thus, indirectly, at the cellular 
level, contri~uting to the chain of horneostatic f~ilur.s 
in shock state~. The exact significance of th~ altered 
intraceilular s~cond messenger system has yet to be fUlly 
clarified and further efforts to elucidate the effects of 

A. " 

endogenous dplates on cellular metabolism are warranted. 
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CONCLUSIONS 

1. Tissue inflammation. by releasing various kinins. 
pyroge~s and other mediators produces a hyperdynamic . 
picture including increased cardiac output. vaso- . 
dilatation, fever and leukocytosis. 

2. Intravenous administration of pathogehs in the absence 
of a focus of infecti~.produces a hypodynamic state 
with low cardiac output. vasoconstriction, le~kopenia 

and a high pulmonary vascular resistance. 

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

4. The low output state in hypodynamic sepsis is notnecessarily 
due to hypovolemia. 

5. Opiate receptor blockade l'li th naloxone in hypodynamic 
sepsis leàds to a transient hemodynamic improvement. 
with hormonal and biochemical changes. 

6. Op~ate receptors and perhaps endorphins are implicated , 
in the hormonal homeostasis of septic shock • 

. 7.fhe 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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