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ABSTRACT

We tested the hypothesis that septic shock includes mesenteric vaso-
congtriction as an essential step in the pathogenesis of the disorder. This
hypothesis has been based upon experiments using the canine model which does
respond to endotoxin by developing mesenteric constriction and ischemia. We
measured systemic arterial and portal venous pressures and mesgenteric blood
flow in 6 anesthetlzed rhesus monkeys and 6 anesthetized dogs during periods
of control and for 4 hours after iajection of lethal doses o. E. coli endotoxin.
Dogs respon&ed as reported previously with abrupt but transient marked portal
hypertension, early systemic arterial hypotension and é profound decline in
mesenteric blood flow. Calculated vascular resistance steadily increased
after endotoxin. In monkeys the circulatory responses were different:
1) arterial pressure fell gradually; 2) portal pressure increase was small;
3) mesenteric blood flow did not decrease; and 4) calculated mesenteric
vascular resistance decreased steadily following injection of endotoxin;
Iﬁ contrast to previous findings in dogs, it appears that a key step in

human septic shock may be mesenteric vasodilation, since the subhuman primate

exhibits this hemodynamic response to endotoxin.
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Most investigations of the hemodynamigs of endotoxin shock have been
performed in the dog. Results from these %xpcrimcnts showed evidence for
a sympathomimetic effect of endotoxin resu%cing in vesospasm in small arteries
and veins in splancunic visceral organs, eépecially ia the intestine (3-8,

15~19, 20 22), Based upon canine studies, & widely accepted hypothesis regarding

the pathophysiology of human septic shock has been postulated. Its essential
j | .

feature is the conteation that the splanchn%c vasculature responds to eadotoxin

| . '

with vesocons Ffttion. |
[ 3 'A‘ i

The closer phylogenetic relationship between monkey and man suggests that
|

.'results in the shocked dog should be corrobgrated in the monkey before extra-
polgting to man. There aré features in the ¥rimate response to endotoxin which
iffer from those of the dog (2, 9, 10, 11, 14, 27, 28, 30), includiag the
finding that the blood vessels of the perfused, denervated gut of the monkey
failed to cqnstric: with endotoxin (12).

’ .
‘Since the mesenteric vascular response to endotoxin seems to be a crucial
point, the present study was undertaken to determine whether endotoxin evokes

vasoconstriction in the intact intestinal circulatiéh of the monkey.

.
\

METHODS
The experimental subjecté consisted of Z‘groups of adult animals; 9 male
rhesus wmonkeys welghing 3.3 to 7.3 kg and 6 méngrel dogs of boﬁﬁ-gexeé‘weighing
11 to 19 kg. The animals were anesthetized w#th intravenous sodium pentobarbital

(30 mg/kg), and supplemental amounts wece admiristered to maintain light surgical

anesthesia. Escherichia coll endotoxin (Difco§ from the samé batch used in the

present study was pretested for its lethality. 1In both dogs and monkeys a2 lethzl

dose (LDjpg) of endotoxin was used: dogs, 1 mg/kg; monkeys, 4 mg/kg.
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The surgical procedure for the 2 species was identical, except that
we'ﬁsed an endotracheal tube and larger catheters and flow transducers in
the dog. The monkeys were anesthetized aund placed in a supine position.
After a median incision; a cannula was introduced in the upper trachea.
Eve:y 15 minutes rooﬁ air under position pressure was forced through this
cannula with a piston respirator to inflate the lungs and prevent atelectasis.
Otherwise, the animals breathed spontaneously. A midline abdominal lapar=-
otomy was perfgrmed, the superior mesenteric artery carefully exposed, a
2.5 mm size blood flow transducer (Micron Instruments) implanted on the primate

vessel and connected to a gated sine-wave type electfomagnetic bloed flow

amplifier (Biotronix Labcratory, 'Inc.). Distal to the transducer we implanted

an hydraulic oceluder (13) on the artéry to permit occlusion for periodic

measurement of zero flow. Absolute flow was determined by measuring the de~

flection from zero flow using pre-calibrated Eransducers (13). A PE 90

catheter was passed through é branch of the splenic vein into the portal vein

to measure portal vein pressure. The abdomen was then closed with towel clamps.

The left femoral artery was 1isolated and a PE 260 catheter was inserted int6

the abdominal aorta to measure systemic.arterial pressure. Both catheters

were connected to pressure transducers (Sanborn Co.). The left femoral vein

was cannulated to inject additional anesthesia and endotoxin. .k’ﬁirect writing

polygraph (Sanboran Co.) was used to record mean systemic arterial pressure,

portal venous pressure, superior mesenteric artery bleood flow and the ECG.

Mesenteric vascular resistance was calculated as the pressure gradient (arterial-

portal venous) divided by mesenteric blood flow and was expressed in mm Hg/ml/min.
The rectal temperature was continﬁously mecasured by a Lhermometer and the

spontaneous decrease in temperature during anesthesia and endotoxin shock was
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preventad by means of a warning blanket, €O, and piH determinations of arterial h

blood were made at hourly intervels throughout the experiment (Astrop Microtonozeter,

Radiometer).

£fter the preparatory surgery was completed and the aninal was allowed to

y L) >

stabilize, control measurements weore oviaiamed every 15 minutes fcr 1 hour. Then

a lethsl dose of encdotoxin was injected Intravenously aad the animal was observed

: '

for 4 hours, with measurements recorded every 15 minutes. After 4 hours the animals
3 h

"

were sacrificed with a lethzal cose of pentovarbital.
Statistical enalysis was performed within each series of animals using the
Sign Test (25)., Wa also compared resu.its of monkeys versus dogs for each

paraceter usiag the Mann-Whitney U Test (26).

RESULTS

1) Dops, exvwerimental proup.

This group coasisted of 6 dogs. Mean systemic arterial pressures dropped
b4 P s s

L.
within 30 seconds after the injection of endotoxin and reached its lowest vﬁque

7 .
at 3 nminutes. There was a recovery with a maximum at 30 minutes, then a sec

gradual drop over the next 3 1/2 hours. All values recorded after endotoxinf ere
+ gnificantly (p < .05) lower thﬁapgrgfiniection,values, except the pressures at

30'min¢tesVpast-injection (Fig. 1). Portal verous pressures showed a sharp

‘)

increase within 30 seconds after endotoxin with a maximum at 3 minutes; all.po;tal
pressure values were significantly (p < .05) greater than control for 30 minu;esf
By 45 nminutes post-injection, portal pressures had returned to pre-injection values
and were not significantly different from éontrol for the subsequent 3 1/2 houfs
(Fig. 2). Superior mesenteric artery blood flow changes approximately mirrored

those of systemic arterial pressure: sudden decrease with a nadir at 3 ninutes,

slight recovery with a maximum at 30 minutes, then a subscquent gradual decline
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(Fig., 3). However, all values for mesenteric blood flow were significantly
lower than control and the decrease Za flow exccaded the fall in pressure,
Mesenterice vascular resistance Increased foliowing injection of endotoxin,

and by the end of ocur observation period was 75% asbove pre-injeciion values

e e S o

(Fiz. 4). The incresse in resistance was significan: for all valucs from the :
2nd to the 4th hour after eadotoxin.

Significant (p < .05) changes in arterial pCO2 occurred at 3 and 4 hours
post-injection and in respiratory and hcart rates at various times after
endotoxin. These vzaiues appe;r in Table I.

2) Yonkav, control ecroud.

- ———

We used 3 monkeys. for control measurements. No endotoxin was injected inte

‘these znimals, but they were observed for 4 hours past the time the lizopoly-

saccharide would have been administered. There were no significant changes in

either systemic arterial pressure, portal vesmous pressure Er mesenteric biood
flow during the obscrvation period.

In these animals arterial pressure was 110 ¢ 5 (S.Z.) mm Eg at the start of
control and 108 * 3 mm Hg 4 hours later. Comparable vzlues for portal venous
pressure were 4 ¢ 1 and 5 * 2 mm Hg; for mesenteric blood flow these values
were 75 * 15 and 80 ¢ 8 ml/min,

3) Monkey, experimental eroup.

- . e

This group consisted of 6 animals., Following injection of e;éotoxin, mean
systemic arterial pressure fell gradually, the lowest pressure coming at 90
minutes after the intravernous injecticn of endotoxin (Fig. 1). The hypotensive
response occurred in all 6 animals and was significantly (p - .03) lower than
control values for all times from 45 minutes to 4 hours after endotoxin,

Portal pressurc incressed slightly and reached its maximum at 45 minutes after

endotoxin zapplicaticn but the post-injection values were not statistically
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different from pre-injcction values until 2 hours and 45 minutes after cadoiexin
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(Fig. 2). Blood flow in the superior mesenteric artery showad no significant
change at any time after infeciion of endotoxin (Fig. 3). Calculated meseateric
vascular resistznce decreased alfcer endotoxia, reflecting the f2l1l in arterisl

pressure with uncnanged £low (Fig. 4). All resistance values from 45 minutes to

4 hours after eondotoxin were significantly (p < .03) less than control. There {

were significant (p < .05) increases in respiratory and hesrt rates and & decline
(p < .05) in arterial »CO, af:eg endotoxin (Table I). Comparison of canine versus
prinmate hemodynamic responses after injection of endoioxin reveal;d sigaificant ;
(p ¢ .05) differences as follows: 1) arterial pressure decreazsed more in dozs
at 15 minutes and more in monkeys at 45, 60 and 75.minutes; 2) portal pressure
elevation was greater ia dogs at 3, 1° and 30 minutes and greater in wonkeys zat
2 1/2 to 3 1/2 hours; 3, dogs had a larger decrease in mésenteric blood flow at
all times after e:.o;ogin; 4) mesenteric vascular resistance decreased in

. moakeys and increased in doge with the difference being significant from

30 minutes on.

DISCUSSION
Our findings indicate that the circulations of dogs znd monkeys do not

respond in the same way to the injection of lethal doses of endotoxin. The early

circulatory responses of the dog to endotoxin have been reportgd,pften (1, 10,

15-19). The dog reacts to endotoxin with hepatic venoconstriccion, portal

hypertension, and sequestration of blood in the splanchnic viscera. Venous

.

return falls and there {ollows an abrupt decline in cardiac output, arterial ' ;

- \a et

pressure and mesernteric artery blood flow. Thes2 changes show some mitigation
by 15 minutes and portal pressure itc restored to normal by 30 minutes after

injection of endotoxin. The recovery in arterial pressure exzceeds that of
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mesenteric blood flow, so calculiated mesenteric vascular resistance progressively

]

increases after endotoxin. Similar changes occur with eadotoxin in the rat (29).

(44
-
I

Our findings fully coafirm previous reports of canine mesenterie vascular responges
to excotoxin.

The monkey, however, docs‘nat exiibit such hemodynamle respoases to endotoxin.
There is no massive scquestration of Slood in the cvdominal viscera and ne
striking portal hypertension (15-19). bArterial hypoteansion is a more gradusl
development after endotoxin; The most significant differecnce betwéen the canine
and the primate circuliatory changes in endotoxin shock le the stable mesenteric
blood flow in the monkey. This indicates that in the primate the mesenteric
vasculature has dilated, whereas in the dog mesenteric vasoconstriction is the
characteristic shock response.

The hypothesis developed by Fine (3-8), Lillehei (15-19) and Nickerson
(20-22) concerning humen septic shock is predicated on the existence of splanchaic
vasocoustriction in the animal wmodel. If hu#an.septiclshock resembles experimental
endotoxin shock in dogs or rats, nesenteric Ischemia should be a characteristic
of the humza disorder. If; on the other hand, the discase in man rescridles the
shock model in another primate, the monkey, then, meseateric vasocoastriection is
not an early essentlial step in tha pathogenesis of septic shock. It is apparent

also that hzé the proponents of the aforementioned hypothesis used monkeys instead

o .

of dogs as their experimental animal, they would have evolved ahéifferent hypothesis.
In support of our finding that the monkey exhibits mesenteric vascdilation

in endotoxia shock is the report of a similar response in the denervated, pump~

perfused prizate gut (12). Furthermore, total peripheral resistance declines

in the monkey in endotoxin shock (9, 11, 23, 30). Since the mesenteric circulasicn

[

mey elther constrict or dilaete in lethal shock states in various animal models,

it would appear hazardous to speculate that the circulation of the gut is a

preferantial target in human scpoic shock.

b TN




ey

e g

P

1, -

'30

4.

5.

7.

10.

11.

J— &601 - 1967. JEUD PO ,A,,,,,,,,,,._;,, IR e

1
RE?ZRENCE
Brockman, S. K., C. S. Thomas, Jr., and J. §. Vasko, The effect of
escherichia coli endotoxin on the circulation. Surg. Gynecol. & Obstet,
125: 763-774, 1967,
Cevanagh, D. end ?. S. Ra;. Endotoxin shock in the subhuman primare.

rch. Surg. 99: 107-112, 1989,

‘Fine, J.  E:tiolcgzy and classification of shock. Azmer. J. Cazdiol. 12:

587-594, 1853, | o :

Fine, J. Denervation of the splanchaic viscera for the treatment of shock.
Azer. J. Surg. 107: 723~724, 1954,

Fiaa; J. Shock and geripherzl eirculatory Insulfdiciency. = ndbuok of
Physiology, ﬁami ton, Ed., Washington, D.C., American Puysioiogical Soclely.
1965, 2037-2067.

Fine, J. The preseat status of the problem of shock. J. Okla. Med. Assoc.

59: 419-224, 1966.

Fine, J., and R. Minton. Mechanism of action of bacterial eadotexia. Natu -

210: 97-98, 1964.

Fine, J. The intestinal ecirculation in shock. Gastroenterolbgy 52: 454~

Gilbert, R. P. Endotoxin shock in the primate. Proc. Soc. Exp. Biol. Xed.

111: 328-331, 1962,
Hinshaw, L, B., C., M. Brake, T. E. Emérson, Jr., M. M. Jordan and F. D,
Masuccl. Participation of sympathoadrenal system in endotoxin shock. Amer.

J. Physiol. 207: 925-930, 1964.

Hinstaw, L. B., T. E. Emerson, Jr. and D, A. Reins. Cardiovascular response

of the primate in endotoxin shock., Amer. J. Physiol. 210: 335-340, 1965,




13.

14,

15.

16‘

17.

18.

19,

20.

- 21,

12..

trauma:ié‘Ehoék'bj'Vésodilatorst“'Canad.-J.-Biochcm.‘ 37: 1161-1171, 1959.

g

Hinshaw, L. B. Comparctive effects of endotoxin on caaine and primate

intestine. J. Surg. Res. 8: 535-538, 1948.

’

Jacobson, E, D. and K. G. Swan. Hydraulic occluéer foé chroaic eloctro-

magaetic blood flow deternination. J. Appl. Physiol. '21: 1400-1402, 1966.__¥!» v;f

s s
Kuida, H., R. P. Gilbcr., L. B. Hinsﬁuw, J. G. Brunson aﬁd ¥. B. Viss;he..

SpecAes di‘ferences in effect of gram-negative endotoxin on circulation.

Azer. J. Physiol. 200: 1157-1202, 1961‘,»

Lillehed, R. C. aad L. D. XacLegn. The intestinal factor 15 irrevexrsidble
endotoxin shock. Ann, Surg. 148: 513-525, 1958. : -
Lillehei, R. C., J. K. Longerbean and J. C. Rosenderg. The naturé o<
irreversible shock: d1its relatioashis to intestinal changes. In: Shock:
Pathogenesis 8ud Trerapy, Ciba-Internzational Symposium, Eeidelbersy, Springer-A
Verlag, 1962, 106-129. _ .

Lillghei, R. C., J. K. Longerheam and J. H. Bloch. Physiology aad therapy

in bacteremic shock, Expe:imental and clinical observations. Azer, J.
Cardiol. 13: 599-613, 1963. .

Lillehei, R. C., J. K. Longerbesa, J. H. Bloch, and W. G. Manax. The
modern treatment of shock based on physiologic p incigles. Clin. Pharmacol.
‘Therap. 5: 63-101, 1964. ;

Lillehei, R. C.; J. K. Longerbean, J. H. Blgch, and W. G. Manax. Hemoajnaﬁic'
changes in endotoiin shock. 12th Hahnemann Symposium. Néﬁ YSrk,fGruhefénd

Stratton, 1965, 442-462.

Nickerson, M. and S. A. Carter. Protection against acute trauma aad

Nickerson, M. Drug therapy of shock. In: Shock: Pathogenesis and Therapy.

Bock, Ed., Berlin, Springer-Verlagy~1962,~pp.-356—369.'__

RIS S

RPN SPLEIUPIITE - TF S

FRRIIES = R IET Y0




¥
i .
£ e,

23,

24,

25.

27,

28,

29,

30.

Nies, A, S., R. P. Forsy:a, K. 3. Wililams, 2ad X. L. Melmon. Contributicn
ol kinins to eadotonizm shoek Lu taiaesthotized rhesus monkeys. Cire.
Resaarch 22: -55-154, 1958, .

Pslzerlo, C., 3. Zetterstrom, J. Shamiash, E. Such aum, 3. Prank gnd J. Figze.

Lenervation of the eddominel viscera for the treatment of traumz:iic shoek.
- X. Engl. J. Mad., 269 709-716, 1963,
L] ]

Stedacor, G. W. and W. G. Cochran., StaiZstleal methods. The Iowa S:tzte
. ' .

University Press, Ames, 6th ed., 1937, P2, 125-127,

Siegel, S. Nonparzmesric statistics. MelGraw-Eill Book Company, Irnec., x

New York, 1955, p. 116.

Vacgha, D. L., C. A. Gunter and J. L. Stookley. Endotoxin shock in rinazes,
303, ’ ' ?

Surg.‘Gynecol..&.Obs:cq:m 126: 1309-1317, 1983. ;
—H T e

Vaughn, D, L. azd E. Paterson. Pathophysiology of endotoxin shock 1a prizszes
. . ]

and the effect of various theraseutic agents. Obstet. & Gynecol. 34:-271- é
— e e %

|

i

276, 1989,
White, F. N., 6. Ross, L. Bsrajas, aad E. D. Jacobson, Hemodynamics of f

endotoxin shock in the rat and tne effects of phenoxybenzamine. Proc. Soc. ,

Expl. Biol. Mad. 122: 1025-1029, 1966, - -

Wyler, F., R. P. Forsyth, A. §. Nies, J. .M. Neutze, and X.'L. Melzmon. '

Endotoxin-incuced regionsl circulatory changes in the unanesthetized

monkey. Circ. Research 24: 777-786, 1969, N

e At

s TV




s

—— Wy PR R s e

RITAS 7 2 USSR

DOGS MONKEYS
Tize Resp. Heart Resp. - Eearc
(hrs.) pHd pCO7 Rate .. -Rate pH pCO, Rate ate ,
0 7.24 43 8 198 7.38 40 33 194 ‘
1 7.28 41 9 196 7.38 33 35 2C0 ,
2 7.22 34 17 *181 L 7.40 0 %31 *49 %225 ‘
3 7.20 31 %16 197 7.35 ° %30 *54 %222 . -
3 7.22 1 15 191 7.32 *31 %52 217 “\‘
5 7.27 . . %28 \\” . ®19.... .. 185 7.32 %32 48 208 |
TABLE I. Efifects ol inégavenous injection of a LDjgp of endotoxin in a series of

dogs and monkeys in which the following measurements were made: arterial
pH, arterial pCO2 (mm Hg) respiration rate (breaths/min), and hezrt rate
(beats/min). Endotoxin was injected 1 hour after starting the experiment,
An asterisk indicates significant differences (p < .05) from pre~injection
values (mean of 6 dogs and 6 monkeys). Significance was determined with
the Sign Test (25). ’
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‘Figure 2,

Fiaure 3.

FPizure 4.
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LZGENDS

Comparison of the effect of endotoxin on mesa systemic arterial

pressure In dogs and monxeys., Values are expressed In % cheange

(* S.E.M.) froa coatrol (pre-iniection valueg). An asterisk

indicates significant difference in valucs between the two series

(dog versus'bonkey).

as

Comparison of the effeact of encotoxin on portal venous pressure iIn

dog and zozkey. Values are expressed in Z change (* S.E.X.) froz

Al‘llo
cortrol. An asterisk indicates significant diferences between the

two series.

. .

Cozpzarison of the effect of endotoxin oa superior meseateric artery

blood £lcw in dog and monkey. Values-expressed inm Z change (* S.E.M.)
from control. An asterisk indicates significant differences between

the two series,

Comparison of the effect of endotoxin on mesenteric vascular resistance

in dog and monkey. Values are expressed in % change irom control.

X}
£rds

asterisk indicates significant differences between the two series.
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