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Abstract

Weexamined the effects of physiologic infusions of arginine

vasopressin (AVP) on cardiovascular hemodynamics and on re-

flex responses initiated by decreasing cardiopulmonary barore-
ceptor stimulation (with lower body negative pressure) in 10

healthy, captopril-pretreated young men (19-27 yr). Their re-

sponses were compared with those of four volunteers given isos-
motic infusion. Heart rate, stroke volume, blood pressure, and
forearm blood flow were measured by electrocardiography,
impedance cardiography, radial artery cannulation, and strain
gauge plethysmography. Two 55-min infusions of AVPat rates
of 0.15 and 0.40 ng/kg per min increased average plasma con-

centrations from control levels of 5 pg/ml to 18 and 36 pg/ml,
respectively. These infusions resulted in progressive reductions
of heart rate and cardiac output and increases of forearm and
total peripheral resistance. Blood pressure increases were sig-
nificant only during the larger AVP infusion rate. Lower body
negative pressure provoked reflex increases of total peripheral
resistance. These increases were enhanced 60% during AVPin-
fusion compared with increases during control (pre-AVP). Base-
line measurements and reflex responses were unchanged by isos-
motic infusions. These results demonstrate that AVP has pro-

found effects on cardiovascular function and augments
cardiopulmonary baroreflex-mediated increases of peripheral
resistance in man.

Introduction

Studies from experimental animals demonstrate that elevations
of plasma arginine vasopressin (AVP)' levels within the physi-
ologic range have profound effects on cardiovascular function
and autonomic reflexes (1-5). There are very few reports of the
cardiovascular effects of AVP infusion in man. Available evi-
dence indicates that small increases of plasma AVPlevels result
in decreases of heart rate but do not change blood pressure (6-
8). When AVP is infused into patients with autonomic dys-
function or into normal subjects after ganglionic blockade, heart
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rate does not decrease, but blood pressure increases substantially
(7, 8). These data suggest that the pressor effects of AVP are
buffered by a neurally mediated bradycardia and a decline in
cardiac output.

The influence of AVPon cardiac output and total peripheral
resistance in healthy man is not known. Despite numerous re-
ports of the effect of AVPon cardiovascular function in exper-
imental animals, we were not confident that similar effects oc-
curred in conscious man since human autonomic neural control
mechanisms differ from those of other species (9, 10). Therefore,
one objective of this investigation was to determine the effects
of increasing plasma AVP levels, within a physiologic range, on
cardiac output and peripheral resistance in healthy man.

A second objective was to test the hypothesis that AVPalters
human cardiopulmonary baroreflex control of peripheral resis-
tance. This inquiry was prompted by previous data which have
shown that AVPhas both a direct effect of constricting vascular
smooth muscle (11, 12) and a major influence on autonomic
neural mechanisms in animals (2-5). Cardiopulmonary baro-
receptors respond to slight alterations in central blood volume
and initiate reflex changes in peripheral resistance to maintain
a stable blood pressure (13, 14). If AVP is released during hem-
orrhage or orthostasis (15, 16), it may have a profound effect on
reflex resistance increases initiated by low-pressure baroreceptors.

Methods

These studies were approved by both institutions' HumanResearch Re-
view Committee. 14 healthy normotensive adults were studied after they
gave written consent to participate. Their average age (±SEM) was 21±3
yr. 10 subjects received intravenous infusions of AVP(Pitressin, Parke-
Davis, Inc., Morris Plains, NJ) and four served as time controls and
received intravenous infusion of isosmotic (D5W) solution. The total
volume of infusion was similar in each group. Studies were conducted
with subjects lying supine in a quiet warm (23-250C) room.

Measurements. Heart rate was measured from the electrocardiograph
(ECG). Blood pressure was monitored with a Gould P50 transducer
(Gould, Inc., Hato Rey, Puerto Rico) connected to a 20-gauge catheter
inserted into the radial artery. The analogue signal was recorded on a
strip chart recorder and amplified so that digital conversion of pressure
recordings were accurate to 0.5 mmHg.Mean arterial pressure was cal-
culated as diastolic pressure plus one-third of the pulse pressure. Forearm
blood flow was obtained from a temperature compensated Hg-in-Silastic
strain gauge on the forearm. A blood pressure cuff was placed about the
upper arm for intermittent venous occlusion and an infant's cuff placed
at the wrist for arterial occlusion. This method is described in detail
elsewhere (17). Analogue data were transcribed on an ink-writing recorder.
Digital values were obtained by manual cursor placement on a digitizing
board on-line with a digital computer.

Impedance cardiography. A tetrapolar impedance cardiograph (Sur-
com, Inc., Minneapolis, MN) was used to determine stroke volume.
Three electrodes were positioned circumferentially about the body: at
the lower neck, xiphoid process, and 8 cm below the xiphoid process. A
fourth electrode was placed on the forehead (18). A 100-kHz, 4-mA
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current was transmitted through the outer two electrodes and transtho-
racic impedance (Zo) changes were detected from the inner two electrodes.
The first derivative of the Zo change (associated with ventricular con-
traction) was used to calculate stroke volume (18, 19), and changes in
baseline Zo were used to detect relative changes in intrathoracic fluid.
It has been established in this laboratory (18, 19) and elsewhere that
stroke volume and cardiac output, calculated from analogue-impedance
signals, correlate well with those derived from invasive measurements
obtained with Fick (20, 21), dye (19, 22-24), and thermal (25, 26) dilution
methods. In these comparisons the correlations between changes of stroke
volume have been stronger than those between absolute stroke volumes
(18, 19, 22-24). Wehave previously established a close correlation be-
tween beat-by-beat impedance and left ventricular (ventriculography)
stroke volumes (r = 0.79) and stroke volume changes (r = 0.89) in patients
undergoing cardiac catheterization (18). The impedance method detected
accurately stroke volume changes ranging from 1 to 100 ml/beat.

Total peripheral resistance was calculated from the ratio of imped-
ance-derived cardiac output and arterial blood pressure. In this study,
there was a significant correlation (r = 0.751, P< 0.01) between baseline
total peripheral resistance and plasma norepinephrine, an index of sym-
pathetic activity (27). This strengthens our contention that impedance-
derived parameters are reliable.

Baseline Zo can be used as an index of thoracic blood volume. We
reason that such estimates are accurate based upon the following: (a)
changes in Zo correlate closely with changes of central blood volume in
animals (28-30); (b) in this lab, changes of calf blood volume (produced
by intermittent graded venous occlusions of the upper thigh), which are
detected by impedance, correlate well (r = 0.87) with estimates made
with an Hg-in-Silastic strain gauge; and (c) Zo changes correlate closely
(r = 0.989) with reductions in central venous pressure produced by graded
lower body negative pressure (31).

Biochemical measurements. Blood samples were obtained from the
arterial catheter and analyzed in the Bioassay Laboratory located in our
Physiology Department. Norepinephrine and epinephrine were deter-
mined by radioenzymatic assay using the Cat-A-Kit (Upjohn Co., Kal-
amazoo, MI). Plasma renin activity was determined by radioimmu-
noassay (RIA) of the generation of angiotensin I using a modification of
the technique developed by Sealy et al. (32). Plasma AVPconcentration
was measured using an RIA procedure developed in this laboratory and
described previously in detail (33, 34). Plasma samples (1 ml), which
were deproteinized with 2 ml acetone, were taken to complete dryness
using a centrifugation-vacuum-concentrating system (Savant Instru-
ments, Hicksville, NY) and assayed as reported previously. Protein pre-
cipitation of human plasma resulted in a 20-25% loss determined with
both 1251I-AVP and AVP. Reported values were corrected for 23% ex-
traction loss and therefore represent the concentrations in the original
l-ml plasma sample. The between-assay variability based on 12 separate
standard curves averaged ±4.4%. The intraassay coefficient of variation
averaged ±4.0%. The least detectable AVPconcentration in the original
plasma averaged 0.3 pg/ml, and the mid-range of the assay averaged 6.5
pg/ml.

Protocol. Subjects abstained from alcohol, caffeine, and nicotine for
24 h before each study and fasted from midnight to 7 a.m. on the day
of the study. They ate a light breakfast in the laboratory which consisted
of a doughnut and 250 ml of orange juice. Volunteers were given 25 mg
of captopril (E. R. Squibb & Sons, Princeton, NJ). This prevented fluc-
tuations in angiotensin II which could have influenced responses to AVP
infusion (35, 36). Intravenous and radial artery catheters were inserted
after local infiltration with lidocaine. Impedance electrodes, ECGelec-
trodes, heart sounds microphone, and forearm strain gauge and cuffs
were placed. Volunteers were positioned in the lower body negative pres-
sure (Ibnp) box. A practice trial of 10 mmHgof Ibnp was initiated to
familiarize each subject with this procedure. After a 45-min supine rest
period, arterial blood was sampled for plasma renin activity, AVP, and
catecholamines. This was followed by three brief (10-s), relaxed, end-
expiratory breath holds (at 2-min intervals). Baseline (control) data were
obtained from five cardiac cycles during each of these three periods of

apnea and were averaged. This was followed by a 3-min period of lbnp
(10 mmHg)during which 3-10 s breath hold samples were obtained at
1-min intervals and averaged. Low-dose intravenous AVP (0.15 ng/kg
per min) was infused for 55 min to assure steady state plasma levels.
During the last 10 min of infusion, blood sampling, and baseline and
lbnp measurements (during apnea) were repeated. This procedure was
followed by a 55-min infusion period of a higher dose of AVP(0.40 ng/
kg per min) and repeat control, lbnp, and blood samples were obtained.

Statistical analyses. Control data before each application of lbnp
were averaged and compared with mean responses during lbnp with
Student's t tests for paired data. Responses of the time control group
were compared with the experimental group with analyses of variance.
Changes in hemodynamic parameters and lbnp responses during AVP
infusion were compared with responses before AVPinfusion with paired
t tests. Differences were assumed to be significant if Pvalues were <0.05.
Data are presented as means±SEM.

Results

Plasma AVP, catecholamines, and renin activity are shown in
Fig. 1. Baseline AVP levels averaged 5±1.1 (mean±SEM) pg/
ml and increased to 18±1.3 and 36±3.8 pg/ml during infusion
of 0.15 ng/kg per min of AVP and during 0.40 ng/kg per min
of AVP, respectively. Since volunteers were given captopril before
the study, plasma renin activity was elevated from normal levels
(which range between 1 and 2 ng/ml per h in supine men).
Renin activity had begun to return toward baseline during the
last 15 min of the study. Plasma epinephrine was unchanged
throughout the testing protocol. However, norepinephrine
tended to decrease at the low-dose AVP infusion and was sig-
nificantly (P < 0.05) decreased from control during the larger
dose of AVP. Plasma AVP (Fig. 2), renin activity, and cate-
cholamines were unchanged in the time control group. Plasma
renin activity (ng/ml per h) and norepinephrine (pg/ml) averaged
8.7±1.8 and 205±18, respectively, during control. These were
8.5±2.6 and 216±18 during the first placebo infusion and were
7.1±3.1 and 222±21 during the second placebo infusion.
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Figure 1. Plasma values measured before and during AVP infusion in
10 volunteers. PRA, plasma renin activity. *, **, significantly changed
from control at P < 0.05 and 0.01 levels. ++, significantly changed
from low-dose AVP infusions, P < 0.01.
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Figure 2. Cardiovascular responses to AVP (n = 10) or placebo (n
= 4). All responses to AVP infusion were significantly different from
time controls except mean arterial pressure (map) responses to low-
dose AVP infusion.

Figure 3. Cardiovascular responses to AVP infusion in 10 supine men.

Control values are those obtained before AVP infusion. *, **, signifi-
cant change from control, P < 0.05 and 0.01. +, significant change
from low-dose AVP infusion, P < 0.05.

Resting hemodynamics. Baseline heart rate (56±2.5 beats
per minute) declined significantly by 4±0.8 and 6±1.2 beats per
minute with increasing AVP infusion (Fig. 3). Significant de-
creases were observed in stroke volume (8%) and cardiac output
(15%) during AVP infusions. No distinctions could be made in
the responses between the low and higher doses of AVP. During
low-dose AVP infusions, there were no changes in systolic and
mean arterial pressures, but there were slight (2±0.6 mmHg)
and significant increases in diastolic blood pressures from base-

line. The higher AVPinfusion rate produced small but significant
increases of systolic (3.6±0.8 mmHg), diastolic (9.0±2.1 mmHg),
and mean (7.9±1.3 mmHg)arterial pressures (Fig. 3). Baseline
total peripheral resistance (1,018±96 dyne * sec cm-5) increased
progressively to 1,195±117 and 1,333+104 dyne-sec cm-5
during low-dose and high-dose AVPinfusion (Fig. 4). A similar
and significant progressive increase of forearm vascular resistance
was noted. This figure also demonstrates that Zo, a reliable index
of thoracic blood volume (31), was unchanged during AVPin-
fusions.

Baseline hemodynamic parameters were minimally changed
in the time control group, as shown in Fig. 2. Analysis of variance
demonstrated a significant (P < 0.05) effect of AVPon all vari-
ables (except Zo) when compared with the time controls.

Responses to low-level Ibnp. Heart rate and arterial blood
pressure were unchanged by Ibnp both before and after AVP
infusion (Fig. 5). However, stroke volume and cardiac output
were decreased significantly by lbnp and to a comparable extent
during control and during AVPinfusion. In contrast, the reflex

increases of total peripheral resistance produced by lbnp (96±15
dyne sec * cm-5) were increased by 60% during low- and high-
dose AVP infusion (to 157±47 and 155±44 dyne-sec-cm-5,
respectively; Fig. 6). AVPdid not have a similar enhancing effect
on reflex increases of forearm vascular resistance.

Zo was used to monitor the decreases in thoracic blood vol-
umeproduced by lbnp. As shown in Fig. 6, the Zo changes were
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a response to low level lbnp control (pre-lbnp) total peripheral resistance for each subject
was graphically related (linear regression) to the average change
in total peripheral resistance produced by lbnp (Fig. 7). The
steeper regression lines obtained during AVP infusion indicate
a true enhancement of the resistance responses to lbnp rather
than exaggerated responses related to the increased baseline re-
sistance. Augmentation of reflex resistance responses by AVP
infusion could not be attributed to changes in the reflex regu-
lation of the forearm vascular bed. Forearm resistance responses
to lbnp were not enhanced by AVP (Fig. 6).

Discussion

4
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Figure 5. Responses of 10 volunteers to 10 mmHgof lbnp. Heart rate
and blood pressure were unchanged. Stroke volume and cardiac out-
put declined significantly (**, P < 0.01); however, these declines were
not different during AVP infusion compared with control (preinfu-
sion) responses.

similar during control, low-, and high-dose AVPinfusion periods.
This suggests that the stimulus to low pressure baroreceptors
was similar during control and during both AVP infusion pe-
riods.

In a previous study, Myers and Honig (37) demonstrated
that vascular resistance changes are influenced by the initial vessel
diameter and tone. Since AVPincreased baseline total peripheral
resistance (Fig. 4), it was possible that enhanced resistance re-
sponses might have been due to the increased baseline resistance.
To minimize this potential bias, the relationship between the

a response to low level lbnp

The influence of AVPon cardiovascular and autonomic reflex
function has been identified in experimental animals (1-5, 33),
but little is known about comparable effects of AVP in man. In
the present study, infusions of two concentrations of AVP, which
increased plasma levels an average of 13 and 30 pg/ml, respec-
tively, decreased heart rate and cardiac output and produced
dose-dependent increases of total peripheral and forearm vascular
resistances. The increases in resistance were associated with vir-
tually no increases of blood pressure because of offsetting re-
ductions in cardiac output. This phenomenon was first observed
by Montani et al. (2) in conscious dogs, and in that species, it
appeared to be primarily dependent on arterial baroreceptor re-
flexes as the AVP-induced fall in cardiac output was greatly at-
tenuated following sino-aortic baroreceptor denervation. Fur-
thermore, in baroreceptor-denervated dogs and in patients with
autonomic dysfunction (2, 3, 7, 8), small elevations of plasma
AVP similar to those in this study resulted in 20-50 mmHg
increases in mean arterial pressure.
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Figure 6. Responses of 10 volunteers to 10 mmHgof Ibnp. Resistance
and Zo were significantly increased from pre-lbnp control (*, **, P
< 0.05 and 0.01). Similar increases in Zo imply that thoracic blood
volume decreases were similar. Total peripheral resistance responses
were augmented during AVP infusion (+, P < 0.05) compared to con-
trol (pre-AVP) responses.
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Figure 7. Individual control (pre-lbnp) total peripheral resistance re-
sponses (abscissa) and their respective change in total peripheral resis-
tance produced by Ibnp (ordinate). The steeper regression lines during
AVP infusion indicate that reflex resistance responses were augmented
(analysis of co-variance, P < 0.05).
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AVP action on cardiac function and peripheral resistance.
The mechanisms whereby AVPlowered heart rate and cardiac
output were not ascertained in the present study. Data from
anesthetized animals have suggested that high pharmacologic
doses of AVP can influence the heart by direct effects on the
sino-aortic node and/or direct coronary vasoconstriction with
an associated decrease of contractility (38-40). At lower doses,
similar to those used in this investigation, AVP increased vagal
restraint on the heart by activation of the baroreflex (39, 40).
AVP may also act centrally to increase vagal-cardiac efferent
activity. Intravertebral infusions of AVP in conscious dogs were
noted to produce greater declines in heart rate compared with
intravenous infusions, despite similar elevations of plasma AVP
levels (41). Furthermore, since sino-aortic baroreceptor dener-
vation abolishes AVP-induced bradycardia in dogs, it has been
suggested that the central effects of AVP are modulated by an
afferent baroreceptor activity (42).

There are no previous studies in man which have examined
the effects of small increases in plasma AVPon stroke volume.
Impedance cardiography which reliably detects small changes
in stroke volume, (18, 19, 22-24) revealed a significant 8% re-
duction in stroke volume during small physiologic elevations in
plasma AVP. This response is most likely not related to an in-
creased afterload since arterial blood pressure was minimally
elevated. A decrease in preload was also probably not involved
since Zo, an index of thoracic blood volume, was unchanged
during AVP infusions.

AVP has potent direct effects on vascular smooth muscle.
The concentration of AVP required to decrease rat mesenteric
arteriolar wall diameter is only 1 pg/ml (1 1). Similar effects have
been shown in larger blood vessels (43). These direct effects ap-
pear to explain the dose-dependent increase in total peripheral
resistance and forearm vascular resistance during AVPinfusion.
It is likely that resistance increases are not due to increases of
efferent sympathetic activity since AVP infusion decreases
plasma norepinephrine (this study) and decreases lumbar sym-
pathetic nerve activity in rabbits (5).

In this study, the cardiovascular effects of intravenous in-
fusions of AVPwere not compared with those produced by other
substances. It has been shown that angiotensin II infusions in
man produce increases in heart rate, blood pressure, and pe-
ripheral resistance with little change in cardiac output (44). This
contrasts to our demonstration of bradycardia and virtually no
pressor effects of AVP infusions.

Cardiopulmonary baroreflex function. Slight reductions in
thoracic blood volume are sensed by cardiopulmonary barore-
ceptors on the low-pressure side of the circulation. Reflex re-
sponses consist of increases in forearm and splanchnic vascular
resistance (13, 14). These responses are thought to be indepen-
dent of arterial baroreflexes since heart rate and blood pressure
are unchanged in man (13, 14). Furthermore, nonhypotensive
hemorrhage in dogs activates cardiopulmonary baroreflexes
without changing carotid sinus afferent traffic (45).

In the present study, the reduction in cardiopulmonary
baroreceptor stimulation by lbnp was similar before and during
AVP infusion, as seen by the similar increases in Zo (an index
of decreases of thoracic blood volume). Associated with this de-
creased stimulus to cardiopulmonary baroreceptors were sig-
nificant reflex increases of total peripheral resistance and forearm
vascular resistance. The increases in total peripheral resistance
were augmented during AVP infusion. Furthermore, enhanced

total peripheral resistance responses were augmented similarly
during both infusion doses of AVP, which suggests that this effect
may be maximal at plasma AVP concentrations only slightly
above baseline and below 20 pg/ml.

Augmented total peripheral resistance responses to lbnp did
not appear to be due to a reflex enhancement of forearm vascular
resistance since significant potentiation of responses by AVP
were not seen in this bed. One study in anesthetized cats dem-
onstrated a preferential effect of AVPon augmenting reflex va-
soconstriction of intestinal vessels during hemorrhage (48). It is
possible that the reflex regulation of this vascular bed may be
preferentially enhanced by vasopressin during lbnp. Further-
more, AVPmay augment vasoconstriction by its reported effect
on sympathetic ganglion, nerve terminals, and adrenergic re-
ceptors (l1, 12, 46, 47).

A similar enhancing effect of AVP on resistance increases
provoked by carotid baroreceptor hypotension in dogs has been
observed by Cowley et al. (4). This response may be related to
a direct effect of AVP on carotid arterial vessels (43). In anes-
thetized rabbits, increases in single fiber and whole nerve afferent
traffic in response to carotid sinus pressure changes are aug-
mented by AVP infusion (49).

In this study, it is likely that arterial baroreceptors were not
involved in the exaggerated resistance response to lbnp during
AVP infusion. Heart rate was unchanged by lbnp both before
and after vasopressin infusion, which suggests that arterial baro-
reflexes were not activated.

Angiotensin II can influence cardiovascular control mech-
anisms in man (50) and alter responses to AVP infusion in rats
(35). Therefore, captopril was given to prevent changes in plasma
angiotensin II which may have occurred during AVP infusion
or lbnp exposure. The elevation of plasma renin activity was
used as an index of the effectiveness of the blockade of angio-
tensin converting enzyme. A previous study demonstrated that
pressor responses to exogenous angiotensin I are inhibited for
more than 4 h after smaller doses of captopril (51). Thus it is
unlikely that changes in plasma angiotensin II influenced re-
sponses ascribed to AVP.

Captopril is also known to increase plasma bradykinin and
prostaglandin E2 levels (52). If these influenced cardiovascular
responses, their effect should have been constant during control
and during each period of AVP infusion.

Our results indicate that physiologic levels of AVP have a
significant effect on human cardiovascular function and auto-
nomic reflex mechanisms. AVPdecreased heart rate and stroke
volume. This response was most likely due to changes in vagal-
cardiac activity and possibly due to direct effects of AVPon the
heart. Pressor responses to AVP infusion were buffered by the
decline in cardiac output. The direct vasoconstrictor effects of
AVPon vascular smooth muscle resulted in progressive increases
in total peripheral resistance and forearm vascular resistance
during infusions of AVP.

Reflex increases of total peripheral resistance elicited by re-

ductions in cardiopulmonary baroreceptor stimuli were aug-
mented during AVP infusion. This effect may have been due to
potentiation of splanchnic resistance responses to lbnp during
AVPinfusion, since increases in forearm vascular resistance were

not enhanced. AVPaugmentation of reflex resistance responses
may have an important physiologic role. The results of this study
imply that the release of AVPduring hemorrhage or orthostasis
may contribute importantly to the maintenance of arterial pres-
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sure, both by direct vasoconstriction and by augmenting reflex
vasoconstriction mediated by cardiopulmonary baroreceptors
in man.
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