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ABSTRACT

Experiments were performed in dogs to investigate the role of
endogenous vasopressin (VP) in cardiovascular regulation, and to
characterize the receptors which mediate the inhibition of renin
secretion, the stimulation of corticosteroid secretion and the
increase in sodium excretion produced by vasopressin.

The role of endogenous VP in cardiovascular regulation was
assessed in conscious dogs with analogs of VP which are specific
antagonists of the vasoconstrictor activity of VP. In water-
replete dogs, VP blockade had no effect on mean arterial pressure
(MAP), heart rate (HR) or plasma renin activity (PRA). In 48h
water-deprived dogs, VP blockade increased HR from 85:6 to 13&:15
beats/min (P<0.001), cardiac output from 2.0+0.1 to 3.1+0.1 1/min
(P<0.005) and PRA from 12.4+2.2 to 25.9+3.4 ng/ml1/3h (P<0.001) and
decreased total peripheral resistance from 46.6+3.1 to 26.9+3.1 U
(P<0.001). MAP did not change significantly. The results
suggested that the increases in HR, cardiac output and PRA were
reflex responses to decreased peripheral resistance. When the
same dogs were again deprived of water and pretreated with the g-
adrenoceptor antagonist propranolol, the HR and PRA responses to
VP blockade were attenuated and MAP decreased from 103+2 to 91+3

mm Hg (P<0.001). In dogs with adrenal insufficiency, plasma



vasopressin concentration increased 4-fold and VP blockade
decreased MAP by 2245 mm Hg (P<0.001). The role of VP in blood
pressure maintenance during nonhypotensive hemorrhage was
investigated using a 15 min, 1 ml/kg/min hemorrhage. The
hemorrhage itself had no effect on MAP or HR, but PRA increased
from 3.8+0.9 to 10.8+3.1 ng/ml/3h (P<0.005). In the presence of
VP blockade, the same hemorrhage decreased MAP from the control
value of 96+2 to 64+7 mm Hg (P<0.005), increased HR from 71+10 to
130+23 beats/min (P<0.05) and increased PRA from 7.1+0.8 to
30.3+6.7 ng/m1/3h (P<0.005). These results indicate that
endogenous vasopressin plays an important role in the maintenance
of blood pressure during water deprivation, adrenal insufficiency
and nonhypotensive hemorrhage.

The receptors which mediate the effects of VP on renin and
corticosteroid secretion and sodium excretion were characterized
by comparing the responses to exogenous vasopressin, with those
elicited by VP analogs with selective antidiuretic and
vasoconstrictor properties. VP, a selective agonist of the
vasoconstrictor activity of VP (PheOrnOT), and a selective agonist
of the antidiuretic activity of VP (DDAVP) were tested, each in a
dose of (1 ng/kg/min). VP was also infused following treatment
with a selective antagonist of the vasoconstrictor activity of VP.
These procedures were performed both in conscious dogs and

anesthetized water-loaded dogs.



In conscious dogs, VP and PheOrnOT decreased plasma renin
activity (PRA) from U4.U4+1.1 to 2.4+40.8 (P<0.05) and from 5.5+1.1
to 2.7+40.2 (P<0.001) ng/ml/3h, respectively. DDAVP had no effect
on PRA. The antagonist blocked the PRA response to vasopressin.
In anesthetized water-loaded dogs, the results were different. VP
and DDAVP decreased PRA from 11.9+44.7 to 3.8+1.7 (P<0.05) and from
13.5+4.6 to 7.0+2.0 (P<0.05) ng/ml/3h, respectively. PheOrnOT had
no effect on PRA. The vasoconstrictor selective antagonist did
not block the PRA response to vasopressin, and PRA decreased from
5.9+41.8 to 2.9+1.6 ng/ml/3h (P<0.001).

In conscious dogs, VP and PheOrnOT increased plasma
corticosteroid concentration from 1.0+0.2 to 2.2+0.2 (P<0.001) and
from 1.140.1 to 2.9+0.9 (P<0.005) ng/dl, respectively. The
response to VP was blocked by the antagonist. The antidiuretic
selective agonist had no effect on plasma corticosteroid
concentration.

In anesthetized water-loaded dogs, 1.9+0.5 mEq sodium/kidney
was excreted during a 60 min vehicle infusion. VP significantly
increased the amount of sodium excreted during the infusion to
6.5+1.9 mEg/kidney (P<0.05). The effect of VP was blocked by the
antagonist. Neither the DDAVP nor PheOrnOT increased sodium
excretion.

These results indicate that antidiuretic- or vasoconstrictor-

type receptors can mediate the inhibition of renin secretion by



vasopressin, and that the receptors which mediate the stimulation
of corticosteroid secretion are the same as, or closely resemble
vasoconstrictor-type receptors. They also suggest, when
considered along with other published data, that the natriuretic
effect of vasopressin is mediated by a third type of VP receptor,
distinct from those which mediate the antidiuretic and

vasoconstrictor effects.



GENERAL INTRODUCTION

For many years the sole physiological action of vasopressin
was thought to be an effect on water permeability of the distal
segments of nephrons, hence the name, antidiuretic hormone (ADH)
(62). It had been known from earlier observations that injections
of vasopressin in vivo can elevate arterial pressure (78) but,
because this was thought to occur only at plasma vasopressin
concentrations too high to be considered physiological, the
significance of the pressor action was questioned (62). Recent
development of research tools such as radioactive microspheres,
sensitive radioimmunoassays and selective vasopressin antagonists,
has made it possible to determine the hemodynamic actions of
vasopressin at low plasma concentrations, and this has led to a
reassessment of the role of vasopressin in cardiovascular
regulation.

A number of other important actions of vasopressin were
observed in the decades following the discovery of its
antidiuretic and vasopressor functions. These include stimulating
ACTH and corticosteroid secretion (50, 73), increasing sodium
excretion (16, 46, 83, 119) and inhibiting renin secretion (52).
While it is known that two distinct types of receptors mediate the

antidiuretic and vasoconstrictor actions of vasopressin, and these



have been extensively studied, much less is known about the
receptors which mediate the other actions. Current studies of the
nature of the vasopressin receptors which mediate its various
actions also owe a great deal to the development of sensitive
assays, and of vasopressin analogs with selective antidiuretic and
vasoconstrictor properties.

Two basic questions are posed in this dissertation. The
first is whether vasopressin plays a role in blood pressure and
hemodynamic control, and under what conditions this occurs. The
second is what are the natures of the receptors which mediate the
renin, corticotropic and natriuretic responses to vasopressin. In
the introduction section which follows, previous research, which
provided the background for the studies performed is briefly

reviewed.



INTRODUCTION

CONTROL OF VASOPRESSIN SECRETION

In order to discuss the cardiovascular and endocrine actions
of vasopressin it is also necessary to review briefly the
physiology of vasopressin secretion and its antidiuretic action.
Because dogs were the experimental animal used in the present
studies, the values presented in this section will be obtained in
dogs, whenever possible.

Vasopressin and its neurophysin are synthesized in certain
cell bodies of the hypothalamus, particularly in the
paraventricular and supraoptic nuclei (13). Both are synthesized
as a common precursor preprohormone (60). The two peptides are
processed in the golgi apparatus and packaged into secretory
vesicles bound to each other. The vesicles are transported down
the axons to the nerve terminals, which are located in the
posterior pituitary, and stored there as secretory granules (18).
Vasopressin and neurophysin are released by exocytosis into the
circulation in response to changes in plasma osmolality, blood
volume and blood pressure, and in response to several other

stimuli.



Plasma osmolality: Secretion of vasopressin can be stimulated by

increasing the osmolality of body fluids (12). Therefore, it has
been proposed that there are "osmoreceptors” which are sensitive
to the total concentration of certain plasma solutes such as
sodium and, by definition, are able to transmit this information
to the pituitary which responds by adjusting the secretion of
vasopressin (97, 100). Although the precise location of the
osmoreceptors has yet to be identified, it has been proposed to be
in the anterior hypothalamus (97, 108). Recently, Thrasher et al.
(113) provided evidence foran osmoreceptor in the organum
vasculosum of the lamina terminalis. Other osmoreceptors have
also been identified. For example, there is even evidence for
extracerebral osmoreceptors, such as hepatic osmoreceptors (12).
In dogs, plasma osmolality normally ranges from 280-305
mOsm/kg (107). Robertson and associates (98) and Quillen and
Cowley (87) have examined the relationship between plasma
osmolality and plasma vasopressin concentration in dogs over the
normal range of osmolalty. The data from both groups indicate
that vasopressin is secreted at rates to maintain a steady basal
plasma concentration at all plasma osmolality values below an
osmotic threshold. Plasma vasopressin concentration increases
linearly as plasma osmolality increases, above the threshold.

Wade et al. (117) correlated jugular plasma osmolality with plasma



vasopressin concentration, and found a similar relationship.
Weitzman and Fisher (122), who used sheep, observed the
relationship between osmolality and vasopressin to be exponential.
Nonetheless, in the physiological range of osmolality, there is
little functional difference betweeen the two models (108). The
system is very sensitive to small changes in osmolality. For
example, using the data of Quillen and Cowley (87), a 1% change in
plasma osolality will change the concentration of vasopressin by
0.6 pg/ml, which will markedly change renal water reabsorption
(see below). Their data also indicate that over the range from
280 to 305 mOsm/kg the corresponding plasma vasopressin

concentrations would be expected to range between 0.6-5.8 pg/ml.

Blood volume: Reduction in blood volume is also a potent stimulus

to vasopressin secretion. It has been observed in humans and dogs
that the relationship between reduced blood volume and plasma
vasopressin concentration is exponential (23, 97). Claybaugh and
Share (23) subjected anesthetized dogs to slow continuous
hemorrhages (0.28 and 0.42 ml/kg/min) and reported a significant
elevation in plasma vasopressin with a blood loss of as little as
2.1 ml/kg. Pullan et al. (86) observed a similar situation in
conscious dogs, where a decrease of 5% of blood volume increased

plasma vasopressin from a control concentration of 6.6 to 7.6
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pg/ml. The exponential nature of the dose response to hemorrhage
occurs even in the absence of any decrease in arterial pressure
(23), itself a potent stimulus to vasopressin secretion. The
vasopressin response to a continuous, slow, nonhypotensive
hemorrhage in conscious dogs was also measured in the present
study.

Recently Quillen and Cowley (87) described the interaction
between osmotic and volume control of vasopressin secretion in
dogs. They measured plasma vasopressin concentrations in dogs
during infusions of hypoosmotic and hyperosmotic solutions to
produce curves which describe the relationship between plasma
osmolality and vasopressin concentration. This was performed in
normovolemic dogs, dogs made hypovolemic by hemorrhage and in dogs
made hypervolemic by autotransfusion. Compared to normovolemic
dogs, the osmotic threshold for vasopressin secretion was lower in
hypovolemic dogs and higher in hypervolemic dogs. In additionm,
the average slope of the curves was increased by hypovolemia and

decreased by hypervolemia.
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Arterial pressure: There is also an exponential relationship

between plasma vasopressin secretion and decreased arterial
pressure (97, 99, 124). Data from studies performed in humans
indicate that significant increases in plasma vasopressin occur
with blood pressure decreases of only 5% (97). It bears noting
that, because of the transitions humans make between upright and
horizontal positions, a 5% reduction in arterial pressure may be a
more commonly occurring physiological event in humans than in

quadrupedal species.

Other influences: Among the other known physiological stimuli to

vasopressin secretion are certain types of stress and pain (73),
emesis (97), and hypoxia (88). Angiotensin IT has been reported
to stimulate vasopressin secretion (77, 89, 92).

Corticosteroids have been observed to exert an inhibitory
effect on vasopressin secretion (73). More recent evidence for
this is the observation that an increase in the number of
vasopressinergic neurons in the brain is seen following
adrenalectomy and this is decreased by treatment with the

synthetic glucocorticoid dexamethasone (19).
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Various pharmacological agents are known to stimulate or
inhibit vasopressin secretion. For purposes of this dissertation,
only the barbiturate anesthetics need be discussed, as these are
most commonly used in experiments requiring anesthetized animals.
While there is some indication that barbiturates stimulate
vasopressin secretion (33), there have also been studies in which
barbiturate anesthesia did not significantly elevate plasma
vasopressin concentration (88). However, because barbiturates
inhibit respiratory and circulatory reflexes (39, 131), and
hypoxia and hypotension are known stimuli to vasopressin
secretion, secondary effects might be responsible for increased
vasopressin secretion. In addition, experiments are often
performed in anesthetized animals because certain surgical
procedures are required for the experiments, and surgical stress
is a very potent stimulus to vasopressin secretion. Thus, for
purposes of interpreting data from experiments in anesthetized
animals, it should be noted that plasma vasopressin might be
elevated by effects of anesthesia or surgery. Data from
experiments in anesthetized animals which deal with the
cardiovascular actions of vasopressin must also be interpreted
carefully because of the interference by barbiturates with many

cardiovascular reflexes (39, 131).
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ANTIDIURETIC ACTION OF VASOPRESSIN

Vasopressin increases water reabsorption from nephrons by
increasing water permeability of collecting tubules (48).
Vasopressin increases hydraulic conductivity (Lp) ten-fold or more
in rabbit outer medullary and cortical collecting tubules, even
more in inner medullary and papillary collecting tubules.

However, in antidiuresis so much water is reabsorbed by the
cortical and outer medullary segments that little further water
reabsorption takes place beyond these segments (48). Small
increments in plasma vasopressin induce marked increases in water
reabsorption. According to Robertson et al. (99, 100), in the
range of plasma vasopressin concentrations from 0.5 to 5 pg/ml
urine osmolality increases from less than 100 to greater than 1000
mOsm/kg in humans. In dogs, it appears that the maximum
antidiuretic effect of vasopressin occurs at plasma concentrations

of approximately 10 pg/ml (Ian Reid, personal communication).
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CARDIOVASCULAR ACTIONS OF VASOPRESSIN

The plasma vasopressin concentration required to elevate
arterial pressure in intact animals is higher than that required
for its maximum antidiuretic effect (68, 76) and this has been
used as an important argument against any role for vasopressin in
hemodynamic regulation. However, recent evidence indicates that
many other actions of vasopressin do occur at concentrations less
than those required to maximally concentrate urine, and there is
evidence of complex cardiovascular and endocrine interactions at
low vasopressin concentrations. These actions and interactions

are the subject of this section.

Vasoconstrictor activity of vasopressin in vitro: Vasopressin is

a potent vasoconstrictor agent. Altura and Altura (6) have
demonstrated, by comparison of the dose-response relationships of
several vasoconstrictor agents on rat aortic strips and mesenteric
arterioles, that vasopressin is more potent than either
angiotensin II or norepinephrine in contracting some types of
vessels. Additionally they have demonstrated that vasopressin
contracts venules and precapillary sphincters. Recently, Penit et
al. (82) reported that vasopressin contracts cultured rat aortic
smooth muscle cells at concentrations as low as 10 pM

(approximately 10 pg/ml).
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Cardiovascular actions of vasopressin in vivo: Recent

observations indicate that infusions of vasopressin, resulting in
plasma concentrations in the range associated with its
antidiuretic activity, also exert cardiovascular and endocrine
actions in intact animals.

The most immediate consequence of constriction of a blood
vessel is increased resistance to flow through that vessel. 1In
the whole animal this is reflected by the calculated total
peripheral resistence (TPR). Montani and associates (76) infused
vasopressin into intact conscious dogs at a rate which increased
plasma vasopressin levels from 1.9 to 3.9 pg/ml and recorded a
significant increase in TPR.

Another significant change noted by Montani et al. with the
same infusion rate was a decrease in cardiac output. Heart rate
was also decreased, but the change was not significant until a
higher infusion rate was used which increased plasma vasopressin
to approximately 7 pg/ml (76). Baroreceptor denervation abolished
the effects on cardiac output and heart rate at these infusion
rates, suggesting that they are baroreceptor-mediated reflexes
(25, 76).

The effect of vasopressin on cardiac function however,
involves more than a simple baroreflex. The bradycardia caused by

elevating blood pressure to a given level with vasopressin is
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greater than that caused with other vasoconstrictors, such as
phenylephrine, methoxamine or angiotensin II (41, 66). While
increases in arterial pressure produced by vasopressin or
phenylephrine cause similar increases in baroreceptor discharge,
vasopressin causes greater increases in cardiac vagal efferent
activity (66). Such findings suggest a central action of
vasopressin in the control of cardiac activity. This conclusion
is supported by the finding of Liard and associates (64) that
intravertebral vasopressin infusions elicit greater decreases in
cardiac output than intravenous infusions which result in the same
plasma vasopressin concentration. Therefore, it appears that the
vasoconstrictor effect of vasopressin is buffered by its effects
on heart rate and cardiac output, which are mediated by the
baroreceptors, and a central effect of vasopressin which
potentiates the baroreflex response.

The vasoconstrictor action of vasopressin is also buffered by
its effect on the secretion of renin. Malayan et al. (68) infused
vasopressin into conscious intact dogs at a rate which increased
the plasma vasopressin concentration from 2.7 to 4.8 pg/ml and
observed that plasma renin activity decreased by 19%. By
decreasing the production of angiotensin II, the pressor action of

vasopressin is buffered.
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The vasoconstriction caused by vasopressin is not uniform
throughout all vascular beds (41) and the result is the
redistribution of blood flow. This was recently demonstrated by
Liard and coworkers (63). Infusion of vasopressin in conscious
dogs, which increased plasma vasopressin concentration to 11
pg/ml, and decreased cardiac output by 13%, significantly
decreased blood flow to skeletal muscle, myocardium, skin and
brain, while maintaining flow to other organs such as kidneys,
adrenals, testes and bone. A similar pattern was observed 1in
dogs deprived of water for 48h to increase endogenous vasopressin
except that the decreases in cutaneous and brain blood flows were
not significant Since vasopressin and angiotensin II exhibit
different potencies in constricting different vascular beds (41),
the effect of vasopressin in redistributing blood flow may be due
in part to its action to decrease angiotensin II formation.

As noted above, the plasma vasopressin concentration required
to elevate arterial pressure is comparatively high. Malayan et
al. (68) observed a significant increase in blood pressure in
conscious dogs only when vasopressin was infused at a rate which
increased plasma vasopressin concentration to 33.5 pg/ml. The
reason for such high concentrations is the baroreceptor-mediated
reflexes induced by vasopressin. When the baroflexes are

eliminated by baroreceptor denervation, vasopressin increases
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arterial pressure at very low concentrations (25, 76). For
example, Montani and coworkers (76) reported that, in
baroreceptor-denervated dogs, all doses of vasopressin which
increased TPR also increased mean arterial pressure. Thus, the
net effect of vasopressin on blood pressure is the total of a
number of cardiovascular actions which tend both to decrease as
well as increase pressure.

The reported thresholds for the cardiovascular actions of
vasopressin in vivo are summarized in Fig. 1. They are compared
with the plasma vasopressin concentrations associated with a

number of physiological stimuli.
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PLASMA VASOPRESSIN CONCENTRATION (pg/ml)
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Figure 1. Comparison of plasma vasopressin concentrations observed
in conscious dogs under several physiological circumstances, with
observed threshold concentrations required for renal, endocrine and
cardiovascular responses.
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QUESTIONS ASKED IN THIS DISSERTATION

The studies of this dissertation posed a number of specific
questions. It is appropriate to define these questions at this
point and to review the research which prompted thenm.
1A. Does vasopressin play a role in cardiovascular function in
conscious dogs:
i) in the resting water-replete state?
ii) during water deprivation?
iii) during nonhypotensive hemorrhage?
1B. What is the quantitative effect of adrenal insufficiency on
plasma angiotensin II and vasopressin concentrations, and does
vasopressin play a role in blood pressure regulation in this
state?
2. What is the nature of the vasopressin receptors which mediate:
i) the inhibition of renin secretion?
ii) the stimulation of ACTH and corticosteroid secretion?

iii) the increase of sodium excretion?
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Role of vasopressin at rest: Vasopressin is such a potent

vasoconstrictor that it seems possible that it might play a small
role in blood pressure regulation at plasma concentrations
observed at rest. However, resting blood pressure in man and in

animals unable to secrete vasopressin is normal (24, 61)

Role of vasopressin during water deprivation: Circumstantial

evidence, such as that presented in Fig. 1, suggests that
vasopressin might play a role in blood pressure regulation during
water deprivation. The threshold plasma vasopressin concen-
trations for some cardiovascular and endocrine effects were found
to be lower than the plasma vasopressin concentration observed
during 24h water restriction, and this suggested a role for
vasopressin in cardiovascular regulation during water deprivation.
A more direct method for evaluating the role of vasopressin
involves the use of specific antagonists of the vasoconstrictor
activity of vasopressin (description below). While the present
studies in conscious dogs were underway, two studies utilizing
antagonists in rats were reported; one in anesthetized rats
following 30-40h water deprivation (8) and one in conscious rats
following 24h water deprivation (4). In both cases, blockade of

vasopressin decreased blood pressure.
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Role of vasopressin during nonhypotensive hemorrhage: As

discussed above, blood loss is a potent stimulus to vasopressin
secretion. It has been demonstrated that administration of
exogenous vasopressin in doses that increase plasma vasopressin
concentration to levels seen during hemorrhage, can increase blood
pressure in normovolemic reserpinized anesthetized dogs (102),
anesthetized dogs whose vagi and sinus nerves had been cut (102)
and in conscious intact dogs (68, 112).

More direct evidence that vasopressin plays a role in blood
pressure maintenance was observed in hemorrhage studies in animals
unable to secrete vasopressin. For example, it has been
demonstrated that hypophysectomized dogs have an impaired ability
to maintain arterial pressure following hemorrhage (26, 32).

Other investigators have reported that rats with hereditary
diabetes insipidus are less able to maintain blood pressure during
blood loss, than matched control animals (61, 129, 130). When
vasopressin was administered to rats with diabetes insipidus, the
ability to maintain blood pressure was increased (61).

A vasopressin antagonist had also been used to study the role
of vasopressin in blood pressure regulation during hemorrhage.
Cowley et al. (26) observed that blockade of the vasoconstrictor
activity of vasopressin, in anesthetized, spinal-areflexic,

nephrectomized dogs subjected to a hypotensive hemorrhage,
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resulted in a similar degree of impaired blood pressure regulation

as in hypophysectomized animals.

Role of vasopressin during adrenal insufficiency: Adrenal

insufficiency is associated with conflicting stimuli to
vasopressin secretion. On one hand, the absence of glucocor-
ticoids, decreased plasma volume (22), decreased arterial pressure
(96) and increased plasma renin activity (95), all might be
expected to increase vasopressin secretion. On the other hand,
mineralocorticoid deficiency greatly increases the loss of sodium
in the urine, and there is decreased plasma osmolality (15).
Bioassays by different investigators of plasma vasopressin during
adrenal insufficiency have yielded conflicting results (2, 3, 55,
110). Radioimmunoassay studies have demonstrated increased plasma
vasopressin in glucocorticoid-deficient rats (65, 70), but the
combined effects of mineralocorticoid- and glucocorticoid-
deficiences on plasma vasopressin concentration had not been

measured with radioimmunoassay.
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Three indirect lines of evidence suggest that vasopressin
plays a role in blood pressure regulation during adrenal
insufficiency. First, adrenal insufficiency is a hypovolemic
state,and thus resembles water deprivation and hemorrhage.
Second, it is associated with increased total peripheral
resistance (96, 121), which is a known effect of vasopressin (76)
and one by which vasopressin could act to increase pressure.
Finally, glucocorticoid-deficiency causes a decreased response to
norepinephrine and epinephrine in blood vessels (33). In this
way, it resembles pharmacological sympathectomy in which
vasopressin helps maintain blood pressure (34, 42).

Related to both vasopressin secretion and blood pressure
regulation is the question of the effect of adrenal insufficiency
on plasma angiotensin II (Ang II) concentration. Plasma renin
activity has been reported to increase with adrenal insufficiency
despite decreased angiotensinogen production (95) and the Ang II
thus generated might increase vasopressin secretion (77, 89, 92).
Ang II has also been demonstrated to maintain blood pressure in

adrenal insufficiency (11).
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Renin, corticotropic, and natriuretic effects of vasopressin: In

addition to its antidiuretic and vasoconstrictor actionms,
vasopressin exerts a number of other effects. The scope of its
actions on the secretion of renin, ACTH, 11-hydroxycorticosteroids
and the excretion of sodium have been extensively studied and some
current concepts regarding these actions are briefly reviewed in
this section.

The receptors which mediate the antidiuretic and
vasoconstrictor effects of vasopressin have been studied and
characterized. For example, it is known that the antidiuretic
action must be mediated by different receptors than those which
mediate the the vasoconstrictor effect because it is possible to
synthesize vasopressin analogs which have either selective
antidiuretic or selective vasoconstrictor activity (72). It has
also been demonstrated that antidiuretic type receptors are
coupled to adenylate cyclase (13) whereas vasoconstrictor type
receptors are not (31). The receptors which mediate the other
actions of vasopressin have not been as extensively studied, and
there are conflicting reports regarding the nature of the
receptors which mediate the renin, corticotropic and natriuretic
responses to vasopressin. These actions could be mediated by
antidiuretic- or vasoconstrictoretype receptors, or by different

receptor types.
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Action of vasopressin on renin secretion: Vasopressin at low

physiological concentrations inhibits renin secretion (28, 52,
68). Despite the uniformity of opinion on tha action of
vasopressin, there is conflicting evidence regarding the type of
receptor which mediates it. Malayan and Reid (69) concluded that
the renin inhibitory action was mediated by antidiureticetype
receptors because an analog of vasopressin with selective
antidiuretic activity, 1-deamino-4-threonine-8-D-arginine-
vasopressin, suppressed plasma renin activity (PRA) in
anesthetized dogs as effectively as did vasopressin. Similarly,
Joppich and Weber (51) reported that the selective antidiuretic
agonist 1-deamino,8-D-arginine-vasopressin (DDAVP) suppressed PRA
in infants and young children. On the other hand, Johnson et al.
(49) found that DDAVP did not decrease PRA in conscious dogs at a
dose which duplicated the antidiuretic effect of a dose of

vasopressinwhich suppressed PRA.

Action of vasopressin on ACTH and corticosteroid secretion: It

has been known for three decades that vasopressin can stimulate
the secretion of ACTH (50, 73), yet its physiological role in this
regard is only currently being investigated. In the past, there
has been evidence for and against vasopressin being a (or the)

corticotropin releasing hormone (CRH) which regulates ACTH
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secretion. On one hand, there were observations that vasopressin
and ACTH are released together under some stressful conditions,
that glucocorticoids inhibit the secretion of both ACTH and
vasopressin, and that posterior lobectomized animals and rats with
diabetes insipidus resulting from hypothalamic lesions show
decreased corticosteroid responses to neurogenic stress (50, 73).
In addition, it has been proposed that vasopressin acts in the
brain to stimulate the release of other CRHs because
intrahypothalamic injections of vasopressin result in the release
of more ACTH than injections of the same dose into the anterior
pituitary (40). On the other hand, there is evidence against
vasopressin being a CRH. For example, it has been observed that
rats with hereditary diabetes insipidus secrete ACTH (albeit less
than normal rats), and there are conditions when ACTH release is
increased in the absence of increased vasopressin secretion. 1In
addition, the increase in plasma corticosteroid concentration
caused by administration of vasopressin could be due to a direct
effect on the adrenal rather than on the pituitary (though this
was observed only with large doses of vasopressin) (73).

Recently Vale and coworkers (114) have isolated a polypeptide
with CRH activity from sheep hypothalami (oCRF). This discovery
and subsequent experiments with CRF have led to a re-evaluation of

the role of vasopressin in the control of ACTH secretion and a
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modified picture has emerged. Gillies et al. (35) have reported
that ACTH secretion can be stimulated from pituitaries in vivo
with either vasopressin or CRF. They add, however, that although
CRF is more potent than vasopressin, the ACTH dose-response to CRF
is not as steep as that to an extract of median eminence.
Moreover, it had been previously observed by Gillies and Lowry
(36) and Koch et al. (57) that treatment of median eminence
extract with an antiserum to vasopressin decreases its capacity to
stimulate ACTH secretion . The most recent observations, then,
suggest that overall control of ACTH secretion may be regualated
by a number of factors including vasopressin, the CRF peptide and
possibly other unidentified elements extractable from median
eminence (35, 50).

Exogenously administered intravenous vasopressin has been
used to study its corticotropic activity (5, 68), and this
activity can be seen during infusions that result in physiological
plasma vasopressin levels (68).

As is the case with renin, there are conflicting results from
in vivo and in vitro studies of the vasopressin receptor which
mediates the corticotropic response. In a number of a studies, a
correlation has been found between pressor and corticotropic
activity (5, 74, 81), though this conclusion has not reached by

others (7, 9, 73, 85).
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Action of vasopressin on sodium excretion: Vasopressin has been

shown to increase renal excretion of sodium in a number of species
(16, 46, 83, 119). The natriuretic action of the neurohypophyseal
hormones and a number of analogs has been examined in a number of
studies. While the results are varied, they can generally be
classified as falling into one of two groups, those that indicate
that natriuretic activity is independent of antidiuretic and
vasoconstrictor activity (20, 21, 43, 67, 83) and those that
specifically indicate that it is not (119).

Typical of studies in the former group is that of Chan and du
Vignaud (21), in which neurohypophyseal analogs which lacked or
blocked the antidiuretic and vasoconstrictor activities of
vasopressin caused natriuresis when administered to rats
undergoing water diuresis. More recently Chan (20) produced a
number of structure-function correlations that suggested that the
receptor which mediates the natriuretic response might optimally
recognize a molecule similar to oxytocin. There is now evidence
that suggests less of a correlation between oxytocic and
natriuretic activity. Malayan and Reid (69) infused an analog
which has been reported to have less than 4% the oxytocic activity

of vasopressin (71), and it increased sodium excretion.
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Walter et al. (119) have also studied the natriuretic
activities of vasopressin, oxytocin and a number of analogs, some
of which were used by Chan as well. In direct contrast to the
studies of Chan, they reported that only vasopressin and oxytocin,
which had similar effects on urine flow at the doses used,
increased sodium excretion to a greater extent than that observed
during infusion of the carrier vehicle alone. It bears noting
however, that under the conditions of the experiment, both

hormones increased urine flow.

APPROACH

The questions asked in this dissertation were addressed from
two perspectives. In one, the actions of endogenous vasopressin
were examined by observing hemodynamic, cardiac and endocrine
responses to pharmacological blockade of the vasoconstrictor
activity of the hormone (Antagonist Studies in Conscious Dogs).
In the other, the receptors which mediate some of the actions of
vasopressin were characterized by measuring the effects of a
number of vasopressin analogs, with selective antidiuretic and
vasoconstrictor properties on plasma renin activity, plasma
corticosteroid concentration and urinary sodium excretion, and

comparing them to the responses to vasopressin (Analog Studies).
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The question of whether endogenous vasopressin plays a role
in the regulation of cardiovascular function in conscious dogs was
studied from the first perspective. The reactions to vasopressin
blockade were examined in dogs with low (water-replete), moderate
(water-deprived) and relatively high (hemorrhage) plasma
vasopressin concentrations.

The experiments were designed to provide continuous heart
rate and arterial pressure measurements, before and after
administration of a specific antagonist of the vasoconstrictor
activity of vasopressin. Since it can be assumed that any changes
vhich might occur in heart rate or arterial pressure as a result
of vasopressin blockade will be opposite in direction to those of
endogenous vasopressin, a role could thus be assigned to
vasopressin in having maintained the function. Cardiac output was
measured to enable calculation of total peripheral resistance and
to determine the role of vasopressin in regulating resistance and
flow. Plasma renin activity was regularly measured to assess the
impact of vasopressin on the renin-angiotensin system, another
important blood pressure regulating mechanism.

The quantitative effects of adrenal insufficiency on plasma
angiotensin II and vasopressin concentrations were studied in
adrenalectomized dogs by measuring the concentration of the

hormones as adrenal insufficiency developed. The role of
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vasopressin in the maintenance of blood pressure during adrenal
insuficiency was determined by using a vasopressin antagonist in
experiments similar to those described above.

The nature of the vasopressin receptors which mediate the
renin, corticotropic and natriuretic responses was studied from
both perspectives.

The Analog Study experiments were designed to measure the

changes produced by a number of vasopressin analogs in plasma
renin activity, plasma ACTH and corticosteroid concentrations and
urinary sodium excretion, and to compare them to the responses
produced by vasopressin. The analogs were selective vasoconstric-
tor and antidiuretic agonists and a selective antagonist of the
vasoconstrictor action of vasopressin. The renin response
provides an example of how the results were analyzed. If a renin
response to the vasoconstrictor agonist is similar to that
produced by vasopressin, this can be interpreted as evidence that
the receptor which mediates the renin response is of the
vasoconstrictor type. The same applies to the antidiuretic
agonist. Furthermore, the finding that the vasoconstrictor
antagonist blocked the renin response to vasopressin would
constitute evidence that renin inhibition is mediated by

vasoconstrictor-type receptors.
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There were other possibilities as well. For example, an
absence of a response (renin, corticotropic or natriuretic) to
both agonists would suggest a third type of receptor, that is
unlike both the antidiuretic and vasoconstrictor types. A partial
response to an agonist or partial blockade with the antagonist
suggests a receptor similar to, but not identical with, the
corresponding receptor. Alternatively, these results might
suggest that the agonist is only a partial agonist or that the
antagonist possesses weak intrinsic agonist activity, as for
example, does the angiotensin II antagonist, saralasin.

The oxytocic properties of the analogs were noted as well.
With the exception of the vasoconstrictor antagonist, which has
been observed to block oxytocin receptors, none of the analogs had
any oxytocic properties.

The receptors which mediate the inhibition of renin secretion
were characterized by studying the effects on plasma renin
activity of the analogs in conscious and anesthetized dogs. The
two groups were studied because anesthesia and surgery are known
to affect the secretion of vasopressin and renin (52). These

receptors were also studied in the Antagonist Studies in Conscious

Dogs by observing the effects of vasoconstrictor receptor blockade
on plasma renin activity in water-deprived dogs and in dogs during

hemorrhage.
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The receptors which mediate the corticotropic effects were
studied by examining the changes in plasma corticosteroid
concentration caused by the analogs. This was restricted to
conscious dogs because the surgery associated with the experiments
in anesthetized dogs introduces a varible stress response (73) and
because anesthesia may alter the corticosteroid response to
vasopressin (30). These receptors were also studied by observing
the effect of vasoconstrictor receptor blockade in conscious dogs
during hemorrhage.

Since vasopressin increases corticosteroid secretion by
stimulating ACTH secretion and by acting directly at the adrenal
(73), the measurement of plasma corticosteroid concentration
represents the sum of both actions. Plasma ACTH was measured in
two experiments to determine the extent of the contribution at the
pituitary.

The receptors responsible for the natriuretic effect were
studied by examining the effects of the analogs on urinary sodium
excretion rate in anesthetized dogs undergoing a water diuresis.
The water diuresis was required to eliminate the effects of
endogenous vasopressin, and because the natriuretic response is

more pronounced during water diuresis (83).
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The analog studies were also designed to assess the
vasopressor and antidiuretic activities of the agonists, and to
determine whether the antagonist blocked the vasoconstrictor and

antidiuretic activities of vasopressin.

VASOPRESSIN ANALOGS

The analogs of vasopressin used in these studies are
described in this section. Modification or replacement of certain
amino acids in the vasopressin molecule can selectively enhance or
diminish antidiuretic or vasoconstrictor activity. The structure-
activity relations of various parts of the vasopressin molecule
have been extensively studied and reported elsewhere (10, 84, 118,
119). Here, some examples of amino acid modifications and
substitutions, which resulted in the analogs used in these
studies, and their effects on vasopressin activity are discussed.

Substitution of the L-arginine in position 8 with the D-
isomer greatly reduces vasoconstrictor activity, so that 8-D-
arginine vasopressin is a selective antidiuretic agent (71, 127).
Deamination of the N-terminal cysteine also increases antidiuretic
activity, so that 1-deamino-arginine-vasopressin also has enhanced
antidiuretic to pressor activity (45). When the two modifications
are combined, the result is 1-deamino-8-D-arginine-vasopressin
(DDAVP, Fig. 2) a powerful selective antidiuretic agonist (116,

128). This peptide was used in the present study.
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Figure 2. Structures of vasopressin and the analogs used in these studies.
Modifications or substitutions of vasopressin are noted by circles.
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A basic L-amino acid in position 8 is an essential
requirement for vasoconstrictor activity. Oxytocin, which has a
leucine in position 8, has very little vasoconstrictor (or
antidiuretic) activity. Replacement of the leucine with the basic
amino acid ornithine, and substitution of phenylalanine for
tyrosine in position 2, results in a vasopressin analog with
vasoconstrictor and very little antidiuretic activity. 2-
Phenylalanine-8-ornithine-oxytocin (44) (PheOrnOT, Fig. 2) was the
selective vasoconstrictor agonist used in the present study.

WVhile deamination of the N-terminal cysteine of vasopressin
enhances its antidiuretic activity, a combination of N-terminal
deamination and replacement of the beta methylene hydrogens with
aliphatic side chains greatly reduces antidiuretic activity.
Kruszynski et al. (59) have demonstrated that one other result of
those two modifications is to turn vasopressin into an antagonist
of its own vasoconstrictor response. For example deamination of
the N-terminal cysteine plus replacement of both beta methylene
hydrogens with a single cyclopentamethylene ring results in the
compound [1-(8-mercapto-B,8-cyclopentamethylenepropionic
acid) Jarginine-vasopressin, (Fig. 2). This compound has less than
0.01% of the antidiuretic activity of vasopressin and is an
extremely potent antagonist of its vasoconstrictor activity. It

is abbreviated d(CH2)5AVP, and, along with [1-(B-mercapto-8,B-
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cyclopentamethylenepropionic acid),2-(0-methyl)tyrosine]arginine
vasopressin, abbreviated d(CH2)5MeTyrAVP, was employed in the
present study for its antagonist property.

Very little of the other pharmacology of these compounds has
been investigated. Because many of the properties of these
analogs have been assessed in rats under conditions which may vary
from those employed in the present studies, the vasoconstrictor
and antidiuretic properties of the compounds were investigated in
the dogs, as was the ability of the antagonists to block the
vasoconstrictor or antidiuretic responses to exogenous
vasopressin. The specific doses and routes and modes of
administration of the analogs are described in the following

sections.



37

ANTAGONST STUDIES IN CONSCIOUS DOGS

MATERTALS AND METHODS

These experiments were performed in mongrel dogs of both
sexes, weighing between 11 and 19 kg. Unless otherwise noted, the
dogs had free access to water and standard dog food (Purina Dog
Chow, Ralston Purina Co., St. Louis, MO). All surgical
preparation was completed at least one week prior to
experimentation. The surgery was performed under sterile
conditions. The anesthesia used was 0.5 mg/kg acepromazine
(Ayerst, New York City) sc, followed 30 min later by 12 mg/kg
sodium thiopental (Pentothal, Abbott Laboratories, North Chicago,
IL) iv. In most cases surgery was limited to insertion of
polyvinyl catheters into the descending aorta and inferior vena
cava via a femoral artery and vein. All catheters were tunnelled
subcutaneously to a point between the shoulders, where they were
exteriorized and protected by a vest. Following surgery, the dogs
were injected with 600,000 U penicillin G, which was repeated
daily if any sign of post-operative infection was present.

During experiments the dogs were allowed to stand freely with
movement restricted by a cloth sling. Mean and pulsatile blood
pressure was continuously monitored with a Grass polygraph (Grass

Instruments, Quincy, MA). Heart rate was monitored with a
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tachograph, triggered by the blood pressure pulse wave. Seven ml
samples of arterial blood were drawn from the catheter, as
indicated in the protocols, for various measurements, and the
volume withdrawn was replaced with sterile isotonic saline. A 2.7
ml aliquot of blood was added to 0.3 ml 0.3 M EDTA in a chilled
centrifuge tube for the measurement of plasma renin activity, and
the remainder was added to another chilled heparinized centrifuge
tube.

The two antagonists of the vasoconstrictor activity of
vasopressin used in these studies, d(CH2)5AVP and d(CHZ)sMeTyrAVP,
were described above. They were kindly provided by Dr. Maurice
Manning of the Medical College of Ohio. They produced
quantitatively similar effects in the studies and were therefore

used interchangeably.

Protocol 1-A. Vasopressin blockade in water-replete dogs. The

effects of vasopressin blockade were studied in five water-replete
dogs. Control blood pressure and heart rate measurements were
made and then a single 10 ug/kg dose of either of the two
antagonists was injected intravenously. Blood samples for
analysis of PRA were collected immediately before injection of the

antagonist and 5, 15, and 30 min later.
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Protocol 1-B. Vasopressin blockade following water deprivation.

In seven dogs, control measurements of blood pressure and heart
rate were made and a blood sample for plasma osmolality was
collected. The dogs were then deprived of water for 48h. Twenty-
four and 48h later, an additional blood sample was drawn and
plasma osmolality determined. The increase in plasma osmolality
was taken as an index of the degree of dehydration of the animals.
After 48h water deprivation, the effects of vasopressin were

studied as described in protocol 1-A.

Protocol 1-C. Vasopressin blockade in water-deprived dogs

pretreated with propranolol. Five dogs were deprived of water for

48h as described in protocol 1-B. A blood sample was drawn, and

then the B-adrenoceptor blocker propranolol (Inderal, Ayerst
Laboratories, New York, NY) was administered iv in a dose of 0.5
mg/kg, infused over 5 min. Twenty min later, the effects of

vasopressin blockade were studied as described in protocols 1-A

and 1-B. The effects of vasopressin blockade following

propranolol were also studied in three water-replete dogs.
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Protocol 1-D. Vasopressin blockade in water-deprived dogs-

-cardiac output measurements. Three dogs of similar weight were

prepared for the measurement of cardiac output by the
thermodilution technique. In these dogs the femoral artery
catheter also contained a thermistor and the venous cannula was

inserted into the right atrium via the jugular vein. Protocol 1-B

was performed. Duplicate measurements of cardiac output were made
by thermodilution immediately prior to collection of blood
samples, following the method of Warren and Ledingham (1974),

modified for measurements in dogs.

Protocol 2-A. Hemorrhage. Four female dogs were used in the

hemorrhage protocols. The surgical preparation of these dogs
included insertion of a second aortic catheter to permit
simultaneous arterial hemorrhage and continuous measurement of
arterial pressure. An arterial blood sample for PRA and plasma
concentrations of vasopressin and 11-hydoxycorticosteroids (CORTS)
was drawn, and then 3 ml sterile isotonic saline was injected iv
as a vehicle control for drug injections (see below). Three min
later, 1000 U heparin was injected iv. Another blood sample was
drawn at 5 min, and then a 15 min arterial hemorrhage was begun at
1 ml/kg/min using a Masterflex peristaltic pump (Cole-Parmer,

Chicago, IL). The blood was collected into a sterile Blood-Pak
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collection bag (Fenwall Laboratories, Deerfield IL) from which the
anticoagulant had been drained and which had been rinsed with
sterile isotonic saline. The collected blood was kept at 37 C.
Blood samples for analysis were drawn at midhemorrhage and again
at the end of the hemorrhage. Fifteen min after the end of the
hemorrhage, blood was again drawn for analysis, and the blood

which had been withdrawn was reinfused via the venous catheter.

Protocol 2-B Hemorrhage following vasopressin blockade. This

protocol was identical to protocol 2-A, except that a vasopressin

antagonist was injected at the beginning of the experiment instead
of saline. Plasma vasopressin was not measured because the
antagonist cross-reacted with the antibody used in the RIA. 1In
two experiments, d(CHZ)SAVP was injected; in the other two,
d(CH2)5MeTyrAVP was used. The antagonists were injected iv in a

dose of 10 ug/kg. In two dogs, protocol 2-A was performed before

protocol 2-B; in the other two dogs the order was reversed. The

protocols were performed on different days.
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Adrenalectomy and adrenal insufficiecy. The study of the roles of

vasopressin and angiotensin II in blood pressure regulation during
adrenal insufficiency necessitated additional surgical preparation
of the dogs. Five were adrenalectomized in two stages via flank
incisions. After adrenalectomy, the dogs were maintaintained on
im injections of cortisol (Solu-Cortef, Upjohn, Kalamazoo, MI; 7.5
mg/day) and deoxycorticosterone acetate (Doca acetate, Organon,
West Orange, NJ; 0.5 mg/day).

Steroid treatment was discontinued no sooner than one week
after adrenalectomy and the dogs were allowed to develop adrenal
insufficiency. Daily blood samples were drawn for the measurement
of plasma sodium and potassium, ang II and vasopressin
concentrations. Body weight and arterial pressure were also
measured. The dogs were judged to have developed adrenal
insufficiency when plasma sodium had decreased by at least 4 mEq/l
and plasma potassium had increased by at least 1.5 mEg/l. The
role of vasopressin in maintaining blood pressure was studied

according to the following two protocols:
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Protocol 3-A. Vasopressin blockade in dogs with adrenal

insufficiency. The effects of vasopressin blockade were studied

in four adrenalectomized dogs, three of which had been injected
with their last steroid treatment 96-100h before the experiment
and one which had received its last steroid treatment 120h before
the experiment. Control measurements were taken for 15 min, and
then a single 10 ug/kg dose of d(CH2)5MeTyrAVP was injected iv.
Blood pressure and heart rate were monitored continuously for the
next 35 min. At the end of this period, the dogs were treated

with cortisol and DOCA.

Protocol 3-B. Vasopressin blockade in steroid-maintained dogs.

Protocol 3-A was performed in three adrenalectomized dogs while

they were being maintained on the steroid regimen, either before
steroid withdrawal or at least one week after resumption of the
steroid treatment. A pressor dose of vasopressin (Peninsula
Laboratories, San Carlos, CA; 1.0 ng/kg/min iv) was infused in the
same dogs 30 min after the injection of the antagonist, to test
the effect of the antagonist on the hypertensive effects of

vasopressin.
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Plasma renin activity (PRA) was measured by radioimmunoassay of
the angiotensin I generated during a 3h incubation period
(ng/m1/3h) (94, 111). The lowest detectable quantity of
angiotensin I with this assay is 0.015 ng, and the intra- and
interassay coefficients of variation for this assay are 7.9% and
15.9%, respectively. Plasma vasopressin and angiotensin II
concentrations were measured by RIA, after the peptides had been
extracted on bentonite from the plasma, eluted and dried.
Recovery of vasopressin with this procedure is 62%, and recovery
of angiotensin II is 63%. Vasopressin was measured using the
method of Keil and Severs (53) (intra- and interassay coefficients
of variation = 6.3% and 7.0%, respectively, lowest detectable
amount of vasopressin = 0.075 pg). Ang II was assayed according
to the method of Reid (91) (interassay coefficient of variation is
6.9%, interassay coefficient is 11.6%). The lowest detectable
quantity of angiotensin II with this procedure is 2.5 pg. Plasma
11-hydroxy corticosteroid concentrations (CORTS) were measured in
unextracted plasma, where indicated, by RIA (1). Commercially
available antibody and tracer was used. The lowest detectable
amount of corticosteroids with this assay is 0.01 ug, and the
intra- and interassay coefficients of variation are 13.5% and
14.5%, respectively. Plasma osmolality was measured by freezing

point depression with a Fiske osmometer (Fiske, Uxbridge, MA;
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measurements are reproducible within 1.0%) and sodium and
potassium concentrations were measured by flame photometry
(Instrumentation Laboratories, Lexington MA; measurements are
reproducible within 0.5%).

All results are expressed as the meants.e.m. Statistical
evaluation of the data was performed by one way analysis of
variance for repeated measures (123). Additional tests including
two way analysis of variance and Dunnett's t-test were applied

where appropriate and are noted in the results section.

RESULTS

Vasopressin blockade in water-replete dogs. Injection of the

vasopressin antagonists (10ug/kg iv) caused no significant changes
in blood pressure, heart rate or plasma renin activity from the
control values of 102+3 mm Hg, 82+9 beats/min and 6.2+1.2

ng/ml/3h, respectively (Fig. 3).

Vasopressin blockade following water deprivation. During the 48h

period of water deprivation, plasma osmolality increased from
293+1 to 315+2 mosmol/kg (P<0.001). In these animals, vasopressin
blockade caused a marked increase in heart rate from 85+6 to
134+15 beats/min 15 min following the injection (P<0.001); heart

rate was still 41 beats/min above control 30 min after the
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injection (Fig. 4). Vasopressin blockade also increased PRA from
12.4+2.2 to 25.9+3.4 ng/ml/3h (P<0.001)(Fig. 4). Mean arterial
pressure did not change significantly throughout the experiment

(Fig. 4).

Vasopressin blockade in water-deprived dogs pretreated with

propranolol. Propranolol pretreatment attenuated the heart rate

and renin secretory responses to vasopressin blockade in water-
deprived dogs. Under these conditions, heart rate increased from
82+12 to only 104+13 beats/min following injection of the
antagonist (P<0.001) and plasma renin activity did not change
significantly (Fig. 5). Following pretreatment with propranolol,
vasopressin blockade resulted in a decrease in blood pressure from
10342 to 91+3 mmHg (P<0.001). Propranolol itself had no
statistically significant effects on arterial pressure, heart rate
or plasma renin activity in the water-deprived dogs. However, it
bears noting that PRA decreased in 4 of 5 dogs. Vasopressin
blockade following propranolol in water-replete dogs had no
significant effects on blood pressure (98+4 to 102+4 mmHg) or

heart rate (70+5 to 78+3).
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Vasopressin blockade in water-deprived dogs--cardiac output

measurements. In this group of water-deprived dogs, vasopressin

blockade caused a marked increase in cardiac output from 2.0+0.1
to 3.1+0.1 1/min (P<0.005)(Fig. 6). Calculated total peripheral
resistance decreased from 46.6+3.1 to 26.9+3.1 Units (P<0.001).

Blood pressure did not change significantly.

Hemorrhage. There was a significant increase in plasma
vasopressin concentration from 6.7+2.7 to 8.8+3.7 pg/ml after 7.5
ml/kg blood had been withdrawn, and to 44.0+16.6 after 15 ml/kg
had been withdrawn (Fig. 7). Over the course of the hemorrhage,
there was no significant change in blood pressure (Fig. 8) or
heart rate (Fig. 9). Transient fluctuations in mean arterial
pressure did not exceed 7 mm Hg nor 30 sec duration. Plasma renin
activity increased from 3.8+0.9 to 10.8+3.1 ng/ml/3h at the end of
hemorrhage (P<0.005) and was 9.0+2.9 ng/ml/3h immediately before
blood reinfusion (Fig. 10). Plasma CORTS concentration increased

from 1.5+0.8 to 8.6+2.0 pg/dl (P<0.001)(Fig. 11).
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Figure 7. Effect of hemorrhage on plasma vasopressin concentration. N = 4.
Each point represents mean+SE.
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and presence ) of vasopressin blockade. N = 4 in both groups. The
antagonist or saline was injected at time O as indicated by the arrow. Each
point represents mean+SE.
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The antagonist or saline was injected at time O as indicated by the arrow.
Bach point represents mean+SE.
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Hemorrhage following vasopressin blockade. Vasopressin blockade

markedly altered the cardiovascular and endocrine responses to
hemorrhage (Figs. 8-11). During the hemorrhage, mean arterial
pressure decreased from 96+2 to 64+7 mmHg (P<0.001). Heart rate
increased from 71+10 to 130+23 beats/min (P<0.05) and remained
above 110 beats/min until the blood was reinfused. Plasma renin
activity increased from 7.1+0.8 to 30.3+6.7 ng/ml/3h (P<0.005) and
plasma CORTS concentration increased from 1.9+0.7 to 11.4+1.2
ug/dl (P<0.001). Two way analysis of variance for repeated
measures revealed that the blood pressure (P<0.05), heart rate
(P<0.05), PRA (P<0.01) and CORTS (P<0.05) responses to hemorrhage
were significantly greater in the presence of vasopressin

blockade.

Effects of adrenal insufficiency. Adrenal insufficiency caused

marked increases in plasma vasopressin and angiotensin II
concentrations. Vasopressin concentration increased 4-fold from
4.0+1.7 to 15.0+3.6 pg/ml (P<0.05) in adrenalectomized dogs during
four days without steroids (Fig. 12); in one dog from which
steroids had been withheld for five days, plasma vasopressin
concentration reached 125.0 pg/ml. Angiotensin II concentration
increased 3-fold from 121.1+44.3 to 352.0+19.7 pg/ml (P<0.001)

over the four day period (Fig. 13). The corresponding changes in
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body weight and plasma sodium and potassium concentrations are
summarized in Table 1. Mean arterial pressure decreased from 98+1
to 85+6 mmHg over the four days, but this change was not
statistically significant (P>0.05), probably because of the small

number of dogs.

Vasopressin blockade in dogs with adrenal insufficiency. Blockade

of the vasoconstrictor action of vasopressin caused a marked and
rapid decrease in mean arterial pressure (Fig. 14). Ten min after
the injection, blood pressure had decreased by 22+5 mmHg
(P<0.001). Heart rate increased from 146+6 to 165+15 beats/min,
but the response varied from dog to dog, and the change was not

statistically significant.

Vasopressin blockade in dogs maintained on steroids. Injection of

the antagonist caused no changes in blood pressure or heart rate
vwhen the dogs were maintained on steroids. Infusion of a pressor
dose of synthetic vasopressin 30 min after injection of the

antagonist had no effect on blood pressure.

Tasts 1. Effects of adrenal insufficiency on body weight, plasma sodium, and potassium concentrations and blood pressure

Time (days)
1 4
(1] 1 2 3 4

BW (kg) 144210 143210 143£10 140210 13709 <0.08
Plasma Na (meq/liter) 1404 £ 0.2 142714 1394 £ 14 1387223 127220 <0.0000
Plaama K (meq/liter) 390 £0.34 421 £ 0.4 461 £ 04 6.00 £ 0.4 828 £ 0.29 <0.0001
Mmurmhlm(ml!() [ E3] 728 88zx6 8=zx6 83x6 >0.1
Coneci d i dopmmnnumdwum.cmﬂd/dquduumhahﬂmo.w-dwo-n

nnhuhmcthﬁulmdeme-m:m
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ANALOG STUDIES

MATERIALS AND METHODS

These experiments were performed in dogs of both sexes,
weighing between 14 and 29 kg. The dogs were fed a standard diet
(Purina Dog Chow, Ralston Purina Co., St. Louis, MO) which
provided approximately 75 mEq sodium per day.

The peptides used in these studies were arginine vasopressin,
AVP (Peninsula laboratories, San Carlos, CA), and the structural
analogs which were described above (Fig. 2). The selective
vasoconstrictor agonist, 2-phenylalanine-8-ornithine-
oxytocin, PheOrnOT, and the selective vasoconstrictor antagonist,
d(CHZ)SMeTyrAVP, were kindly provided by Dr. Maurice Manning of
the Medical College of Ohio. The selective antidiuretic agonist
used was DDAVP (Ferring, New York City). All peptides were
dissolved in sterile isotonic saline (0.45% NaCl for use in
anesthetized water-loaded dogs). Solutions of the agonist
peptides were infused at 0.5 ml/min; the antagonist was injected
in a volume of approximately 1 ml and washed in with
2 ml saline.

In all experiments, mean and pulsatile arterial blood
pressure and heart rate were continuously recorded with a Grass

polygraph (Grass Instruments, Quincy, MA).
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Samples of arterial blood were drawn (volume=7ml), and
replaced by an equal volume of sterile isotonic saline (0.45% NaCl
for use in anesthetized water-loaded dogs). A 2.7 ml aliquot of
the blood was added to 0.3 ml O.3 M EDTA in a chilled centrifuge
tube for determination of PRA and the reminder was put into a

chilled heparinized centrifuge tube for other measurements.

STUDIES IN CONSCIOUS DOGS

Eight dogs were used in these experiments, and were prepared
according to the procedures described above for the Antagonist

Studies in Conscious Dogs. The experiments were performed

according to the following protocols, in random order with a

minimum 48h between any experiments performed in the same dog.

Protocol 4-A. Vasopressin infusion. The cardiovascular and

endocrine responses to infusion of vasopressin were studied in six
dogs. An iv infusion of sterile isotonic saline was commenced.
After 10 min, an additional 3 ml bolus of saline was injected as a

control for antagonist experiments (protocol 4-D). After a total

20 min, the saline infusion was replaced by an infusion of
vasopressin at 1.0 ng/kg/min for the following 60 min. This was
followed in turn by resumption of the saline infusion for an

additional 40 min. Control blood samples for determination of
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PRA, CORTS and ACTH were drawn at O, 10 and 20 min. Blood samples
were drawn again at 40, 60 and 80 min (20, 40 and 60 min into the

vasopressin infusion) and a recovery sample was drawn at 120 min.

Protocol 4-B. DDAVP infusion. In six dogs the effects of DDAVP

(1.0 ng/kg/min) were studied as described in protocol 4-A,

substituting DDAVP for vasopressin. Plasma was analyzed for PRA

and CORTS only.

Protocol 4-C. PheOrnOT infusion. The vasoconstrictor selective

analog was infused at 1.0 ng/kg/min in five dogs as described in

protocol 4-A, substituting PheOrnOT for vasopressin.

Protocol 4-D. Vasopressin infusion in the presence of the

vasoconstrictor antagonist. In six dogs vasopressin was infused

as described in protocol 4-A and 10 ug/kg of d(CHz)sMeTyrAVP was

injected iv at 10 min instead of saline. Plasma was analyzed for

PRA and CORTS only.

Protocol 4-E. Time Control. Five dogs were subjected to the

experimental protocol as described above except that only saline

was infused for the 120 min.
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STUDIES IN ANESTHETIZED WATER-LOADED DOGS

The dogs were fasted for 18h. They were treated with
acepromazine (Ayerst, New York City, 0.5 mg/kg sc) to prolong the
duration of action of the anesthetic, and were anesthetized 30 min
later with pentobarbital (Fort Dodge Laboratories, Fort Dodge IA,
15 mg/kg iv). Anesthesia was maintained with additional iv
pentobarbital as required. During surgery and experiments, body
temperature was maintained at 37 C with a water blanket.
Polyethylene catheters were inserted into the thoracic aorta and
vena cava via a leg artery and vein. An intracath (Deseret
Pharmaceutical, Sandy, UT) was inserted percutaneously into a
cephalic vein. The right ureter was cannulated with polyethylene
tubing through either a flank or midline incision for urine
collection. All incisions were closed with wound clips. To
hydrate the dogs, a solution of 2.5% dextrose in distilled water
was infused iv at approximately 7 ml/min and continued throughout
the entire experiment. Experiments were begun following
establishment of a steady state water diuresis. Only one
experiment was performed in each dog, according to the protocols
below, which were designed to duplicate those followed in

conscious dogs:
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Protocol 5-A. Vasopressin infusion. In five dogs, 0.45% NaCl was

infused iv (0.5 ml/min) for 20 min. After 10 min, an additional 3
ml bolus of 0.45% NaCl was injected iv as a control for
experiments with the antagonist. At 20 min, the saline infusion
was replaced by a vasopressin infusion (1.0 ng/kg/min) for 60 min,
which was in turn replaced by resumption of the saline infusion
for 40 min. Ten minute urine collections were made throughout the
experiment, beginning with the period from -10 min to O min.

Blood samples for PRA and plasma osmolality determinations were

drawn at 0, 20, 40, 60, 80 and 120 min.

Protocol 5-B. DDAVP infusion. In five dogs protocol 5-A was

performed, with the substitution of DDAVP (1.0 ng/kg/min) for

vasopressin.

Protocol 5-C. PheOrnOT infusion. In five dogs protocol 5-A was

performed, with the substitution of PheOrnOT (1.0 ng/kg/min) for

vasopressin.

Protocol 5-D. Vasopressin infusion in the presence of the

vasoconstrictor antagonist. In five dogs vasopressin was infused

as described in protocol 5-A and 10 ug/kg d(CH2)5MeTyrAVP was

injected at 10 min instead of saline.
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An analog of vasopressin, which had been observed to be an
antagonist of the antidiuretic response in rats, was also tested
in anesthetized water-loaded dogs. It did not block the
antidiuretic activity of vasopressin and further studies with this

compound were discontinued.

Protocol 5-E. Time Control. Five dogs were subjected to

identical anesthetic, surgical and experimental procedures as
described above, but only 0.45% NaCl was infused for the 120 min
experimental period. This protocol is important because the
effects of acepromazine and pentobarbital in combination were not
known, and thus it was necessary to be able to differentiate
between any effects of the anesthesia and the effects of the

peptides.

PRA, CORTS and plasma and urinary osmolality and electrolyte
concentrations were measured according to the procedures described

above in the Antagonist Studies in Conscious Dogs. Plasma ACTH

concentration was measured in extracts of plasma samples (recovery
= 60-90%), where indicated, by RIA (24). The intra- and

interassay coefficients of variation for the ACTH assay are 8% and
19%, respectively. The lowest detectable amount of ACTH with this

procedure is 8.0 pg.
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All results are expressed as meants.e.m. statistical
evaluation of the data was performed by one- and two way analysis
of variance for repeated measures and Duncan's multiple range test

(123).

RESULTS

CONSCIOUS DOGS

Vasopressin. Infusion of vasopressin in conscious dogs decreased

PRA from 4.4+1.1 to 2.4+0.8 ng/ml/3h (P<0.05)(Fig. 15). Mean
arterial pressure increased from 106+2 to 115+3 mmHg (P<0.05) and
heart rate decreased from 81+6 to 56+6 beats/min (P<0.001). These
changes reversed following cessation of the infusion.

CORTS increased from the control value of 1.0+0.2 ug/dl as a
result of the vasopressin infusion (P<0.001). The peak
concentration measured was 2.2+0.2 ug/dl after 20 min (Fig. 16).
There was no statistically significant change in plasma ACTH
concentration from the control value of 44+7 pg/ml, but the ACTH
response to the vasopressin infusion parallelled the CORTS

response (Fig. 16).

DDAVP. In contrast to the responses to vasopressin, infusion of
DDAVP at the same rate did not change PRA, mean arterial pressure,

heart rate or CORTS significantly from the control values of



57

3.9+0.5 ng/ml/3h (Fig. 17), 102+4 mmHg (Fig. 17), 70+3 beats/min

(Fig. 17) or 1.2+0.2 ug/dl respectively.

PheOrn0T. The cardiovascular and endocrine responses to PheOrnOT
in conscious dogs closely resembled the responses to vasopressin.
PRA decreased from 5.5+1.1 to 2.7+0.2 ng/ml/3h (P<0.001)(Fig. 18).
Blood pressure increased from 112+4 to 128+6 mmHg (P<0.001) and
heart rate decreased from 69+3 to 47+4 beats/min (P<0.001).
Infusion of PheOrnOT also increased plasma CORTS from 1.1+0.1
to 2.9+0.9 ug/dl (P<0.005). By the end of the infusion however,
plasma CORTS was only 1.6+0.4 ug/dl and 40 min later was 0.8+0.2

ug/dl (Fig. 19). The decrease in plasma ACTH was significant

(control value = 53+8 pg/ml)(P<0.05) and appears to be responsible
for the decrease of CORTS rather than the initial increase (Fig.

19).

Vasopressin following the vasoconstrictor antagonist. The PRA,

blood pressure and heart rate responses to vasopressin in the
presence and absence of the antagonist are compared in Fig. 20.
The blocker completely eliminated the changes in pressure, heart
rate and CORTS (control CORTS = 1.8+0.8; after 20 min infusion =
1.8+0.5; at end of infusion = 2.1+0.7 ug/dl) caused by

vasopressin. It blocked the decrease in PRA; in fact in the



57a

i f—dinfusion period

> -
v v

~
v

PLASUA RNIN ACTIVITY (ng/al/30
»
»

HEMT RATE Gase por atn)
a 8 o
»

T

NN

[

1 NTERIAL PRESSUE (on
B

T EEEEEEEEEEE]
THE
Figure 15. Effects of vasopressin infusion (1ng/kg/min) in conscious dogs. K

= 6. Each point represents mean+SE. * P<0.05 compared to control by Duncan's
multiple range test.



57b

T—-infus:lon Periode———

10

CHANGE IN PLASHA CORTS (yg/dI)
o
CHANGE IN PLASMA ACTH (pg/=1)

T Yo 2 © 60 80 100 120
THE (i

Figure 16. Effects of vasopressin infusion (1ng/kg/min) on plasma
corticosteroid {0~ and ACTH -~ concentrations. N = 6. Each point represents
mean+SE. * P<0.05 compared to control by Duncan’'s multiple range test.



> ™
v v

~N
g

PLASMA RENIN ACTIVITY (ng/al/3)

r le——infusion period—

57c¢

-
Do
g

%
:

g_.

*\;—H\,/H/'\H’{

I
<10 0 0 2 ¥ 4 ¥ O N
THE w

Figure 17. Effects of DDAVP infusion (1ng/kg/min) in conscious dogs.

Each point represents mean+SE.

® ® 0 110 120

N = 6.



57d

__—infusion period—s

o
B

PLASWU RENIN ACTIVITY ing/al/30
>
-—qir
»
jx&—n.

do

_
8
~

HEART RATE Goste por ain)
b
»
L
»

1EN MTERIA. PESSUE o -
Y

™
<10 0 10 2 | @ P @ 7 O 0O W 110 12
THE n)
Figure 18. Effects of PheOrnOT infusion (1ng/kg/min) in conscious dogs. N =

5. Each point represents mean+SE. * P<0.05 compared to control by Duncan's
multiple range test.



infusion periode—m——m——of

— ~n

CHANGE IN PLASMA CORTS (pg/dl)
o

CHANGE IN PLASMA ACTH CONCENTRATION (pg/al)

-1
-2
-3 - - 30
0 20 40 60 80 100 120
TIME (min)

Figure 19. Effects of PheOrnOT infusion (ing/kg/min) on plasma corticosteroid
<O and ACTH 4@ concentrations. N = 5 for CORTS; N = 4 for ACTH. Bach point

represents mean*SE. * P< 0.05 compared to control by Duncan's multiple range
test.



57f

8r
- infusion pertod—-‘
S - -
»

L]
v
SR
e

~

PLASW RENIN ACTIVITY (ng/al/3D)
>

-
o
v

—8.

JEMT MTE Gaste por ain)
a

a
v

M NTERIAL. MESSISE (- Wy
»

Bo o 0 ® ® © ® ® % ® ® 011N

TE a1

Figure 20. Effects of vasopressin infusion (1ng/kg/min) in conscious dogs in
the absence (-O-, from Fig. 15) and presence 4 of vasoconstrictor blockade.
N = 5. Each point represents mean+SE. * P<0.05 compared to comtrol by
Duncan's multiple range test.



57¢g

-
v

~n
v

PLASA RENIN ACTIVITY (ng/al/N
»

Bo

MY RATE Gaste por a1r)
a

13

JEAN ARTERIAL PRESSURE (me Ny

8-!00!05'0’070”'1@1!0!5
THE @in

Figure 21. Effects of isotonic saline infusion in conscious dogs during 120
min experimental protocol. N = 5. Each point represents mean+SE. *P<0.05
compared to control by Duncan's multiple range test.



58

presence of d(CH2)5MeTyrAVP and vasopressin, PRA increased from
4.0+1.0 to 5.5+1.2 ng/ml/3h (P<0.01), which is very similar to the

observations made in the time control (see below).

Time control. There were no significant changes in mean arterial

pressure, heart rate or plasma CORTS in dogs subjected to infusion
of sterile isotonic saline for 120 min; only a tendency for all
variables to drift slowly upward. Plasma renin activity increased

from 3.5+0.5 to 5.4+0.9 over 120 min (P<0.05) (Fig. 21).

ANESTHETIZED, WATER-LOADED DOGS

Vasopressin. Infusion of vasopressin in anesthetized water-loaded

dogs decreased PRA from 11.9+4.7 to 3.8+1.7 ng/ml/3h (P<0.05)(Fig.
22). Mean arterial pressure increased from 13449 to 158+12 mmlg
(P<0.001) and heart rate decreased from 159+12 to 105+11 beats/min
(P<0.001)(Fig. 22). There was a marked decrease in urine volume
and increase in osmolality (Table 2). Free water clearance
decreased from 2.87+0.50 to -0.9+0.19 ml/min/kidney (P<0.001)
(Fig. 23). Sodium excretion increased from 28.3+10.6 to
123.0+13.8 pEq/min (P<0.001)(Fig. 24). All these changes reversed

following cessation of the infusion.
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DDAVP. In contrast to its effect in conscious dogs, DDAVP
decreased PRA from 13.5:4.6 to 7.0+2.0 ng/ml/3h in anesthetized
water-loaded dogs (P<0.05)(Fig. 25). There were no significant
changes in blood pressure or heart rate (Fig. 25). Urine flow
decreased in association with a marked increase in osmolality
(Table 2), so free water clearance decreased from 3.72+0.25 to
-0.62+0.14 ml/min/kidney (Fig. 23). Sodium excretion did not

change significantly (Fig. 24).

PheOrn0T. In anesthetized water-loaded dogs, infusion of PheOrnOT
increased mean arterial pressure from 124+11 to 145+15 mmHg
(P<0.001) and decreased heart rate from 124+12 to 106+12 beats/min
P<0.005)(Fig. 26). These changes reversed after cessation of the
infusion. In contrast to its effect in conscious dogs, PheOrnOT
did not decrease PRA in anesthetized animals (Fig. 26). This
peptide also had no effect on urine flow or osmolality (Table 2)
or on free water clearance (Fig. 23). Infusion was associated
with a small increase in sodium excretion (Fig. 24). However the
increase in sodium excretion was not significantly different from

that which occurred during infusion of the NaCl vehicle (Fig. 27).
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Vasopressin following the vasoconstrictor antagonist. The

responses to vasopressin in the presence and absence of the
vasoconstrictor antagonist are compared in Fig. 28. As in
conscious dogs, the antagonist completely blocked the arterial
pressure and heart rate responses to vasopressin. Heart rate
actually increased significantly (P<0.001) in the final 20 min of
the experiment, but the reasons for this are not clear. However,
in contrast to results in with conscious dogs, the antagonist
failed to block the PRA response in anesthetized water-loaded
dogs, and vasopressin decreased PRA from 5.9+1.8 to 2.9+1.6
ng/ml/3h (P<0.001). The antagonist also failed to alter the
antidiuretic responses to vasopressin. Urine flow decresed and
osmolality increased markedly (Table 2). Free water clearance
decreased from 2.74+0.29 to -0.63+0.04 ml/min/kidney (Fig. 23).
The antagonist blocked the natriuretic response to
vasopressin, so that there was no significant difference in sodium
excretion between that observed with vasopressin following
d(CHZ)SMeTyrAVP and that observed during infusion of 0.45% NaCl

alone (Fig. 24; Fig. 27).
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Time control in anesthetized dogs. The combination of anesthesia,

surgery and water loading caused increases in mean arterial
pressure, heart rate and plasma renin activity. This is reflected
in the elevated control values observed in anesthetized water-
loaded dogs compared to values obtained in the conscious dogs.

The 0.45% NaCl vehicle infusion following anesthesia and surgery
had no effect on blood pressure, heart rate, urine flow rate or
osmolality, or free water clearance. There was a slow upward
drift of sodium excretion during the course of the experiment

(P<0.001)(Fig. 24).
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DISCUSSION

ANALOGS

The peptides used in this study were assessed for
antidiuretic and vasoconstrictor activity in dogs. The
vasoconstrictor antagonist, d(CH2)5MeTyrAVP, completely blocked
the arterial pressure and heart rate responses to exogenous
vasopressin, both in conscious and anesthetized dogs, but left the
antidiuretic response intact. Neither d(CHZ)SMeTyrAVP nor
d(CHZ)SAVP had any effect on blood pressure or heart rate in
conscious dogs with low circulating vasopressin levels. When
injected into dogs whose endogenous vasopressin secretion had been
stimulated, the effects were opposite to those caused by infusion
of vasopressin. This is in agreement with the findings of others
who used similar antagonists in rats whose plasma vasopressin
concentrations had been suppressed and in rats with elevated
vasopressin levels (4, 8). It has also been shown that these
compounds are specific antagonists of vasopressin and do not block
the pressor responses to either angiotensin II or norepinephrine
(4, 79). These analogs blocked the pressor response to
vasopressin for at least one hour. Other workers have also
reported a long duration of action following single injection of
these compounds (79). Therefore the antagonists were very well
suited to the purpose of vasoconstrictor blockade in these

studies.
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DDAVP was at least as potent an antidiuretic agent as
vasopressin, as has been observed in rats (128), dogs (116) and
man (101), but only one dose was tested and this probably exerted
maximum antidiuretic activity. The longer duration of action was
consistent with observations made on its half-life in rats (106),
dogs (116) and man (101). The absence of any heart rate or blood
pressure response to DDAVP in the present study is also in
agreement with previous observations (101, 128).

The selective vasoconstrictor agonist, PheOrnOT, exhibited no
antidiuretic activity in the present study and this agrees with
reports that it is only about 1/700 as potent an antidiuretic
agent as vasopressin (44). PheOrnOT was a potent pressor agent in
these studies. It appeared to be slightly less potent than
vasopressin in anesthetized dogs, in agreement with data obtained
in the anesthetized rat pressor assay (44). On the other hand, in
conscious dogs, PheOrnOT was at least as potent a pressor agent as
vasopressin. The reason for the difference in relative potencies

in anesthetized versus conscious dogs is not clear.
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DOES VASOPRESSIN PLAY A ROLE IN CARDIOVASCULAR REGULATION

The present studies provide direct evidence for a role for
vasopressin in blood pressure maintenance during water
deprivation, nonhypotensive hemorrhage and adrenal insufficiency.
This is based on the cardiovascular responses to selective
blockade of the vasoconstrictor activity of vasopressin during

these conditions in conscious dogs.

Water-Replete Dogs. Vasopressin blockade in dogs in normal water

balance produced no effects on mean arterial pressure, heart rate
or plasma renin activity. This is consistent with the findings of
Aisenbrey et al. (4) in rats. It is also consistent with the
observation that there is no significant difference between the
resting blood pressures in normal rats and those unable to secrete
vasopressin (61, 130). Taken together, these results indicate
that vasopressin probably does not contribute to blood pressure

regulation in resting animals in normal water balance.

Water-Deprived Dogs. The present studies indicate that when the

plasma concentration of vasopressin is elevated during water
deprivation, vasopressin takes on an increased role in the
maintenance of blood pressure. In 48h water-deprived conscious

dogs, vasopressin blockade did not change mean arterial pressure
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but did cause a marked tachycardia and increase in plasma renin
activity. In two studies in water-deprived rats, vasopressin
blockade was observed to decrease blood pressure. However, in one
of the studies (8) the rats were anesthetized, and in the other
(4) vasopressin blockade was performed shortly after surgery under
anesthesia. The increased vasopressin secretion due to surgical
stress or anesthesia may have caused the contribution of
vasopressin in blood pressure maintenance to be overestimated in
those studies. In a more recent study in conscious water deprived
rats, Rockhold et al. (103) observed no change in blood pressure
with vasopressin blockade.

One explanation for the present results is that the
vasopressin antagonists blocked the vasoconstriction produced by
endogenous vasopressin, and that the increases in heart rate and
PRA were reflex responses to help maintain blood pressure. This
is a likely explanation because it is known that some of the
actions of vasopressin on heart rate, cardiac output and renin
secretion buffer its vasoconstrictor effect. The buffering actions
must be at least in part baroreceptor-mediated reflexes because in
baroreceptor-denervated dogs, heart rate and cardiac output do not
change with small increases in plasma vasopressin concentrations
and blood pressure is increased (25, 76). It has not been

demonstrated whether the renin response to vasopressin is mediated
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by baroreceptors, but the results of the present study shed light
on this possibility and this will be discused below.

To test the hypothesis that reflex increases in heart rate
and PRA acted to maintain blood pressure during vasopressin
blockade in the present study, the experiment was repeated in five
of the same dogs following pretreatment with propranolol. The
rationale was that propranolol, in a dose at which it is a pure 8-
adrenoceptor blocking drug (38), would inhibit relexes mediated by
B-adrenoceptors, and thus uncover any decreases in total
peripheral resistance. In water-deprived dogs, propranolol itself
did not change arterial pressure or heart rate. Propranolol
decreased PRA in 4 of 5 water-deprived dogs before injection of
the antagonist, but this decrease was not statistically
significant. However, propranolol completely eliminated the
increase in PRA produced by vasopressin blockade and significantly
reduced the tachycardia. With at least a portion of the
sympathetic reflexes attenuated by propranolol, vasopressin
blockade significantly decreased blood pressure. A recent study
in spinally transsected dogs subjected to 36h water deprivation is
in excellent agreement with these findings. Mikami et al. (75)
injected d(CH2)5MeTyrAVP and observed no change in blood pressure,
unless the renin-angiotensin system had been disrupted by

pretreatment with captopril.
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To further test the hypothesis that the heart rate and plasma
renin activity responses were reflex responses to decreased
vascular resistance, the hemodynamic effects of vasopressin
blockade were studied in water-deprived dogs. These studies
confirmed that the antagonists decreased total peripheral
resistance. A decrease in total peripheral resistance has also
been observed in rats (4). Taken together, these data indicate
that vasopressin plays an important role in blood pressure
maintenance during periods of water deprivation, and does so by
contributing to the total peripheral resistance. When the
vasoconstrictor action of vasopressin is blocked, cardiac output
and renin secretion increase as compensatory mechanisms to

maintain pressure.

Nonhypotensive Hemorrhage. The results from the hemorrhage

experiments also demonstrate that vasopressin plays a role in
maintaining blood pressure. A 1ml/kg/min hemorrhage over 15 min
was used in the present studies because this stimulus has
previously been observed to cause a large increase in plasma
vasopressin levels without any change in arterial pressure (90).
The plasma vasopressin concentration achieved by hemorrhage in the

present study is comparable to that observed by Reid (90).
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The hemorrhage itself did not change blood pressure.

However, in the presence of the blockade of vasopressin, the
hemorrhage decreased mean arterial pressure by an average 32 mmHg.
This finding agrees with that of Cowley et al. (26), who showed
that the ability of dogs to restore arterial pressure following
hypotensive hemorrhage is impaired by pharmacological vasopressin
blockade to the same extent as by hypophysectomy. In contrast to
those studies, the dogs in the present study were conscious and
not stressed by surgery, so that plasma vasopressin concentrations
before the hemorrhage were normal, and all the reflex mechanisms
were intact. More recent studies, using d(CHz)SMeTyrAVP in rats
and sheep, have confirmed the findings of the present study.

Zerbe et al. (129, 130) reported that the antagonist impaired the
ability of rats to recover from hypotensive hemorrhage; Rose and
Kelly (104) reported that administration of the antagonist
increased the hypotensive response to a given hemorrhage in fetal
sheep.

Vasopressin blockade also altered other responses to
hemorrhage in the present study. The hemorrhage itself was not
associated with any change in heart rate. In the presence of
vasopressin blockade, it caused a marked tachycardia, which, as
with vasopressin blockade in water-deprived dogs, was presumably a

reflex response. PRA was increased by hemorrhage, in the
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presence and absence of vasopressin blockade. However, in the
presence of the antagonist the increase in PRA was significantly
greater. The changes in PRA were also presumably reflex responses
to hypovolemia, and the additional increase observed with
vasopressin blockade may have resulted from a decrease in renal
perfusion pressure (28). Alternatively, it may have also been due
to blockade of the inhibitory effect of vasopressin on renin
secretion (28, 52, present results). Regardless of the cause of
the heart rate and renin responses, it is likely that the large
increases in heart rate and PRA observed during hemorrhage in the
presence of the antagonist prevented blood pressure from falling
even more than it did. Thus, the contribution of endogenous
vasopressin to arterial pressure regulation may have been

underestimated in this study.

Adrenal Insufficiency. Testing whether vasopressin plays a role

in blood pressure regulation during adrenal insufficiency was
potentially more complex than the experiments assessing the roles
of vasopressin during water deprivation and hemorrhage. Unlike
the latter hypovolemic conditions, there was conflicting evidence
regarding vasopressin secretion during adrenal insufficiency. For
this reason, plasma vasopressin was measured by RIA during adrenal

insufficiency in these studies, and found to increase. This
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agrees with some bioassay studies (2, 3, 110) and RIA studies in
glucocorticoid-deficient dogs (14), mineralocorticoid-deficient
dogs (15) and glucocorticoid-deficient rats (65, 70).

Angiotensin II has been observed to help maintain arterial
pressure in animals with adrenal insufficiency (11) and to
stimulate vasopressin secretion (77, 89, 92). The effect of
adrenal insufficiency on plasma ang II concentration had not been
investigated, and it was of interest to measure plasma ang II
levels during adrenal insufficiency. The high plasma ang II
concentration observed while the animals were on steroids may
indicate that the replacement regime was incomplete. Nonetheless,
the increase which followed withdrawal of steroids indicates a
strong ang II response to adrenal insufficiency, much like the PRA
response (95).

In this study, vasopressin blockade had no effect on blood
pressure or heart rate in adrenalectomized dogs maintained on
cortisol and DOCA. However, in dogs made adrenally insufficient
by withdrawal of steroid treatment, vasopressin blockade caused a
marked decrease in arterial pressure. Blood pressure was stable
during the experiment and did not decrease until after the
antagonist was injected. Thus, the decrease in arterial pressure
was due to vasopressin blockade. The action of vasopressin in

maintaining blood pressure has been subsequently observed in
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mineralocorticoid-deficient rats by Ishikawa and Schrier (47)
where vasopressin blockade decreased arterial pressure by 5 mmHg.
The sum of evidence therefore, indicates that vasopressin
secretion increases during adrenal insufficiency and the elevated
circulating vasopressin acts to maintain blood pressure by causing

vasoconstriction.

NATURE OF THE RECEPTORS WHICH MEDIATE THE RENIN, CORTICOTROPIC AND

NATRIURETIC RESPONSES TO VASOPRESSIN

Inhibition of Renin Secretion. In conscious dogs, the

vasoconstrictor selective agonist,PheOrnOT, suppressed PRA as
effectively as vasopressin, whereas DDAVP, the antidiuretic
selective agonist, had no effect. These observations suggest that
the receptor which mediates suppression of renin secretion in
conscious dogs is of the vasoconstrictor type. This conclusion is
reinforced by the observations made during selective blockade of
the receptors which mediate the vasoconstrictor action of
vasopressin in conscious dogs. The vasoconstrictor antagonist
completely abolished the decrease in PRA caused by infusion of
exogenous vasopressin. As described above, the antagonist also
increased PRA in conscious dogs during water deprivation and

hemorrhage.
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These findings are consistent with those of Johnson et al.
(49) who reported that acute administration of DDAVP in conscious
dogs, at a dose which duplicated the antidiuretic effect of a dose
of vasopressin, did not decrease PRA, while vasopressin did. The
data also agree with the observations of Konrads et al. (58) that
DDAVP did not decrease renin output in the unstimulated isolated
perfused rat kidney, although it was effective in reducing renin
release stimulated by isoproterenol. On the other hand, Joppich
and Webber (51) observed that DDAVP decreased PRA in newborn
infants and young children. The reason for this difference is not
clear. However, the inhibition of renin secretion in the human
study was accompanied by a natriuresis, whereas Johnson et al.
observed no change in sodium excretion with DDAVP in dogs.

Quite a different pattern of results was obtained in
anesthetized water-loaded dogs. Vasopressin and DDAVP decreased
PRA, while PheOrnOT did not alter renin secretion. In addition,
the vasoconstrictor selective antagonist, which left the
antidiuretic response intact, also left the renin response intact.
These results indicate that in anesthetized water-loaded dogs, the
inhibition of renin secretion is mediated by receptors of the
antidiuretic type, rather than of the vasoconstrictor type. These
data agree with those of Malayan and Reid (69) who reported that a

vasopressin analog with selective antidiuretic activity,
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1-deamino-[4-threonine, 8-D-arginine]-vasopressin, decreased PRA
as effectively as vasopressin in anesthetized water-loaded dogs.

Taken together, these results indicate that vasopressin can
inhibit the secretion of renin by acting on both types of
receptors, antidiuretic and vasoconstrictor. Although the studies
were primarily designed to characterize the receptors which
mediate this inhibition, the results permit some conclusions to be
drawn regarding the mechanism of the inhibitory effect.

In the present studies vasopressin and PheOrnOT decreased PRA
in conscious dogs, but they also increased mean arterial pressure.
It is known that increased blood pressure can decrease renin
secretion via intrarenal mechanisms (28), while actions which
result in decreased sympathetic nervous system activity can
decrease renin secretion (93). The former mechanism was proposed
by Vandongen (115) to explain the inhibition of renin secretion by
vasopressin in the isolated perfused rat kidney. The latter
mechanism might help to explain how low doses of vasopressin can
decrease PRA in the absence of a pressor effect (68). This
mechanism could also explain the renin response to blockade of
endogenous vasopressin in conscious dogs. The increase in PRA
occurred in the absence of any change in mean arterial pressure,
and was itself blocked by the B-adrenoceptor antagonist

propranolol, which indicates that the inhibition of renin
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secretion by endogenous vasopressin was mediated by the
sympathetic nervous system and was possibly a reflex response to
increased vascular resistance. The greater increase in PRA during
hemorrhage in the presence of vasopressin blockade may also have
been a sympathetically mediated reflex, but it occurred
simultaneously with a decrease in blood pressure so a decrease in
renal perfusion pressure is a more likely explanation.

The mechanisms mediated by vasoconstrictor type receptors did
not operate in anesthetized water-loaded dogs. One possible
explanation is that because the control mean arterial pressure in
the anesthetized dogs (132 mmHg) was as high as the maximum
pressure observed during peptide infusions in conscious dogs (128
mmHg-during infusion of PheOrnOT), so the baroreflex-mediated
contribution to suppression of renin secretion may have been
occurring even before infusion of the pressor peptides.
Alternatively, anesthesia may have interfered with neurally
mediated reflexes (39, 131).

In anesthetized water-loaded dogs, vasopressin inhibited
renin secretion by way of antidiuretic type receptors. It is
possible that suppression of renin secretion in this case was
secondary to volume expansion. This has been proposed to be
responsible for the inhibition of renin secretion during long term

administration of vasopressin in dogs (126) and humans (37).
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On the other hand, the dogs in the present study were greatly
volume expanded before infusion of the peptides and it is
questionable whether the renal water reabsorption activity of
vagsopressin and DDAVP could cause sufficient further volume
expansion to result in acute inhibition of renin secretion. The
dextrose in the infusate is metabolized so quickly that
effectively free water is being infused, and this is evenly
distributed through all aqueous fluid compartments. Khokhar et
al. (54) measured a decrease in PRA in human subjects during acute
infusion of vasopressin. They observed a decrease in plasma
protein concentration and packed cell volume. From this, they
concluded that vasopressin suppressed renin secretion by
increasing plasma volume at the expense of extravascular fluid
volume. If this conclusion is true, then one possible mode of
action for vasopressin in the present studies is by mobilizing the
extra volume provided by water loading. This possibility
certainly requires further testing.

Another question which must be addressed is whether volume
expansion could reflexly decrease renin secretion in anesthetized
water-loaded dogs. The possibility that pressure reflexes are
disrupted in this state was mentioned above. Future studies to
test the possibility that renin suppression in anesthetized water-

loaded dogs is secondary to volume expansion should provide for
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measurements of pressure at the low pressure baroreceptors and
studies where the dextrose infusion is stopped during infusion of
the experimental peptides.

It has been suggested that vasopressin and analogs with
antidiuretic activity may inhibit renin secretion by increasing
the sodium load at the macula densa (69). The present data argue
against this possibility because the inhibition of renin secretion
did not parallel the natriuretic activity of the peptides and
because the antagonist blocked the natriuretic response to
vasopressin, but left the renin response intact. In addition,
Shade et al. (109) demonstrated that vasopressin inhibits renin
secretion in the nonfiltering kidney, where the macula densa
mechanism does not operate.

A direct effect of vasopressin on renin secreting cells might
also contribute to renin inhibition (17, 80, Morris, Reid and
Ganong, unpublished observations). However, two groups failed to
see any effect of vasopressin on renin secretion in vitro (56,
105). The present results do not argue for or against a direct
action of vasopressin on juxtaglomerular cells. They do suggest
that any direct inhibition, mediated by receptors which bind
PheOrnOT or DDAVP, is subject to being overridden or obscured by
other influences (such as increased blood pressure) in whole
animal studies because neither peptide decreased renin secretion

both in conscious and in anesthetized water-loaded dogs.



7

In summary, the present data indicate that vasopressin can
inhibit renin secretion by acting on antidiuretic or
vasoconstrictor type receptors, depending on the state of the
animal. The data are consistent with a number of possible
mechanisms which could mediate the inhibition of renin secretion,
but further work is required to definitively establish which is

involved .

Stimulation of ACTH and Corticosteroid Secretion. In the present

studies the plasma concentration of 11-hydroxycorticosteroids
(CORTS) was used to measure "corticotropic" activity. This
includes the effects of vasopressin to increase ACTH secretion
(57, 73), and to stimulate corticosteroid secretion directly at
the adrenal (73). Plasma ACTH concentration was measured in two
experiments to try to determine the contribution of the effect of
vasopressin at the pituitary.

An increase in plasma concentration was interpreted to have
resulted from increased secretion. However, a decrease in the
rate of metabolism of ACTH or corticosteroids could also increase
plasma concentrations.

In the present peptide infusion studies, vasopressin and the
pressor selective analog, PheOrnOT, increased plasma cortico-

steroid concentration, whereas the antidiuretic selective agonist
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did not. This suggests that the receptors which stimulate
ACTH/CORTS secretion in conscious dogs are of the vasoconstrictor
type. This conclusion is reinforced by the observation that the
vasoconstrictor selective antagonist blocked the CORTS response to
vasopressin. These data are in excellent agreement with those
obtained with vasopressin analogs in vitro (81), and in
anesthetized rats (5). While the combination of morphine and
pentobarbital anesthesia is part of standard procedure in assaying
CRF activity, it bears noting that there may be an altered
corticosteroid response to vasopressin in animals treated with
pentobarbital and morphine compared to conscious animals (30).
Therefore it was important to study the CORTS response in
conscious animals.

In a number of other analog studies, no correlation between
pressor activity and the secretion of ACTH or CORTS has been
observed (7, 9, 73, 85). While the reasons for the differences
between these and the present studies are not readily apparent, a
number of factors must be considered. Most important are the
possible interactions among vasopressin, other corticotropin-
releasing factors, and corticosteroids (57). For example, in
incubations in vitro, vasopressin alone does not stimulate
corticotrophs as well as median eminence extracts, but it very

clearly contributes to the activity of the extracts (%6).
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Glucocorticoids exert negative feedback at both the hypothalamus
and pituitary (57). Thus, animals, and possibly tissues obtained
from animals, with different background levels of CORTS or
corticotropin-releasing factors would be expected to react
differently to vasopressin and analogs.

The increases in CORTS, observed with infusion of vasopressin
and PheOrnOT in the present studies, did not persist throughout
the period of the infusions. CORTS were increased in the first
plasma sample drawn during the vasopressin infusion (20 min
following commencement) and in the first two drawn during the
PheOrnOT infusion (20 min and 40 min). It is possible that the
maximum CORTS response occurred sooner than 20 min into the
infusion. Aizawa et al. (5) observed the ACTH response to
vasopressin injection in anesthetized rats to peak at 5 min. The
return of CORTS to control values during the peptide infusions may
have been a result of negative fast feedback (50). Alternatively,
increases in blood pressure may have caused the reversal of the
CORTS response. Wood et al. (125) have demonstrated that
decreased blood pressure increases ACTH secretion. With regard to
increased blood pressure, Raff et al. (88) proposed that the
difference between the thresholds for chemoreceptor activity and
ACTH secretion observed during hypoxia might be due to inhibition

of ACTH secretion by increased blood pressure.
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The ACTH responses to the vasopressin and PheOrnOT infusions
also suggest the involvement of negative feedback at the pituitary
or an inhibitory effect on ACTH secretion of increased blood
pressure. There was a significant decrease in plasma ACTH
concentration by the end of the PheOrnOT infusion by which time
there had been a threefold increase in CORTS for 40 min and a
sustained increase in mean arterial pressure. The changes in
plasma ACTH concentration during the vasopressin infusion were not
statistically significant, However the pattern suggests that
vasopressin acted to stimulate ACTH, and a plasma sample drawn
earlier in the infusion might have permitted a determination of
vwhether the increase in CORTS was due to ACTH secretion.

Taken together, these studies suggest that while vasopressin
can increase CORTS by an action on vasoconstrictor-type receptors,
this action, at the plasma vasopressin concentration achieved with
a 1 ng/kg/min infusion, may not be as potent as other factors in
determining the ultimate plasma concentration of ACTH or
corticosteroids.

The receptors which mediate the corticotropic response to
vasopressin were also studied by vasopressin blockade during
hemorrhage. The fact that the CORTS response to hemorrhage was
not decreased, but rather increased, in the presence of

vasoconstrictor blockade would argue against a role for
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vasoconstrictor type receptors in ACTH secretion. However, there
is evidence that vasopressin is not a required corticotropin-
releasing factor during hemorrhage, because posterior lobectomized
rats secrete as much ACTH during exsanguination as do intact rats
(29). The ACTH response to hemorrhage may have also been mediated
by decreases in blood pressure. Transient decreases in arterial
pressure may have contributed to increased ACTH secretion in the
absence of the vasopressin blockade. Another stimulus to ACTH
secretion may have been a decrease in central venous pressure,
which was not measured in the present studies. The increased
CORTS response observed in the presence of the blockade was most
likely a response to the stress of hypotension.

In summary, the studies on the corticotropic activity of
vasopressin and analogs in conscious dogs indicate that the action
is mediated by receptors which more closely resemble those that
mediate the vasoconstrictor action of vasopressin than those that
mediate the antidiuretic action. Vasopressin is only one of
several factors involved in ACTH and coticosteroid secretion, and
the present studies emphasize the need to take account of other
factors, such as negative feedback and blood pressure changes,

when assessing the role of vasopressin.
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Natriuresis. In agreement with previous studies (16, 119),

infusion of vasopressin in anesthetized water-loaded dogs produced
a natriuresis. In contrast, DDAVP and PheOrnOT had little effect
on sodium excretion despite the fact that the antidiuretic and
vasopressor responses produced were similar to those of
vasopressin. This suggests that the natriuresis was not a result
of either antidiuretic activity or vasoconstrictor activity. It
was therefore of considerable interest that the vasoconstrictor
antagonist reduced the natriuretic response to vasopressin to the
level observed during the time control.

One explanation of these results is that the natriuresis
requires both antidiuretic and vasoconstrictor activity. This is
not likely because in other studies, analogs of vasopressin which
lacked one or both activities were observed to increase sodium
excretion (20, 21, 43, 67, 69).

A more likely possibility is that the natriuresis is mediated
by a third type of receptor. Chan (20) proposed that such a
receptor might optimally recognize the oxytocin molecule. Since
d(CHZ)sMeTyrAVP is also a potent antagonist of oxytocic activity
(59), the results of the present study are consistent with this
hypothesis. On the other hand, Malayan and Reid (69) produced a
natriuresis in anesthetized dogs with a vasopressin analog which

has no more oxytocic activity than PheOrnOT or DDAVP, and much
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less oxytocic activity than vasopressin (71).

Therefore, the natriuretic action of vasopressin is probably
mediated by a type of receptor, unlike those which mediate the
antidiuretic and vasoconstrictor actions. Further experiments are

required to more closely characterize the nature of this receptor.



CONCLUSIONS

A number of conclusions can be drawn from the present studies:

1) Vasopressin plays an important role in the maintenance of
arterial pressure in dogs. When levels of endogenous vasopressin
are elevated during water deprivation and nonhypotensive
hemorrhage, vasopressin acts to maintain blood pressure by
contributing to total peripheral resistance.

2) During adrenal insufficiency, there is increased vasopressin
secretion, and vasopressin helps to maintain blood pressure during
adrenal insufficiency by its vasoconstrictor action.

3) Inhibition of renin secretion by vasopressin can be mediated by
vasoconstrictor- or antidiuretic-type receptors. In the conscious
state the action is mediated exclusively by vasoconstrictor-type
receptors, but in the anesthetized water-loaded state, it is
mediated by antidiuretice~type receptors.

4) The corticotropic response to vasopressin in conscious dogs is
mediated by vasoconstrictor-type receptors.

5) The natriuretic response to vasopressin is probably mediated by
a receptor distinct from those that mediate the antidiuretic or

vasoconstrictor responses.
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