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Vasoconstrictor Role for Vasopressin in Experimental Heart Failure in the Rabbit
Leonard Amolda, Barry P. McGrath, Michael Cocks, and Colin !. Johnston
Monash University Department of Medicine, Prince Henry's Hospital, Melbourne, 3004, Victoria, Australia

Abstract

Vasopressin's role as a vasoconstrictor in chronic heart failure
was examined in rabbits with adriamycin cardiomyopathic
congestive heart failure. Chronic adriamycin treatment resulted
in a decrease in cardiac output (829±38-610±36 ml/mi, P
< 0.005) and blood pressure (83±2-76±3 mmHg, P < 0.01),
and an increase in peripheral resistance (8,377±381-10,170±657
dyn-s-cm-, P < 0.05). Plasma renin activity (4.7±0.6-10.9±2.8
ng angiotensin I/ml * h) and norepinephrine (0.7±0.1-13±0.2
pmol/mL P < 0.05) increased while plasma vasopressin levels
did not change. Vasopressin infusion, however, produced signifi-
cantly greater increases in peripheral resistance in animals with
heart failure than in controls. Moreover, a specific vasopressin
vascular antagonist reduced blood pressure (7±3%) and periph-
eral resistance (14±4%) and increased cardiac output (10±3%)
in animals with heart failure but had no cardiovascular effects
in normal rabbits. These results suggest that vascular sensitivity
to vasopressin is increased in heart failure, and that it contributes
significantly to the increased afterload in heart failure despite
normal plasma levels. In this model of severe, chronic heart
failure the sympathetic, renin-angiotensin, and vasopressin sys-
tems all appear to be activated.

Introduction

The failing heart is exquisitely sensitive to changes in the re-

sistance against which it ejects. Thus, in low output congestive
heart failure, compensatory vasoconstriction mediated by neu-

rohumoral factors may be detrimental. Activation of the sym-
pathetic nervous system (1, 2) and the renin-angiotensin system
(2, 3) have been implicated as vasoconstrictor mechanisms. A
third important vasoconstrictor hormone system that may be
involved is vasopressin. Plasma levels of vasopressin have been
elevated in some patients with heart failure (4, 5) and in some

experimental models of heart failure (6, 7). These studies have,
in general, been concerned with the antidiuretic rather than the
vasopressor action of vasopressin. The recent development of
specific antagonists to the vascular receptors for vasopressin (8)
has led to a defined role for vasopressin in cardiovascular ad-
aptation to the stresses of hemorrhage (9), dehydration (10),
adrenal insufficiency (1 1), and in experimental hypertension (12).
In this study we examined the vascular actions of vasopressin
in adriamycin cardiomyopathic congestive heart failure in the
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rabbit. This is an animal model of chronic, low output heart
failure that closely resembles human heart failure (13, 14). We
used three separate experimental approaches to evaluate the role
of vasopressin in this model. These approaches involved mea-
suring resting plasma vasopressin levels, determining the he-
modynamic effects of vasopressin infusion, and examining the
results of blockade of vasopressin vascular receptors with specific
antipressor vasopressin vascular antagonists (AVPA).' Our re-
sults show that vasopressin contributes to the altered hemody-
namic pattern of reduced cardiac output and increased peripheral
vascular resistance in this model of chronic heart failure.

Methods
Rabbits of either sex, 2.5-3.5 kg in weight, of a mixed strain derived
from NewZealand White and English breeds, were obtained from Mon-
ash University Central Animal House. The experiments detailed below
were approved by the Monash University Research Advisory and Ethics
Committee and conformed to the guidelines set out by the National
Health and Medical Research Council of Australia. The model of adria-
mycin cardiomyopathic congestive heart failure has been described in
detail before (14). In brief, adriamycin (Farmitalia Carlo Erba, Milan,
Italy) was administered via a marginal ear vein in a dose of I mg/kg
twice weekly for 8 wk. This is a modification of the technique described
by Jaencke et al. (13) which produces maximum cardiac damage with
minimal marrow toxicity.

Studies were carried out in conscious unrestrained rabbits. All animals
had a chronically implanted aortic thermistor catheter for measurement
of cardiac output by the thermodilution technique using 5%dextrose at
room temperature injected into the right atrium. The thermistor catheter
was inserted into the aorta via the left ilio-lumbar artery under anesthesia
and positioned just below the renal arteries. This technique was previously
described by Korner et al. (15). The animals were allowed to recover for
at least 2 wk after catheterization before any measurements were per-
formed. Adriamycin-treated animals were studied 2 wk after the last
dose of adriamycin. Right atrial and central ear artery catheters were

inserted under local anaesthesia (2% xylocaine) at least 1 h before a

study.
Hemodynamic studies. Paired hemodynamic studies were performed

in 10 animals. These animals were studied initially before treatment with
adriamycin and again after 8 wk of adriamycin treatment. A further 37
normal animals and 7 adriamycin cardiomyopathic animals were also
studied. Each hemodynamic study consisted of five sets of the following
measurements: mean blood pressure, right atrial pressure, cardiac output,
and heart rate. For each animal the results reported are the averages of
the five sets of measurements.

Measurement of vasoactive hormones. Paired blood samples for
measurement of plasma vasoactive hormones were drawn in 15 animals
before treatment with adriamycin and again 2 wk after cessation of 8
wk of adriamycin treatment. Plasma hormonal levels were also measured
in another 39 normal animals and in a further 5 adriamycin cardiomy-
opathic animals. On each occasion, 8 ml of blood was drawn from the
right atrial catheter for measurement of arginine vasopressin (AVP) and
osmolality, plasma renin activity (PRA), and norepinephrine (NE), the
volume being replaced with 0.9% saline. The sampling procedure did

1. Abbreviations used in this paper: Al, angiotensin I; AVP, arginine
vasopressin; AVPA, vasopressin vascular antagonist; NE, norepinephrine;
PRA, plasma renin activity.
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not alter plasma levels of AVP, PRA, or NE in a preliminary study.
Blood samples were collected on ice, immediately centrifuged, and plasma
samples stored at -20'C until assayed by radioimmunoassay for PRA
(15) and AVP(16) and radioenzymatic assay for NE (17).

Vasopressin infusion studies. The hemodynamic response to infused
vasopressin was examined in five normal controls and five animals with
adriamycin-induced heart failure. Vasopressin (8-arginine vasopressin,
Peninsular Laboratories, Belmont, CA) was infused at 2.5 ng/kg * min
and 25 ng/kg- min for 30 min each via a catheter (polyethylene tetra-
fluoroethylene, 0.47 mmi.d., Terumo [Australia] Pty. Ltd., Melbourne,
Australia) in a marginal ear vein. Both doses are subpressor in normal
rabbits (18). Resting hemodynamic measurements were made as pre-
viously described and repeated at the end of each infusion. 5 ml of blood
was drawn at baseline and at the end of each infusion period to measure
vasopressin levels. The volume withdrawn was replaced with 0.9% saline.
In each case the 2.5-ng/kg min infusion was followed by the 25-ng/
kg min infusion. One rabbit with heart failure died shortly after com-
mencing the higher dose infusion and the results for this infusion rate
in animals with heart failure were from four rabbits only.

AVPA studies. The hemodynamic responses to an AVPAwere ex-
amined in 10 rabbits with heart failure (group 1) and in 5 normal controls
(group 3). The effect of vehicle alone was also examined in six rabbits
with heart failure (group 2). In these studies, five sets of resting hemo-
dynamic measurements were made (as previously described) immediately
before the bolus administration of AVPAor vehicle and this was repeated
15 min later.

Two AVPA were used: [l-(B-mercapto-f,,B-cyclopentamethylene-
propionic acid),8-D-arginine]vasopressin or d(CH2)5DAVP (From Dr.
M. Manning, Dept. of Biochemistry, Medical College of Ohio, Toledo,
OH), and [ l-((3-mercapto-j3,,-cyclopentamethylenepropionic acid),2-(d-
methyl)-tyrosine]AVP or d(CH2)5 Tyr (methyl) AVP (Peninsula Labo-
ratories). These have very similar antivasopressor potencies (pA2:
8.52±0.03 and 8.67±0.02, respectively) and are very weak antidiuretic
agonists (both 0.31 U/mg) (8, 19). Weused 30 pg/kg of either antagonist,
a dose which was shown in a preliminary study to abolish the pressor
response to bolus doses of 100 ng/kg * AVP for > I h.

Statistics. Results are expressed as the mean±standard error of the
mean. Within group, analysis was performed by paired t test while dif-
ferences between groups were analyzed by unpaired t test. All P values
were two-tailed and P < 0.05 was considered to be statistically significant.

Results

After 8 wk of adriamycin therapy all animals had signs of severe
congestive heart failure at postmortem examination, as evidenced
by severe cardiac dilation and the accumulation of fluid in
pleural, pericardial, and peritoneal cavities.

Resting hemodynamic measurements. The results of paired
hemodynamic measurements in resting animals studied before
and after adriamycin treatment are shown in Fig. 1. In this group
of 10 animals, mean blood pressure fell from 83±2 to 76±3
mmHg(P < 0.01). Cardiac output decreased from 829±38 ml/
min to 610±36 ml/min (P < 0.005), while peripheral resistance
increased from 8,377±381 dyn-s-cm-5 to 10,170±657 dyn-s-
cm-S (P < 0.05).

The pretreatment hemodynamic values in these 10 animals
studied sequentially were similar to our results in the larger group
of 37 normal animals, while posttreatment values were similar
to those in seven other adriamycin-treated animals. This data
was combined and the results are shown in Table I. Adriamycin-
treated animals had a significantly reduced cardiac output (38%
decrease, P < 0.001) and an increased peripheral resistance (32%
increase, P < 0.005) compared with normal controls. Heart rate
was also increased in heart failure (13% increase, P < 0.05).
However, blood pressure and right atrial pressure were not sig-
nificantly different from control animals statistically.
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Figure 1. Changes in cardiac output, blood pressure, and peripheral
resistance in rabbits with adriamycin cardiomyopathic heart failure.
Cont, control (i.e., resting hemodynamic measurements in rabbits be-
fore treatment with adriamycin); CHF, resting measurements in the
same animals 10 wk after adriamycin treatment was initiated and 2
wk after the last dose of adriamycin.

PRA, NE, and AVP results. Paired plasma hormonal mea-
surements in 15 animals studied before and after adriamycin
treatment demonstrated an increase in renin levels from 4.7±0.6
ng angiotensin I (AI)/ml h to 10.9±2.8 ng AI/ml h (n = 15, P
< 0.05), and in NE from 0.7±0.1 to 1.3±0.2 pmol/ml (n = 15,
P < 0.05), while vasopressin levels did not change (6.3±1.4-
8.4±2.0 fmol/ml; n = 14, P> 0.1).

The pretreatment hormonal levels in these paired studies
were similar to those measured in the larger group of 39 normal
controls, and posttreatment values were similar to the five ad-
ditional adriamycin-treated animals. The combined results are
shown in Fig. 2. PRAwas elevated in the heart failure group to
about two-and-one-half times the level in controls (10.0±2.2 vs.
4.3±0.5 ng/ml, P< 0.001). Resting NElevels in the heart failure
group were double the control values (1.3±0.2 vs. 0.6±0.1 pmol/
ml, P < 0.005). Plasma AVPwas not significantly different in
heart failure (7.4±1.5 fmol/ml) and control animals (10.8±1.5
fmol/ml), and plasma osmolality was also similar in the two
groups (285±3 vs. 283±1 mosM, P > 0.1).

In the heart failure group, plasma renin was correlated pos-
itively with peripheral resistance (r = 0.61, n = 15, P < 0.01),
and negatively with cardiac output (r = -0.70, n = 15, P < 0.01).
Plasma levels of NEand vasopressin did not correlate with any
of the hemodynamic variables.

Response to vasopressin infusion. In control animals (n = 5),
vasopressin infused at 2.5 ng/kg min for 30 min produced a
plasma vasopressin level of 131±26 fmol/ml, but did not change
mean blood pressure, cardiac output, or peripheral resistance
(Table II). During vasopressin infusion at 25 ng/kg- min, giving
a plasma vasopressin level of 2,205±531 fmol/ml, mean blood
pressure did not change significantly, but cardiac output was
decreased, peripheral resistance increased, and heart rate de-
creased compared with the control levels (Table II).

In animals with heart failure, the lower dose vasopressin
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Table I. Resting Hemodynamic Measurements in
Normal Rabbits and Rabbits in Heart Failure

Normal controls Heart failure

n 47 17
Cardiac output (ml/min) 796±16 570±26*
Blood pressure (mmHg) 81±1 77±3
Right atrial pressure (mmHg) -0.4±0.3 0.2±0.7
Total peripheral resistance

(dyn-s-cm-5) 8,346±247 11,035±741$
Heart rate (beats/min) 253±7 287±15§

* P<0.001.
1 P<0.005.
§P<0.05.

infusion, producing similar vasopressin levels of 75±20 fmol/
ml, again did not change blood pressure (+2 mmHg), but did
produce a significant decrease in cardiac output (1 10±27 ml/
min) and an increase in peripheral resistance (2,763±371 dyn-
s-cm-5). The higher dose vasopressin infusion achieved plasma
levels of 667±162 fmol/ml without a change in blood pressure,
but cardiac output was further reduced (221±63 ml/min) and
peripheral vascular resistance further increased (5,838+790 dyn-
s-cm"5) (Fig. 3).

The effects of vasopressin infusion on peripheral vascular
resistance in the two groups are shown in Fig. 3. At both infusion
rates, despite lower plasma vasopressin levels, the changes in
total peripheral resistance were significantly higher in the rabbits
with heart failure than in normal rabbits; at the low infusion
rate of 2.5 ng/kg * min the changes were (2,763±371 vs. 27±477
dyn-s-cm-5, P < 0.01) at the higher dose infusion (5,838±790
vs. 2,538±694 dyn-s-cm-5, P < 0.01). The change in resistance
in the heart failure animals with the lower dose infusion was
equivalent to that seen at the tenfold higher dose in the controls.

Hemodynamic response to AVPA. The hemodynamic re-
sponse to the antagonist of the pressor effects of vasopressin are
summarized in Fig. 4. Administration of 30 ng * kg of the AVPA
to 10 animals with heart failure resulted in a significant increase

Table I. Results of Vasopressin Infusion in Normal
Rabbits and Rabbits with Heart Failure

Control 2.5 ng/min 25 ng/kg/min

A Normal rabbits
Plasma vasopressin

(fmol ml') 9.4±4.8 13 1±26 2,205±531
Blood pressure

(mmHg) 84±6 80±5 82±4
Cardiac output

(ml min-') 743±29 712±18 583±38*
Peripheral

resistance
(dyn-s-cm-5) 8,945±555 8,971±618 11,483±854*

Heart rate
(beats min-') 229±12 205±11 185±16*

B Rabbits with heart
failure

Plasma vasopressin
(finol ml-]) 5.6±2.1 75±20 667±162

Blood pressure
(mmHg) 85±3.6 86±5.8 89±6

Cardiac output
(ml min-') 656±46 546±29t 466±20t

Peripheral
resistance
(dyn-s-cm-5) 10,528±924 13,023±1,215t 15,526±804t

Heart rate
(beats/min) 266±28 243±32 201±22*

* P< 0.05 compared with preinfusion levels.
* P< 0.01 compared with preinfusion levels.

in cardiac output (518±46-562±43 ml * min, P < 0.005) asso-
ciated with a significant fall in blood pressure (76±4-71±5
mmHg,P < 0.05) due to a marked decrease in calculated total
peripheral resistance (12,191±1,079-10,431±1,004 dyn-sm-5c ,
P < 0.01).

The administration of vehicle to animals in heart failure did
not alter any of these hemodynamic variables (Gp 2, n = 6),
nor did the administration of AVPAto normal rabbits (Gp 3,
n = 5) produce any hemodynamic changes.

Changes in PRAand NE in response to AVPA. The changes
in PRAand NE in response to vasopressin blockade in heart
failure are shown in Table III. PRAdecreased significantly (P
< 0.05) and NE increased (P < 0.05) after administration of
AVPAto these animals. Neither PRAnor NEwere significantly
altered after AVPAin normal animals (Table HI) or after vehicle
in heart failure (PRA: 17±5.5-15±5.7 ng Al/ml per h; NE:
1.0±0.2-1.1±0.1 pmol/ml).

161

Figure 2. PRA, NE, and AVP
in normal controls (n = 54)
and rabbits with heart failure
(n = 20). Normal controls, o;
heart failure, *. *** Indicates P
< 0.005.
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Figure 4. Changes in mean blood pressure (MBP), cardiac output
(CO), and total peripheral resistance (TPR) in response to 30 fsg kg-
of AVPAor vehicle in rabbits with heart failure. The right panel
shows the response to AVPAin normal controls. *P < 0.05 and **P
< 0.01 when compared with corresponding pretreatment levels.

Discussion

The results of this study show that chronic administration of
adriamycin in rabbits produced a cardiomyopathy with the
characteristic hemodynamic and hormonal changes of low out-
put heart failure. These results confirm and extend the results
of our previous study in this model of heart failure (14). The
fall in cardiac output observed in the adriamycin-treated animals
occurred despite a resting tachycardia and was associated with
a significant increase (32%) in vascular resistance. Right atrial
pressure did not increase, which is perhaps surprising in view
of the cardiac dilation and hepatic congestion observed in the
model (13, 14). However, it should be pointed out that only
resting hemodynamic measurements were made in this study
and the animals were not subject to any stress to examine myo-
cardial reserve. There is also some evidence that adriamycin
may affect the left ventricle more than the right (13).

Table III. Changes in PRA and NEafter A VPA in Normal
Controls (n =5) and in Rabbits with Heart Failure (n = 10)

Controls Heart failure

Pretreatment AVPA Preteatment AVPA

PRA(ng AI/mi
per h) 1.03±0.3 1.0±0.3 13.0±3.7 10.4±3.3*

Plasma NE
(pmol/ml) 1.1±0.4 1.0±0.4 1.2±0.2 1.5±0.2*

* n = P< 0.05 when compared with pretreatment level.

An increase in total peripheral resistance is a characteristic
feature of low output heart failure and is considered to be due
to the activation of vasoconstrictor systems. In this study the
increased peripheral vascular resistance in adriamycin cardio-
myopathic heart failure could be explained, in part, by significant
activation of both the sympathetic nervous system and the renin-
angiotensin system.

Increased sympathetic activity was suggested by the increase
in plasma NE levels and resting heart rate. The marked increase
in PRA levels in treated animals and the significant correlation
between PRA and peripheral vascular resistance in the heart
failure group provide evidence for a significant contribution of
the renin-angiotensin system. Moreover, the renin-angiotensin
system appears to be activated as early as 4 wk in this model of
heart failure (14). These findings are in keeping with the extensive
literature that supports a role for the sympathetic nervous system
and renin-angiotensin system in heart failure based not only on
the measurement of resting hormone levels but also on the effect
of blockade of these systems (1-3).

Vasopressin is a third vasoconstrictor whose importance in
cardiovascular homeostasis in dehydration (10), hemorrhage (9)
adrenal insufficiency (1 1), and experimental hypertension (12)
has been confirmed with the advent of specific antagonists to
the vascular actions of vasopressin (8, 19). Vasopressin levels
may be elevated in heart failure, particularly when considered
in relation to osmolality, which is often reduced (4, 5). Most
studies however have examined the contribution of vasopressin
to fluid and electrolyte abnormalities rather than to the vaso-
constriction that occurs in heart failure (4-7).

Two recent studies have focussed on the vascular actions of
AVP in heart failure. Riegger et al. (20) reported that the AVP
antagonist d(CH2)5 Tyr(Me) AVP had no significant hemody-
namic effect in rats with heart failure produced by a large aorto-
caval shunt. However, this is a model of high output heart failure
and it is difficult to measure any changes in peripheral vascular
resistance in the native circulation in this model because of the
dominant influence of the low resistance shunt. To date, the
responses to an AVPAantagonist have only been examined in
one study in patients with congestive heart failure (21). In that
study, AVPAhad no effect in patients with stable heart failure
who received conventional antifailure therapy. These patients
all had normal plasma levels of AVPand PRAand only mildly
elevated NE. However, a marked vasodilator response was ob-
served in a single patient with unstable severe heart failure and
markedly elevated levels of AVP, PRA, and NE.

The potential role of vasopressin as a vasoconstrictor hor-
mone in heart failure was examined in animals with adriamycin
cardiomyopathic heart failure in three ways: by measurement
of plasma vasopressin levels; by examining the hemodynamic
response to vasopressin infusion; and by determining the re-
sponse to blockade of the vascular effects of vasopressin using
specific peptide antagonists. Plasma vasopressin levels were not
significantly different in animals with heart failure compared
with normal controls. However, increased sensitivity to vaso-
pressin in animals with heart failure was suggested by the sig-
nificant rise in peripheral vascular resistance in these animals,
but not in controls, in response to infusion of 2.5 ng/kg- min
vasopressin, although plasma levels were similar. The 25 ng/
kg min infusion rate increased resistance in both normals and
animals with heart failure, but the increase in the latter group
was significantly greater than in the normals despite lower plasma
vasopressin levels. This increased sensitivity to vasopressin in
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heart failure may be due to impaired baroreflex activity. Vaso-
pressin has specific effects on baroreflex mechanisms that tend
to buffer its pressor actions (22, 23), and vasopressin infusion
causes a greater decrease in lumbar (24) and renal (25) sympa-
thetic nerve activity than equipressor doses of phenylephrine.
Vasopressin sensitivity is increased in baroreceptor denervated
animals (26) and in patients with impaired baroreflexes due to
autonomic neuropathy (27). The markedly attenuated barore-
ceptor reflex described in heart failure (28) may similarly increase
sensitivity to vasopressin. Alternatively, vasopressin's influence
on baroreceptor mechanisms may be altered in heart failure
(22-25) so that it no longer inhibits sympathetic activity, leaving
vasopressin's direct vasoconstrictor actions unopposed.

The results of vasopressin blockade with AVPAprovide fur-
ther evidence for a role for vasopressin as a vasoconstrictor in
heart failure. The AVPA produced significant falls in blood
pressure and peripheral resistance and an increase in cardiac
output in rabbits with heart failure. In contrast, neither the ad-
ministration of vehicle to animals with heart failure nor the
administration of AVPAto normal controls resulted in any sig-
nificant hemodynamic change. Since AVP levels were not ele-
vated in animals with heart failure, the vasodilator response to
AVPAobserved in these animals may be explained by an in-
creased sensitivity to AVP. A second possibility is that the AVPA
acted centrally rather than peripherally. A nonselective vaso-
dilatory response seems unlikely, as these analogues appear to
be highly selective antagonists to the vascular effects of AVP
(8, 10, 19) and do not produce vasodilation in normal controls.
An alternative possibility, recently raised, is that vasopressin
might cause vasodilation by its action on antidiuretic receptors
when its vasoconstrictor action is blocked (29).

After treatment with the vasopressin antagonist, plasma NE
levels increased in animals with heart failure, suggesting that
blockade resulted in activation of the sympathetic nervous sys-
tem. A small but significant fall in PRA levels was observed in
animals with heart failure after treatment with the AVPA. This
is surprising, since vasopressin is known to suppress renal renin
release, although the mechanisms have not been defined (30).
Moreover, the fall in blood pressure and increased NE levels
after AVPAwould tend to increase PRA. A possible explanation
for the fall in PRAafter AVPA is that the antagonist may im-
prove renal blood flow, which is markedly reduced in this model
of heart failure (14). Another possibility is that the fall in PRA
was a result of antidiuretic agonist activity of the vasopressin
analogue. The changes in PRAlevels after the AVPAmay have
contributed to its hemodynamic effects, although this is consid-
ered unlikely since the changes were quite small and would tend
to be offset by the changes in NE.

In summary, this study provides evidence for a vasocon-
strictor role for vasopressin in an animal model of low output
congestive heart failure. Although resting plasma levels of AVP
were not elevated, sensitivity to exogenous vasopressin was in-
creased and blockade of the vascular effects of vasopressin pro-
duced significant falls in blood pressure and peripheral vascular
resistance in animals with heart failure. In this model of heart
failure, all three vasoconstrictor systems, namely the sympathetic,
renin-angiotensin, and vasopressin, appear to be activated.
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