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Effect of Acetylcholine on Vascular Capacity in the Dog

EDWARDW. SUPPLEand WM.JOHNPOWELL, JR., The Cardiac Unit, Department of
Medicine, Massachusetts General Hospital, and Department of Medicine,
Harvard Medical School, Boston, Massachusetts 02114

A B S T RA C T Acetylcholine produces venoconstric-
tion of isolated vein strip preparations. However, the
effect of acetylcholine on overall vascular capacity is
not known. To investigate this effect and to elucidate
the mechanisms involved, 38 anesthetized dogs were
placed on total cardiopulmonary bypass, splenecto-
mized, and given intraarterial infusions of acetylcho-
line. Almost all of the effect on vascular volume was
found to be in the splanchnic circulation, because in
four eviscerated animals there was no significant
change in capacity. In the animals in which the
mesenteric arteries were cannulated to provide con-
stant inflow, and the hepatic vein was cannulated to
measure splanchnic venous outflow, acetylcholine
infusion for 5 and 21 min increased splanchnic
vascular capacity in all animals by 107±28 (SEM) ml
(P < 0.01) and 291±132 ml (P < 0.05), respectively.
This increase in splanchnic vascular volume was as-
sociated with a rapid and sustained increase in trans-
hepatic resistance to portal blood flow for the duration
of the infusions (P < 0.01). In the animals in which the
portal vein was vented proximal to the liver, no sig-
nificant volume change occurred in the splanchuiic
vasculature with acetylcholine infusion. Increasing
hepatic venous pressure to elevate portal venous pres-
sure to the same level as that achieved with acetylcho-
line resulted in a similar increase in splanchnic
vascular volume. Atropine, but not adrenergic block-
ade, blocked the acetylcholine-induced volume reten-
tion, indicating that the effect of acetylcholine was
direct. Substantial volume retention was also achieved
by stimulation of the distal ends of the sectioned
cervical vagi. Thus, acetylcholine administration di-
rectly increases transhepatic resistance and is asso-
ciated with a pooling of volume in the splanchnic vas-
culature that would, in the intact animal, result in a
decrease in venous return to the heart.
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INTRODUCTION

The innervation of blood vessels and in particular the
autonomic control of vascular capacity is thought to be
sympathetic in origin (1). To date, the parasympathetic
nervous system has been considered to exert its in-
fluence on the cardiovascular system primarily through
its effect on heart rate and contractility (2, 3). There
has been little investigation on the possible effects of
cholinergic stimulation on vascular capacity. The effect
of vagal activity on the splanchnic viscera has been
well documented and is known to be important in
regulating intestinal motility and secretion by the
stomach (4) and pancreas (5). Parasympathetic fibers
travel alongside the arterial vessels of the splanchnic
viscera (6). Furthermore, Sutherland (7) has demon-
strated that parasympathetic ganglia are present in the
walls of the portal vein and the hepatic vasculature,
including the hepatic veins. From the above, it is ap-
parent that there is an anatomic basis for vagal control
of splanchnic vascular capacity.

Evidence to date suggests that the splanchnic vas-
culature is a potentially important blood reservoir in
the intact organism. This area has been shown to con-
tain -20-30% of total blood volume (8), and under
conditions of severe hypotension, it is capable of
mobilizing two-thirds of its blood volume content (9).
It has been recently demonstrated that beta adrenergic
receptor stimulation with isoproterenol administration
is capable of a central displacement of blood through
decreasing splanchnic blood volume (10). It is possible
that cholinergic stimulation might result in substantial
pooling of blood within the splanchnic vasculature.
However, diffuse venoconstriction is produced by ace-
tylcholine in isolated vein strip preparations (11)
which ought to augment, rather than decrease, venous
return to the heart.

Our study was undertaken to examine the pharma-
cologic effect of acetylcholine on vascular capacity.
Particular attention was directed toward the splanchnic
vasculature under conditions of controlled hemody-
namics in order to assess the effect of acetylcholine on
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splanchnic vascular volume and to elucidate the mech-
anism of its action.

METHODS
43 adult mongrel dogs of either sex weighing between 18
and 25 kg were anesthetized with chloralose (90 mg/kg i.v.)
and urethane (900 mg/kg. i.v.). After endotracheal intubation,
ventilation was accomplished with a Bird Mark 7 constant
pressure respirator (Bird International Sales Corporation,
Palm Springs, Calif.) with 100% oxygen. A right lateral
thoracotomy and a midline abdominal incision were per-
formed. A total cardiopulmonary bypass preparation with an
isolated splanchnic vascular system, as illustrated schemati-
cally in Fig. 1, was used.

After the administration of heparin (3 mg/kg i.v.), the
femoral veins and superior vena cava were cannulated, and
the azygos vein was ligated. The venous blood from these
veins was directed, via an overflow column, the height of
which was set to produce a venous pressure of 8 cm H20, to a
Harvey bubble oxygenator (model H-1000, C. R. Bard Inter-
national, Inc., Murray Hill, N. J.) and heat exchanger (370
±0.5°C) and returned through a variable speed-calibrated
roller pump (A in Fig. 1) (Cardiovascular Instruments, Wake-
field, Mass.) to the femoral arteries. To exclude the pul-
monary, bronchial, and coronary circulation, the aorta (2 cm
above the aortic valve) and the pulmonary hila were cross-
clamped. Drains were placed in the right and left ventricular
cavities to assure adequacy of cross-clamping. The rate of

From

pumping into the femoral arteries was maintained constant
throughout each experiment.

The splanchnic vascular system was then isolated from the
remainder of the systemic vasculature. The inferior vena cava
was ligated just below the liver. The inferior vena cava was
also cannulated in the chest in retrograde fashion to drain the
hepatic venous outflow, which was directed through an over-
flow column, the height of which was set at 8 cm H2O. The
hepatic venous blood was then returned to the oxygenator.
In an attempt to have the model more closely simulate the
human vascular system, splenectomy was performed to
eliminate the possible influence of the muscular capsule of the
dog spleen on vascular capacity. Next, the cranial and caudal
mesenteric arteries and the celiac axis, which was ligated
adjacent to the aorta, were isolated and perfused by the vari-
able speed-calibrated roller pump labeled B in Fig. 1.
Splanchnic arterial inflow was maintained constant through-
out each experiment.

The oxygenator was calibrated with a scale of 20-ml in-
crements (from 0 to 3,000 ml) before each experiment, so that
the reciprocal of changes in oxygenator volume could be
observed as changes in total vascular capacity. Hepatic vein
flows of 30-s duration were manually collected in graduated
cylinders. Changes in splanchnic vascular capacity were
determined by integrating the difference between the mean
hepatic vein flow of the control period and the observed flows
during and following each intervention. Peripheral systemic
vascular capacity was determined from the difference be-
tween the total and the splanchnic vascular capacities.

In two animals, the hepatic artery was cannulated and

Splenic Vein
-Hepatic Artery

Celiac Axis
--Cranial Mesenteric Artery

> -Caudol Mesenteric Artery

FIGURE 1 The experimental preparation. See text for details. SVC,
inferior vena cava; SG, strain gauge.

superior vena cava; IVC,
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separately perfused at a constant flow rate to eliminate any
possible arterial redistribution of blood flow between the
hepatic and mesenteric circulations.

To investigate the effects of cholinergic stimulation on the
portal venous system alone, we cannulated the portal vein
in seven animals just proximal to its bifurcation at the porta
hepatis and ligated the distal portal vein at the bifurcation.
The portal venous outflow to the oxygenator was directed via
an overflow column to maintain portal venous pressure nearly
constant. The hepatic artery was ligated at the porta hepatis.

In each of four animals the hepatic venous overflow column
was raised to match the increase in portal pressure obtained
during a previous 5-min acetylcholine infusion. After 5 min,
the column was lowered to its initial level.

To examine the effects of acetylcholine on the peripheral
vasculature directly, the drug was infused into the femoral
arteries in four animals after evisceration. In these animals,
the entire splanchnic viscera including the liver, stomach,
and intestines had been removed.

All pressures were measured with Statham P23Db trans-
ducers (Statham Instruments, Inc., Oxnard, Calif.); the fre-
quency response of the pressure measurement system was
linear up to 30 cps. Systemic and splanchnic arterial pres-
sures were measured through a short cannula placed in the
left brachial artery and in a branch of the cranial mesenteric
artery in the intestinal arcade, respectively. Portal vein
pressure was measured from a cannula inserted into a branch
of the splenic vein and advanced into the portal vein. Hepatic
vein wedge pressure was determined in three animals by a
7 Swan-Ganz catheter (Edwards Laboratories, Santa Ana,
Calif.), which was advanced in retrograde fashion through the
hepatic vein into the liver. Hepatic vein and central venous
pressures were measured at the bases of their respective
overflow columns. Intestinal lumen pressure was measured
by placing in the duodenum an elongated latex balloon con-
taining saline. All measured pressures were recorded on a
Hewlett-Packard 7700 eight-channel recorder (Hewlett-
Packard, Co., Waltham, Mass.). Transhepatic resistance was
calculated from the difference between portal vein pressure
and hepatic vein pressure divided by the hepatic vein flow.

In eight animals, 5-min acetylcholine (anhydrous acetyl-
choline chloride, Sigma Chemical Co., St. Louis, Mo.) in-
fusions (2 mg/min in normal saline with 0.5% mannitol at a
concentration of 2 mg/ml), and in 15 animals, 21-min infusions
into the splanchnic arterial system just proximal to the tri-
furcation were performed (Fig. 1). The infusions were
administered at 2 ml/min with a parenteral Fluid Delivery
System (model i.v. 5000, Valleylab, Boulder, Col.). The initial
hepatic vein flows during each infusion were purposely
diverted for the first 75 s of each infusion to prevent possible
systemic effects of recirculating acetylcholine during this
period.

To eliminate all visible shunts from the portal to the
splanchnic circulation, in the eight animals in which the 5-
min acetylcholine infusions were administered, running su-
tures were placed in the esophagus and rectum, and the
inferior mediastinum was divided. Blood flow through the
diaphragm was eliminated by clamping the circumference of
the diaphragm with multiple Kelly clamps. In one of these
animals, silastic (Canton Biomedical Products, Inc., Boulder,
Col.) was infused into the splanchnic arterial system at the
conclusion of the experiment to document the lack of visible
communication between the portal and systemic circulations.
In this animal, the silastic perfu-sed to, but not beyond, the
points of occlusion.

In three animals, 20 mg atropine (Dosette, Elkins-Sinn,
Inc., Cherry Hill, N. J.) was administered to 4 liters of extra-
corporeal blood volume over 5 min. Both before and after

atropine blockade, 6 /.tg isoproterenol (Isuiprel, Winthrop
Laboratories, New York) injected into the mesenteric artery
was associated with the same decrease in pressure of 15 mm
Hg. 400 ,ug methoxamine (Vasoxyl, Burroughs Wellcome Co.,
Research Triangle Park, N. C.) injected into the mesenteric
artery betore and after atropine caused arterial pressure to
increase by 50 mmHg. Thus, the vasculature was still respon-
sive after atropine.

In nine ainimals, either phenoxybenzanmine (100-300 mg;
Dibenzyline, Smith Kline & French Laboratories, Philadel-
phia, Pa.) propranolol (100-200 mg; Inderal, Ayerst Labo-
ratories, New York), or both were administered into the
oxygenator to achieve adrenergic blockade. After alpha
adrenergic receptor blockade, no response to an intraarterial
injection of 100 /.g phenylephrine (Neosynephrine, Winthrop
Laboratories) wvas observed. After beta receptor blockaide, the
response to 6 ,ug isoproterenol was abolished.

In five animals cervical vagectomy was performed and
the distal ends of the sectioned vagus nerves were stimulated
bilaterally with a Grass SDSstimulator (Grass Instruiment Co.,
Quincy, Mass.) at 2 cps, 20 V, and 20 ins. To insure that the
nervous system to the intestines and liver remained intact,
the splanchnic arterial system was not cannulated in these
experiments. In two additional animals, cervical vagectomy
was performed and 20 mgAtropine blockade was administered
to the blood volume in the reservoir before bilateral distal
stimulation of the sectioned vagus nerves. In these animals,
the vasculature was still responsive as demonstrated by in-
creases in arterial pressure of 30 mmHg in response to 300 .Lg
Methoxamine and decreases in arterial pressure of 10 mmHg
in responise to 4 ,ug isoproterenol.

A double-tailed paired Student's t test was used for all
statistical analyses except those involving transhepatic re-
sistance. Since the distribution of estimates of transhepatic
resistance was nonhomogeneous, the Wilcoxon (12) signed
rank test was used to determine the statistical analysis of the
resistance data. Significance in all cases was assumed only
with P < 0.05.

RESULTS

Figs. 2A and B show the mean hemodynamic data
obtained in the animals in which 5-min infusions of
acetylcholine were administered. In the top panel of
Fig. 2A, splanchnic vascular volume, following an ini-
tial transient decrease, progressively increased. At the
end of the 5-min infusion there was a volume gain of
107±28 ml (SEM) (P < 0.01). Following termination
of the infusion (i.e., the postcontrol period), the slope
of the gain in splanchnic vascular volume plateaued
and then returned slightly toward control. In two of
eight animals, splanchnic volume returned to control
levels, four of eight returned toward control levels, and
two of eight continued to increase. Transhepatic re-
sistance substantially increased in value within the
first minute following the onset of infusion, remained
elevated (40±10 cm H2O/liter per min) (P < 0.01) from
a control of 25+7 cm H20/liter per min throughout
the infusion, and returned toward the control level
after the infusion. The increase in total vascular vol-
ume in the third panel paralleled the gain in splanchnic
vascular volume, and at the end of the acetylcholine
infusion a gain of 84+28 ml (P < 0.05) was observed.
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FIGURE 2 Mean data on the effects of 5-min intraarterial infusions of acetylcholine in eight
animals. (A) Note that the increase in splanchnic vascular volume associated with the elevation of
transhepatic vascular resistance is similar to the increase in total vascular volume. (B) Note the
significant decrease in hepatic vein flow at the end of 5 min of acetylcholine (ACH) administration
which was associated with a significant change in mean mesenteric arterial pressure. *P < 0.05;
f P < 0.01; n = 8.

There was no significant difference between the gain
in splanchnic volume and the gain in total vascular
volume. Although mean systemic vascular volume de-
creased slightly during acetylcholine administration,
this change was not significant. The top panel of Fig. 2B
shows the mean decrease in hepatic vein flow of 21+5
ml/min (P < 0.01) from the control flow of 430+42 ml/
min. The cumulative effect of this decrease in flow cor-
responded to the observed increase in splanchnic vas-

cular volume (top panel of Fig. 2A). Hepatic vein
flow increased slightly following cessation of the in-
fusion and returned to the control level by 20 min. For
splanchnic vascular volume to have returned to control
levels following the infuision of acetylcholine, hepatic
venous outflow would have had to increase to levels
substantially greater than those of the control period.
Mean portal vein pressure increased significantly
during the infusion of acetylcholine anid returned

Cholinergic Control of Vascular Volume 67

I

- -



TABLE I
Effect of Intraarterial Acetylcholine Infusions under Conditions

of Constant Hepatic Arterial Flow

Acetylcholine
(2 mglmin) Postcontrol

Control 5 min 15 min 20 min

A Splanchnic vascular volume, ml 113 151 160
126 202 232

Transhepatic resistance, cm H20/liter/min 10.4 19.9 10.4 10.4
13.9 25.0 16.1 16.1

Portal vein pressure, cm H20 12 15.3 12 12
12 14 12.5 12.5

Hepatic vein flow, ml/min 448 428 448 448
320 292 312 312

Mean mesenteric arterial pressure, mmHg 57 55 52 55
65 65 65 65

Mean hepatic arterial pressure, mmHg 70 67 70 72
65 65 65 65

The top and bottom number of each pair indicate the results from each of two animals. Note
that splanchnic vascular volume increased in both animals and that this increase was associated
with an elevation of transhepatic resistance.

toward control levels in the postcontrol period. In the
third panel of Fig. 2B, it can be seen that there was no
significant change in mesenteric arterial pressure,
which at a constant inflow reflected mesenteric arterial
resistance: in three of eight animals mesenteric arterial
resistance increased, in four of eight animals it de-
creased, and in one of eight animals there was no
change in response to acetylcholine. There was also
no significant change in mean systemic arterial pres-
sure from the control of 64±7 mmHg. Peak intestinal
lumen pressure, as seen in the bottom panel of Fig. 2B,
increased significantly above control during acetyl-
choline administration. With infusion of the vehicle of
saline and 0.5% mannitol at 2 ml/min in two animals,
there was no change in any of the above hemodynamics.

In the 15 animals that did not have collaterals
ligated and that received longer infusions of acetyl-
choline, similar changes in splanchnic vascular vol-
ume, transhepatic resistance, hepatic vein flow, portal
vein pressure, and total vascular volume occurred at
the end of 5 min of infusion. These changes were sus-
tained throughout the period of infusion. The gain in
splanchnic vascular volume at 5 min was 90±33 ml
(P < 0.05). This was slightly but not significantly less
than in the animals with the collaterals ligated. At the
end of the 21-min infusion, the splanchnic vascular
volume gain was 291±132 ml (P < 0.05). This was not
significantly greater than the increase of 192±88 ml in
total vascular volume at 21 min of infusion.

In the two animals in which hepatic arterial inflow

was maintained constant before, during, and after
5-min infusions of acetylcholine, results similar to
those obtained in the experiments in which the he-
patic artery was not separately cannulated were seen
(Table I). Of interest was the lack of change in either
hepatic arterial or mesenteric arterial pressure.
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FIGURE 3 The effect of intraarterially administered acetyl-
choline (ACH) on systemic vascular volume and mean sys-
temic arterial pressure in four eviscerated animals. Note the
lack of significant change in systemic vascular volume.
*P < 0.05; fP < 0.01; n = 4.
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In the four eviscerated animals there was a greater
direct delivery of acetylcholine to the periphery than
occurred in the noneviscerated animals and systemic
arterial pressure decreased significantly (Fig. 3). In
spite of the greater delivery of acetylcholine, little
change in vascular volume resulted (-32+ 18 ml, NS)
indicating that the predominant effect of acetylcholine
on the total vascular capacity appears to be in the
splanchnic vasculature.

In the seven animals in which the portal vein was
vented proximal to liver to investigate the effect of
acetylcholine directly on the portal venous system,
there was an insignificant decrease of 50±68 ml in
volume at 21 min (top panel of Fig. 4). Portal pressure
remained at nearly constant levels throughout these
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experiments (second panel). There was no significant
change in total and systemic vascular volume in re-
sponse to acetylcholine.

In an animal with the portal circulation to the liver
intact (Fig. 5), it can be seen that regardless of whether
portal pressure was increased by acetylcholine or by
mechanical elevation of hepatic vein pressure, similar
increases in splanchnic vascular capacity were ob-
served after 5 min. In each of four animals that under-
went the same experimental protocol, similar data were
obtained. In response to acetylcholine infusion, the
portal vein pressure increase of 3.1+1 cm H20 from a
control level of 12.8±1 cm H20 was associated with a
gain in splanchnic volume of 104±7 ml. Elevation of
the hepatic vein pressure resulted in an increase of
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FIGURE 4 The effect of intraarterial acetylcholine (ACH) on splanchnic and systemic hemo-
dynamics in seven animals in which the portal vein has been vented. See text for details. Note the
lack of a significant change in splanchnic vascular volume, portal vein pressure, and total vascular
volume. * P < 0.05, f P < 0.01, n = 7.
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FIGURE 5 A comparison of the effects of acetylcholine
(ACH) and mechanical elevation of hepatic vein pressure on
splanchnic vascular volume. Note the similarity in the in-
crease in splanchnic vascular volume produced hy elevating
portal venous pressure to the same level with either inter-
vention.

portal vein pressure of 3.4±2 cm H20 from a control of
14.7±2 cm H20 that was associated with a gain in
splanchnic volume of 116±+13 ml. After each of the
above two interventions, there was a persistent gain in
splanchnic vascular volume (146±10 ml 5 min after
the acetylcholine infusions and 92±23 ml 5 mmnafter
the return of hepatic vein pressure to control).

In three animals hepatic vein wedge pressures were
measured intermittently during acetylcholine admin-
istration in order to determine the location within the
hepatic vasculature of the effect of acetylcholine. As
can be seen in the third and fourth panels of Fig. 6,
hepatic vein wedge pressure was within 0.5 cm H20 of
portal pressure in the control periods. Furthermore, in
response to acetylcholine both portal vein pressure and
hepatic vein wedge pressure rose. Although portal
pressure tended to be slightly greater than the hepatic
vein wedge pressure, it was always within 1.2 cm H20
of the latter. This is consistent with findings in the
literature about the relationship of portal pressure to
hepatic vein wedge pressure (13). In the other two
animals, hepatic vein wedge pressure also rose in
response to acetylcholine (from 10.8 to 16.5 cm H20
and from 19.7 to 21.8 cm H20) and was consistently
within 1 cm H20 of portal vein pressure.

Fig. 6 also demonstrates that the effect of acetylcho-
line on the splanchnic vasculature could be blocked by

atropine. In two other animals, atropine blockade also
abolished the response to acetylcholine observed
during the first infusion. In each of three animals,
two 5-min infusions of acetylcholine were adminis-
tered in sequence. The second infusion exhibited the
usual response to acetylcholine of increased trans-
hepatic resistance and increased splanchnic vascular
capacity. The gain in splanchnic vascular volume was
100, 95, and 70% of that observed during the first
infusion, indicating little to no tachyphylaxis to re-
peated infusions of acetylcholine.

To investigate whether reflex adrenergic activity
might account for the effect of acetylcholine on the
splanchnic vasculature, this agent was infused in nine
animals following alpha, beta, or combined alpha and
beta adrenergic receptor blockade. The results of 13
infusions are shown in Table II. Splanchnic vascular
capacity and transhepatic resistance increased to a
similar or greater extent in response to acetylcholine
following adrenergic blockade, indicating that the pri-
mary effect of acetylcholine is not mediated by
adrenergic receptor stimulation.

The effect on total vascular capacity of vagal stimula-
tion in five dogs can be seen in Fig. 7. After 11 min
stable control, total vascular volume rapidly increased
during vagal stimulation. At 10 min after the onset of
vagal stimulation the gain in intravascular volume was
69±14 ml (P < 0.01). Summing up the changes in
splanchnic outflow it appeared that the splanchnic
corresponding volume changes were 155±58 ml (P
< 0.05). However, it was not possible to quantitate
separately the specific change in splanchnic vascular
volume since vagal stimulation also affects splanchnic
arterial resistance (11), and arterial resistance changes
may modify changes in splanchnic vascular capacity
(14). Since in these experiments the primary, if not the
sole effect of vagal stimulation is on the splanchnic
organs, the major effect on capacity must have oc-
curred in the splanchnic circulation. In two additional
animals, following atropine blockade, there was no
gain in total vascular volume with 10 min of vagal
stimulation.

DISCUSSION

The present data demonstrate that acetylcholine ad-
ministration is associated with a rapid and significant
gain in splanchnic vascular volume. This increase in
splanchnic vascular capacity is mediated by a direct
effect. The primary site of action of acetylcholine is on
the hepatic vasculature with little effect on the portal
venous system per se. The effect on the hepatic vas-
culature is to elevate transhepatic resistance to portal
blood flow, and this elevation of resistance appears to
account for the observed gain in splanchnic vascular
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ACH
2mg/min

ATROPINE
20 mg

ir

ILIJ,

l50.. _ 4~~~INT

ACH
2mg/min

i~~~~~~~~~~~~

iI

- 10 -5 0 5 1 60 15 2c

FIGURE 6 The effect of sequential intraarterial infusions of acetylcholine (ACH) in the same

animals before and after the administration of 20 mgof atropine to the 4-liter blood reservoir. Note
that the administration of atropine abolished the hemodynamic and intestinal lumen pressure
effects of acetylcholine. Note also that with the administration of acetylcholine before atropine
blockade, hepatic vein wedge pressure rose in parallel with portal vein pressure and remained
within 1.2 cm H20 of the latter throughout the experiment.

volume. The gain in splanchnic capacity entirely
accounts for the increase in total vascular volume ob-
served in this study.

Redistribution of arterial blood flow from one area of
the circulation to another can produce an increase in
capacity in the area that receives the increase in
arterial flow (14). In this study, arterial redistribution
from the systemic to the splanchnic circulation or

redistribution between the mesenteric and hepatic
arterial systems could not have accounted for the
observed gain in splanchnic vascular volume, because
the increase in capacity occurred under conditions of
separate perfusion of these systems. The majority of
the increase in splanchnic vascular volume is located
within sites other than the arterial system, since
splanchnic vascular capacity increases independently
of the direction of the change in mesenteric arterial
resistance. Dilatation of the portal venous system could

result in an increase in splanchnic vascular capacity,
but in the animals with the portal vein vented proximal
to the liver and portal pressure maintaiined nearly con-

stant, splanchnic vascular volume did not increase. In
fact, a small, insignificant decrease in splanchnic vas-

cular volume was observed, which is consistent with
slight venoconstriction of the portal venous system.
Thus, the increase in splanchnic vascular volume ob-
served in the intact animals with acetylcholinie infusion
appears likely to be due to an effect on the hepatic
vasculature.

Transhepatic resistance to portal blood flow rises
rapidly and remains substantially elevated during ace-

tylcholine administration. Both the decrease in hepatic
vein outflow and the increase in portal vein pressure

contribute to this increase in transhepatic resistance.
The data from the experiments in which hepatic vein
pressure was elevated in order to increase portal vein
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TABLE II

Effect of 5-min Infusions of Acetylcholine (2 mg/min) following Adrenergic Receptor Blockade

a-Adrenergic blockade f3-Adrenergic blockade a- and ,B-Adrenergic blockade

ASplanchnic Transhepatic ASplanchnic Transhepatic ASplanchnic Transhepatic
vascular resistance vascular resistance vascular resistance
volume, volume, volume,

5 min Control 5 min 5 min Control 5 min 5 min Control 5 min

ml CI HI20/i1iter per mini ml cm H2011iter per mnin ml ci H20/liter per inin

Unblocked 34 61.3 76.7 34 61.3 76.7
Blocked 147 43.8 97.5 68 128 182

Unblocked 41.2 27.1 27.4 4.2 27.1 27.4
Blocked -3 50.8 61.8 13.3 50 70.6

Unblocked 524 48.7 197
Blocked 668 120 421

Unblocked 73 5.5 13.6 72.7 5.5 13.6
Blocked 133 13.1 32.9 203 17.9 52.8

Unblocked 139 22.7 59.1
Blocked 163 135 172

Unblocked 39.7 30.8 32.8 39.7 30.8 32.8
Blocked 103 53.6 73.1 156 62.5 118

Unblocked 66 12 13.8
Blocked 74 17.2 25

Unblocked 54 39.5 45.0
Blocked 119 87.4 106

Unblocked 3 11.7 16.9
Blocked 32 17.0 23.0

Mean unblocked 150± 125 38±+11 81+41 62±+18 20±5 30±8 38±20 31±12 38±14
Mean blocked 238±145 59±22 153±90 63±30 57±16 69±20 110±43 65±23 106±29

Each horizontal row of paired numbers represents the data from one animal. Note that directionally similar increases in
splanchnic vascular volume and in transhepatic resistance were produced by acetylcholine both before and after adrenergic
receptor blockade. n = 9.

pressure to the same level that had occurred with prior
acetylcholine administration indicate that the increase
in transhepatic resistance is an important mechanism
whereby acetylcholine increases vascular capacity.

Acetylcholine exerts its effect on the postsinusoidal
vasculature in the hepatic venules and veins. This is
demonstrated by the data from the experiments in
which portal vein and hepatic vein wedge pressures
were monitored. In the liver, there is communication
among the sinusoids that allows blood flow to occur into
and out of the sinusoids proximal to the wedged
hepatic vein (15). Hepatic vein wedge pressure deter-
minations measure sinusoidal pressure (13). Because
portal vein pressure and hepatic vein wedge pressure
closely approximated each other in these experiments,
and both increased in response to acetylcholine, the
site of the constriction must be primarily postsinusoidal.
Anatomic evidence of the existence of sphincters in
the hepatic venules and veins of the dog has been

demonstrated (16, 17). The walls of the hepatic venules
are invested with thick smooth muscle that is pre-
dominantly longitudinally oriented. At the junction of
the hepatic venules with the hepatic veins, this mus-
cular wall thickens and some of the fibers are circum-
ferential. Microscopic sections after stimulation with
acetylcholine have demonstrated constriction of the
vessels in these areas (18). This anatomic evidence,
combined with the present physiologic data, explains
how acetylcholine, which venoconstricts isolated veins
(11), can increase splanchnic vascular capacity.

Constriction of the postsinusoidal sphincter most
likely occurs through a direct effect of acetylcholine.
This agent was administered into the splanchnic
arteries to minimize the possibility that the release
of a circulating hormone from the adrenals, kidneys,
or other organs in response to acetylcholine could be
solely responsible for the observed effects. The in-
crease in portal pressure and transhepatic resistance
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FIGURE 7 The effect of stimulation of the distal ends of the
sectioned cervical vagi on total vascular volume in each of
five animals following 11 min of stable control. For these
experiments, the central venous pressure was set at 8 cm H20.
The means at 5 and 10 min of vagal stimulation were both
significant (P < 0.05).

occurred within 1 min of the onset of acetylcholine
administration. These effects could not be caused by
recirculation of blood containing a systemically re-
leased hormone, considering the circulation times
involved, the isolation of hepatic venous outflow dur-
ing blood flow determinations, and the volume of the
blood reservoir. The presence of a directionally
similar effect of acetylcholine on splanchnic vascular
capacity following adrenergic receptor blockade indi-
cates that the above effects of acetylcholine are not
dependent upon an intact adrenergic system. Further-
more, atropine abolished the increase in intestinal
activity, the increase in transhepatic resistance, and the
gain in splanchnic vascular volume associated with
acetylcholine administration.

Although not significant, there was a tendency for
the gain in splanchnic vascular capacity to slightly
exceed that of total capacity. Shunting of blood from
the higher pressure portal system to the central venous
circulation could be a mechanism for this difference,
but in the animals in which all visible collaterals were
ligated, there was no significant difference in response
to acetylcholine. The small, but statistically insig-
nificant, systemic venoconstrictor effect of acetyl-
choline noted in the eviscerated animals could explain
the tendency for the gain in splanchnic capacity to
exceed that of total capacity.

The persistent elevation in splanchnic vascular
volume in some experiments following the termination
of acetylcholine infusion may, in part, have been
secondary to transudation of fluid into the interstitium
because of the increased capillary pressure. The data
from the experiments in which hepatic venous and
portal pressure were mechanically elevated support
this concept, because splanchnic volume did not return
promptly to control following return of portal pressure
to its initial level. Whatever the amount, any increase
in interstitial fluid would result in volume being
retained in the splanchnic viscera that would be un-
available to the central circulation.

It is likely that the mechanism whereby acetylcho-
line increases splanchnic vascular volume has rele-
vance in the intact organism. Anatomically, acetyl-
choline esterase staining techniques have demon-
strated parasympathetic fibers and ganglia in the walls
of portal veins, central veins, and hepatic veins as they
enter the vena cava (7). The hepatic artery receives
only sympathetic innervation (19). Furthermore, as
shown in Fig. 7, with electrical stimulation of the
vagus nerve, an increase in total vascular volume
occurred.

Anatomically, the hepatic veins of other species
have been shown to contain smooth muscle, and a re-
sponse to acetylcholine has been demonstrated. Tyler
(20) found that the hepatic but not the portal veins of
the turtle had spirally arranged smooth muscle in their
walls. Hepatic venous outflow decreases in response to
acetylcholine infusion in the isolated perfused turtle
liver (21). Deysach (18) noted swelling of the liver and
restriction of outflow in the isolated, perfused livers of
rabbits, cats, and vevet monkeys in response to acetyl-
choline. Deysach (18) also observed that the hepatic
veins and their branches in these species were mus-
cular and thick-walled. On microscopic section, fol-
lowing acetylcholine administration, constricted areas
of the hepatic veins were observed.

Anatomical evidence for a postsinusoidal sphincter
has been shown in man. Popper (22) described the
junction of central veins with hepatic venules as
being "funnel-like." Elias and Popper (23) noted that
thin-walled hepatic venules in the human constricted
on entering thick-walled vessels. In neoprene casts
of the hepatic venous system in man, the junctions of
central venules and hepatic veins were sometimes
retracted (24). Since these junctions were numerous,
Gibson (24) concluded that junctional constriction
was probably the "chief venous sphincter mechanism
in the human liver." Hepatic veins in man have been
shown to have a longitudinally oriented smooth muscle
in their walls (25, 26).

Thus, anatomically, it appears that man is capable of
the same response to acetylcholine observed in our
experiments. The physiologic documentation of this
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effect remains to be demonstrated in the human. The
data from the present experiments suggest that there is
a cholinergically mediated increase in transhepatic
resistance to portal blood flow resulting in a sequestra-
tion of blood volume in the splanchnic vasculature
that would decrease venous return to the heart.
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