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Vascular Effects of Arginine Vasopressin

during Fluid Deprivation in the Rat

GARYA. AISENBREY, WILLIAxI A. HANDELMAN,PATRICIA ARNOLD,
MAURICEMANNING, aind ROBERTW. SCHRIER, Departmtent of Medicine,
University of Colorado Health Sciences Center, Denver, Colorado 80262;
Department of Biochemistry, Medical College of Ohio, Toledo, Ohio 43614

A B S T RA C T The vascular effects of arginine vaso-
pressin (AVP) were examined in conscious Sprague-
Dawley rats. In six control rats, synthetic AVPat a dose
of 40 ng/kg, injected as an intravenous bolus, resulted in
a rise in mean arterial blood pressure (BP) from 127
to 149 mmHg (P < 0.005). No tachyphylaxis was ob-
served after a second AVPbolus administered 30 min
later, as BP increased from 125 to 150 mmHg, P < 0.005.
In a second group of six rats, 1-deamino penicillamine,
2-(O-methyl) tyrosine AVP ([dPTyr (Me)]AVP), was
administered intravenously at a dose of 10 ,glkg, just
before the second AVP bolus. In this group of studies
BP rose from 124 to 150 mmHg (P < 0.01) after the first
AVPbolus, but not after the second AVPbolus, which
was administered after [dPTyr (Me)]AVP (129 vs. 129
mmHg, NS). To assess the effect of this AVP pressor
antagonist on BP in rats with suppressed endogenous
vasopressin, six water-diuresing rats (mean urinary
osmolality, 99 mosmol/kg H20) were administered the
analogue at the same dose as the first group of rats. The
analogue exerted no demonstrable effect on mean BP
(128 before vs. 129 mmHg after [dPTyr (Me)]AVP,
NS). In these rats, mean radioimmunoassayable levels
of AVP were at or below the detectable limits of our
assay (0.5 pglml). In contrast, six rats in which en-
dogenous AVPwas stimulated by fluid deprivation for
24 h (mean urinary osmolality, 2,489 mosmol/kg H20
and mean AVP level of 21.6 pg/ml) had a marked fall in
BPwhen administered the AVPanalogue. In these ani-
mals [dPTyr (Me)]AVP caused a fall in BP from 124 to
110 mmHg (P < 0.005). This fall in blood pressure was
due to a fall in peripheral vascular resistance (0.35 vs.
0.30 mmHg/ml per min per kg, P < 0.02) after [dPTyr
(Me)]AVP, as cardiac index remained unchanged.
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Research Award for 1980-81 at the University of Colorado
School of Medicine for research reported in this paper.

Received for publication 1 November 1979 and in revised
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To eliminate the possibility that this AVP analogue
was antagonistic to endogenous pressor substances
other than AVP, additional studies were performed. In
homozygotis Brattleboro (diabetes insipidus) rats re-
ceiving exogenous AVP, the vasopressin analogue
lowered BP (133 to 112 mmHg, P < 0.001), but failed
to lower BP (112 vs. 112 mmHg) in rats not receiving
AVP. BP in a group of bilaterally nephrectomized
Sprague-Dawley rats, after 24 h of fluid deprivation,
fell from 130 to 118 mmHg (P < 0.02) after the AVP
analogue, precluding an effect of the analogue on
lowering BP by inhibiting the renin-angiotensin
system. Finally, the AVP analogue failed to alter the
pressor response to exogenous infusions of either nor-
epinephrine or angiotensin II. These results demon-
strate that (a) the AVP analogue [dPTyr (Me)]AVP
abolishes the pressor effect of large exogenous doses of
AVP; (b) the analogue has no effect on BP in rats with
suppressed or absent endogenous AVP; (c) the depres-
sor effect of the analogue does not involve antagonism
of the vasoconstrictors, norepinephrine or angiotensin;
and (d) most importantly, BP fell significantly after AVP
antagonist administration in intact, conscious, fluid-de-
prived rats with elevated endogenous AVP levels. This
effect of the AVPantagonist to block endogenous AVP
and lower BP was primarily due to a fall in peripheral
vascular resistance.

INTRODUCTION

The pressor activity of arginine vasopressin (AVP)l has
been known since 1898 (1). However, it has been dif-
ficult to document whether this vasopressor activity of
AVP is of physiological or pathophysiological impor-
tance. On the other hand, there can be little doubt
about the importance of the antidiuretic activity of AVP

1 Abbreviations used in this paper: AVP, arginine vasopres-
sin; All, angiotensin II; [dPTyr (Me)]AVP, 1-deamino
penicillamine, 2-(O-methyl) tyrosine.
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in osmoregulation of body fluids. In addition to the os-
moregulation of AVP release, however, it is now clear
that a nonosmotic pathway for AVPrelease exists which
is dependent on the integrity of low and high pressure
baroreceptor activity (2, 3). Indeed, it has been hy-
pothesized that the nonosmotic release of AVP may
have originally constituted an integral part of the alarm
reaction, so that the vasoconstrictor properties of AVP
were of tantamount importance during periods of
stress (4). This may have been particularly true in sea-
forming species, in which rapid responses to stress may
have been more critical than water conservation. In
support of this hypothesis are the numerous circum-
stances in which the nonosmotic release of AVP may
occur in the setting of increased adrenergic neural tone,
including volume depletion, hypotension, adrenal in-
sufficiency, acute cardiac failure, and emotional and
physical stress. Because a decrease in parasympathetic
afferent tone has been shown to stimulate the nonos-
motic release of AVP (5), baroreceptor-mediated re-
lease of AVP in the setting of increased sympathetic
activity and stress might indeed be expected. How-
ever, whether the nonosmotic release of AVP is of im-
portance only in renal water conservation or whether
it exerts a vasoconstrictor effect on blood vessels is not
known. It is known that the exogenous doses of AVP
necessary to cause a pressor response are substantially
larger than the doses necessary to cause an antidiure-
sis. However, although a 5-10% decrease in blood vol-
ume appears necessary to cause the release of AVP,
once this nonosmotic pathway is stimulated, a geo-
metric rise in AVPoccurs (6). Thus, it is reasonable to
suggest that in some physiological and pathophysio-
logical circumstances, plasma AVP may reach a level
which is associated with vasoconstriction of blood
vessels.

Until recently, the experimental tools necessary to
test this hypothesis were not available. Manning et al.
(8), however, have recently developed some analogues
of AVP that are antagonistic to the vasopressor proper-
ties of AVP. In the present study, one such analogue,
1-deamino penicillamine, 2-(O-methyl) tyrosine AVP
([dPTyr (Me)]AVP), was used to study the role of
endogenous AVPin circulatory homeostasis in the con-
scious rat. The results indicate that endogenous AVP
exerts profound vasoconstrictor effects in the conscious
rat after 24 h of fluid deprivation. This vasoconstriction
serves to maintain blood pressure by increasing total
peripheral vascular resistance as renal and hepatic ar-
terial blood flow is diminished.

METHODS
Male Sprague-Dawley rats weighing 150-250 g were anes-
thetized with ether. Polyethylene cannulas were inserted into
a jugular vein and femoral artery for the injections and meas-
urement of arterial blood pressure, respectively. Mean arterial

blood pressures were calculated electronically and recorded
on a Hewlett-Packard recorder (model 7702B Hewlett-
Packard Co., Palo Alto, Calif). All rats were given 1 ml of 0.9%
saline to compensate for estimated fluid losses. Following the
surgical procedures, the rats were placed in individual re-
straining units (Narco Bio-Systems, Inc., Houston, Tex.) and
were studied after a 60-min recovery period in a conscious
state according to one of seven protocols.

Exogenous AVP with and without AVP antagonist. In
these experiments, 12 rats were studied. After a steady-state
control period, an intravenous bolus of synthetic AVP was
given in a dose of 40 ng/kg to six rats. This dose had previ-
ously been determined to cause a mean increase in blood
pressure of 25 mmHg. 30 min later, after recovery from the
first AVP bolus, the AVP antagonist [dPTyr (Me)]AVP2 was
given in a dose of 10 gg/kg. 10 min later, a second bolus of
AVPwas administered in the same dose of 40 ng/kg. Six con-
trol rats were also prepared according to an identical experi-
mental design except that a blank solution of 0.9% saline was
administered in place of the [dPTyr (Me)]AVP. To test the
dose response of the AVPantagonist, a group of five rats was
studied with four sequential 40 ng/kg doses of AVP. No AVP
antagonist was given before the first bolus of AVP, then doses
of 0.5, 5, and 10 ,u g/kg of the AVPantagonist preceded the next
three boluses of AVP, respectively.

AVP antagonist in water-diuresing rats, rats after 24 h
of fluid deprivation, and Brattleboro rats. The responses
of six rats were examined according to the following protocol.
During a 60-min equilibration period, a sustaining solution of
hypotonic saline (0.4%) was infused at a rate of 0.2 ml/min.
When a stable water diuresis was achieved, as determined
by urine flow and urine osmolality, mean arterial pressure
was recorded, then intravenous [dPTyr (Me)]AVP was
administered at a dose of 10 ,ug/kg.

Another six rats were deprived of water for 24 h before the
experiment. After collection of a spontaneous urine sample
from rats in a balance cage for measurement of urinary os-
molality, the rats were studied according to the above proto-
col. Urine volume was measured volumetrically.

A group of five Brattleboro rats homozygous for diabetes
insipidus was allowed to drink and eat ad lib. prior to study.
In these rats base-line plasma osmolality in 332 mosmol/kg
H20 (12) compared with 302 mosmol/kg H20 in Sprague-
Dawley rats after 24 h of fluid deprivation. After a steady-
state conitrol period, intravenous [dPTyr (Me)]AVP was ad-
ministered at a dose of 10 ,ug/kg, and blood pressure response
recorded.

AVP antagonist in Brattleboro rats receiving exogenous
AVP. In addition to the above experiments, further support
for the specificity of the AVP antagonist was obtained in an-
other group of five Brattleboro rats on ad lib. food and
water. After a steady-state control period, a constant infusion of
synthetic AVP was begun (5 ng/kg per min), a dose deter-
mined to cause approximately a 15 mmHg rise in blood pres-
sure. After blood pressure had stabilized, the infusion was
discontinued and postcontrol blood pressures were recorded.
Following a 45-min equilibration period, the AVP infusion
was restarted. After the pressor effects of the infusion had sta-
bilized again, [dPTyr (Me)]AVP (10 ,ug/kg) was injected and
the effect on blood pressure was recorded. Plasma AVP levels

2 In the synthesis of the analogue, the terminal cysteine
residue of AVP is replaced by a deamino penicillamine resi-
due. This precludes the possibility of contamination with
AVP, since cysteine is not added during the synthesis pro-
cedures and therefore cannot be present in the molecule.
Thus, AVPcannot be present, since it requires the presence of
cysteine in its molecule.
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during the AVP infusion were determined in an additional
group of six rats. After a steady-state control period, AVP
(5 ng/kg per min) was administered. Again, after stabilization
of the AVPpressor action, 2 ml of blood was rapidly removed
from the femoral arterial catheter and placed in chilled EDTA
tubes. Following centrifugation, plasma aspirates were as-
sayed for AVPaccording to previously described methods (10).

AVPantagonist in nephrectomized rats after 24 h of fluid
deprivation. Six rats were anesthetized with intraperitoneal
pentobarbital (10 mg/kg) and bilaterally nephrectomized
through a midabdominal incision. 24 h later, during which
time no fluid intake was allowed, the rat's response to [dPTyr
(Me)]AVP was examined using the same protocol cited above.
After each experiment, blood was collected into chilled
K3EDTAtubes. The tubes were centrifugated and the plasma
fraction was used for measurement of plasma renin activity.

AVPantagonist in rats receiving exogenous angiotensin I.
Although the above experiments in nephrectomized rats were
performed to demonstrate that the AVP antagonist does not
require the presence of angiotensin for its depressor activity,
the following additional studies were performed to exclude
the possibility that this analogue may have anti-angiotensin
activity. In six rats, after a steady-state control period, a con-
stant infusion of angiotensin II (All) (0.3 ug/kg per min) was
given. After stabilization of the pressor action of AII, the in-
fusion was stopped and postcontrol recordings were ob-
tained. Following a 45-min equilibration period, the AII in-
fusion was begun again. After blood pressure had again sta-
bilized, [dPTyr (Me)]AVP (10 ,ug/kg) was injected and the
effect on blood pressure was recorded.

AVP antagonist in rats receiving exogenous norepineph-
rine. To test further the specificity of the AVPantagonist, the
effect of [dPTyr (Me)]AVP on the pressor response to nor-
epinephrine was tested. In five rats, after a steady-state control
period, a constant infusion of norepinephrine was begun at 4
ug/kg per min. After a constant pressor dose of norepinephrine

was achieved, the infusion was discontinued and postcontrol
pressures were recorded. The infusion was then restarted, and
again after blood pressure had stabilized, 10 jig/kg of [dPTyr
(Me)]AVP was injected to examine the effect on blood
pressure. A postcontrol period was obtained after discontinua-
tion of the norepinephrine infusion.

Hemodynamic studies in 24-hfluid-deprived rats. 11 24-h
fluid-deprived rats were studied in this protocol. Five of the
rats received a 0.9% saline blank solution, and the other six rats
received [dPTyr (Me)]AVP in a dose of 10 jig/kg 10 min prior to
the injection of the microspheres. Each rat was cannulated
with tapered PE 350 tubing through the femoral artery for
blood collection, and into the left ventricle via the right carotid
artery for microsphere injection. Ventricular cannulation was
confirmed by pressure wave tracing at the time of catheteriza-
tion and direct observation at the conclusion of each
experiment. A 60-min equilibration period was then allowed
before determination of cardiac output and renal blood flow by
a radioactive microsphere technique (7). The microspheres
used were 15 gxm in diameter and were labeled with 85Sr. For
each determination, 0.2 ml of a 10% dextran solution
containing 500,000 microspheres/ml was injected through the
carotid catheter in 5-7 s. The catheter was flushed with 0.2 ml
of 0.9% saline. Before filling the syringes, the solution
containing the microspheres was placed in a Bio-Vial, and the
radioactivity counted for 1 min with a Beckman Biogamma
counter (Beckman Instruments, Fullerton, Calif.). The
solutio-n was then vigorously agitated with a Vortex mixer for a
minimum of 5 min. The syringe for injection was filled and
injected into the rat within 60 s of mixing. The femoral catheter
was opened 10 s before microsphere injection, and blood was
collected at a constant withdrawal rate of 0.6 ml/min for 2 min.

After femoral blood collection, 0.2 ml of blood was with-
drawn from the carotid catheter to clear it of microspheres
and placed in the original Bio-Vial used to determine prein-
jection radioactivity. Evaluation of carotid catheters for resid-
ual counts showed no radioactivity above background. The
injection syringe was then flushed several times with normal
saline into the original Bio-Vial, and the Bio-Vial was then
counted to determine postinjection counts. This value was
then subtracted from the preinjection counts to yield total
counts injected. Mean arterial pressure was measured prior to
each microsphere injection, using a Hewlett-Packard recorder
and transducer connected to the femoral catheter. Following
collection of femoral blood, each animal was sacrificed, and
the kidneys were removed, decapsulated, and weighed. The
liver and brain were also removed, and all tissues were placed
in 10% formalin for 24 h. The kidneys, liver, brain, and blood
samples were then counted for "'Sr.

Renal blood flow (RBF) was calculated as kidney (counts
per minute per gram kidney wt)/femoral blood (counts per
minute) x femoral flow rate (milliliters per minute). Total
renal vascular resistance was calculated as mean arterial pres-
sure/mean RBFper two kidneys. Cardiac index (CI) was cal-
culated as counts per minute injected/femoral blood (counts
per minute) x femoral blood flow rate (milliliters per minute
per kilogram body wt). Total peripheral vascular resistance
was calculated as mean arterial pressure/CI. Total cerebral
blood flow was calculated as brain (counts per minute per gram
brain wt)/femoral blood (counts per minute) x femoral flow
rate (milliliters per minute). Total hepatic arterial blood flow
was calculated as liver (counts per minute per gram liver wt)/
femoral blood (counts per minute) x femoral flow rate (milli-
liters per minute).

Measurement of plasma AVP and plasma renin activity.
Plasma AVPwas measured by a radioimmunoassay technique
using a modification of the method of Robertson et al. (9) and
previously reported from this laboratory (10). Separate groups
of either six water-diuresing or six 24-h fluid-deprived rats
were decapitated by guillotine and the blood was collected
into chilled K3EDTA tubes. Vasopressin concentrations
were expressed as picograms per milliliter.

Plasma renin activity was measured by radioimmunoassay
of angiotensin with use of the method of Stockigt et al. (11).
The results were expressed as nanograms of angiotensin I gen-
erated per milliliter per hour.

Statistical methods. When paired sets of data were com-
pared, the Student's paired t test was used. When multiple
comparisons were made, Scheffe's test of multiple compari-
sons was used. When unpaired sets of data were compared,
the Student's unpaired t test was used. Statistical signifi-
cance was expressed as the P value.

RESULTS

Effect of AVPantagonist on pressor response to AVP.
The effect of the AVP antagonist on the pressor re-
sponse to two sequential intravenous boluses of AVP is
shown in Fig. LA. The first bolus of AVP significantly
increased mean arterial pressure from 125+3.1 to
150+6.6 mmHg (P < 0.01). However, when the same
dose of AVPwas administered after the AVPantagonist,
mean arterial pressure remained unchanged at 129+4.55
vs. 128+5.3 mmHg. The lack of effect of the blank
solution on the pressor response to sequential boluses
of AVP is shown in Fig. 1B. Mean arterial pressure
increased from 127+3.2 to 149+3.7 mmHg (P < 0.005)

Vascular Effects of Arginine Vasopressin during Fluid Deprivation 963
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TABLE I
Dose Response of AXPAntagonist in Rots'

Receivinig Exogenionis AV'P

AXVP p)11is AN'P anitagoniist
AX P

conitrol 0.5 gg/kg 5 gg/kg 10 gg/kg

mtm Hg

ABlood presstire 23-2.2 19+2.6 9-2.7* (*.I

The dose of AXVP was 40 ng/kg in all fohnr grotips.
* P < 0.001 wlhenl compared with conitrol.
t P < 0.001 when comnpared With the studclies nisinlg a 5 jug/kg
dlose of AV'P aiitagoniist.

antagoniist totally abolished the pressor responise to the
same dose of AVP(115+3 to 115±3 Imm Hg). This effect
with 10 gxg/kg of the AVP antagonist also was
significantly different from the results with 5 ,g/kg of
the antagonist. The results of these studies are depicted
in Table I.

Effect of AVPantagotnist in twater-diuresing rats atnd
it rats after24 I1 offluid deprivationi. The abseice of
an effect of the AVP antagonist in water-diuresing rats
with suppressed endogenous levels of AVP is shown in
Fig. 2. In this group of rats, mean arterial blood pressure
was 128±+4.2 before and 129±+4.6 Imm Hg after the AVP
antagonist. The antagonist did, however, produce a
significant antidiuretic response as urinary osmolality
rose from 94+3.5 to 702+22.1 mosmol/kg H20
(P < 0.001).

The effect of the AVP antagonist in fluid-deprivecl
rats is shown in Fig. 2. In these rats with high endoge-
IotUs levels of AVP, the AVPantagoinist caused a highlN
significant fall in meain arterial pressure, from 124±+2.0
to 110+2.9 mIm Hg (P < 0.005). The urinary osmolalitv

FIGURE 1 Comparison of AVP pressor antagonist (A) and
blank (B) on sequential pressor response to AVP. AVP AVPControl Pressor Antagonist Control Pressor Antagonist

with the first bolus of AVP, and after the blank solution
the second bolus of AVP increased blood pressure to
the same degree, from 125+3.5 to 150±4.5 mmHg
(P < 0.005). In the group of five rats in which the dose
respoinse of the AVP antagonist was exanmined, the
following results were obtained. The control rise in
blood pressure after a 40 ng/kg bolus of AVP was from
117+2.6 to 140±2.2 mm Hg, whereas after 0.5 ,ug/kg of
AVP antagonist, the blood pressure response to the
same dose of AVP (40 ng/kg) was not significantly
different (117+2.5 to 136+2.6 mmHg). However, after
5 ,ug/kg of the AVP antagonist, the pressor response to
40 ng/kg of AVP was significantly less than the control
response (117±2.5 to 140±2.2 vs. 117+2.5 to 126+2.7
mmHg, P < 0.001). The 10 ,ug/kg dose of the AVP

Water-diuresing

Ii

i

Fluid -depnved

FIGURE 2 Effect of AVPpressor antagonist on blood pressure
in water-diuresing (left two bars) and fluiid-deprived (right two
bars) rats.
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FIGuRE 3 Urinary osmolality (above) and plasma AVP (be-
low) in water-diuresing (solid bars) and fluid-deprived
(hatched bars) rats.

and plasma vasopressin concentrations in the water-
diuresing and fluid-deprived rats are shown in Fig. 3.
Highly significant differences in both urinary os-
molality, 99+6.5 vs. 2489+156 mosmol/kg H20 (P
< 0.001), and plasma vasopressin concentrations, 0.5
+0.006 vs. 21.6+7.1 pg/ml (P < 0.005), were observed
in these two groups of rats.

Effect of AVP antagonist in Brattleboro rats with
and without exogenous AVP. Additional evidence
for the specificity of the AVPantagonist was suggested
by the following studies in Brattleboro rats with a con-
genital deficiency of antidiuretic hormone. Infusion of
synthetic AVP resulted in a significant rise in blood
pressure from 114±+1.9 to 128+2.0 mmHg (P < 0.001).
Discontinuation of the AVP infusion resulted in a
prompt fall in blood pressure to 113+3.0 mmHg (P

< 0.001). A second reproducible pressor response was
observed after the infusion was begun again (113+3.0
to 127+2.5 mmHg, P < 0.001). Injection of [dPTyr
(Me)]AVP during the second AVP infusion, how-
ever, resulted in a highly significant fall in blood pres-
sure (127+2.5 to 115+2.2 mmHg, P < 0.001). These
results are summarized in Table II. In Brattleboro rats
not receiving the AVPinfusion, blood pressure was 112
+5.2 mmHg before and 112±5.4 mmHg after injec-
tion of the AVPantagonist. In another group of Brattle-
boro rats given an identical AVP pressor infusion,
plasma AVP levels as determined by radioimmunoas-
say were 24.1±3 pg/ml. These levels were not signifi-
cantly different from levels measured in dehydrated
Sprague-Dawley rats, thus supporting a pressor role of
endogenous AVPduring fluid deprivation dehydration.

Effect of AVP antagonist in nephrectomized rats
after 24 h offluid deprivation. The above results did
not exclude the possible effects of the AVPantagonist
to lower mean arterial pressure by inhibiting the renin-
angiotensin system. To examine this possibility, the
AVP antagonist was administered to another group of
fluid-deprived rats 24 h after bilateral nephrectomy.
Abolition of the renin-angiotensin axis was confirmed
by undetectably low PRAon the day of the study. In
these nephrectomized rats the AVPantagonist caused a
highly significant decrease in mean arterial pressure
from 130+2.6 to 118+3.1 mmHg (P < 0.01). Mean ar-
terial pressure was not significantly altered (125±4.0
vs. 130±3.6 mmHg) when the blank solution was ad-
ministered to another group of nephrectomized rats af-
ter 24 h of fluid deprivation.

Effect of AVPantagonist in rats receiving exogenous
All. In addition to the above experiments in nephrec-
tomized rats, the AVPantagonist was given to a group
of intact rats receiving a constant AII infusion (Fig. 4).
In these rats, blood pressure rose from a control of 106
±4.4 to 128±4.0 mmHg (P < 0.001) and decreased to
102±4.2 (P < 0.001) after the infusion was dis-
continued. Mean blood pressure rose again after the in-
fusion was restarted to 129±4.7 mmHg (P < 0.001) and
remained unchanged after injection of [dPTyr (Me)]-
AVP (10 ,g/kg). Discontinuation of the AII infusion

TABLE II
Effect of Vasopressin Analogue to Block Pressor Response of AVP in Brattleboro Rats

AVPplus
Control AVP Postcontrol analogue

Blood pressure, mmHg 114+22 128+2 113+3
P <0.001 <0.001

Blood pressure, mmHg 113+±3 127+3 115±2
P <0.001 <0.001*

* Denotes significance between AVP alone and AVP plus analogue.
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FIGURE 4 Effect of AVPpressor antagonist on blood pressure
in rats receiving pressor doses of norepinephrine (4 ,ug/kg per
min) and AII (0.3 ,ug/kg per min).

again resulted in a significant fall in blood pressure
to 106±4.4 mmHg (P < 0.001).

Effect of AVPantagonist in rats receiving exogenous
norepinephrine. The mean control blood pressure in
the five rats studied in this protocol was 109±3.4 mm
Hgand during the norepinephrine infusion (4 ,ug/kg per
min) the blood pressure rose to 141±5.3 mmHg (P
< 0.001) (Fig. 4). After discontinuation of the infusion,
blood pressure fell to 110±4.0 mmHg (P < 0.001).
When the norepinephrine infusion was restarted,
blood pressure rose to 142±6.1 mmHg (P < 0.001),
and remained constant at 142±6.6 mmHg after ad-
ministration of [dPTyr (Me)]AVP. Termination of the
norepinephrine infusion lowered blood pressure to
108±4 mmHg, a value not different from control.

Hemodynamic studies in 24-h fluid-deprived rats.
The effects of the AVP antagonist on cardiac index,
renal blood flow, total peripheral vascular resistance,
renal vascular resistance, cerebral blood flow, and
hepatic arterial blood flow in 24-h water-deprived rats
are shown in Table III. Cardiac index remained un-
changed at 383±13.9 vs. 380±6.9 ml/min per kg. The
fall in blood pressure with the AVP antagonist was
primarily due to a decrease in total peripheral vascular
resistance, 0.35±0.015 vs. 0.30±0.008 mmHg/ml per
min per kg (P < 0.02). In spite of the fall in mean ar-
terial pressure with the AVP antagonist, both renal

blood flow (5.7±0.31 vs. 7.81±0.26 ml/min per g, P
< 0.01) and hepatic arterial blood flow (0.15±0.019 vs.
0.22 ±0.014 ml/min per g, P < 0.02) increased. Cerebral
blood flow remained unchanged at 0.95±0.11 vs. 0.91
±0.07 ml/min per g.

DISCUSSION

The present study was undertaken to investigate the
potential vascular effects of AVP after 24 h of fluid
deprivation in the rat. A newly synthesized analogue of
AVP, [dPTyr (Me)]AVP, which possesses antagonist
properties to the vasopressor action of AVP (7), was
used in an effort to delineate any AVP-induced vascu-
lar effects of fluid deprivation. The studies were per-
formed in conscious rats to avoid any consequences of
anesthesia.

To test the efficacy of the AVPantagonist to block the
vasopressor effects of exogenous AVP, normally
hydrated rats were injected with two sequential
boluses of a larger pressor dose (40 ng/kg) of synthetic
AVP. Either a blank solution or the AVPantagonist was
administered between the two sequential injections of
AVP. In the studies using the blank solution, both se-
quential doses of AVP increased mean arterial pressure
by -25 mmHg. In contrast, when the rats were given
the AVP antagonist prior to the second AVP dose, the
pressor response was totally abolished. These studies
therefore confirm that the AVPantagonist is extremely
effective in blocking the vasopressor action of AVP.
Studies also demonstrated a dose response of 0.5,5, and
10 ,ug/kg of the antagonist to block the pressor response
of 40 ng/kg of AVP.

The specificity of the AVP antagonist to block the
pressor effect of AVP is further supported by several
findings in the present study. Although the AVP an-
tagonist totally blocked the pressor effect of AVP, the
pressor effect of norepinephrine was unaltered by the
antagonist. The possibility was also excluded of a
depressor effect of the AVPantagonist which was medi-
ated by blocking or suppressing angiotensin, since the
AVP antagonist lowered blood pressure to a com-
parable degree in fluid-deprived rats with and with-
out a renal source of renin. In addition, the AVPantag-
onist failed to alter the pressor response to exogenously

ILE III

Renal
Cardiac Renal blood Total peripheral vascular Cerebral Hepatic arterial

index flows vascular resistance resistance blood flow blood flow

ml/min/kg ml/min/g mmHg/mil/min/kg mil/minig milmin/g

Control 383+13.9 5.73+0.31 0.35+0.02 23.2±1.2 0.95+0.11 0.15+0.12
P NS <0.01 <0.02 <0.001 NS <0.02
[dPTyr(Me)]AVP 380±6.9 7.81±0.26 0.30±0.01 14.5±0.53 0.91+0.1 0.22+0.01
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administered AII. The absence of a depressor effect of
the AVP antagonist in water-diuresing rats with sup-
pressed endogenous AVP would also support the
specificity of the AVPantagonist to block the vascular
effects of AVP. Although the effect of the AVP an-
tagonist to lower blood pressure in the fluid-deprived
rats did not seem to involve any antagonism of the
vasoconstrictor effect of norepinephrine or angiotensin,
it could have been related to a direct depressor effect
of the AVP antagonist which was only manifest in a
fluid-deprived state. The use of the AVP antagonist in
Brattleboro rats suffering from diabetes insipidus ar-
gued against such an effect. These Brattleboro rats are
chronically volume depleted, with a mean plasma os-
molality of 332 mosmol/kg H20 (12) as compared with
a plasma osmolality of 302 mosmol/kg H20 in
Sprague-Dawley rats after 24 h of fluid deprivation.
Thus, if the depressor effect of the AVP antagonist in
the volume-depleted state was due to an AVP-inde-
pendent action, a depressor effect of the AVPantagonist
should have occurred in the Brattleboro rats. The AVP
antagonist did not, however, lower blood pressure in
these volume-depleted Brattleboro rats. In addition,
the AVP antagonist did reverse the pressor action of
exogenous AVPinfusions in Brattleboro rats, again sup-
porting the specificity of the analogue.

The studies performed in rats undergoing a water
diuresis also allowed further characterization of the
antagonist as to whether the AVP antagonist also pos-
sesses agonist pressor properties. Many humoral an-
tagonists possess some agonist properties, which may
be most apparent when the endogenous hormone
levels are suppressed. For example, the agonist effect
of angiotensin antagonists on blood pressure is best ob-
served in the sodium-replete state in which levels of the
endogenous All are diminished (13). Thus, although
the AVPantagonist did not increase control blood pres-
sure in the normally hydrated rat, an agonist effect
might be apparent in water-diuresing rats with sup-
pressed endogenous levels of plasma AVP. The AVP
antagonist, however, did not alter control blood pres-
sure in the water-diuresing rat, thus providing no evi-
dence for agonist pressor properties of the agent. This
conclusion was further supported by the observation
that the AVPantagonist did not increase blood pressure
in the Brattleboro rats suffering from central diabetes
insipidus.

There was no evidence for any antidiuretic an-
tagonist activity of the agent since urinary osmolality
was unaltered in the fluid-deprived rats. The agent did,
however, exert antidiuretic agonist activity, as it caused
a prompt antidiuresis in the water-diuresing rats, with
urinary osmolality rising from 94 to 702 mosmol/kg H20.
Thus, both AVPand synthetic AVPanalogues may have
potent antidiuretic properties. These findings, there-
fore, indicate that the AVP antagonist exerts a potent

blocking effect on vascular AVP receptors in the ab-
sence of agonist activity, but activates collecting duct
receptors goveming epithelial water permeability, and
thus causes an antidiuresis.

The absence of a detectable agonist effect on blood
pressure of this AVP antagonist has potential implica-
tions for the future development of an antagonist to the
antidiuretic activity of AVP. A proposed difficulty in
developing an antidiuretic antagonist to AVPhas been
implied in the reserve receptor hypothesis (14). This
hypothesis suggests that a maximal antidiuretic effect
of AVPnecessitates that only a very small percentage of
collecting duct receptors need to be occupied by AVP.
Thus, if an antagonist to the antidiuretic activity of
AVP possesses any agonist properties, the antagonist
effect could be obscured. Although the reserve re-
ceptor hypothesis may only apply to collecting duct
and not vascular AVP receptors, it is important to note
that the vasopressor antagonist used in the present study
did not demonstrate any agonist pressor properties.

The most important studies performed in the present
investigation were those undertaken in rats which were
fluid-deprived for 24 h. In these rats the mean endoge-
nous plasma vasopressin level was 21.6 pg/ml, as com-
pared with 0.5 pg/ml in the water-diuresing rats. In con-
trast to the absence of an effect on blood pressure in
the water-diuresing rat, the AVP antagonist lowered
blood pressure by -15-20 mmHg in these fluid-de-
prived rats. These results provide strong evidence for
an important vascular role of AVP in the conscious rat
during fluid deprivation. Although exogenous AVPhas
been shown to depress cardiac output (15), it was
demonstrated using the AVPantagonist in the present
study that the primary effect of AVP was to increase
total peripheral vascular resistance. In spite of a
concomitant decrease in systemic blood pressure, the
administration of the AVP antagonist was associated
with an increase in renal and hepatic arterial blood
flow. These results implicate a role of endogenous AVP
to constrict renal and hepatic blood vessels during the
fluid-deprived state. Although these results in the fluid-
deprived rat indicate that the vascular effects of
endogenous AVPprimarily involve increasing vascular
resistance, it is possible that after more severe
hypovolemia, larger increases in plasma levels of AVP
might also exert a negative inotropic effect on the heart.

In summary, [dPTyr (Me)]AVP was confirmed in
vivo to be an extremely effective antagonist to the vaso-
pressor properties of AVP. The AVPantagonist was not
found to possess any agonist pressor effect in the water-
diuresing rat with suppressed endogenous AVP levels,
but was found to possess antidiuretic properties. Use
of the AVP antagonist in rats after 24 h of fluid depri-
vation (plasma AVP levels, 21.6 pg/ml) demonstrated a
significant fall in blood pressure and rise in renal and
hepatic arterial blood flow. The effect on blood pres-
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sure occurred primarily due to a fall in peripheral vas-
cular resistance. The AVP antagonist also lowered
blood pressure in Brattleboro rats receiving exogenous
AVP. A role of inhibition of the renin-angiotensin sys-
tem or norepinephrine in the depressor effect of the
AVPantagonist was excluded, as was a nonspecific ef-
fect in the volume-depleted Brattleboro rats. The
present study, therefore, provides strong evidence that
AVPis important not only as an antidiuretic hormone,
but also in circulatory homeostasis during fluid depri-
vation in the conscious rat.
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