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o {iA ecent activity in the field of experi-
and mcnml shock has focused attention on in-
‘né- |¢st1ml [actors in shock potentiation and
ik E[Jrot(i(‘tlon #6 8 The presence or absence of
- Mhraluminal proteolytic enzymes and amino

wids, and the metabolic state of the intesti-
fnal mucosa have become important factors
i 7r| cmmcleung the mechanisms of shock pro-
.gimss:on in the dog. It is apparent, however,

it the full significance of these biochemi-
al events requires a more definite under-

":5".' B

lculann during the shock state,

ur- initial goal in studying this problem
15 to define the dynamic relationship ‘bhe-
flveen hematocrit and pressure changes in

M, protein concentration following large
(
floted by Chien and associates.” However,
gl
IICTolo\m tends to be associated with more
-.fﬁmtsLLnL hemodynamic effects which might
'Tllask some of the mechanisms involved. An
:‘;:},DW dose of endotoxin was used inthe

Pe of eliciting a wider spectrum of effects

ilclc: lying mechanisms.

i Ml"lIIODS

Hlnding of the behavior of the splanchnic -

Ille portal and systemic circulations Tollow-"
_ 7 endotoxin  acministration. Changes in-
Merial and portal venous hematocrit and

.}Eics of endotoxin have been previously re-

our -experience, the use of large doses of .

fﬁ'llich would aid in a determination of the g

Role of the spleen and portal

IRWIN B. BORUCHOW, M.D.
RONALD M. ABEL, B.A.

PIIILADELPE HIA, PA,

- Ifyom the Department of Surgery, Hospital of

the Universily of Pennsylvania, and the
Harrison Department of Surgical Research,
School of Modicine, University of Pennsylvania

implantation of polyethylene portal venous
catheters was performed 10 to 14 days prior
to the initiation of the shock experiment.
The catheters were inserted via the inferior
pancreaticoduodenal vein, or the left gastric
vein in dogs with spleen intact, and the

_splenic vein in splenectomized dogs. The

veins were irrigated with heparinized saline
solution daily, On the day of the shock
experiment, the fasted animals were anes-
thetized by means of intravenous pento-
barbital (28 mg. per kilogram of body

. weight), with endotracheal intubation used

to maintain an acEcquﬂ.t(- airway, Polyethyl-

" ene catheters were inserted into the aorta
~and inferior vena cava via the femoral
. Tartery and vein, The catheters were used

for obtaining arterial and portal venous
blood samples, and for direct observation of
blood pressure. Mean arterial pressure was

monitored with a mercury manometer; por-

tal and central venous pressures were mea-
sured with saline rhanometers. Hematocrits
of the heparinized: blood samples were de-

" termined in duplicate by means of the
‘microhematocrit technique, The hematocrit
" values were not corrected for plasma trap-

ping.
Alter obtaining control pressure record-

_ings and blood samples a dose of a single lot

of Escherichia coli endotoxin® (0.5 mg, per

SlMom;rcl cogs of either sex weighing be-
dfeen 30 and 35 pounds were used. Sterile

i
;RHLch fop . publication July 25, 1966,

~kilogram—of—body~weiglt;~previously estah=——

lished to be an LDj, in this laboratory) was
injected intravenously in a solution of 30

¥Difco Laboratorics, Detroit, Mich,
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1196 Boruchow and Abel

cc. of isotonic saline, Arteral and portal
venous blood samples were drawn at 1, 3, 5,
10, .15, 30, and 60 minutes after cndo-
toxin administration. Blood pressures were
monitored and recorded throughout  the
period of observation, which lasted from
| to 2 hours following endotoxin injec-
tion, after which the animals were sacri-
ficed and autopsied. Catheter position was
noted at the time of postmortem examina-
tion. o
The present report covers 3 experimental
groups: ‘

Group I, Splenectomy and portal vein

catheterization performed 10 to 14 days”

prior to shock (7 dogs). '
Group IL Spleen intact and portal vein.

catheterization performed 10 to 14 days

prior to shock (6 dogs).

Group III Acutely prepared end-to-side
portacaval shunt and’ splenectomy per-
formed with portal vein catheterization (fl
dogs). Tributaries of the portal vein near
the liver hilus that could not be included in
the shunt were divided to insure complete
diversion of splanchnic flow. The experi-
ment was performed only if the portal
occlusion time was less than 20 minutes,
and the bowel regained normal color soon
after release of the vascular clamps. The
position of the portal venous catheter just
beyond the junction of the splenic and por-
tal veins, approximately 2 cm. proximal to

the vascular ana.ﬁsrtornosis, was ascertained at

postmortem examination,

RESULTS

Following the intravenous injection of 0.5
mg, per kilogram of body weight of endo-
toxin to the pentobarbitalized dog, portal
venous pressure rapidly rose and became
maximal within 1 to 3 minutes. There was
a precipitous fall in mean arterial pressure,
which reached a minimal level 1 to 4 min-
utes after portal pressure became maximal
in splencctomized dogs. In dogs with spleen
intact, the reaction was simultancous with
the maximum portal pressure rise, or 1 to 2
minutes later. There was a definite tendency

‘and intdct cdogs. In both groups
]

minutes. alter, the minimum level of meyj

“administration of LDg, endotoxin to
splenéctomized dogs

pressure to be reached later in the spl 2

tomized dog. "

Mammum changes in portal venayg he

toerit occurred, from 3 to 5 minyteg i

: - ' i S aff
endotoxin injection in both !

splenectomg;,

170

thegg

changes occurred 1 to 3 minutes after :ﬁu i

maximum rise in portal vein pressure alz
L 1

was conconiitant with, or occurred l’t.;.-g

arterial pressure had been reached. The yg,
lationship l;etwccn arterial and portal 'vl
nous 1);"(:35111‘3 changes and portal venoyg .|
hematocrit chqnge is illustrated in Tahleg

Table 1. Maximum pressure and portal
venous hematocrit change following

Fall in | Maxi-
mean Portal mum
arterial vein portal
pressure |hématoerit| pressure
Dog | (% con-| increase {mm,
no. trol) (%) saline)
1216 = 67 21 370
1400 59 13 260
1107 73 30 280
722 - 41 28 315
1075 19 1.6 220 B
1183 - 3.6 0 100 sl g
1152 65 0 220 = e

Table II. Maximum pressure and portal
venotis hematocrit change [ollowing B
administration of LDg, endotoxin to dogs™™™"

with spleen inlact

Duration:

Fall in Maxi- portal B
mean Portal mum prass?ra-
arterial vein portal > 220+
pressiire hematocrit| pressure mm
Dog | (% con-| increase (man. saline ..
0. trol) (%) | saline) '__(_1_{1_'1'_2___.
1080 60 90 230 2
1294 . 50 19 285 9
1117 52 35 350 1
856 19 15 260 ]
771 18 21 260 l

1241 9.5

for the mimmum level of mhean arterial




Suriry
61 {9{;%‘,

iplenioo, i

s affoy
tomiﬁ.ed\_ ?

, thege

nt

fifume 60
inber 6

and II. Representative
_ {iwnin Figs. 1 and 2.

i #8In seven splenectomized dogs (Table I),
I 1(: was a maximum fall in mean arterial
) s‘ﬁsurc of from 3.6 to 73 percent. Signifi-

experiments are

changes in portal venous hematoerit

Spleen and portal hypertension in endotoxin shock
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occurred only if the maximum increase in
portal pressure was greater than 220 mm.
of saline, At maximum portal. pressures of
260 to 370 mm. of saline, increases of 13 to
30 percent in portal venous hematocrit were
abserved (4 dogs). Portal pressurc was sus-

or th:
re, ﬁ!fd"
[ to'3 350 —-60
f meap -
The'l‘[‘" 300+ Lso
tal ve- i
Ven_mjs ce@urossreanss -.u-uoc-u-.u---;;'ﬁ'ﬁt
250 eee@er . ARTER) L P
. n
Y
;"EOO-'-' 430 &:,
d ®
Qc: 150“&; PORTAL P. mm gaL | 20
B .': JURTPTT LTIV
100—- .'. ‘.“‘l'.A . A“-.'“"”Oo-.. T 10
L Ay ARTERIAL P, mmHg
ressure: 50 T : T 0
> 20, ]
el envotoxwl® 20 30 40 50 6Omin.
(min,) . Fig. 1, Changes in arterial and portal vein pressures and hematocrit following Escherichia
g - coli endotoxin in dog with spleen intact (No. [117).
3
4 .
- 360 + 70
300+ ‘ ~+-60
il - PORTAL P. inm 8AL.,
orta .
‘ 2560 TBO
doys wd i "
‘ 4 A1 4o
B ¢ RCO "
Yuration E - wrryerer T
portal - 4B g 150 - -“‘,qm-r.mn} Hot T30
yressure” 3{"
> 220 Ry 'y ;
mnt 106 4 20
saline ." ..Ah-u-.‘.
Wﬁ(_m,i};.)"* ; o -,: ‘-..",- h ""-*,_.. ‘ IR
2 50 “‘s.‘,..a--"“ ARTERIAL P. mmHg, o 40
9 I I I I | I
7 ) T —l | = 3 |
i enpbroyyl0 - 20 30 40 50 ©&Omin.
1 " Fig. 2. Changes in arterial and portal vein pressures and hematocrit following Escherichia
R coli endotoxin in splenectomized dog (No. 1216).
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tained above 220 mm. of saline for 3 to 9 The mean percentage change in 4, R
flill minutes. The relationship between hemalto- hematocrit for splenectomized alldal.teﬂﬂl.'-.
‘. i crit change and the degree of arterial hypo- - dogs is shown in Table III, Onl)' time lint-at Ll
b tension was not as consistent. i vals where complete observationg Mo anlfg.r? :

i In three dogs with intact spleen (Table _able are shown. In splenectomizeq do Y‘“J‘ -
; IT), a maximum fall in mean arterial pres- arterial hematocrit decreased signiﬁcﬁ:ﬁthu :
| sure of 50 percent or greater was associated and 3 minutes after endotoxin injﬁct)" :
‘ il with a 35 to 90 percent maximum rise in (p = <.001, <.05), and never s a‘) )??“
! ‘ portal "venous hematocrit. Portal pressurcs “ciably above control values during theuﬁ'l{-q" g
| i ranged from 230 to 350 mm. of salinc. In hour ol observation. The arteria] hcn]ilt()c:: ;
g{ 2 dogs with; a maximum fall in arterial:  -of dogs with intact spleens increaseq shar 31l
H pressure of approximately 20 percent (Nos. -~ during the first 5 minutes after endOtoLi{ ‘
'; 856 and 771) hematocrit changes of ()Jl_ly_ administration, with a SCCOnda.ry o a‘t' 601
: 15 and 21 percent were observed. In these’ minutes following injectiof, Ui
J 2 animals, pertal pressures were above 220- -~ ‘An analysis of variance was performed gy
i mm.. saline for only 1 minute. In 1 animal.. the percentage change scores for ar
: (No. 1241) with very small pressure changes, .~ _hematocrit in the two groups of dogs, 'l
no hematocrit change occurred. S . demonstrated that the curves for chap
Spearman rank order correlations were in arterial hematocrit over a period of iy
computed for portal véin hematocrit in- were different in shape for splenectom;
crease and maximum portal pressure - in and intact dogs. The group by time intdy
splenectomized dogs, and relating maximum . interaction- was significant at less thar

fall in mean arterial pressure to portal vein .05 percent level, A t-test done on'fihe

hematocrit increase in dogs with intact mean percentage change in arterial hemiatt

spleen. The rho for the former relationship crit between splenectomized and intact dog
was 0.83, and for the latter, 0.89. Both showed the differences to be of border
coefficients are significant at less than the line significance at 3 minutes following endo

5 percent level (one tailed test), Evidence toxin injection, but significant from the

is thus provided that a linear relationship - minute point onward (Table IIT), R

exists between the pairs of variables under Because of the possibility that the acufe !

consideration. rise in portal venous hematocrit in splence
After maximum levels of portal hemato- tomized dogs was related to portal hyper:
crit had been reached, they fell, and then tension, four dogs were prepared with end
tended to equilibrate with the arterial hema- to-side portacaval anastomoses, and splenet<""
toctit i botl splenectomized and - intact ‘tomized; —There—was no significant-increase
dogs. Therefore, significant  differences - in the portal venous pressure after endo-
existed between the portal and arterial he- toxin injection in these animals. The 130_1_‘5}_11_'_'__':
matocrits during the first 3 to 5 minutes pressure usually fell to well below control”
after endotoxin injection, levels during the first 5 minutes after in*
Table IIL Mean percentage change in arlerial hematocrit after administration of
LD, endotoxin
Minutes after endotoxin ___r_______-w g
! | 3 | 5 5 1 s | ;
Splenectomized -5.04 =1.70 -0.591 1.4 -1.00
Intact 2.26 929 14.27 15.07 19.21
t 88 1.25 2.46 2.30 3.35
P N§* N§* <05 <.05 <.01
NS = Nol significant, =
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i
‘_Etion, with a gradual decline therealter.
+ 5 dops, the arterial pressure gradually
|| throughout the period of observation,
.ithout the precipitous carly drop seen in
by without portacaval anastomoses. In
flc dog (No. 800), a rapid fall in arterial
lfessure preceded  the fall in portal pres-

il
_l;re, hoth showing some recovery within
lj to 60 minutes, but remaining well below
ntrol levels. There was no increase in the
ortal vein hematocrit during the first 5
Hfiinutes after shock, and both the arterial
?nnl portal hematocrit values tended to re-
Jiiain at or below control levels during the
fist hour of observation, However, dog No.
&00 began to show mild hemoconcentration

i hoth circulations 10 minutes after endo-

DISCUSSION

"The hemodynamic events of canine endo-
joxin shock are well known, and have been
: ?;n;‘(tensi\fely investigated.' 17 The three stages
{0l blood pressure alterations that have been

‘r_tji(:scn'ii')ecl were observed to occur to variable
egrees in all of our chronically prepared
ahimals, By using a sublethal dose of endo-
oxin, we hoped to achieve a.spectrum. of
@.@sponses which would better define the
tal hemodynamic reaction, .
& In both splencctomized and - intact - dogs,
1“30 rise in portal venous pressure, fall in
iterial blood pressure, and increase in por-
il vein hematocrit occur sequentially, :and
| “ within 5 minutes following endotoxiiy in-
fetion (Figs. 1 and 2). The intact dog is

"1“_5"lt which lollows the increase in portal vein
! ¢

'i_Cll'culati.ng red blood cells has oceurred
E(Fig‘s. | and 2, Table ITT). In splenectomized

i ;
Apreciably above control values.
“Th'e"cemim-:-—spluen----is-ﬂ--ﬂonhr-ac(;ile-,.org"an‘

Spleen and portal hypertension in endotoxin shock

msily distinguishecl from the splenectomized .
ﬂﬂg by the parallel rise in arterial hemato-

hemagocrit, suggesting that an increase. in,

logs, the arterial hematocrit decreases 1 and,
4 minutes after endotoxin, and never . rises

1199

sia, as used in typical shock experiments,
the spleen becomes preatly dilated, and may
contain from 18 to 29 percent of the dog’s
total red blood cells.'* **

In order to test the possibility that acute
splenic contraction occurs during - the carly
phase of arterial hypotension as a result of
adrenal humoral release, 5 dogs were acutely
bilaterally adrenalectomized, and given an
LDy dose of endotoxin intravenously Y to
1 hour later® Mean arterial pressure fell to
55 to 75 percent of control, and portal
venous pressure rose to 165 to 360 mm.
saline soon after endotoxin administration.
The acute rise in portal venous hematocrit
noted in the dog with intact adrenals and
spleen did not occur in 4 of the 5 animals.
Instead, a progressive rise in portal venous
hematocrit, followed by a progressive rise in
the arterial hematocrit began 5 to 10 min-
ates after endotoxin administration, and
persisted for the 1 hour period of observa-
tion. This suggested a slow and continuing
release of the splenic reservoir instead of
the acute release noted in the dog with in-.
tact adrenals,

With the administration of encotoxin,
there is' an increased release of epinephrine
into the adrenal vein and, thus, the systemic
circulation,'® 2 which would result in con-

—traction of_ the spleen. Nykicl found a sig-

“pificant reciprocal - relation “between  the
minute output of cpinephrine [rom the in-
nervated adrenal and the level of arterial
blood pressure.'” When endotoxin was given
as a slow intravenous infusion, there was no
rise in epinephrine output until a significant
decrease in the arterial blood pressure oc-
curred, .

These experiments strengthen the con-
tention that the initial rise in portal venous
and arterial hematocrits following endotoxin
administration in the dog with intact spleen
is due primarily to splenic contraction. The

" observation that the degree of hematocrit
rise tends to follow the degree of arterial

';‘;“f variable volume which concentrates red
,§§|00d cells. The red cell content of splenic
.r,klumr] is }.7 times greater than that of
5’:?““0113 blood.? With pentol)arbital anesthe-

hypotension suggests that the stimulus—to
advenal release of epinephrine in endotoxin
shock is mediated via a baroreceptor mecha-

1S,
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In the splenectomized dog there is nothing

Lo suggest that a significant increment in

. circulating red blood cells has occurred, The
* rise in portal vein hematocrit is associated
with a significant fall in arterial hematocrit,

and the portal hematocrit soon returns to

control levels, Increases in portal vein hema-

tocrit occurred only when the rise in portal

pressure was greater than 220 mm. saline,

and sustained above that level for at least 3

minutes. These data suggest that the in-

crease in portal hematocrit in the splenec-

tomized dog is a result of an acute fluid

shift ‘from the portal circulation. This con-

" cept is strengthened by previous studies .

demonstrating that, following injection of
endotoxin, there is an increase in liver
weight, a smaller increase in the weight of
the small intestine,'® increased hepatic and
thoracic duct lymph flow,*- and increased
~.portal {but not arterial) plasma protein
concentration,” all occurring during the time
interval of the portal hematocrit changes
observed in the present study. The ahbolition
“of both portal hypertension and acute
changes in portal vein hematocrit by means
of portacaval anastomosis in the splenecto-
mized dog seems to establish this point defin-
itively, Acute rises in portal vein hemato-
crit in the intact dog would, therefore, seem
to result primarily from splenic contraction,
and, to a lesser extent, from acute fluid
shifts from the splanchnic circulation.

Of interest in this regard is the observa-
tion-of-Alican-and-Hardy;*-that -when-the
characteristic initial hemodynamic changes
of endotoxin shock are abolished by porta-
caval shunting, there is an absence of the
early hepatic compenent of increased lymph
flow in the thoracic duct, and a tendency
for the intestinal component to occur later
than in dogs without shunts, Presumably, it
would take longer to accumulate enough
fluid in the small intestine to increase lym-
phatic flow when portacaval shunting abol-
ishes portal hypertension and the acute shift
of fluid out of the splanchnic circulation,

In order to determine a maximum fluid
shift out of the prehepatic portal circulation,

2 _additional_cdogs_were ncul‘ely_splenectoaﬁﬂA_hematocr.itmand—wscomt-y—mehangcskfl-Um—--w-:n-j

mized, and the portal vein Cross clam
above the highest tributary.“ The Porty|
venous hematocrit rosc to ag high 44 836‘,','_'
percent after 10 minutes, concomitant 'witl
a fall in arterial hematocrit, Both 1‘etume:l
to control'rlevels within 5 minutes aftep r:
lease of portal occlusion. These CXPC!‘iment;
scem to reflect in an exaggerated fo )

lm.d % J

, ' the
pattern of hematocrit change observed “r V)
the splenectomized dog alter endotoxin i, {lcr

jection. -

The fail in portal vein pressure in dogy,
with Eck fistula during the first 5 minuteg
after endotoxin injection may be a reffec.
tion of the profound fall in superior mesen;ﬁ‘
teric artery flow, Using noncannulating?‘- .
electromagnetic flow meters, the flow in thel‘-“ 1

superior mesenteric artery has been observed;, Al
to fall to very low levels during the firsj, - jinc
few minutes after endotoxin injection,® 1.0 ‘@i "

Of considerable interest is the sustainid.._.. ﬂfﬂj
elevation of arterial hematocrit noted in thei; | ?&lﬂé
dog with intact spleen, Vessel size, pressuri’ Jlis
gradient, and the viscosity of blood deter- E[S"

mine flow in the circulatory system. Blood,
viscosity is known to fluctuate dramatically
in response to changes in red cell concentras,
tion, plasma’ protein concentration (espe«:
cially that of fibrinogen), velocity, and
temperature. Since the increase in blood vigs- -
cosity that occurs in experimental endo- !:m
toxin shock?® is associated with a depression_ §has
in blood fibrinogen level,” ** 12 the most fim
important factor affecting the viscosity al "{I\Cl
any given-rate of shear—(velocity gradient) | e
or temperature would be the hematocrit. §
In the dog with intact spleen, significant :

and sustained changes in arterial hematocrit  §idist
occur early due to release of the concen. Jple
trated splenic reservoir, This may well have - fout
a deleterious cffect on the animals’ ability: g
to survive the shock episode by increasing _’\F"'(
blood viscosity, and impairing blood flow .IF}PTG
through the microcirculation, thus favoring | }fus

o

the development of tissue hypoxia and meta- ‘]!'YF
bolic acidosis. This is especially important :i!atc
since the effects of changes in hematocrit on- ?.Ulc
blood viscosity are more pronounced at low iy

shear rates,'® and the relationship between  filud
ihe,
Bt
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car to an cxponential one as the hema-
rit exceeds 50 percent,® Hardaway has

clamp'e(;, _
: pontau“‘ :

1 as Q) nd increased survival of splencctomized
nt wiiy s after lethal hemorrhagic shock* A
returneg vival study ulilizing an LD, dose of

otoxin might demonstrate increased sur-
al in splenectomized dogs versus those
h intact spleens,

HIn this same regard, it may be possible to
{Iﬁ:monstmte an increased survival rate in
chronically prepared Eck fistula dogs if an
s0 ‘dose-of endotoxin is used, rather than
larger doses that have been administered
etofore.! Vascular changes and the ex-
tavasation of fluid from the splanchnic cir-
Mlilation as a result of the acute rise in portal
nous pressure may contribute to the meta-

eriment,
orm tlig:

qnd its subsequent autodigestion.® % 8
he spleen does not serve the same reser-

ilog. The possibility has been suggested that
s role in the progression of canine shock
eleterious, We would therefore suggest
at splenectomy should be included as part

any canine experimental shock model

lood vis:*
il endo
spression
he mosh’
sosity ‘b
‘raclicn‘fl

LD dose of Escherichia coli endotoxin,
ute portal hemoconcentration was ob-
ved in the intact, and to a lesser oxtent,
0 the splenectomized animal, This phenom-
lon js apparently related to at least two
istinet mechanisms, Contraction of - the
Menic red cell reservoir causes an abrupt
¢ Utpouring of concentrated blood cll'_ir(:ctly
¢ abillif]. Mo the portal vein, and thus the systemic
icreasiif]; “iteulation, This response is graded, and
od flot] Presumably related to a baroreceptor stimu-
Favorin| ‘-“{S to the adrenals following acute arterial
1d 1net¥i<';"l-_iylnc)tension. The second mechanism is ‘re-

=

_portanhf “ted 1o the transndation_of_fuid _from

tocrit o _.,t‘hﬁ! portal circulation during acute portal
4 at lolf Wpertension in endotoxemia. The magni-
betwed "‘7‘t‘fd€ of this latter effect is dependent pon
from ‘f't_}}ﬂ dégree and duration of portal pressure

clevation,

Spleen and pm't‘al hypertension in endotoxin shock 1201

The

mechanism (splenic contracture) i elimi-
nated by splenectomy. Both mechanisms are
climinated by splenectomy and portasys-
temic shunting.

10.

13,
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