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Abstract

The opiate antagonist, naloxone, which is associated with
prolonged survival in animal models of shock, has been dem-
onstrated to increase arterial pressure and cardiac output. It is
possible that the increase in cardiac output is due to a decrease
in volume in the total capacitance vasculature and a subsequent
increase in venous return. Because the influence of naloxone
on the capacitance vasculature is unknown, the present study
was undertaken to determine the influence of naloxone on
intravascular volume in the total capacitance circulation. In 31
anesthetized dogs, blood from the vena cavae was drained into
an extracorporeal reservoir and returned to the right atrium at
a constant rate so that changes in total intravascular volume
could be measured as reciprocal changes in reservoir volume.
In five animals, naloxone infusion (2 mg/ml- min for 20 min)
was associated with a decrease in total capacitance volume of
121+30 ml (P < 0.05). To determine regional volume effects,
naloxone was infused in 11 animals in which the splanchnic
and extrasplanchnic vasculatures were separately perfused and
drained: total and splanchnic volume decreased 64+13 ml (P
< 0.05) and 12617 ml (P < 0.0001), respectively, and extras-
planchnic volume increased 62+13 ml (P < 0.001). After
ganglionic blockade with mecamylamine (n = 3), total volume
decreased 89+16 ml (P < 0.05), splanchnic volume did not
change, and extrasplanchnic volume decreased 91+32 ml (P
< 0.05). In another five animals, naloxone was infused during
diversion of the splanchnic venous outflow to a nonrecirculating
extracorporeal reservoir: total volume decreased 122+33 ml
(P <0.05), splanchnic volume did not change, and eéxtra-
splanchnic volume decreased 101+16 ml (P < 0.01). When
the splanchnic venous effluent was reinfused without naloxone
administration (n = 4), total volume decreased 43+5 ml (P
< 0.05), splanchnic volume decreased 113+14 ml (P < 0.05),
and extrasplanchnic volume increased 68+10 ml (P < 0.05).
Thus, naloxone is associated with a decrease in total capacitance
volume, which is due entirely to a decrease in splanchnic
volume. The splanchnic volume decrement would appear to be
mediated through neurogenic and hormonal influences. In an
animal not on bypass, it would be expected that naloxone
would be associated with a decrease in total capacitance volume
and subsequent increases in venous return and cardiac output.
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Introduction

Naloxone, an opiate antagonist, has been demonstrated to
improve cardiovascular performance and prolong survival in
hypotensive animals. It is possible that the improved cardio-
vascular performance is related, in part, to a decrease in
intravascular volume in the total capacitance vasculature and
a subsequent increase in venous return. Because the influence
of naloxone on the capacitance vasculature has not been
examined, the present study was undertaken to examine
whether volume in the total capacitance vasculature is decreased
during naloxone administration.

Other investigators have observed prolonged survival with
naloxone administration in various hypotensive experimental
conditions including endotoxin shock (1) and hypovolemic
shock (2-4). The prolonged survival may be related to increases
in cardiac contractility, cardiac output, and mean arterial
pressure, which have been observed after administration in
hypotensive animals (1-9) or patients (10, 11). It is also
possible that the increases in cardiac output and arterial
pressure are due, in part, to a decrease in capacitance volume;
however, capacitance volume changes have not been previously
examined.

Hence, the present study was undertaken in order to assess
the influence of naloxone administration on the total capaci-
tance vasculature. A venous bypass preparation was employed
to determine regional and total intravascular volume changes
and the extent to which these changes are mediated by direct,
neurogenic, and hormonal influences.

Methods

Venous bypass preparation. 31 mongrel dogs of either sex, weighing
between 11 and 18 kg (mean 140 kg) were anesthetized with
chloralose (60-80 mg/kg iv) and urethan (600-800 mg/kg iv), intubated,
and ventilated with a mixture of room air and 100% oxygen. A median
sternotomy was performed and 3,000 U of sodium heparin was ad-
ministered iv. The experimental preparation utilized in dogs 1-10 is
illustrated in Fig. 1. The azygos vein was ligated and the superior and
inferior vena cavae were cannulated with no. 32 or 34 French catheters.
The total systemic venous return was drained to an overflow column
and central venous pressure was adjusted by setting the height of the
column at 5 cm H,0O with the right atrium as a reference point. The
venous return was drained from the overflow column into a 2-liter no.
2022 graduated cylinder (Corning Glass Works, Corning, NY), which
had 20-ml graduations. The draihage from the overflow column into
the reservoir was sufficiently rapid to prevent accumulation of blood
in the overflow column. From the 2-liter graduated cylinder, blood
was pumped (Travenol perfusion pump, Travenol Laboratories, Inc.,
Morton Grove, IL) to the right atrium via a no. 26 French catheter in
the right atrial appendage at a constant rate of 350-800 ml/min (mean
579+26 ml/min, 89% of the perfusion rates were between 500 and
800 ml/min). Because blood was returned to the animal at a constant
rate, it was possible to record changes in volume in the total capacitance
vasculature as reciprocal changes in volume in the graduated cylinder.
The perfusion tubing and extracorporeal reservoir were primed with
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Figure 1. Experimental preparation employed. Animals were placed
on venous bypass and changes in total intravascular volume were
recorded as reciprocal changes in reservoir volume. See text for
details. Abbreviations: SG, strain gauge; RA, right atrium; SVC,
superior vena cava; IVC, inferior vena cava.

heparinized blood from two donor dogs before establishing venous
bypass in each dog. Brachial arterial, left atrial, and central venous
pressure were measured with Statham P23Db pressure transducers
(Gould Inc., Cleveland, OH). All pressures and the electrocardiogram
were recorded continuously on an eight-channel, model 7758A Hewlett-
Packard recorder (Hewlett-Packard Co., Palo Alto, CA). Volume in
the graduated cylinder was recorded every minute. Arterial oxygen
and carbon dioxide tensions and pH were determined frequently
throughout the course of each experiment with a Micro-13 pH/blood
gas analyzer (Instrumentation Laboratory, Inc., Lexington, MA) and
were maintained at pH 7.30-7.45, Pco, 25-40 mmHg, and Po, >100
mmHg.

Naloxone hydrochloride (DuPont Pharmaceuticals, Wilmington,
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DE) was infused into the left atrium at a constant rate of 2 mg/
ml-min for 20 min (total dose 40 mg) on 15 occasions in dogs 1-10.
10-20 min of hemodynamic stability was observed before the start of
each infusion and hemodynamic parameters were recorded for 10-20
min after each infusion was terminated. Naloxone was infused on one
occasion in dogs 1-3 and on two occasions in dogs 4 and 5. Morphine
sulfate (15-30 mg; A. H. Robins Co., Richmond, VA) was administered
into the left atrium before eight infusions in dogs 5-10 to obtain
maximal opiate receptor stimulation before administration of naloxone.
Naloxone was infused after morphine on one occasion in dogs 5-8
and on two occasions in dogs 9 and 10.

Splanchnic evisceration preparation. In dogs 3-10, the influence of
naloxone administration on the isolated extrasplanchnic vasculature
was assessed by infusing naloxone again into the left atrium at a rate
of 2 mg/ml- min after evisceration of the splanchnic vasculature. The
preparation illustrated in Fig. | was modified so that exclusion of the
splanchnic vasculature was accomplished by securely ligating the celiac,
cranial mesenteric, and caudal mesenteric arteries and veins and all
visible arteries and veins supplying the mesenteric organs. Sites of
systemic anastamoses at the gastroesophageal junction and at the
rectum were ligated. Running sutures were placed in the diaphragm,
and the inferior mediastinum was divided. The spleen, stomach, and
all intestines except the sigmoid colon were removed from the abdominal
cavity, and the abdominal cavity was closed. Complete evisceration
was confirmed by noting the absence of any splanchnic venous outflow
in the thoracic inferior vena cava cannula in two dogs in which the
abdominal inferior vena cava was ligated between the hepatic and
renal veins after the conclusion of the experiment.

Separate perfusion and drainage preparation. The influence of
naloxone administration on the splanchnic and extrasplanchnic vas-
culatures was assessed in a preparation whereby the splanchnic and
extrasplanchnic vasculatures were separately perfused and drained as
illustrated in Fig. 2. In 21 animals (dogs 11-31), the celiac, cranial
mesenteric, and caudal mesenteric arteries were isolated and separately
perfused by a perfusion pump with blood drained from a femoral
artery. Splanchnic perfusion was at a constant rate of 180-300 ml/
min (mean 226+9 ml/min) and extrasplanchnic perfusion at a constant
rate of 400-700 ml/min (mean 537+32 mil/min). An occlusive ligature
was placed around the inferior vena cava below the hepatic vein, but

Splenic Vein
Hepatic Artery

Celiac Axis
Cranial Mesenteric Artery
Caudal Mesenteric Artery

Figure 2. Experimental preparation in
which the splanchnic and extrasplanchnic
vasculatures were separately perfused and
drained. Total, splanchnic, and extra-
splanchnic volume changes were deter-
mined. See text for details. Abbreviations:
SG, strain gauge; FA, femoral artery; SVC,
superior vena cava; IVC, inferior vena
cava.
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above the renal veins, and the inferior vena cava was cannulated
between the hepatic vein and the right atrium. This hepatic vein
tubing, which carried the splanchnic venous outflow, was passed to an
overflow column and the blood from the column was drained into the
graduated cylinder. The extrasplanchnic vasculature was drained by
cannulas in the superior vena cava and femoral veins. The tubing
from these latter cannulas was passed to a second overflow column.
Blood from this latter overflow column drained into the same graduated
cylinder into which the splanchnic vasculature drained. By adjusting
the heights of the overflow columns, the extrasplanchnic and hepatic
venous pressures were set equal to each other at 5 cmH,0. To
eliminate all visible shunts from the portal venous circulation to the
systemic arterial circulation, running sutures were placed in the esoph-
agus, rectum, and diaphragm and the inferior mediastinum was
divided. To document the lack of visible communications between the
portal and systemic circulations, latex injection fluid (Ward’s Natural
Science Establishment, Inc., Rochester, NY) was infused into the
splanchnic arterial system in two of the animals at the conclusion of
the experiment. In these animals, the latex perfused to, but not beyond
the sites of occlusion. Splanchnic (portal) venous pressure was measured
via a catheter advanced from a small splenic vein into the portal vein.
Hepatic vein flow was determined by collecting the hepatic venous
drainage in a 100- or 200-ml graduated cylinder for 30 s every 2 min.
Volume in the graduated cylinder was measured to the nearest 1 ml.
Transhepatic venous resistance was calculated by dividing the difference
between the portal and hepatic vein pressures by the hepatic vein flow.
Changes in splanchnic intravascular volume were determined by
integrating the difference between the mean hepatic vein flow obtained
during the control period and the observed flows during and after
naloxone administration. Because changes in total intravascular volume
were measured as reciprocal changes in the volume of the graduated
cylinder, changes in extrasplanchnic volume could be calculated as the
difference between changes in total intravascular volume and changes
in splanchnic intravascular volume. In 11 (dogs 11-21) of these 21
animals with separate perfusion and drainage of the splanchnic and
extrasplanchnic vasculatures, naloxone, 2 mg/ml-min, was infused
into the left atrium for 20 min on 14 occasions. Naloxone was infused
on one occasion in dogs 11-19, on two occasions in dog 20, and on
three occasions in dog 21. In dogs 15, 16, and 20, naloxone was
infused again into the left atrium after evisceration of the splanchnic
vasculature as previously described. Evisceration was confirmed in
each of these three animals by noting the absence of blood flow from
the hepatic vein tubing after splanchnic evisceration.

The extent to which total and regional volume changes were
mediated through autonomic reflex phenomena was examined in dogs
17-19. Naloxone was infused again on one occasion in dog 17 and on
two occasions in dogs 18 and 19 after ganglionic blockade had been
accomplished by the administration of 200 mg mecamylamine (Inver-
sine; Merck, Sharpe & Dohme, West Point, PA) to the pump reservoir
over 10 min. This dose of mecamylamine was sufficient to abolish the
reflex bradycardia associated with a 300-600-ug bolus of phenylephrine
hydrochloride (Neo-Synephrine Hydrochloride; Winthrop Laboratories,
New York) injected into the left atrium. At least 50 min elapsed
between mecamylamine and subsequent naloxone administration.

Splanchnic venous diversion and reinfusion preparation. Whether
naloxone administration was associated with the release of a vasoactive
hormone that subsequently influenced both the splanchnic and extra-
splanchnic capacitance vasculatures was examined in an additional 10
animals (dogs 22-31). The experimental preparation illustrated in Fig.
2 was modified so that the splanchnic venous outflow could be diverted
to another extracorporeal reservoir in order that the splanchnic outflow
would not recirculate during naloxone administration. This was accom-
plished by attaching a Y-connector to the hepatic vein overflow column
before the start of the experiment. One arm of the Y-connector drained
into the 2-liter graduated cylinder while the other arm of the Y-
connector drained into a separate 4-liter flask (Corning Glass Works).
At the start of the experiment, the tubing draining into the separate 4-
liter flask was clamped so that the splanchnic and extrasplanchnic
venous returns were drained into the same graduated cylinder as in
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Fig. 2. During splanchnic venous diversion, the tubing draining into
the 4-liter flask was unclamped and the tubing draining into the 2-liter
graduated cylinder was double-clamped so that the splanchnic venous
outflow drained into the 4-liter nonrecirculating splanchnic venous
reservoir. Extrasplanchnic venous outflow drained through the superior
vena cava and femoral vein cannulas into the recirculating 2-liter
graduated cylinder as before. To maintain sufficient volume in the 2-
liter graduated cylinder while splanchnic venous outflow was being
diverted to the separate nonrecirculating reservoir, donor blood was
transferred from a separate 10-liter container to the 2-liter graduated
cylinder. The mean hematocrits for the donor blood, 2-liter graduated
cylinder blood, and 4-liter nonrecirculating splanchnic reservoir blood
were 31.5+1, 32.5+1, and 32+2%, respectively. These values were not
significantly different from each other. Changes in splanchnic volume
were determined as described previously. Changes in extrasplanchnic
volume were calculated by collecting the extrasplanchnic venous
outflow in a graduated cylinder for 30 s every 2 min and then
integrating the difference between the mean extrasplanchnic venous
flow obtained during the control period and the observed flows during
and after naloxone administration. Changes in volume in the total
capacitance vasculature were calculated by adding the splanchnic and
extrasplanchnic volume changes. Naloxone, 2 mg/ml - min, was infused
into the left atrium for 20 min without diversion and again during
diversion of the splanchnic venous outflow in dogs 22-26. In dog 27,
naloxone was first infused during splanchnic venous diversion.

In dogs 24-27, the influence of the diverted splanchnic venous
effluent on extrasplanchnic volume was examined directly by reinfusing
the splanchnic venous effluent after splanchnic evisceration had been
accomplished. The splanchnic vasculature was eviscerated in each of
these four animals as described previously. After a 10-20-min precontrol
period was obtained, blood that had been stored in the nonrecirculating
splanchnic venous reservoir during the previous naloxone infusion was
added to the 2-liter graduated cylinder over a 20-min period without
concurrent naloxone administration. Changes in extrasplanchnic vas-
cular volume were determined as in the previous set of experiments.

In dogs 28-31, naloxone was first administered during splanchnic
venous diversion and the diverted splanchnic outflow was then reinfused
over a 20-min period without concurrent naloxone administration and
without prior abdominal evisceration. Changes in total, splanchnic,
and extrasplanchnic volumes were examined by measuring changes in
splanchnic and extrasplanchnic venous outflow as described previously.

Whether the diversion and reinfusion technique alone influenced
the present observations was examined in dogs 28 and 29. At the
beginning of each study, total and regional volume changes were
examined during 20 min of diversion without naloxone administration
and then during 20 min of reinfusion of the previously diverted
splanchnic venous outflow.

To determine whether shifts in fluid volume between the intravas-
cular and extravascular spaces may have influenced the observed
volume changes, hematocrits were determined on four occasions before
and after naloxone administration.

Brief naloxone infusions. Whether the total and regional volume
responses associated with naloxone administration could be observed
to return to precontrol levels during the postcontrol period, after a
shorter duration of naloxone administration, was examined in dogs 30
and 31. In each of these two animals, splanchnic and extrasplanchnic
venous outflows were measured and total, splanchnic, and extra-
splanchnic volume changes were calculated during naloxone adminis-
tration (2 mg/ml - min) for 14 min and during a 30-35-min postcontrol
period after the termination of naloxone administration.

Effect of ganglionic blockade. In four other animals, the influence
of ganglionic blockade alone was assessed by measuring reservoir
volume and mean arterial pressure before and after the administration
of 150-200 mg of mecamylamine.

Statistical analysis. To calculate the change in total intravascular
volume, a line of best fit was determined by linear regression analysis
for the reservoir volume recordings obtained during the 10-20-minute
period before each drug infusion. The synthetic variable, the deviation
from the line of best fit, was determined at all points in time before,



during, and after naloxone administration. This synthetic variable
was assumed to represent change in total intravascular volume.
Meanststandard errors of the means were determined for each he-
modynamic parameter at each point in time for experiments performed
under similar experimental conditions.

Because simple analysis of variance requires equal variances among
means, a quantitative test for heteroscedasticity (unequal variances
among means) of the precontrol, experimental, and postcontrol means
was performed for each parameter in each experimental group. The
appropriate one-way analysis of variance model was determined, in
accordance with the particular heteroscedasticity test results, and then
performed as described by Sokal and Rohlf (12) using standard
statistical software (13). For the analysis of variance when variances
were unequal, a heteroscedastic population, each mean was weighted
by the inverse of its observed variance. For each hemodynamic
parameter in each experimental group, an initial global comparison
was first performed between all control and experimental values in
order to test the proposition Hy: All mean values are equal. Only if
this global comparison was significant (i.e., H, was rejected) were
values at individual points in time examined. In such cases, control
means were compared with experimental values obtained at 10, 20,
and 30 min by employing ¢ tests at each selected point. The mean
square derived from the previous global analysis of variance was used
and adjustment for multiple comparisons was made by the method of
Bonferroni (14). All data presented in Figs. 3-7 were initially analyzed
by comparing hemodynamic changes obtained at the end of naloxone
infusion with the control hemodynamic values obtained prior to drug
infusion by means of Student’s paired ¢ tests. All changes subsequently
demonstrated to be statistically significant at the end of infusion by
analysis of variance were also significant by a paired Student ¢ test.
Changes in hemodynamic parameters at the end of infusions, performed
before pharmacologic or surgical intervention, were also compared
with changes after interventions by a paired or unpaired Student ¢ test.
(An unpaired test was used for the before and after ganglionic blockade
data.) In cases in which sample means had unequal variances, com-
parisons were performed using the Behrens-Fischer modification of
the ¢ tests (12).

Paired Student ¢ tests were used to compare total and regional
volume changes obtained at the termination of consecutive naloxone
infusions, volume and mean arterial pressure changes associated with
the termination of naloxone administration when base-line arterial
pressure was >70 mmHg, volume changes before and after evisceration
in three animals with separate perfusion and drainage, volume and
arterial pressure changes associated with mecamylamine administration,
and hematocrit changes.

Statistical significance was assumed as P < 0.05 in all calculations.

Results

The mean data associated with seven periods of naloxone
infusion in five animals, without the prior administration of
exogenous opiates, are presented in Fig. 3. Naloxone infusion
was associated with a decrease in volume in the total capacitance
vasculature of 121+30 ml (P < 0.05) and an increase in mean
arterial pressure from 6016 to 667 mmHg (NS) at the end
of the 20-min infusion. During the eight infusions in five dogs
in which morphine had been previously administered, naloxone
was associated with a 74+29 ml (P < 0.05) volume decrement
and an increase in mean arterial pressure from 58+3 to 67+4
mmHg (P < 0.05).

In five animals (dogs 1, 3, 16, 18, and 21), in which the
base-line mean arterial pressure was >70 mmHg and in which
morphine had not been previously administered, naloxone was
associated with a decrease in total intravascular volume of
5548 ml (P < 0.01). Mean systemic arterial pressure increased
from 78+2 to 88+5 (P < 0.05). In the three of these animals
with separate perfusion and drainage (16, 18, and 21), splanch-
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Figure 3. Effect of naloxone infusion, without the prior administra-
tion of exogenous opiates, on total intravascular volume and mean
systemic arterial pressure. Note the prompt and sustained decrease in
total intravascular volume associated with naloxone administration.
For the global comparison, Fg3s = 11.20, P < 0.0001. The indica-
tions of significance in the figure apply only to the data points
determined at 10, 20, and 30 min. Each bar represents +1 SEM. *, P

<005+, P<00l;n=1.

nic volume decreased 88+14 ml (P < 0.05) and extrasplanchnic
volume increased 47+8 ml (P < 0.05).

Naloxone was associated with decreases in total intravascular
volume both before and after splanchnic evisceration. Intra-
vascular volume decreased 69+13 ml (P <0.01) before
splanchnic evisceration and 85+23 ml (P < 0.05) after evis-
ceration in eight dogs. Mean arterial pressure increased from
63+4 to 72+6 mmHg (P < 0.05) before evisceration and from
77+6 to 86+9 mmHg (NS) after evisceration. In the three
animals with separate perfusion and drainage of the splanchnic
and extrasplanchnic vasculatures, naloxone administration was
associated with a 44+20 ml (NS) extrasplanchnic volume
increment before splanchnic evisceration and a 69+18 ml (NS)
extrasplanchnic volume decrement after evisceration. The ex-
trasplanchnic volume responses before and after splanchnic
evisceration differed significantly (P < 0.005).

The data associated with naloxone infusion in animals
with separate perfusion and drainage of the splanchnic and
extrasplanchnic vasculatures without prior intervention are
presented in Fig. 4. Naloxone infusion was associated with
decreases in both total and splanchnic intravascular volume
of 64+13 ml (P < 0.05) and 126+17 ml (P < 0.0001), respec-
tively, and with an increase in extrasplanchnic volume of
62+13 ml (P < 0.001) during 14 infusions in 11 dogs. Splanch-
nic venous outflow increased from 0.184+0.008 to 0.192+0.009
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Figure 4. Effect of naloxone administration under conditions of
separate perfusion and drainage of the splanchnic and extra-
splanchnic vasculatures. Note that while total (F; ;3 = 8.72,

P < 0.0001) and splanchnic intravascular volumes (F; 3, = 45.25,

P < 0.0001) decreased, extrasplanchnic vascular volume (F; 3

= 21.61, P < 0.0001) increased during naloxone administration.
Each bar represents +1 SEM. Although the increase in splanchnic
venous outflow appears small, the change was significant (F; 4
=23.95, P < 0.0001) since flow increased during each infusion. *, P
<0.05;+,P<001; %, P<0.001; n = 14.
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liter/min (P < 0.001). Mean systemic arterial pressure increased
from 63+3 to 714 mmHg (P < 0.01) while portal pressure
(increase from 15+1 to 161 cmH,0) and hepatic resistance
(decrease from 59+16 to 58+7 cmH,O - min/liter) did not
change significantly.

In two animals in which naloxone was administered for
only 14 min and in which a longer postcontrol period was
observed, regional and total volumes had begun to return
towards precontrol levels by 6-14 min after termination of
infusion and had returned completely to precontrol levels by
the end of the postcontrol period.

Repetitive infusion of naloxone was not associated with a
significant attenuation of the total or regional volume responses.
In four animals in which morphine had not been previously
administered, repetitive naloxone infusion on five occasions
was associated with decreases in total intravascular volume of
99+41 (NS) and 74%+23 ml (P < 0.05), respectively. These
changes were not significantly different from each other. In
the two of these animals with separate perfusion and drainage,
repetitive drug administration on three occasions was associated
with decreases in splanchnic volume of 92+40 (NS) and 7516
ml (P < 0.05) and with increases in extrasplanchnic volume
of 47+29 (NS) and 35+24 ml (NS). These changes did not
differ significantly.

The data associated with naloxone infusion before and
after ganglionic blockade in three animals with separate per-
fusion and drainage of the splanchnic and extrasplanchnic
vasculatures are presented in Fig. 5. Naloxone infusion was
associated with a total intravascular volume decrement of
104+34 ml (NS) before ganglionic blockade which did not
differ significantly from the 89+16 ml (P < 0.05) decrement
after blockade. The splanchnic intravascular volume decrement
of 17131 ml (P < 0.05) before ganglionic blockade was
abolished after blockade. These responses were significantly
different from each other (P < 0.05). The extrasplanchnic
volume increment of 67+9 ml (P < 0.0001) during naloxone
infusion before ganglionic blockade was significantly different
(P < 0.05) from the volume decrement of 91+32 ml (P
< 0.05) after blockade. Mean systemic arterial pressure in-
creased from 64+7 to 77+1 mmHg (NS) before blockade and
decreased from 10412 to 89+5 mmHg (NS) after blockade.
Hepatic resistance and portal pressure did not change signifi-
cantly before or after blockade.

In Fig. 6 the data associated with naloxone infusion with
and without diversion of the splanchnic venous outflow in five
dogs are presented. Naloxone was associated with a total
intravascular volume decrement of 40+14 ml (P < 0.05) with-
out splanchnic venous diversion. This value did not differ
significantly from the 122+33 ml (P < 0.05) decrement with
diversion. The splanchnic intravascular volume decrement of
132+28 ml (P < 0.05) without splanchnic venous diversion
was abolished during naloxone infusion with diversion. These
responses were significantly different from each other (P < 0.05).
The extrasplanchnic volume increment of 92+20 ml (P < 0.05)
during naloxone infusion without splanchnic venous diversion
was significantly different (P < 0.001) from the extrasplanchnic
volume decrement of 101+16 ml (P < 0.01) with diversion.
Mean systemic arterial pressure increased from 61+10 to
72410 mmHg (P < 0.01) during naloxone without splanchnic
venous diversion but did not change significantly during
naloxone infusion with diversion. Hepatic resistance and portal
venous pressure did not change significantly during naloxone
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Figure 5. Effect of naloxone administration before and after gangli-
onic blockade under conditions of separate perfusion and drainage of
the splanchnic and extrasplanchnic vasculatures. Top, the total intra-
vascular volume decrements before (F; 33 = 28.37, P < 0.0001) and
after (F;,;; = 12.51, P < 0.0001) blockade did not differ significantly.
Middle, the splanchnic volume decrement before blockade (F; ¢

= 13.08, P < 0.01) differed significantly (P < 0.05) from the insignif-
icant change after blockade (F;,, = 0.05, NS). Bottom, the extras-
planchnic volume increment before blockade (F 33 = 28.37, P

< 0.0001) differed significantly (P < 0.05) from the volume decre-
ment after blockade (F7,, = 4.58, P < 0.01). Each bar represents +1
SEM. *, P < 0.05; £, P < 0.001; (e), before ganglionic blockade (n

= 3); (0), after ganglionic blockade (n = 5).

administration either with or without splanchnic venous di-
version.

The data obtained in four dogs during splanchnic venous
diversion with naloxone administration and during subsequent
reinfusion of the previously diverted splanchnic outflow for
20 min without concurrent naloxone administration are pre-
sented in Fig. 7. The total volume decrement of 71+10 ml (P
< 0.05) during naloxone infusion with splanchnic diversion
did not differ significantly from the total volume decrement
of 43+5 ml (P < 0.05) during reinfusion of the splanchnic
outflow. The absence of a significant splanchnic volume change
during naloxone with diversion was significantly different (P
< 0.01) from the splanchnic volume decrement of 113+14 ml
(P < 0.05) during splanchnic venous Eeinfusion. The extra-
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Figure 6. Effect of naloxone administration under conditions of
separate perfusion and drainage of the splanchnic and extra-
splanchnic vasculatures before and during diversion of the splanchnic
venous outflow to a nonrecirculating extracorporeal reservoir. Top,
total intravascular volume decreased both with (F,, = 7.57, P

< 0.001) and without (F;,, = 4.34, P < 0.05) splanchnic diversion.
Middle, the splanchnic volume decrement during naloxone infusion
without diversion (F;,, = 10.92, P < 0.001) differed significantly (P
< 0.05) from the insignificant change with diversion (F,,, = 1.06,
NS). Bottom, the extrasplanchnic volume increment during naloxone
infusion without diversion (F;,, = 11.31, P < 0.001) differed signifi-
cantly (P < 0.001) from the volume decrement with splanchnic
venous diversion (F;,, = 14.75, P < 0.0001). Each bar represents +1
SEM. *, P < 0.05; +, P < 0.01; (), without splanchnic diversion (n
= 5); (0), with splanchnic diversion (n = 5).

splanchnic volume decrement of 75£8 ml (P < 0.05) during
naloxone infusion with splanchnic diversion was significantly
different (P < 0.01) from the extrasplanchnic volume increment
of 68+10 ml (P < 0.05) during splanchnic reinfusion. Mean
arterial pressure decreased from 65+5 to 55+5 mmHg (NS)
during naloxone with splanchnic diversion and increased from
57+6 to 75+7 mmHg (NS) during splanchnic reinfusion.

In four animals with splanchnic venous diversion and with
subsequent reinfusion of the splanchnic venous effluent in the
same dogs after evisceration, the extrasplanchnic volume dec-
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Figure 7. Effects of naloxone administration with splanchnic venous
diversion and effects of reinfusion of the splanchnic venous outflow
without concurrent naloxone administration. The previously diverted
splanchnic venous outflow was reinfused into the animal during the
period of 0-20 min. Top, total iritravascular volume decreased during
both naloxone administration with diversion (F; ;, = 9.89, P

< 0.001) and during reinfusion without naloxone administration
(F7,12 = 10.23, P < 0.0001). Middle, the insignificant splanchnic
volume change with diversion (F;,, = 1.13, NS) differed significantly
(P < 0.01) from the decrement during reinfusion (F;,, = 11.12, P <
0.001). Bottom, the extrasplanchnic yolume decrement with naloxone
during diversion (F;,; = 10.96, P < 0.001) differed significantly (P

< 0.01) from the volume increment during reinfusion (F7,12 = 10.26,
P < 0.01). Each bar represents +1 SEM. *, P < 0.05; +, P < 0.01;
(e), naloxone infusion with splanchnig diversion (n = 4); (o),
splanchnic venous effluent reinfusion (n = 4).

rement of 93+16 ml (P < 0.05) during naloxone infusion with
splanchnic diversion was significantly different (P < 0.001)
from the extrasplanchnic volume increment of 71+7 ml (P
< 0.01) during reinfusion without naloxone administration.
Mean systemic arterial pressure did not change significantly
with splanchnic effluent reinfusion (increase from 64+6 to
70+9 mmHg).

In two animals, diversion of the splanchnic venous outflow,
without concurrent naloxone administration, and subsequent
reinfusion of the previously diverted outflow were associated
with total, splanchnic, and extrasplanchnic volume changes of
<9 ml
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In the four animals in which the influence of mecamylamine
was examined, mean arterial pressure decreased from 66+8 to
47+4 mmHg (P < 0.05) by 7+2 minutes (range 2-10 min)
after mecamylamine administration. At the time of this max-
imal effect on arterial pressure, total intravascular volume had
increased 22+23 ml (NS). It would appear that the total
intravascular volume change had stabilized by this time, in
that the volume change 5 min later was 18+22 ml (NS)
compared to control.

In four animals, shifts in fluid volume between the intra-
vascular and extravascular spaces were not detected by a
change in hematocrit measured before and after naloxone
administration: hematocrit increased only from 32.5+2 to
32.7+1% (NS).

Heteroscedasticity was noted for all hemodynamic changes
in all experimental groups except for the following categories:
extrasplanchnic volume in dogs 17-19 before mecamylamine
administration; mean systemic arterial pressure in dogs 24-27
during splanchnic venous diversion; and splanchnic venous
flow in dogs 17-19 after mecamylamine administration, in
dogs 22-26 before splanchnic diversion, in dogs 24-27 during
splanchnic diversion, and in dogs 28-31 during diversion and
reinfusion. Further analysis of representative data groups (dogs
11-21 and 28-31), by two-way analysis of variance and by
incorporating the regression analysis into the analysis of vari-
ance, demonstrated that the heteroscedasticity was due to the
variance among individual trials as well as the variance resulting
from the extrapolation of the regression line obtained during
the precontrol period to the experimental and postcontrol
periods. Analysis of variance, after accounting for these vari-
ables, demonstrated that the effect of time was still significant
(i.e., Hy was rejected), as were the changes at 10 and 20 min.

The directional changes in total and regional intravascular
volumes during naloxone administration under each experi-
mental condition are summarized in Table I.

Discussion

The present data demonstrate that naloxone administration is
associated with a decrease in intravascular volume in the total
capacitance vasculature. The total volume decrement is due
to a decrease in splanchnic intravascular volume and occurs
despite an increase in extrasplanchnic volume. The data also
suggest the mechanisms responsible for the total and regional
volume responses.

The series of experiments in animals with separate splanch-
nic perfusion and drainage suggest the extent to which the
splanchnic volume decrement is due to neurogenic and hor-
monal influences. A naloxone-initiated neurogenic reflex is
necessary for the volume decrement to occur in that the
decrement was abolished after ganglionic blockade. Further-
more, it would appear that the neurogenic reflex acts to release
a vasoactive splanchnic hormone which recirculates to mediate
the splanchnic volume decrement, inasmuch as the splanchnic
volume response was abolished by splanchnic venous outflow
diversion and was reestablished with reinfusion of the previously
diverted splanchnic outflow. Naloxone is not associated with
a direct effect on the splanchnic capacitarice vasculature,
because splanchnic volume did not change during naloxone
administration after either ganglionic blockade or during di-
version of the splanchnic venous effluent.

The extrasplanchnic volume increment is also apparently
dependent upon both neurogenic and hormonal effects, al-
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Table 1. Total and Regional Volume Changes
Associated with Naloxorie Administration
under Different Experimental Conditions*

Extra-
Total Splanchni planchni
Experimental condition volume volume volume
Venous bypass, prior morphine
administration 1
Venous bypass !
After abdominal evisceration i
Separate perfusion and
drainage of splanchnic
circulation 1 1 1
Ganglionic blockade 1 - 1
Splanchnic venous diversion 1 - 1

Subsequent splanchnic
reinfusion without
naloxone 1 l T

Subsequent splanchnic
reinfusion without
naloxone, after abdominal
evisceration

Splanchnic venous diversion
without naloxone - - -
Subsequent splanchnic
reinfusion without
naloxone - -

* |, decrement; 1, increment; —, no change.

though the increment occurs despite a direct influence of
naloxone to decrease extrasplanchnic volume. A naloxone-
initiated autonomic reflex is necessary for the volume increment
to occur, because the extrasplanchnic volume increment was
abolished after ganglionic blockade. It would appear that a
vasoactive hormone is subsequently released from the splanch-
nic vasculature and acts to increase extrasplanchnic volume,
because the extrasplanchnic volume increment was abolished
by diversion of the splanchnic venous effluent or by abdominal
evisceration and was reestablished by reinfusion of the previ-
ously diverted splanchnic outflow in both the intact and
eviscerated animals. Naloxone is also associated with a direct
effect that acts to decrease extrasplanchnic volume, because
naloxone administration was associated with decreases in
extrasplanchnic volume after ganglionic blockade, splanchnic
venous diversion, or abdominal evisceration.

Because mecamylamine administration is known to have
significant effects on the circulation, one might argue that the
volume changes associated with naloxone administration after
ganglionic blockade were due to the effects of mecamylamine
alone. However, this interpretation is unlikely for the following
reasons. First, the maximal arterial pressure and intravascular
volume effects appeared within 10 min of mecamylamine
administration, whereas naloxone administration did not begin
until at least 50 min after mecamylamine administration.
Second, 20 min of hemodynamic stability was documented
before the onset of all naloxone infusions after mecamylamine
administration. Finally, the total volume response associated
with mecamylamine alone was directionally different from the
response associated with naloxone administration after gangli-
onic blockade.

One might argue dlso that mecamylamine enhances the
metabolism of naloxone so that it is immediately removed
from the circulation, inasmuch as the splanchnic volume
responses were abolished either after ganglionic blockade or
during removal of naloxone from the circulation by splanchnic
venous diversion. However, not all of the administered naloxone
is removed by the splanchnic venous diversion. Furthermore,
a drug effect is still manifest during naloxone administration
after mecamylamine or during diversion, as noted by the
decreases in extrasplanchnic volume.

Although the present study would suggest that the efferent
limb of the neurogenic reflex, which mediates the splanchnic
and extrasplanchnic volume responses, acts in the splanchnic
vasculature, several previous studies suggest that the afferent
limb receptors are located in the central nervous system. Bolme
et al. (15) observed a transient hypertensive response to the
intraventricular injection of naloxone in chloralose-anesthetized
rats. Laubie et al. (16) observed that intracisternal injection of
opioid peptides was associated with a decrease in splanchnic
sympathetic nerve discharges which was reversed by intravenous
naloxone in dogs. In addition, Faden and Holaday (1) dem-
onstrated that intraventricular administration of naloxone in
rats with surgically transected cervical spinal cords was asso-
ciated with a reversal of acute hypotension.

The efferent limb of the autonomic reflex, which mediates
the présent regional intravascular volume changes, could be
constituted by either sympathetic or parasympathetic fibers,
because Laubie et al. (16) demonstrated an increase in splanch-
nic sympathetic tone with naloxone, and observations by
Faden and Holaday (1) are consistent with a decrease in
cardiac parasympathetic tone during naloxone administration.

Possible hormonal substances, which might be released by
the naloxone initiated neurogenic reflex and act on the capac-
itance vasculature, include norepinephrine, epinephrine, do-
pamine, or acetylcholine. However, a- and $-adrenergic receptor
stimulation with norepinephrine or epinephrine would be
expected to be associated with changes in portal pressure and
hepatic resistance (17, 18) which were not observed. Further-
more, Feuerstein et al. (8) did not observe changes in plasma
norepinephrine or epinephrine during naloxone administration
in hypovolemic rats. Although plasma dopamine has been
observed to increase during naloxone administration in cats
with spinal chord transection (7), Feuerstein et al. did not
observe such changes. Acetylcholine release would be expected
to be associated with increases in hepatic resistance, portal
pressure, and splanchnic volume (19). However, hepatic resis-
tance and portal pressure did not change although splanchnic
volume decreased during naloxone administration. Hence, the
identity of the hormonal substance is not suggested by data
obtained from either the present study or other studies. It is
possible that the substance is a vasoactive peptide released
from the gastrointestinal wall.

In addition to the neurogenic and hormonal influences of
naloxone on the splanchnic and extrasplanchnic vasculatures,
naloxane administration has a direct effect on the extra-
splanchnic vasculature. Prior work has demonstrated the pres-
ence of opiate receptors in multiple sites in the central nervous
system (20) and in such peripheral tissues as guinea pig ileum,
mouse vas deferens, and rat vas deferens (20-22). Furthermore,
Curtis and Lefer (5) have demonstrated a modest positive
inotropic effect of high concentrations of naloxone in cat
papillary muscle. In addition to the demonstration of opiate
reécptors at multiple sites, at least five distinct opiate receptor
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types, which differ in their affinity for various agonists and
antagonists, have been identified in the central nervous system
and in peripheral tissues (22). The existence of naloxone-
sensitive receptors in vascular smooth muscle has not been
documented previously. The present study suggests the existence
of such opiate receptors in the extrasplanchnic capacitance
vasculature of the dog.

The observation that total and regional intravascular volume
changes did not return towards precontrol levels after termi-
nation of the infusion may have been related to both the
cumulative amount of naloxone administered for 20 min and
to the relatively short postcontrol period. This hypothesis is
supported by our observation that total, splanchnic, and
extrasplanchnic volume changes returned to precontrol levels
in the two animals in which naloxone was infused for only 14
min and in which hemodynamic monitoring was continued
for a longer postcontrol period.

The presently observed base-line mean arterial pressure of
60 mmHg is comparable to the base-line values observed by
other investigators who have examined the influence of nal-
oxone on survival in hypotensive animals not on bypass (1-4,
9). However, even though the present base-line pressure is
comparable to that in hypotensive animals not on bypass, the
present total and regional intravascular volume responses are
not dependent upon this lower pressure, because the total and
regional volume changes are similar in animals with higher
and lower base-line arterial pressures.

It might have been expected that prior administration of
an exogenous opiate would be necessary to demonstrate a
naloxone-associated total intravascular volume change. How-
ever, the present data demonstrate that such administration is
not necessary either at lower or higher base-line arterial
pressures. Furthermore, the regional volume changes and the
neurogenic and hormonal influences that apparently mediate
these changes are not dependent upon prior opiate administra-
tion. A possible explanation for this observation is that the
surgery required for the bypass preparation was extensive
enough to cause release of endogenous opiates and subsequent
naloxone administration reversed the effects of these opiates.
Such an explanation is consistent with the work of Dashwood
and Feldberg (23) in that they observed arterial pressure
increments associated with naloxone administration alone,
after extensive surgery. While Dashwood and Feldberg suggest
that the arterial pressure response is dependent upon the
release of adrenal hormones, our data would suggest that the
intravascular volume response is dependent upon the release
of a splanchnic hormone.

The mean arterial pressure increase observed in the present
study is less than that reported by other investigators (1-4),
who infused naloxone at similar rates (0.5-2.0 mg/min). This
difference may be due to the fact that blood was returned to
the right atrium at a constant rate in the present study. If
naloxone administration is associated with an increase in
venous return in an intact animal, this increase would be
expected to contribute to a greater elevation in arterial pressure
than was observed in the present study.

In an animal not on bypass, it would be expected that the
naloxone-mediated capacitance volume decrement would be
associated with increases in venous return, ventricular end-
diastolic pressure, and cardiac output. Because intravascular
volume decreases 121 ml (8.6 ml/kg) in the present study in
an animal on bypass without the prior administration of
exogenous opiates, it would be expected that mean circulatory
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filling pressure would increase 4.3 mmHg in a hypotensive
animal not on bypass (estimated vascular compliance 2.0 ml/
mmHg kg [24]). From the work of Guyton and colleagues
(25, 26), it would be expected that such an increase in mean
circulatory filling pressure would be associated with an increase
in cardiac output of as much as 60% in an intact dog, although
sinoaortic baroreceptor reflexes and changes in cardiac afterload
might modify this effect.

In summary, the present study demonstrates that naloxone
administration is associated with a decrease in splanchnic
intravascular volume and an increase in extrasplanchnic intra-
vascular volume. The data suggest that the splanchnic volume
decrement and extrasplanchnic volume increment are depen-
dent upon the neurogenic release of an unidentified splanchnic
hormone. The extrasplanchnic volume increment occurs despite
the tendency of naloxone to decrease extrasplanchnic volume
through a direct effect on the extrasplanchnic vasculature.
Regardless of the mechanisms responsible for the regional
volume changes, it is apparent that naloxone administration
is associated with a decrease in total intravascular volume and
this decrease is due to the decrease in splanchnic volume.
Hence, the beneficial effect of naloxone in the experimental
treatment of patients with acute hypotension may be due, in
part, to mobilization of peripheral blood volume, an increase
in venous return, and subsequent enhancement of cardiac
output.
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