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I. Introduction and Short Historical Overview

At the end of the 19th century, it was recognized that
hypophyseal extracts exhibit vasopressor activity. The
pressor activity of pituitary gland extracts was first ob-
served by Oliver and Schaefer (1895). Three years later,
this was confirmed by other investigators (Livon, 1898;
von Cyon, 1898), and Howell (1898) demonstrated that
the vasopressor principle resided in extracts of the pos-
terior lobe. On the basis of these early observations the
active material was named VP.} It is now clear that these
experiments, performed using nonphysiological experi-
mental conditions, led to a delay of more than 10 years
in the recognition of the other dominant physiological

* Permanent address: Department of Comparative Physiology, At-
tila Jozsef University of Sciences, H-6701 Szeged, P.0O.B. 533, Hungary.

t Permanent address: First Department of Medicine, Albert Szent-
gyorgyi, University of Medicine, H-6701, Szeged, Hungary.

1 Abbreviations: VP, vasopressin; AVP, arginine vasopressin;
cAMP, cyclic adenosine monophosphate; OT, oxytocin; LVP, lysine
VP; dDAVP, 1-deamino-8-D-AVP; dAVP, 1-deamino-AVP; CRF, cor-
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role of the posterior pituitary, its antidiuretic effect. The
discovery of this effect had its origin in clinical practice.
Two physicians, Farini (1913) in Italy and von den
Velden (1913) in Germany, independently reported the
successful treatment of patients with diabetes insipidus
by the injection of neurohypophyseal extracts. The ad-
ministration of posterior pituitary extracts decreased the
urinary output, increased the density of the urine, and
reduced thirst. It is perhaps not generally known that
the first observed kidney response to the administration
of the posterior pituitary extract to anaesthetized ani-
mals was diuresis (Magnus and Schaefer, 1901; Schaefer
and Herring, 1908).

Later, following the description of the antidiuretic

ticotropin-releasing factor; BP, blood pressure; DOCA, desoxycorticos-
terone acetate; OVP, ornithine VP; GFR, glomerular filtration rate;
ERPF, effective renal plasma flow; VAVP, 4-Val-AVP; SIADH, the
syndrome of inappropriate antidiuretic hormone secretion; ACTH,
adrenocorticotrophic hormone; Mca, mercaptocyclopentamethylene
propionic acid; ECF, extracellular fluid.
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effects of posterior pituitary extracts on the isolated
kidney (Starling and Verney, 1924), the antidiuretic
function of the neurohypophysis became the predomi-
nant aspect of interest. It emerged that VP was of great
importance for the conservation of body fluid. For some
years, studies concerning the vasopressor response were
somewhat obscured by the interest in the dominant
antidiuretic action. Only in the late 1920s was it estab-
lished that the topical application of the posterior pitui-
tary hormone to the capillary wall in vivo induced a
constriction of the microscopic parts of the blood vessels
in the web feet of the frog and the ears of the dog (Krogh,
1929), indicating that the hormone from the posterior
pituitary exerts a constrictive effect on the peripheral
blood vessels and plays a role in the blood flow regulation.

Only after the isolation and synthesis of VP (Turner
et al., 1951; du Vigneaud et al., 1954) was it proved that
the same hormone in the posterior pituitary is responsi-
ble for both antidiuretic and vasopressor effects. Follow-
ing the synthesis of VP, the syntheses of analogues with
at least the same activity as that of the natural hormone
were reported (Berde et al., 1964; Berde and Boissonnas,
1968; Huguenin, 1964; Huguenin and Boissonnas, 1966;
Zaoral et al., 1967; Zaoral and Sorm, 1966). Later atten-
tion was focused on analogues with a highly potent
specific pressor or antidiuretic effect relative to that of
the original hormone.

Pharmacological investigations of analogues with a
selective pressor effect may be divided into those con-
cerning whether the pressor activity of VP is of a phys-
iological or pharmacological nature and those concerning
whether, or to what extent, VP takes part in the homeo-
stasis of the BP and affects the cardiovascular regulation
(Saameli, 1968; Share 1976; Cowley, 1982; Johnston et
al., 1983; Liard, 1984; Bennett and Gardiner, 1985) and
vasoconstriction of regional blood vessels (Liard et al.,
1982; Waeber et al., 1984; Liard, 1985; Undesser et al.,
1985). Such studies led to the elucidation of the mecha-
nism of VP action in different pathological states, e.g.,
in orthostasis (Davies et al., 1976, 1977; Zerbe et al.,
1983), cardiac syncope (Davies et al., 1976; Baylis and
Heath, 1977), and haemorrhagic and other shock states
(Hershey et al., 1964, 1965, 1968; Mazzia et al., 1964;
Altura et al.,, 1965a, 1966, 1970; Altura and Hershey,
1972; Altura, 1976a,b, 1980; McNeill, 1972; Zerbe et al.,
1982a,b), and to the proposal of clinical uses.

As another approach, peptide chemists turned their
attention back to the first studies of the administration
of pituitary extracts to patients with diabetes insipidus
and succeeded in preparing analogues superior in speci-
ficity and duration of antidiuretic effect to the natural
hormone AVP in the treatment of diabetes insipidus, i.e.,
synthesizing drugs that are highly specific and have a
prolonged antidiuretic effect. Finally, their efforts were
crowned with success (Zaoral et al., 1967). VP analogues
play an important role in molecular pharmacology, con-

tributing insight into the mechanism of antidiuretic ac-
tivity and the nature of the antidiuretic receptors (Butlen
et al., 1978; Stassen et al., 1982, 1984, 1985).

The permeability functions of VP are initiated by
interaction with specific receptors in the plasma mem-
brane of responsive epithelial cells. These interactions
result in stimulation of adenylate cyclase in the plasma
membrane and increase of the cAMP concentration
within the cell. On the basis of in vitro studies, Handler
and Orloff (1981) described interactions between the
antidiuretic effect of VP and the water permeability
response to VP of prostaglandins, adrenergic agents, and
adrenal steroid hormones. Prostaglandin E inhibits the
water permeability response to VP of toad urinary blad-
der (Orloff et al., 1965) and of rabbit cortical collecting
duct (Grantham and Orloff, 1968) through inhibition of
the stimulation of adenylate cyclase activity of VP (Oma-
chi et al., 1974). The inhibitors of the biosynthesis of
prostaglandin E (Flores and Sharp, 1972; Albert and
Handler, 1974) and antagonists of prostaglandin E (Al-
bert and Handler, 1974) increase the water permeability
response of the toad urinary bladder to VP. §8-Adrenergic
drugs imitate the effect of VP on water permeability and
a-adrenergic agents inhibit the response to VP in frog
skin (Bastide and Jard, 1968). The latter effects appear
to be due to the inhibition of the stimulation of adenylate
cyclase (Omachi et al., 1974). The adrenal steroid hor-
mones increase the water permeability response to VP
in the toad urinary bladder (Stoff et al., 1973; Zusman et
al., 1978) and have a similar effect in the mammalian
kidney. Adrenalectomy reduces the adenylate cyclase
response to VP in the rat renal cortex and medulla
(Rajerison et al., 1974), which appears to be the result of
a reduction in the number of receptors for the hormone
and reduced coupling of receptors to adenylate cyclase.
The administration of aldosterone corrected only the
decrease in the receptor number; treatment with dexa-
methasone corrected both defects.

More recently, attention has focused on the develop-
ment of specific inhibitors of pressor or antidiuretic
effects. As concerns development and characterization
of VP antagonists, more comprehensive information can
be found in recent reviews (Sawyer et al., 1981a; Schrier
and Kim, 1984; Manning and Sawyer, 1985; Stassen et
al., 1985; Manning et al., 1987a). The synthesis of selec-
tive pressor antagonists helps to elucidate the role of VP
in a number of conditions such as experimentally induced
hypertension (Crofton et al., 1979; Hatzinikolaou et al.,
1980, 1981; Rabito et al., 1981; Okuno et al., 1983;
Rascher et al., 1983; Hinojosa and Haywood, 1984; Cow-
ley and Liard, 1987) or human hypertension (Gavras et
al., 1984; Ribeiro et al., 1986; Hofbauer and Mah, 1987;
Thibonnier, 1988) or in the study of interactions of VP
with other systems, e.g., adrenal insufficiency (Schwartz
et al., 1983; Elijovich et al., 1984; Ishikawa and Schrier,
1984), or in investigations of the mechanism of the
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pressor or antidiuretic effect at the molecular (receptor)
level (Guillon et al., 1982; Stassen et al., 1984, 1985).

Analogues inhibiting the antidiuretic effect of VP are
of particular interest as possible therapeutic tools; for
example, a strong antidiuretic antagonist could reverse
the metabolic consequences of the enhanced secretion of
VP in the Schwartz-Bartter syndrome (Schwartz et al.,
1957; Schrier and Kim, 1984; Schrier, 1985; Kinter et al.,
1985).

In this review, the use of VP antagonists in cardiovas-
cular and renal physiology and pharmacology will be
illustrated by presentation of examples of their applica-
tions in experimental animals. We deal mainly with the
pharmacology of VP in whole animals or at the organ
level, without going into its molecular mechanisms of
action. Finally, we will examine the potential indications
for the use of VP antagonists in human diseases and the
results obtained through their use in human subjects.

II. Relationship of Chemical Structure and
Biological Activity

A. Synthesis of Vasopressin Antagonists

The methodological development relating to synthetic
VP analogues is associated with the names of two Nobel
laureates. Vincent du Vigneaud and Robert Bruce Mer-
rifield have had a profound impact on the synthesis and
design of VP agonists and antagonists. Soon after the
isolation and synthesis of VP (Turner et al., 1951; du
Vigneaud et al., 1954), du Vigneaud and his colleagues
explored the possibility of designing antagonists of their
pharmacological action. Law and du Vigneaud (1960)
reported that an OT analogue, in which the hydroxy
group on the 2-tyrosine was methylated, blocked the
vasopressor effect of AVP. A subsequent important find-
ing was that the compound with two methyl groups on
the B-carbon of the l-hemicystine of OT, (1-penicilla-
mine) OT, was a weak antagonist of the pressor response
(Schulz and du Vigneaud, 1966). The presence of two
ethylene groups on the S-carbon in the 1-deamino-lys-
VP was later observed to yield an analogue with signifi-
cantly increased antivasopressor activity (Dyckes et al.,
1974).

An important improvement was achieved through the
introduction of new methodology by Merrifield. The
Merrifield solid-phase procedure (Merrifield, 1963) has
greatly enhanced the speed and efficiency with which
analogues can be synthesized. Many more analogues can
be synthesized in a shorter period than with conventional
methods, thereby allowing promising clues to be followed
up rapidly for the completion of an urgently required
series of analogues. The development of the purification
method that involves gel filtration on Sephadex G-15 in
a two-step procedure (Manning, 1968) has also facilitated
the rapid production of VP analogues. Recently, the
wide-ranging application of high performance liquid

chromatography has led to considerable development in
the purification of synthetic VP analogues.

More information concerning the synthetic and puri-
fication methods used for the synthesis of VP agonists
and antagonists can be obtained from a review by Man-
ning and his coworkers (1981a). Outstanding work was
produced by the peptide research group under Manning’s
guidance, and numerous useful biologically active VP
antagonists were synthesized in their laboratory.

B. Bioassay and Definition of Antagonist Potency

New analogues of the posterior pituitary hormones are
usually tested for their activities by standard biological
assays. Basic bioassay techniques were described in detail
by Stiirmer (1968). We cannot deal with the whole series
of bioassays used for determination of biological activi-
ties of VP analogues. Our discussion is limited to a few
problems arising from the application of such standard
bioassays to characterize novel analogues and to estimate
antagonistic activities.

Pressor activity is established by intravenous admin-
istration of analogues into rats pretreated with an a-
adrenergic or a ganglionic blocking agent (Dekanski,
1952; Stirmer, 1968). The vasopressor activities of the
test compounds are compared with the response to a
reference standard, such as AVP or LVP; pressor assays
of the VP against the respective standards are quite
precise and reproducible. Pressor activities may be ex-
pressed in terms of official units.

The estimation of antidiuretic activity is not as simple.
Most of the tabulated antidiuretic activities derive from
assays involving intravenous injections of analogues into
ethanol-anaesthetized, water-loaded rats (Sawyer, 1958;
De Wied, 1960). Some other investigators have reported
activities determined by modifications of the Burn (1931)
method. This assay involves water-loaded conscious rats,
in which the analogues are injected subcutaneously and
the time taken for the rats to excrete some specified
fraction of the applied water load is determined.

Both methods can provide reliable estimations of the
antidiuretic activity of VP analogues compared with a
reference standard. However, the results of assays can
equally be unreliable depending on the method design. It
is known that the long-acting analogue, dDAVP, admin-
istered intravenously in small doses to ethanol-anaesthe-
tized water-loaded rats, appears to have an antidiuretic
response of about 1000 IU/mg (Vavra et al., 1968; Sawyer
et al, 1974b). Because of its long-acting character,
dDAVP appears to be much more potent when tested in
Burn-type assays. In this case, the antidiuretic activity
of dDAVP was determined to be about 100,000 units
(Vavra et al., 1968; Sawyer et al., 1974a). Thus, it can be
misleading to attempt to compare antidiuretic activities
reported from different research centres using different
assay designs. For correct characterization of the anti-
diuretic effects of VP analogues, it is important to deter-
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mine the duration of the antidiuretic response, in addi-
tion to the biological activity in units per milligram.

The antagonistic potency of VP analogues is not so
easy to determine. We generally use Schild’s formula.
Schild (1947) introduced the concept of pA; to express
antagonistic potency. The pA; value is the negative log-
arithm of the molar concentration of an antagonist that
reduces the response to a given dose of agonist until it is
equal to the response to one-half that dose. Reliable pA,
values can only be calculated from in vitro assays in
which the molar concentration of the antagonist is
known.

From the practical point of view, it is useful to attempt
to estimate pA; values on the basis of in vivo methods.
This requires unjustified assumptions that all antago-
nists have the same volume distribution, are eliminated
at the same rate, and have similar access to, and solubil-
ity in, the vicinity of the receptors. It is surprising,
therefore, that, in some cases in which in vivo and in
vitro pA; values for pressor antagonists have been com-
pared, they appear to be closely correlated (Keppens and
De Wulf, 1979a). On the other hand, no clear correlation
was found between in vivo and in vitro pA; estimates for
antidiuretic antagonists (Butlen et al., 1978). Thus, in
vivo assays for antagonistic activities remain essential
as guides for the design of antagonists that could be of
therapeutic value.

Manning and his coworkers (Manning et al., 1981a,b;
Manning and Sawyer, 1982, 1983, 1985) first introduced
the concept of “effective dose” estimated from in vivo
PA: values by the method of Vavrek et al. (1972) and
modified for rats by Dyckes et al. (1974). This is defined
as the dose of the antagonist that reduces the response
to the agonist to one-half of that of the same dose of
agonist administered in the absence of the antagonist.
In practice, this is done by finding the dose of antagonist
that is higher or lower than the effective dose and esti-
mating effective dose by interpolation on a logarithmic
scale. The effective dose thus obtained is then divided by
an assumed volume of distribution, 67 ml/kg, the esti-
mated molar concentration of the antagonist, from which
the in vivo pA; is calculated. On the basis of this calcu-
lation, it is obvious that the in vivo pA; values are only
approximate estimates, but they do provide a convenient
expression of relative potencies of antagonists.

C. Antagonists of the Pressor (V) Responses to
Vasopressin

The most potent antagonists of the pressor response
are analogues of dAVP which have (a) dimethyl[(CH3);]
, diethyl[(C;H;).], or cyclopentamethylene [(CH,)s] as
substituents on the 8 carbon at position 1, (b) a basic
amino acid at position 8, and (c) an O-methyl or O-ethyl
substituent on the tyrosine at position 2. The latter,
however, is not an absolute requirement for potent pres-
sor antagonism. Thus, d(CH;);AVP, with an antivaso-
pressor pA, value of 8.35, is one of the most potent V,

antagonists (Kruszynski et al., 1980). However, its O-
methyl derivative, d(CH;)sTyr(Me)AVP is twice as po-
tent (V, pA; = 8.62). This peptide has an antidiuretic
activity of only 0.31 unit/mg and an anti-OT potency in
vivo that is about 100 times less (OT pA; = 6.62) than
its antivasopressor potency. The molecule does not dis-
play an antidiuretic antagonist response to AVP. Ac-
cordingly, d(CH:)s;Tyr(Me)AVP is one of the most potent
and selective antivasopressor peptides reported to this
date (Kruszynski et al., 1980). It has become the most
widely used V, antagonist as a pharmacological tool in
studies on the physiological and pathophysiological roles
of VP. Its full chemical name is [(8-mercapto-8, 8-cyclo-
pentamethylene-propionic acid,2-O-methyltyrosine)JAVP,
and the chemical stucture is depicted in fig. 1.

0-alkyl (methyl or ethyl) substituents at position 2 are
highly potent V, antagonists. Many are, therefore, likely
candidates for pharmacological tools in studies of the
physiological and pathophysiological role. Recently,
Manning et al. (1987a) reported 71 VP analogues, in-
cluding those described above, which antagonize the
vascular responses to VP. An additional six compounds
from this list and their structural and biological charac-
teristics are shown in table 1.

Finally, it is important to note that none of these 71
peptides antagonize the renal tubular (V) responses.

D. Antagonists of the Antidiuretic (V) Responses to
Vasopressin

Efforts lasting more than 20 years were required for
the discovery of the first effective antagonist of the
antidiuretic (V) responses to both endogenous and ex-
ogenous VP (Manning et al., 1981b). Sawyer et al.
(1981b) reported four V, antagonists, which have the
following general structure (fig. 2). In table 1, these
antagonists can be seen under numbers 1-4. These four
analogues are partial agonists in that they produce a
transient antidiuretic activity, followed by a longer
period in which they inhibit antidiuretic responses to
injected AVP. As can be observed in table 1, they are far
from specific antidiuretic (V,) antagonist compounds,
because they are potent antipressors, and are antagonists
of OT in vivo.

We most frequently use the fourth antagonist,
d(CH,)sTyr(Et)?Val‘AVP, with an anti-V, pA, value of
7.57. Its anti-V, pA; value is 8.16. This shows that it is
four times more potent as a V, antagonist than as a V,
antagonist. When a combination of D-amino acids was
introduced at position 2 and aliphatic amino acids at
position 4, a really substantial enhancement of anti-V,/
V, selectivity (table 2) was produced (Manning et al.,
1984b). Manning et al. (1987a) described 73 analogues
that can antagonize the antidiuretic response to VP.

E. More Potent and More Selective Antagonists

Although it has long been known that vasopressor
responses to VP are readily blocked, the synthesis of
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CH; - CO - Tyr(Me)-Phe-Gin-Asn-Cys-Pro-Arg-Gly-NH,
CH; C A B C D
N CH—CH,” |
S S
F1G. 1. Chemical structure of d(CH;)sTyr(Me)AVP.
TABLE 1
Chemical structures and biological activities of antagonists of vasopressor responses to VP*
Chemical structure' Biological activity
Peptide Antidiuretic
A B C D V1 pA, OT pA, activity
units/mg
1. dEt;AVP (CsHs)2 Tyr Gln L-Arg 8.36 7.30 0.38
2. dEt, D-Arg®VP (C:Hs). Tyr Gln D-Arg 7.96 6.95 0.067
3. d(CH,)sAVP (CHa)s Tyr Gln L-Arg 8.36 8.15 (6.79)% 0.003
4. dPTyr(Me)’AVP (CHs), Tyr(Me) Gln L-Arg 7.96 7.61 (6.81) 3.50
5. dPVal‘D-Arg*VP (CHs), Tyr Val D-Arg 7.82 7.23 (6.29) 123
6. d(CH,),Val‘D-Arg*VP (CH;)s Tyr Val D-Arg 7.68 6.63 (6.23) 0.10

* References: Peptide 1 and 2, Manning et al. (1982b); 3, Kruszyinski et al. (1980); 4, Bankowski et al. (1978); 6, Manning et al. (1977);
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Lowbridge et al. (1978).

* See fig 1 for A-D.
$ In vivo study.
1 2 3 456 7 8 9
CH. - CO - Tyr(Alk)- Phe-Val-Asn-Cys-Pro - Z - Gly-NH,
- CH—CH, | o
Ha Cc X Y
™ CH~CH, " |
S S
F1G6. 2. General chemical structure of V; antagonists.
TABLE 2
Antagonist of antidiuretic responses to VP*
Chemical structure' Biological activity
Peptide
X Y Z Vi pAs Vi pAs OT pA, V, ED/V, ED

1. d(CH,)sTyr(Et)*Val‘AVP Tyr(Et) Val L-Arg 7.63 8.16 6.74 0.26

2. d(CH,)sTyr(Me)*Val‘AVP Tyr(Me) Val L-Arg 7.36 8.32 6.94 0.094

3. d(CHy)sTyr(Et)*Val‘D-Arg®VP Tyr(Et) Val D-Arg 7.10 8.31 8.19 0.060

4. d(CH,)sTyr(Me)Val‘D-Arg®VP Tyr(Me) Val D-Arg 6.68 8.44 7.51 0.019

5. d(CHy)eD-Tyr(Et)*Val‘AVP p-Tyr(Et) Val L-Arg 7.81 8.22 7.47 0.41

6. d(CH,);D-Phe*Val‘AVP D-Phe Val L-Arg 8.06 8.06 6.92 0.87

7. d(CHy)sD-1le*Val‘AVP p-Ile Val L-Arg 7.98 6.94 6.21 12.0

8. d(CH;)sD-Leu®*Val‘AVP D-Leu Val L-Arg 7.79 6.45 6.06 22.0

9. d(CH,)sD-Ile*Abu*AVP p-lle Abu L-Arg 8.22 6.73 6.65 29.0
10. d(CH,)sD-Ile’lle‘AVP p-lle Ile L-Arg 8.04 6.43 6.90 39.0
11. d(CHy)sD-Ile*Ala‘AVP p-lle Ala L-Arg 7.76 6.03 6.14 39.0

* References: Peptides 1-4, Manning et al. (1981b); 5, Manning et al. (1982c); 6-8, Manning et al. (1982a); 9-11, Manning et al. (1984b).

* See fig 2 for X-Z.

effective antagonists of the antidiuretic response remains
an elusive goal. There have been substantial improve-
ments in the design of specific antagonists, but it is
evident that we have not yet succeeded in eliminating V,
antagonism completely from the most specific V; antag-
onists. Most of the actions of VP on tissues other than
the renal tubule appear to be mediated by V,-type action.

Although the physiological importance of little, if any,
of the nonvascular V, has been established, it would
seem worth while to attempt to design V. antagonists
that would not block the V, response. At present, one

can only guess at what side effects might result from the
blockade of V, receptors (section III.D) located at sites
in the central nervous system, the anterior pituitary and
other endocrine organs, the platelets, and the renal vas-
culature. Peptide chemists have engaged in extensive
efforts to identify ways in which antagonists can be
simplified, not only to increase the ease and economy of
the synthetic work but also to identify structures that
might be modified, perhaps by eliminating peptide bonds,
to make orally active antagonistic analogues.

In terms of future studies we are faced with the chal-
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lenge of designing and synthesizing a potent and truly
specific V, antagonist devoid of oxytocic antagonism and
of antagonism for other VP receptors. The results con-
cerning the antagonists synthesized to date provide use-
ful clues regarding the direction we must follow if we are
to achieve this aim. However, the empirical approach
must also be followed. For example, the most important
V, antagonist, d(CH,)sTyr(Me)AVP, should be modified
in a variety of ways at positions 1-9, first with single
modifications and later with appropriate combinations
of substitutions and deletions. The results of these stud-
ies will doubtless provide useful clues for future design
and may also yield a few surprises in terms of peptides
displaying specificity for other VP receptors, e.g., they
may lead to specific antagonists of VP receptors that
mediate its CRF-like effect.

Much effort has been devoted to the development of
the synthesis of a specific V; antagonist (Gash and Boer,
1987; Sawyer, 1988). Space constraints will not permit a
full discussion of all the problems. Some of the key
findings that have emerged are discussed in the following
text.

Perhaps the most exciting finding arising from chem-
ical structure-biological activity studies of VP antago-
nists was the discovery that the C-terminal glycinamide
group could be deleted in full or in part and be replaced
by a variety of L- and D-amino acids (L- and D-Ala, Ser,
Arg, Phe, Ile, Thr, Pro) with no deterioration in antag-
onist potency (Manning et al., 1984a,c, 1987b). In these
analogues, the modifications do not reduce the V, antag-
onistic potency and actually increase the V, antagonist
specificity (Manning et al.,, 1987a). Deletion of the 7-
proline does not always destroy the antagonistic activity
(Huffman et al., 1985; Ali et al., 1986; Sawyer and Man-
ning, 1988). In one analogue containing a 2-D-(O-ethyl)
tyrosine, removal of the 7-proline did not alter the V,
and V, antagonistic potencies (Manning et al., 1987c).
This provides a good demonstration of how the structures
within the ring can influence the effects that changes in
the “tail” may exert on pharmacological activities.

V., antagonists appear to be remarkably tolerant to
changes at the C terminal. A variety of amino acid amides
may be substituted for the 9-glycinamide without com-
promising the antagonistic potency (Sawyer et al., 1988).
Callahan et al. (1989) reported the synthesis of a series
of VP antagonists in which part or all of the tri-
peptide tail was replaced by a simple alkyldiamine
[NH(CH;),NH;] or an (aminoalkyl) guanidine
[NH(CH;),NHC(=NH) NH;]. The results show that the
entire tripeptide tail (Pro-Arg-Gly-NH;) can be replaced
by an alkyldiamine or an (aminoalkyl) guanidine without
loss of biological activity. The same results could be
achieved when the tripeptide tail was replaced by a
dibasic dipeptide amide; e.g., Arg-Arg-NH; and Arg-Lys-
NH; attached directly to the cyclic hexapeptide ring are
potent V; antagonists (Ali et al., 1987).

When the 9-tyrosinamide is substituted, this residue
can be radioiodinated by standard methods for the per-
formance of radiolabeled receptor ligand experiments
(Jard et al., 1987a). To examine the role of the disulphide
ring in VP antagonists and in an attempt to prepare
analogues with increased metabolic stability, dicarba an-
alogues were prepared in which the disulphide bond was
replaced by two methylene groups. These dicarbavaso-
pressin analogues retained the antagonist potency in
vitro and in vivo (Moore et al., 1988).

Essentially all of the hundreds of posterior pituitary
hormone analogues that have been synthesized, both
agonistic and antagonistic, contain a ring structure.
Manning et al. (1987d) reported that acyclic analogues
of some V; or V, antagonists retained substantial antag-
onistic potency. In fact, there is one acyclic peptide [fig.
3 (1)] among the most potent V, antagonists so far
reported. However, the acyclic form of the most specific
and potent V, antagonist, d(CH,)sTyr(Me)AVP, has a
vasopressor antagonists potency about 97% less than
that of the cyclic form [fig. 3 (2)]. This modification
would appear to be another good example of the impor-
tance of the constituents in the ring, particularly at the
2 and 4 positions, in determining the effects of structural
changes on antagonistic activities. Furthermore, the lin-
ear peptides are much easier to produce than cyclic
peptides and the yields are better. They also offer us the
opportunity to explore further simplifications and mod-
ifications aimed at the synthesis of antagonistic mole-
cules that are more stable and, thus, potentially orally
active. These are very important considerations in the
design of antagonists for possible clinical introduction.
Recent findings (Manning et al., 1988; Manning and
Sawyer, 1989) prove conclusively that a ring structure is
not a requirement for recognition of or for binding to V.
or V; receptors. This discovery thus offers a promising
new approach to the design of peptide and non-peptide
antagonists of AVP and perhaps the other cyclic peptides
such as somatostatin, atrial natriuretic factor, insulin,
and the recently discovered endothelin.

III. Physiological and Pathophysiological Roles of
Vasopressin Antagonists

A. Role of V, Antagonists in Central and Peripheral
Circulation

1. General circulation: blood pressure regulation. After
the discovery of the antidiuretic action of VP (Farini,
1913; von den Velden, 1913; Starling and Verney, 1924),
the antidiuretic role of the neurohypophysis became the
predominant aspect of scientific interest relating to VP.
It was clear that this hormone was vitally important for
the conservation of body fluids and that, although its
pressor effect was widely observed, this action required
amounts far in excess of that needed for maximal anti-
diuretic activity (Saameli, 1968; Sawyer, 1971; Nakano,
1974). During the last few years, VP has been gaining
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recognition as an important factor in normal BP regu-
lation. Both physiological and near-physiological VP lev-
els have been shown to help maintain the BP and to
influence the heart rate and cardiac output under differ-
ent conditions.

Many important observations were needed to establish
this hypothesis: (a) the pressor sensitivity to VP is
greatly enhanced in the absence of baroreceptor reflexes
(Cowley et al., 1974); (b) this enhancement of pressor
sensitivity was much higher than that seen with other
pressor agents (angiotensin, norepinephrine) (Cowley
and de Clue, 1976; Cowley, 1978); (c) after a sensitive
radioimmunoassay had been developed (Husain et al.,

" 1973; Robertson et al., 1973; Skowsky et al., 1974; Mohr-

ing and Mohring, 1975), it could be demonstrated that
the changes in circulating VP concentrations were
enough to influence blood haemodynamics.

In samples obtained after overnight fasting, the plasma
AVP of normally hydrated human subjects has been
typically observed to range between 2 and 4 pg/ml (Cow-
ley et al., 1981a, 1985; Cowley and Barber, 1983). In rats,
the AVP level lies in the range of 3-10 pg/ml after rapid
decapitation (Cowley, 1982; Brunner et al., 1983). Water
deprivation (24-35 h) in humans with a normal sodium
intake results in a plasma AVP level of about 10 pg/ml
(Morton et al., 1975; Cowley et al., 1981b). Water restric-
tion in dogs receiving a high-sodium dry-food diet can
increase the plasma AVP to within the range 20-40 pg/
ml (Cowley et al., 1981a). The most dramatically elevated
AVP levels have been observed following syncope, trau-
matic surgical procedures, and hypotensive haemorrhage.
The last situation may result in plasma AVP concentra-
tions of 100-500 pg/ml (Arnauld et al., 1977; Robertson,
1977; Cowley et al., 1980; Weitzman et al., 1980).

The direct observation of blood vessels allowed inves-
tigators to evaluate the effective vasoconstrictor concen-
trations of AVP. The contraction of isolated rat aortic
smooth muscle cells has been observed at concentrations
of about 10 pg/ml (Penit et al., 1983). Altura (1975)
reported that a similar concentration of AVP (as low as

10 pg/ml) elicited a detectable vasoconstriction in mes-
enteric microvessels of the rat.

BP determinations are a notably poor vasoconstrictor
index in animals with intact reflex control of the circu-
lation and particularly so for detecting the effects of VP.
Measurements of BP in animals lacking autonomic reflex
control mechanism, or the determination of peripheral
vascular resistance and cardiac output in normal ani-
mals, have provided more useful indices of vasoconstric-
tion. The ability of intravenously infused AVP to in-
crease plasma AVP levels and arterial pressure has been
demonstrated in both unanaesthetized animals and hu-
mans. Plasma AVP levels of nearly 50 pg/ml must be
attained before a statistically significant increase in
mean arterial pressure is achieved in normal conscious
dogs and humans (Cowley et al., 1980; Mohring et al.,
1980; Montani et al., 1980). Significant decreases in
cardiac output occurred at physiological plasma levels of
AVP without changes in the arterial pressure (Montani
et al., 1980; Ebert et al., 1986; Osborn et al., 1987).
Baroreceptor mechanisms appear to contribute to the
reduction in cardiac output in conscious dogs, because
the decrease is greatly blunted following sinoaortic bar-
oreceptor denervation (Cowley et al., 1974; Montani et
al.,, 1980). As consequences of sinoaortic baroreceptor
denervation, unanaesthetized dogs exhibited a lowered
VP threshold sensitivity (11-fold), and the overall pres-
sor sensitivity was enhanced to 6-100 times the normal
level (Cowley et al., 1974). Similar observations were
made in conscious rabbits with baroreceptor denervation
(Undesser et al., 1985).

Accordingly, V, antagonists may decrease the systemic
vascular resistance and increase the cardiac output with-
out affecting BP (Rascher et al., 1985). Thus, the absence
of a hypotensive response to a V, antagonist does not
necessarily indicate that endogenous AVP does not exert
vasoconstrictor effects; moreover, the fact that the vas-
oconstrictor effects of VP show marked regional differ-
ences should be take into account (Liard et al., 1982;
Altura and Altura, 1984; Liard, 1985). This is reflected
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by a predominant effect of V, antagonists in AVP-sen-
sitive vascular beds such as the blood vessels in the
intestines and the skin (Charocopos et al., 1982; Pang,
1983; Wood et al., 1983). Measurements of haemody-
namic parameters might, therefore, reveal effects of V,
antagonists, even if no changes in the systemic haemo-
dynamics are observed. However, the alterations in re-
gional blood flow established after intravenous adminis-
tration of a VP agonist may also be influenced by coun-
terregulatory mechanisms. When VP was injected
directly into the arteries of various organs, the changes
in blood flow were markedly different from those seen
after intravenous administration (Liard, 1985).

The synergistic effect of norepinephrine, angiotensin
II, and VP could also modify the VP response (Altura et
al., 1965b; Bartelstone and Nasmyth, 1965; Commarato
and Lum 1969; Gerke et al., 1977). It has been reported
that angiotensin II and isoproterenol in mildly pressor
amounts decrease the pressor responses to VP in the
conscious rat (Burnier and Brunner, 1983; Elijovich et
al., 1984). This mechanism can counteract the hypoten-
sive and vasodilator effects of V, antagonists, including
activation of the renin-angiotensin system and the sym-
pathetic nervous system. V, antagonists may be ineffec-
tive or induce only a small and transient decrease in the
BP if both systems are intact. After blockade of angio-
tensin production with converting enzyme inhibitors or
angiotensin II receptor antagonists or after the admin-
istration of sympatholytic drugs, a significant and pro-
longed hypotensive response can be observed following
V, antagonist treatment (Andrews and Brenner, 1981;
Gavras et al., 1982; Houck et al., 1983; Schwartz and
Reid, 1983; Hiwatari et al., 1985). Haemodynamic effects
of selective V, antagonists in dehydrated dogs were dif-
ferent from those of a combined V; and V, antagonist
(Liard, 1986), indicating that some of the haemodynamic
effects of endogenous AVP remain unblocked after the
administration of a V, antagonist.

It is well known that VP plays an important role in
the immediate defense against blood volume depletion.
Frieden and Keller (1954) reported that dogs with dia-
betes insipidus were more susceptible to haemorrhage
than normal dogs. Using Brattleboro homozygous rats,
Laycock et al. (1979) observed that, following controlled
blood losses, the BP was significantly lower in rats with
diabetes insipidus than in nondiabetic controls. After
haemorrhage (16.7 ml/kg blood loss over 5 min), rats
with diabetes insipidus exhibited a slower BP recovery
than did control animals (Zerbe et al., 1982a,b). Gardiner
and Bennett (1982) observed that less blood needed to
be withdrawn from Brattleboro rats to achieve a given
BP reduction. Similar results were obtained by using V,
antagonists. Rascher et al. (1983) and Gregory et al.
(1988) described in detail that V, antagonists could not
induce a significant decrease in BP of conscious rats
because of the buffer action of the baroreceptor reflex.

In conscious dogs, Schwartz and Reid (1981) determined
that a 15-ml/kg blood loss over 15 min caused no hypo-
tension response and did not change the heart rate.
Following V, antagonist administration, the same hae-
morrhage rate decreased the mean arterial pressure from
96 to 64 mm Hg and increased the heart rate from 71 to
130 beats/min. Pang (1983) stated that the administra-
tion of a V; antagonist, following hypotensive haemor-
rhage, reduced the mean arterial pressure and increased
the percentage of distribution of the cardiac output to
the skin and gastrointestinal tract. The restoration of
the BP toward baseline values proved to be impaired
after haemorrhage in rats treated with VP antagonists
(Cowley et al., 1980).

The osmolar changes in dehydration are far more
important than volume in determining AVP level in-
creases under normal conditions (Robertson, 1977; Quil-
len and Cowley, 1983). In prolonged dehydration, the
plasma AVP level can increase from 10 to 30 pg/ml; these
levels appear to be associated with noteworthy haemo-
dynamic effects, depending on the experimental condi-
tions. Woods and Johnston (1983) found evidence that
AVP was essential for the maintenance of BP during
fluid deprivation in rats, but Rockhold et al. (1984) found
no effect of a VP antagonist on the BP in similar situa-
tions. Other authors reported that a V, antagonist led to
a moderate or a transient decline in BP following dehy-
dration (Andrews and Brenner, 1981; Aisenbrey et al.,
1981; Burnier et al., 1983; Brand et al., 1988). When an
antagonist or angiotensin II (Andrews and Brenner,
1981), an inhibitor of the converting enzyme (Burnier et
al., 1983), or propranolol (Schwartz and Reid, 1983) was
administered in water-deprived rats, the V, antagonist
lowered the BP further and the decrease was not as
transient. These results demonstrate an important role
of VP in BP regulation during water deprivation and
provide additional evidence that the maintenance of
arterial pressure observed after VP blockade in water-
deprived animals is dependent on activation of the sym-
pathetic nervous and renin-angiotensin systems.

Because the cardiac output and heart rate increased
well beyond the predehydration control values following
V, antagonist administration, the possibility that these
effects are not completely explained by suppression of
VP-induced vasoconstriction must be considered. These
effects could be related to the haemodynamic conse-
quences of an interaction with the V, response (Schwartz
et al.,, 1985a). Liard (1986) proved this hypothesis by
comparing the haemodynamic effects of a V, antagonist
and a V; antagonist in dehydrated dogs. The increases
in cardiac output and heart rate were significantly
smaller when the V, antagonist was also administered.

In conscious animals, hypotensive effects of V, antag-
onists have also been observed after hyperosmotic hy-
povolaemia induced by glycerol administration (Hof-
bauer et al., 1982, 1984a) and in severe potassium deple-

2102 ‘8 Jaqwiadag uo Ausianiun pesewwey | ye Bio sjeuinofiadse asswieyd woly papeojumoq


http://pharmrev.aspetjournals.org/

PHARM
REV

PHARMACOLOGICAL REVIEWS

aspet

VASOPRESSIN ANTAGONISTS 81

tion (Paller and Linas, 1983). During adrenocortical
insufficiency, decreased plasma volume and arterial pres-
sure have been observed. The plasma AVP level in-
creased from 4 to 15 pg/ml and the BP was reduced by
20 mm Hg after the injection of d(CH.);Tyr(Me)AVP in
dogs (Schwartz et al., 1983).

The involvement of VP in maintaining the BP in
adrenal insufficiency has also been determined in rats
(Elijovich et al., 1984; Ishikawa and Schrier, 1984; Ishi-
kawa et al., 1985). In contrast with its involvement in
short-term BP control, which is now firmly established,
the roles of VP in the long-term regulation of arterial
pressure and in hypertension remain controversial. In
most models, such as spontaneous (genetic) hypertension
or renal (two kidney-one clip) hypertension, no effects
have been established (Rabito et al., 1981; Liard, 1984;
Share and Crofton, 1984). On the other hand, rats with
hereditary or surgically induced diabetes insipidus fail to
develop hypertension when treated with DOCA plus salt
(Friedman et al., 1960; Crofton et al., 1980; Berecek et
al., 1982b) but do so when given VP treatment (Berecek
et al., 1982b; Saito and Yajima, 1982).

Despite the evidence that VP plays a role in DOCA-
salt hypertension, the administration of V, antagonists
has not provided a clear-cut answer to the question of
the involvement of AVP as a vasoconstrictor agent. A
reduction in BP occurred in DOCA-salt hypertensive
rats after the acute administration of V, antagonists
(Crofton et al., 1979; Hofbauer et al., 1984a). However,
other investigators (Rabito et al. 1981; Burnier et al.,
1982; Okuno et al., 1983; Rascher et al., 1983) found no
antihypertensive response in this model. It appears that
the effect of V, antagonists depends on the method by
which DOCA-salt hypertension is induced and on the
degree of hypertension achieved. Furthermore, the V,
antagonist response may be compensated for by increases
in heart rate and cardiac output. If the baroreceptor
reflex response is prevented by sinoaortic deafferenta-
tion, the administration of a V, antagonist is followed by
a significant reduction in BP (Rascher et al., 1983). Using
the combined antagonism of vascular and renal responses
to VP, Hofbauer et al. (1984a) obtained evidence that
VP contributes to the development of DOCA-salt hyper-
tension through both vascular (V,) and renal tubular
(V2) effects.

Other models of hypertension with increased salt con-
sumption have been examined for VP dependency. In
the early phase of hypertension, rats fed a high-sodium
diet showed a significant decrease in BP response to a
VP antagonist (Hinojosa and Haywood, 1984). Lee-
Kwon et al. (1981) reported that a V, antagonist exerted
only a small influence on the arterial pressure in rats
with partial nephrectomy and salt hypertension. In the
even more acute hypertension induced in anephric rats
by the infusion of hypertonic saline, the antagonist

dPTyr(Me)AVP lowered the BP significantly (Hatzini-
kolaou et al., 1980, 1981).

A small but significant reduction of BP was observed
when a V, antagonist was chronically administered to
rats during the development of DOCA-salt hypertension
(Hofbauer et al., 1984a). The difference between treated
and control rats with DOCA-salt hypertension amounted
to about 15 mm Hg. This corresponds to the degree of
antihypertensive effect of the same antagonist following
acute administration (Hofbauer et al., 1984a).

The pressor antagonists have also been useful in study-
ing the effects of AVP on central BP regulation. Intra-
cerebroventricular injection, but not intravenous injec-
tion, of a V, antagonist blocked the pressor effects of
centrally administered VP (Berecek et al., 1982a, 1984a;
Unger et al., 1984). The increase in BP induced by VP
administered into the locus coeruleus could also be pre-
vented by local pretreatment with a V, antagonist (Be-
recek et al., 1984b). Furthermore, cardiovascular effects
have been described following intracerebral (Matsuguchi
and Schmid, 1982) and intracerebroventricular (Pittman
and Lawrence, 1982) injection of VP, although extremely
high doses were required. In the opinion of Rockhold et
al. (1984), a central V, blockade can exert only a slight
effect on the BP either under basal conditions or during
water deprivation. They found that no effect of a V,
antagonist on the BP could be detected following intra-
cerebroventricular administration to water-deprived
rats.

2. Coronary circulation. Although much data are avail-
able with regard to the role of VP in the general blood
circulation and BP regulation, few publications can be
found concerning the effects of VP on the coronary
circulation. This may be due, in part, to the inherent
difficulties encountered in the use of the current meth-
odology for making direct observations concerning the
changes in coronary circulation induced by VP and,
especially, V,; antagonists.

In section III.A.1 the possible mechanisms involved in
the decrease in cardiac output in the different states that
result in elevations of the AVP level were presented. The
baroreceptor reflex appears to contribute to the lowering
of the cardiac output in conscious dogs, because the
decrease is greatly blunted after sinoaortic baroreceptor
denervation (Montani et al., 1980). Other mechanisms
also could participate in the lowering of the cardiac
output by VP under normal conditions. Specifically, VP
could have a negative inotropic effect, as suggested by
the increased left ventricular end-diastolic pressure in
conscious dogs (Heyndrickx et al., 1976). The central
venous pressure generally increases by several centime-
ters of H;O in conscious dogs when the plasma level
increased within the physiological range (Szczepanska-
Sadowska, 1973; Bie and Warberg, 1983). There is no
doubt that AVP is able to decrease the coronary blood
flow, but this action appears to be secondary to the
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changes associated with bradycardia and a decrease in
the left ventricular work associated with vagal stimula-
tion of the heart (Heyndrickx et al., 1976). However, it
seems unlikely that the negative inotropic action of VP
would contribute substantially to the decrease of cardiac
output or that this is a direct effect of VP, because cardiac
output decreases little in barodenervated dogs.

The application of the radiolabeled microsphere tech-
nique has demonstrated substantial changes in regional
vascular responses to VP. A number of observations have
been described that are in reasonably good agreement,
with some differences, presumably due to the various VP
doses, species, and experimental conditions used (Dra-
panas et al., 1961; Ericsson, 1971; Heyndrickx et al.,
1976; Liard et al., 1982). This type of study suggests that
some vascular beds are more sensitive to the vasocon-
strictor action of VP than others and that a substantial
regional blood flow reduction can accompany physiolog-
ical alterations of plasma VP levels. Liard et al. (1982)
reported that, when the AVP level was increased by 10
pg/ml as a result of a 1-h AVP infusion into conscious
dogs, the blood flow to the skin, skeletal muscle, fat,
pancreas, and thyroid gland was reduced by about 30%;
this reduction was proportionately greater than the de-
crease in cardiac output, which was decreased by 15%.

The myocardium, the gastrointestinal tract, and the
brain were less sensitive to the vasoconstrictive effects
of VP. In these organs, the relative blood flow reduction
was similar to that of the cardiac output. Some organs
(kidney and liver) did not show any decrease in their
blood flow. Because the mean arterial pressure did not
change during VP infusion, these flow alterations can be
directly represented by the equivalent vascular resistance
changes. On the other hand, Charocopos et al. (1982)
found that stimulation of the release of endogenous VP
with hypertonic saline in anephric rats did not induce
any changes in myocardial blood flow.

In our own recent studies (Laszlo et al., 1988), the
development of VP-induced coronary vasoconstriction
was studied by the indirect electrocardiographic method.
Because of the coronary vasoconstrictive effect, a T-
wave elevation occurred which was measured in milli-
meters in the individual rats (fig. 4). OVP, LVP, and
AVP given intravenously in doses of 2 or 4 units/kg to
pentobarbital-anaesthetized rats produced a marked cor-
onary vasoconstriction, as shown by the percentage of
elevation of the T-wave. When the antagonist
d(CH,)sTyr(Me)AVP was administered in an effective
dose (184 ng/kg), a significant decrease was detected in
the coronary artery spasms induced by OVP, LVP, and
AVP. The V, antagonist completely eliminated the T-
wave elevation representative of the spasm of the coro-
nary arteries, but the bradycardia induced by VP re-
mained unchanged.

For the study of direct effects of OVP and the V,
antagonist, the perfusion pressure, the contractile force,
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F1G. 4. Coronary vasoconstriction induced by various VP analogues
alone and in the presence of V, antagonist. [J, agonist alone; ll, agonist
in the presence of d(CH,);Tyr(Me)AVP; error bars, SEM; *, statisti-
cally significant difference (Student’s ¢ test: Laszl6 et al., 1988).
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F1G6. 5. Effect of V, antagonist on perfusion pressure changes in-
duced by OVP in isolated heart. Error bars, SEM; *, significant differ-
ence; **, highly significant difference (Student’s ¢ test; Laszl6 et al.,
1988).

and the heart rate were measured using the isolated,
perfused Langendorff heart preparation (fig. 5). Different
doses of the OVP and the antagonist d(CH;)sTyr(Me)-
AVP were administered in the perfusion solution. A
linear increase in the perfusion pressure was observed
after OVP administration. A small dose of antagonist
(0.2 ng) did not influence the change in the perfusion
pressure, whereas larger doses (2.0 and 20.0 ng) signifi-
cantly reduced the perfusion pressure increase induced
by OVP. No substantial differences were seen in either
the contractile force or the heart rate after the adminis-
tration of OVP. On the basis of our results, we can
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conclude that this V, antagonist can prevent the VP-
induced coronary vasoconstriction. A similar conclusion
was drawn by Kopia and Volocir, (1985).

3. Renal circulation. Study of the effects of VP on the
renal haemodynamics is of great importance for two
reasons: (a) VP influences regional circulation and,
hence, the renal circulation and (b) the water metabolic
effect of VP proceeds through the kidney. The attempts
of a large number of investigators to describe the role of
VP in the control of the renal haemodynamics have been
frustrated by many problems. The interpretation of the
experimental data is hindered by the complex interaction
that exists among VP, the volume and electrolyte state,
the nervous system, and other renal and extrarenal hor-
mones. Another major problem has been the lack of a
reliable experimental model. It is generally agreed that
animals in which endogenous VP is excluded by section-
ing the hypothalamoneurohypophyseal tract, although
useful, are not ideal models. In these animals, many of
the physiological parameters, e.g., the renal haemody-
namics, may not be normal. To avoid this complication
introduced by anaesthesia and postsurgical stress
(Walker et al., 1983), trained, conscious, chronically in-
strumented Brattleboro rats were used in recent experi-
ments. A great improvement was achieved by application
of the Doppler technique for the direct measurement of
the regional blood flow (Haywood et al., 1981; Gardiner
and Bennett, 1989).

Almost 20 years ago, a new method was introduced for
the measurement of the intrarenal distribution of blood
flow (Ladefoged and Munck, 1971; Thurau and Levine,
1971). The uptake of '*'I-labeled human serum albumin
was used as an index of regional perfusion in the isolated
rat kidney, and the effects of AVP and OVP were studied
(Cross et al., 1974). In this experimental model, the
papillary perfusion decreased after the administration of
AVP and OVP. However, the total renal perfusion was
reduced only by the administration of high doses of
hormone. A similar observation was described by Liard
et al. (1982), who measured the regional blood flow with
radioactive microspheres in conscious dogs during VP
infusion. The renal blood vessels proved one of the most
resistant regions when the regional blood flow changes
were determined during the 1-h VP infusion.

VP may exert long-term effects on the renal haemo-
dynamics, in spite of the insensitive responsiveness to
the acute vasoconstrictor effect of VP. It is well known
that Brattleboro homozygous rats have a lower GFR and
ERPF than do Long-Evans rats (Gellai and Valtin, 1979;
Gellai et al., 1984). Treatment with AVP for a few hours
did not affect the renal haemodynamics, whereas pro-
longed administration resulted in a 50% increase in both
GFR and ERPF (Gellai et al., 1983, 1984; Gellai, 1985;
Valtin, 1987).

The role of VP in the control of the renal haemody-
namics may be best elucidated through the use of VP

antagonists. Aisenbrey et al. (1981) reported that rats
deprived of water for 24 h and treated with V, antagonists
exhibited a significant decrease in BP, as well as an
increase in renal blood flow. This observation is of inter-
est because the kidney is one of the vascular beds least
sensitive to the acute vasoconstrictor action of VP, which
can be due to the autoregulation of renal blood flow
(Liard et al., 1982). It may suggest that the renal hae-
modynamic effects observed in this study are not entirely
due to the blockade of the VP effects at the vascular
receptors (Liard, 1985). The influence of V, and V,
antagonists on the GFR and ERPF of normal Long-
Evans rats was studied by Gellai et al. (1984, 1985).
There was no significant change in either parameter
when the antagonists were given separately. However,
there was a 36% reduction in the GFR during the joint
(V, and V) vascular and tubular blockade. The ERPF
was not affected. Similar results were obtained in another
group of rats whose ERPF was measured with an im-
planted Doppler flow probe.

From these results, it would seem that VP antagonists
may provide us with at least partial answers. These
observations of selective VP antagonists indicate that
(a) in normally hydrated rats VP plays an important role
in the control of the GFR and (b) the mechanism of this
control involves some interaction of the vascular-glo-
merular and antidiuretic effects of VP.

The actions of AVP have been ascribed to two distinct
cellular mechanisms, mediated by different AVP recep-
tors (Michell et al., 1979). The vasopressor and glycogen-
olytic activities of AVP (V, receptor) are associated with
an increase in cytosol-free calcium and phosphoinositide
hydrolysis. Antidiuretic activities (V. receptor) are ini-
tiated by an increase in intracellular cAMP. It is appar-
ent that two opposing influences of AVP on renal med-
ullary blood flow could come into play (Kiil and Aukland,
1960; Jamison et al., 1971). A vasoconstrictor action of
AVP on the vasa recta would reduce blood flow. The
antidiuretic action of AVP on the collecting tubules
would increase water reabsorption. The consequent in-
crease in water uptake by these vasa recta should increase
medullary blood flow. Jamison et al. (1988), using a
fluorescence video-microscopic method, studied the ac-
tions of AVP and its various V, and V, receptor antago-
nists on medullary blood flow. The results showed that
AVP reduces vasa recta blood flow both directly, by its
pressor action, and indirectly, presumably by reducing
the amount of water delivery to the papilla for capillary
uptake. Their findings indicate that there are receptors
for both the pressor (V,) and the antidiuretic (V) actions
of AVP in the kidney and that both mediate the effect
of AVP on medullary blood flow.

From the data referred to above we can conclude that
VP plays an important role in the maintenance of the
BP (Cowley et al., 1974, 1980, 1981c; Laycock et al., 1979;
Malayan et al., 1980; Schwartz and Reid, 1981, 1983;
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Zerbe et al., 1982a). After severe bleeding or dehydration,
the secretion of VP is increased (Ginsburg and Brown,
1956; Sachs et al., 1967; Chien and Usami, 1974; Aisen-
brey et al., 1981; Andrews and Brenner, 1981; Schwartz
and Reid, 1981, 1983). This is of importance in the
correction of hypotension or the restoration of BP (Lay-
cock et al., 1979; Altura, 1980; Cowley et al., 1980; Aisen-
brey et al., 1981; Andrews and Brenner, 1981; Schwartz
and Reid, 1981, 1983; Rundgren et al., 1982; Zerbe et al.,
19824, 1983; Al-Omar Azzawi and Shirley, 1984).

A similar mechanism can be presumed to be involved
in the bleeding that may occur as a complication of child
bearing in human beings. During pregnancy, the oestro-
gen level is increased, and this increases the sensitivity
of the renal arteries to the vasoconstrictive effect of VP
(Byrom, 1937, 1938; Byrom and Pratt, 1959; Lloyd and
Pickford, 1961, 1962; Honoré, 1962a,b; Laszlo, 1981).
The marked renal vasospasm is responsible for the de-
velopment of renal cortical necrosis. Therefore, it is of
great importance to examine how a V, antagonist influ-
ences the increase in BP and vascular resistance induced
by VP.

The effects of VP on renal haemodynamics were stud-
ied in an experimental model of renal cortical necrosis.
In previous experiments, we demonstrated that VP in-
duced renal cortical necrosis in rats after oestrogen pre-
treatment (Kovécs et al., 1964; Laszl6, 1981). Our obser-
vations revealed that the oestrogen sensitizes the renal
arteries to the pressor effect of VP, a pronounced renal
vasospasm develops, and a considerable proportion of
the renal cortex undergoes necrosis as a consequence of
the hypoxia (Kovacs et al., 1965; Kocsis et al., 1979;
Laszlo, 1981).

Histochemical and electron microscopic methods were
recently applied to examine how the VP antagonist
d(CH,)sTyr(Me)AVP influences the development of this
renal cortical necrosis. The experiments revealed that
VP did not induce hypoxia or necrosis in the renal
tubules if the antagonist was administered simultane-
ously, even after oestrogen pretreatment (Kocsis et al.,
1987a). Disturbance of the renal cortical circulation was
convincingly proven by our haemodynamic experiments
(fig. 6). The systemic BP was increased in oestrogen-
pretreated rats 30 min after VP administration. A small
decrease in cardiac output was detected in all VP-treated
rats. One-half or 1 h after VP administration to rats
pretreated with oestrogen, the renal blood flow was sig-
nificantly decreased, whereas the vascular resistance was
substantially increased. The V, antagonist prevented
these changes almost completely, and the renal blood
flow and vascular resistance became nearly normal after
injection of the antagonist.

These results were supported by our angiographic ex-
periments in which we localized the renal vasospasm
(Kocsis et al., 1987b). After VP administration, a marked
spasm occurred in the larger renal arteries, the arterio-
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F1G. 6. Effect of V, antagonist on renal haemodynamic changes
induced by oestrogen and VP administration. [J, control (n = 15); B,
oestron + VP 0,5 h (n = 12); W, oestrogen + V, antagonist + VP 0.5 h
(n = 10); B, oestrogen + VP 1 h (n = 10); I, oestrogen + V, antagonist
+ VP 1 h (n = 10); error bars, SEM; *, significant difference; **, highly
significant difference (Student’s ¢ test; Laszl6, 1981).

venous time increased, and parenchymal filling became
defective. The renal circulation remained undisturbed if
the V, antagonist was administered simultaneously. The
results suggest that the VP antagonists prevent renal
vasospasm after VP administration in rats pretreated
with oestrogen. We conclude that treatment with the
pressor antagonist may, in the future, be an important
means of preventing human renal cortical necrosis.

4. Gastric circulation. Many results demonstrate a sig-
nificant role of VP in the regulation of gastric circulation.
According to Altura (1975), a physiological concentration
of AVP (as low as 10 pg/ml) elicited a detectable vaso-
constriction in the mesenteric vessels of normally hy-
drated rats. The arterioles exhibited a 5% decrease in
lumen diameter after topical application of VP at this
concentration, which represents a 20% increase in the
resistance of this segment of the circulation (Altura,
1973). The vasoconstrictor responsiveness to VP appears
to increase progressively as the vessel size decreases
(Altura, 1970).

Charocopos et al. (1982) found that the stimulation
of endogenous VP release with hypertonic saline in
anephric rats led to a decrease in the blood flow
to the gastrointestinal tract. This change was corrected
by administration of the vasopressor antagonist
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d(CH,)sTyr(Me)AVP. In diuretic-induced volume deple-
tion, VP appears to play a major role in the intestinal
vasoconstriction that has been observed in cats (McNeill,
1974). Schmitt et al. (1981) demonstrated in dogs that
VP was involved in the decrease in mesenteric conduct-
ance that results from volume loss. Earlier, Pang et al.
(1979) reported that intravenous infusion of the VP
antagonist deaminopenicillamine-4-valine-8-DAVP in-
hibited the mesenteric vasoconstrictor response to AVP
in cats, but the antagonist initiated little or no vasodi-
lation when administered alone to hypophysectomized
cats.

During haemorrhage in dogs, Rocha e Silva and Ro-
senberg (1969) reported that VP secretion was sufficient
to contribute to BP regulation. McNeill et al. (1970)
found that a substantial vasoconstriction occurred in the
mesenteric circulation during haemorrhage and that a
normal pituitary function was needed to maintain this
vasospasm. Later, Pang (1983) demonstrated that hy-
potension induced by haemorrhage caused significant
decreases in the mean arterial pressure and cardiac out-
put and a significant increase of the total peripheral
resistance. As a result of the reductions in arterial pres-
sure and cardiac output due to blood loss, it was expected
that a reflex vasoconstriction would occur as a result of
the release of various vasoconstrictor agents (VP, cate-
cholamines, angiotensin, etc.), causing various degrees of
vasoconstrictor influence in different vascular beds.
They found that the relative distribution of the cardiac
output to different organs was changed after haemor-
rhage; significant decreases in the percentage of distri-
bution of the cardiac output were observed in the stom-
ach and skin, small decreases in the coecum and colon,
and significant increases in the liver, testes, and brain.
This suggests that the vasoconstrictor influence of hae-
morrhage was most pronounced in the vascular bed of
the stomach. d(CH,)sTyr(Me)AVP administration sig-
nificantly increased the percentage of distribution of the
cardiac output to the stomach and to other organs. This
shows variability in response to the VP antagonist in
different vascular beds and suggests that, following hae-
morrhage, endogenously released VP contributed signif-
icantly to the maintenance of the arterial pressure and
blood flow distribution and exerted a considerable vaso-
constrictive influence in vascular beds of different or-
gans. In this respect, the question arises of whether or
not the vasoconstriction obtained is beneficial.

Errington and Rocha e Silva (1974) showed that, fol-
lowing severe haemorrhage, dogs died with typical lesions
of haemorrhagic shock. In contrast, dogs with surgically
induced VP deficiency survived. It was concluded that a
less pronounced mesenteric vasoconstriction occurred in
the absence of VP, with less ischaemic anoxia of the
intestines as a consequence. On the other hand, Altura
(1980) reported that rats with diabetes insipidus are

extremely sensitive to haemorrhagic shock and also to
bowel ischaemic shock.

We recently studied the effects of VP and its antago-
nist on the gastric circulation (Laszlo et al., 1990). It is
known that physiological doses of VP cause vasoconstric-
tion in the intestinal tract (Liard et al., 1982). High doses
of VP produced a significant vasospasm in the stomach,
with mucosal damage secondary to ischaemia (Ritchie,
1975). Gastric mucosal injury develops in a haemorrhagic
shock model (Kivilaakso et al., 1978; Moody et al., 1978;
Leung et al., 1985). VP apparently plays an essential role
in generating mesenteric vasoconstriction following hae-
morrhage (McNeill et al., 1970; Stark et al., 1971). The
presence of VP receptors in the mesenteric vascular beds
suggests its pathophysiological importance (St.-Louis
and Schiffrin, 1984). These data prompted us to study
the role of VP in gastric cytoprotection, which means
the prevention of chemically induced (ethanol, HCI,
NaOH) haemorrhagic gastric erosions without inhibition
of acid secretion (Robert, 1979; Silen, 1988; Robert et
al.,, 1989). The number of gastroprotective agents is
steadily increasing (somatostatin, prostaglandin, sulphy-
dryl, etc.), but how they act is not fully understood. The
presence or absence of vascular endothelial damage and
increased vascular permeability are well-known control-
ling factors in gastric mucosal injury or protection
(Leung et al., 1985; Szabo et al., 1985).

First, we analysed how VP deficiency influences gastric
mucosal injury. A dose of 1 ml of 75% ethanol was
administered through a gastric tube into the stomach of
intact female Brattleboro rats (basic study) and after the
pretreatment with LVP (a V, and V; agonist) or dDAVP
(a selective V, agonist). One hour later, the rats were
killed, and the stomach was removed after laparatomy,
dissected along the greater curvature, stretched out, and
photographed. The areas of the eroded parts (petechiae,
haemorrhagic streaks, confluent haemorrhage) and the
total mucosa were determined planimetrically, and the
ratio of the two was calculated and expressed as a per-
centage. The degree of the cytoprotection was calculated
according to the protective index formula: 100 [1 — (x/
x.)] £ 100 (SEM/x.), where x = the average total area of
the lesions in the treated rats and x. = the corresponding
area in the control group. A positive value meant protec-
tion; a negative one meant aggravation of the extent of
the lesions compared to the controls.

In the basic study (fig. 7), the rats received ethanol
alone. The degree of protection was 80% in the homo-
zygous Brattleboro rats, compared with very low levels
in the Wistar and heterozygous rats. The same type of
rats were treated with LVP or dDAVP before ethanol
administration. The gastric lesions were significantly
more extensive in LVP-pretreated Wistar and Brattle-
boro heterozygous rats. The Brattleboro homozygous rats
displayed the basic control findings of gastric haemor-
rhage. dDAVP caused no change in the basic situation.
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F1G. 7. The role of VP in gastric cytoprotection. O, Wistar rats (n
= 10); B, Brattleboro heterozygous rats (n = 10); @B, Brattleboro
homozygous rats (n = 10); error bars, SEM; *, significant difference;
**, highly significant difference (Student’s ¢ test; Laszlo et al., 1991).
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F1G. 8. V, antagonist protects the rat gastric mucosa against 75%
ethanol-induced injury. O], Wistar rats (n = 10); I, Brattleboro heter-
ozygous rats (n = 10); error bars, SEM; *, significant difference;
(Student’s ¢ test; Laszl6 et al., 1991).
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Later, we studied the effect of the V, antagonist
d(CH,)sTyr(Me)AVP and the V, antagonist d(CH;)s D-
Tle?,I1e*AVP on the development of ethanol-induced gas-
tric lesions. The results are shown in fig. 8. The V,
antagonist was found to be gastroprotective in Wistar
and Brattleboro heterozygous rats, whereas the V, an-
tagonist had no effect in our model. Finally, we studied
(Laszl6 et al., 1989) a possible connection between the
rates of development of the mucosal lesions and the

plasma VP levels, while the blood ethanol content was
measured in parallel (fig. 9). The gastric lesions appeared
in the first minute and were completed at 30 min. The
blood ethanol reached the maximum level at 15 min and
then decreased slightly. The AVP plasma concentration
started to increase at 15 min, attained the maximum at
30 min, and maintained this level up to 60 min. It is well
known that ethanol suppresses the release of VP and
causes diuresis generally, but in ethanol-intoxicated
states the opposite has been observed in humans: the
plasma VP concentration increased significantly if the
volunteers consumed a high dose of ethanol (Linkola et
al., 1978). In our experiments, the same phenomenon
was detected.

In conclusion, endogenous VP had been found to play
an important role in the pathomechanism of ethanol-
induced gastric haemorrhagic erosions. A VP deficiency
and the V, antagonist exerted similar gastric protection
during the mucosal microcirculatory disturbance due to
the vasospasm caused by VP. V, antagonists may offer
new perspectives in the treatment of peptic ulcer disease.

B. Role of V, Antagonists in Water Metabolism

1. Effects of V, antagonists on the antidiuretic action.
The recent discovery and characterization of competitive
VP antagonists have provided new tools with which to
probe the scope and diversity of antidiuretic mechanisms.
In this respect, the most important problem is that no
selective V, antagonists are available; all V, antagonists
have a V, antagonist effect as well. Some V; antagonists
such as d(CH,)s;Tyr(Et) VAVP, also display V, agonistic
activity. In the discussion of the results relating to V,
antagonist studies, we drew attention to these problems
(section IL.D).

These antagonists are capable of blocking the antidi-
uretic effects of exogenous AVP (Sawyer et al., 1981b;
Ishikawa et al., 1983; Laszlo et al., 1984a,c; Schrier and
Kim, 1984). The V, antagonist d(CH,)sTyr(Et) VAVP
decreases the antidiuretic action of exogenous VP in
Brattleboro homozygous rats (fig. 10). AVP decreases
the urinary output in a dose-dependent manner. The
administration of the V. antagonist before the AVP
injection moderated the diuresis inhibition considerably.
Acute administration of this compound to dehydrated or
normally hydrated rats induced a marked increase in the
urine volume and a reduction in the urine osmolality (fig.
11). The maximum level of polyuria occurred in the
second hour. In this period, the quantity of urine attained
the level typical for homozygous Brattleboro rats. The
diuretic action of the antagonist is temporary; after 4 h
the urinary osmolality returned to the normal level. The
urinary osmolality varies accordingly. It is decreased by
a V; antagonist in a dose-dependent way. On the other
hand, it has been reported that an acute V. receptor
blockade had no effect in water-loaded rats or in rats
with VP deficiency (Kinter et al.,, 1984a,b; Mah et al.,
1986).
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F1G. 9. A time relation study of plasma AVP, blood ethanol, and the territory of 75% ethanol-induced gastric lesions in rats (n = 10). O, area
of lesions; O, ethanol level; @, plasma AVP level; error bars, SEM; *, significant difference; (Student’s ¢ test; Lészl6 et al., 1989).
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F1G. 10. Percentage of change in urine excretion in response to VP

antagonist (n = 10). O, AVP; @, AVP +V, antagonist; error bars, SEM
(Liszl6 et al., 1984a).

Chronic administration of the V. antagonist
d(CH;)sD-Tyr(Et)VAVP to normal Sprague-Dawley rats
induced an increase in urine output and a decrease in
urine osmolality on the first day of treatment (Hofbauer
et al., 1985). The water intake increased significantly to
values similar to those observed in Brattleboro rats.
However, during the following days the water intake
progressively decreased and it normalized by the end of
1 wk. The mechanisms causing the normalization of
water balance during a continuous V, blockade are not
clearly explained, but an agonistic effect of the antago-
nist might be involved (Hofbauer et al., 1985). The
agonistic effects may be more easily detected in rats
lacking endogenous AVP. Hofbauer et al. (1985) dem-
onstrated an intrinsic antidiuretic activity of this com-
pound when it was infused for several days in Brattleboro

homozygous rats. In these experiments, the antagonist
normalized the water intake to the same degree as did
exogenous VP. This effect persisted throughout the
period of administration and for several days after the
treatment had been stopped. A partial agonist action also
was supported by other research groups (Vilhardt and
Lundin, 1987; Kinter et al., 1988; Mah et al., 1988).

Recently, Szczepanska-Sadowska et al. (1987) studied
the effects of the central administration of a V; antago-
nist to investigate how it influences thirst. Observations
of the osmotic thirst threshold, the osmotic load excre-
tion, and postloading restitution of the plasma osmolality
were made in dogs, both in control experiments and
during the infusion of V. antagonists into the third
ventricle. A significant elevation of the osmotic thirst
threshold could be elicited by the administration of var-
ious V, antagonists. This treatment was associated with
a significant suppression of the postloading water intake
and osmotic load excretion and with a delay in restitution
of the plasma osmolality. These observations indicate
that centrally released VP may participate in the control
of thirst and that this central effect of VP can be blocked
by V. antagonists.

It is well known that a higher AVP plasma level has
been implicated in impaired water excretion in adrenal
insufficiency (Schrier and Bichet, 1981; Laczi et al.,
1987). Acute treatment with a V, antagonist improved
the ability of mineralo- or glucocorticoid-deficient rats
to excrete a water load (Ishikawa and Schrier, 1982,
1984). This indicates that the impairment of their renal
diluting capacity was at least partly a consequence of the
increased plasma AVP level. The impaired water excre-
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F1G. 11. Effect of V; antagonist on urine excretion and osmolality
(n = 10). A, physiological NaCl; O, 10 ug/kg antagonist; @, 30 ug/kg
antagonist; (], Brattleboro homozygous untreated rats; error bars, SEM
(Laszl6 et al., 1984a).

tion of rats with inferior vena cava constriction was
completely normalized following the administration of a
V. antagonist (Ishikawa et al., 1986). In DOCA-salt
hypertensive rats, the acute administration of a V; an-
tagonist increased the urinary output but did not de-
crease BP any more strongly than did a V, antagonist
(Hofbauer and Mah, 1987).

These observations suggest that the antihypertensive
effects of the V, antagonist were entirely attributable to
the V, receptor blockade. On the other hand, chronic
treatment with a V, antagonist almost completely pre-
vented any increase in BP during the development of
DOCA-salt hypertension (Hofbauer et al., 1984a). After
1 month of treatment the BP in rats receiving the V,
antagonist was approximately 40 mm Hg lower than that
in DOCA-salt hypertensive rats without antagonist and
25 mm Hg lower than that in rats treated with a selective
V, antagonist. These observations suggest that VP con-
tributes to the development of DOCA-salt hypertension,

LASzLO, LASZLO, AND DE WIED

not only through its vascular effect but also through its
renal tubular (aquaretic) effect. However, rats treated
with a V, antagonist developed severe hypernatriaemia
and exhibited a poor general condition, which might have
resulted in a nonspecific lowering of the BP (Hofbauer
et al., 1984a).

2. Prevention of hyponatriaemia and cerebral oedema
by V, antagonists. Whereas the primary effect of VP
antagonists is to increase the free water clearance, in-
creases in renal solute excretion have been reported. In
rats, all aquaretic (V) antagonists tested by Kinter et al.
(1984a, 1986) were associated with modest, but statisti-
cally significant, increases in renal sodium excretion.
The excretion rates associated with V; antagonist admin-
istration exceeded those associated with similar changes
in urine flow rates stimulated by water loading (Kinter
et al.,, 1985, 1987). It is possible that the increase in
electrolyte excretion reflects antagonist inhibition of VP-
dependent salt reabsorption. However, this effect of the
V. antagonist has a species specificity. No increases in
renal electrolyte excretion were observed in association
with the administration of V, antagonists in dogs (Kinter
et al., 1984b) or squirrel monkeys (Kinter et al., 1985,
1986). In accordance with this observation, a severe
hypernatriaemia developed after the chronic administra-
tion of V; antagonists (Hofbauer et al., 1985).

The role of VP in SIADH is well established (Kinter
et al, 1985). The syndrome was first described by
Schwartz et al. (1957) in connection with bronchial car-
cinoma. The presence of elevated levels of VP has now
been reported in hyponatriaemic patients (Anderson et
al., 1985) and has been confirmed by others (Gross et al.,
1986, 1987). Ever increasing significance is attributed to
SIADH, which involves water retention, hypernatriuria,

hyponatriaemia, and cerebral oedema (Edwards, 1977).

The diagnosis of SIADH does not generally cause diffi-
culty but adequate treatment of the syndrome is a prob-
lem that has not yet been solved.

A rat model of SIADH was created by the administra-
tion of a high dose of a long-acting VP preparation
(pitressin tannate) together with forced water intake
(Laszl6 et al., 1984b). Without hydration to substitute
for the daily water consumption, even a high dose of VP
preparation does not give rise to water intoxication,
which is the essence of SIADH (Laszl6 and Balaspiri,
1986). We have investigated whether the V, antagonist
d(CH;)s;Tyr(Et)VAVP can prevent water intoxication
(Laszlo et al., 1984D).

Considerable water retention can be observed follow-
ing the administration of a large dose of posterior pitui-
tary hormone (fig. 12). When the antagonist was simul-
taneously administered, water retention could be pre-
vented. The osmolality of the urine of pitressin-treated
animals was increased 3-fold on the first day after treat-
ment and decreased the mean level of the control on the
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Fi6. 12. Effect of V; antagonist on urine excretion and osmolality
of rats treated with pitressin (n = 10). O, untreated; @, pitressin; O,
pitressin + antagonist; error bars, SEM (Laszl6 et al., 1984b).

fourth to fifth day of the therapy. The V., antagonist
abolished the change in the urinary osmolality.

In response to pitressin administration, the sodium
excretion (fig. 13) increased considerably on the first day
after treatment and subsequently decreased progres-
sively, reaching the control levels on the fifth day. The
antagonist substantially moderated the elevated natri-
uresis. Corresponding changes were observed in the
serum sodium level (fig. 14). In response to the VP
preparation (with forced hydration), the serum sodium
level started to decrease on the first day of treatment.
The hyponatriaemia later became more marked, the so-
dium levels declining to <100 mmol/liter by the end of
the experimental period. One-third of the animals died
within 5 days of treatment.

In rats that received V, antagonist together with pi-
tressin, only a moderate decrease in the serum sodium
level was found; this occurred on the third to fifth days
of treatment. These animals tolerated the treatment well.
At the end of the experimental period, the serum osmo-
lality and cerebral water content were determined (table
3). In pitressin-treated rats, the serum osmolality was
decreased significantly, whereas the weight of the brain
was higher because of its increased water content. By
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F1G6. 13. Effect of V; antagonist on sodium excretion of rats treated
with pitressin (n = 10). O, untreated; @, pitressin; J, pitressin +
antagonist; error bars, SEM (Laszl6 et al., 1984b).
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F1G. 14. Effect of V. antagonist on serum sodium level of rats
treated with pitressin (n = 10). O, untreated; @, pitressin; [J, pitressin
+ antagonist; error bars, SEM (Laszlo et al., 1984b).

- =

means -of administration of a V. antagonist, these
changes could be prevented completely. A similar obser-
vation was reported by Dytko and Kinter (1986).

We induced water intoxication in rats in the same
manner by administering a high dose of dDAVP instead
of pitressin (Laszlo and Balaspiri, 1986). The treatment
led to water retention, hypernatriuria, hyponatriaemia,
and severe cerebral oedema. These alterations could be
prevented by the simultaneous administration of
d(CH,)sTyr(Et)VAVP. Additionally, established hypon-
atriaemia was corrected following the acute administra-
tion of as little as 20 ug/kg of d(CH,)sDTyr*(Et)-
Val‘desGly’AVP to conscious rats. These observations
seem rather important in human cases because the use
of dDAVP is so widespread in the treatment of diabetes
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TABLE 3
Effect of vasopressin antagonist on serum osmolality and water content of brain in rats treated with pitressin

. Blood Serum . Water content of
No. of Body weight . Weight of .
Groups N pressure osmolality s brain (mg/100 mg
enimals ® (mm Hg) (mOsm/kg) brain (g) wet weight)
1 Untreated 10 180.7 + 7.1* 1176 £ 7.3 285.0 + 20.7 1.66 £ 0.11 7%0+1.1
2 Pitressin 10 198.2 + 12.3 1156 £ 4.5 236.2+11.3' 1.87 £ 0.13' 78.1 £ 0.6'
3 Pitressin + antagonist 10 187.0 + 10.6 122.6 £ 5.1 275.4 + 16.9 1.57 £ 0.10 745+13
* Mean + SEM.

P < 0.05 compared with untreated rats (Student’s ¢ test).

insipidus and urinary incontinence. The correction of
experimental hyponatriaemia with the VP antagonist is
rapid and predictable, as compared with the slow onset
and associated risks of demeclocycline (Forrest et al.,
1978; Kinter et al., 1985) and the potentially unpredict-
able nature and risks of hypertonic saline (Ayus et al.,
1985a,b).

The role of central VP in the regulation of brain water
content is now under investigation in several laborato-
ries; VP has been implicated in the pathogenesis of
experimental brain oedema (Doczi et al., 1984; Laszlo et
al., 1984b; Laszl6 and Balaspiri, 1986; Reeder et al., 1986)
and a central V, receptor mechanism has been postulated
(Rosenberg et al., 1986). Central administration of a V,
antagonist has been reported to attenuate vasogenic
brain oedema in cats (Weinand et al., 1990). In rats with
ischaemia of the forebrain resulting from occlusion of
both common carotid arteries for 4 h, the observed in-
creases in brain water were significantly reversed by the
injection of the V., antagonist d(CH;)sD-Ile’lle*AVP
(Tang and Ho, 1988). Doczi et al. (1990) reported that
significant cerebral oedema induced in rats by artificial
cerebral bleeding was significantly reduced by the same
V. antagonist, suggesting a new approach to the treat-
ment of cerebral oedema.

C. Role of Vasopressin Antagonists in the Release of
Adrenocorticotrophic Hormone

The first demonstration of the existence of CRF was
reported by Saffran and Schally (1955), and then by
Guillemin (1955). It was initially suggested that VP was
identical with CRF (Martini and Morpurgo, 1955; Mc-
Cann, 1957). There was good evidence for this view,
because stress causes the release of both VP and ACTH,
the median eminence is in close contact with nerves of
the supraopticohypophyseal tract, and neurosecretory
substances have been observed to enter the pituitary
portal vessels. This hypothesis was strengthened by the
observations that the VP enhances adrenocortical activ-
ity in normal, but not hypophysectomized, rats (De Wied,
1961) and that some responses to neurogenic stress were
decreased after removal of the neurohypophysis (Smelik
et al., 1962).

The participation of VP in the secretion of ACTH in
the rat has been extensively studied. VP releases ACTH
from cultured pituitary cells or pharmacologically

blocked (treated with Nembutal, morphine, and dexa-
methasone) rats but exhibits a lower potency and intrin-
sic activity than does CRF itself (Vale and Rivier, 1977;
Aizawa et al., 1982; Rivier and Vale, 1983a; Vale et al.,
1983). The stimulatory effect of VP was recognized long
after the establishment of the pressor and antidiuretic
effects of VP. Given this temporal sequence of discover-
ies, it is not surprising that there have been a number of
attempts to relate the more recently discovered effects
to the classic effects on vascular beds and renal tubules.
This has most often been done by comparing the poten-
cies of VP and a number of its analogues in eliciting
various effects.

These studies span a period of 20 years and both in
vivo and in vitro approaches were used, but almost always
rats were used. Some of these reports, in vitro (Pearl-
mutter et al.,, 1974) and in vivo (De Wied et al., 1951;
Aizawa et al., 1982; Laszlo et al., 1983), suggest that the
ACTH-releasing potency of VP and its analogues is
correlated with pressor activity. However, other studies
(Doepfner et al., 1963; Arimura et al., 1969; Knepel et
al., 1984a), including one that was carried out in humans
(Andersson et al., 1972), failed to show such a correlation.
Certainly, it is possible that a given series of analogues
might demonstrate a positive correlation between these
two variables, and another series might not. Thus, the
safest categorical conclusion is that these two types of
effects are not related (Jones and Gillham, 1988).

This is the same conclusion as that drawn from com-
parisons of ACTH-releasing and antidiuretic activity.
This time virtually complete agreement exists among the
publications from different laboratories (Arimura et al.,
1969; Andersson et al., 1972; Aizawa et al., 1982; Knepel
et al., 1984a) that the potency of VP analogues in rela-
tionship to other members of pro-opiomelanocortin (8-
lipotropin, 8-endorphin) is also quite independent of the
pressor or antidiuretic potencies. Knepel et al. (1984b)
studied the CRF-41 potentiating effect of VP analogues
and found that (if only the ACTH-releasing effect was
considered) there was no correlation with either pressor
or antidiuretic effects.

To resolve this issue, specific VP antisera and VP
antagonists were used to block the CRF-like activity of
VP. Carlson et al. (1982) reported that the ACTH release
evoked by electrical stimulation of the paraventricular
nucleus can be inhibited by the intracerebroventricular
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administration of VP antiserum. In similar experiments,
Carlson and Gann (1984) demonstrated that the intra-
cerebroventricular administration of VP antiserum in-
hibited the ACTH response to the stress of haemorrhage,
but only in dexamethasone-pretreated rats. The inhibi-
tion of stress-induced ACTH secretion by passive im-
munization has also been examined by Linton et al.
(1985). In this experimental series, an antiserum against
LVP or CRF-41 was administered systematically. The
ACTH responses to restraint or formalin stress were
greatly decreased by the CRF-41 antiserum and, to a
lesser extent, by the VP antiserum.

The same rationale has been applied in studies in
which VP antagonists were administered instead of anti-
sera. When V, antagonists were tested for their ability
to decrease stress-induced ACTH secretion, Rivier and
Vale (1983b) showed that such antagonists will inhibit
the ACTH response in ether-stressed rats, but only in
the later phase of the response (after 10 min). On the
other hand, Morméde (1983) found that the same antag-
onists failed to inhibit the ACTH release in response to
a novel environment, even though it did block the ACTH
response to exogenous VP. He suggested that these re-
sults may argue against physiological significance for VP
in stress-induced ACTH secretion, but he also recognized
the possibility that extrahypophyseal effects of VP may
be involved. The latter consideration has been supported
by the findings of Baertschi et al. (1984), who showed
that V, antagonists do not inhibit the direct pituitary
stimulation of ACTH by VP in vitro. This observation
also revealed that, even though the antagonists did not
reduce the ACTH stimulatory effect of VP, they did
inhibit its CRF-potentiating effect in pituitary cultures.
This would imply some influence on V, receptors, spe-
cifically in the CRF-potentiating effect of VP, and would
be in agreement with the results of the extensive exam-
inations of this hypothesis by Rivier et al. (1984). These
workers studied the effects of V, and V; antagonists and
found that the former, but not the latter, very signifi-
cantly decreased both the ACTH stimulation and the
CRF response to VP. On the basis of experiments with
VP antiserum and VP antagonists, there is good reason
to believe that endogenous VP is involved both in the
stimulation of ACTH secretion and in the potentiation
of the effect of CRF.

These results have been utilized to answer the question
of whether VP is physiologically involved in the regula-
tion of ACTH secretion. In this case, the answer is
definitely positive. The physiological role of VP in con-
trolling ACTH secretion has been supported by experi-
ments showing that the administration of VP antagonists
decrease the plasma ACTH concentration in ether-
stressed rats (Rivier and Vale, 1983b). These authors
described, in agreement with previous publications (Ar-
imura et al., 1967; Wiley et al., 1974), the significantly

lower ACTH response to stress seen in homozygous
Brattleboro rats.

Because the ability of a large dose of CRF to stimulate
ACTH release was comparable in both homozygous and
heterozygous Brattleboro rats (thereby suggesting that
the pituitary responsiveness to CRF was not significantly
impaired in animals with VP deficiency), it seems rea-
sonable to hypothesize that the absence of synergism
between VP and CRF in homozygous rats was responsi-
ble in part for their diminished pituitary secretion during
stress (McCann et al., 1966; Wiley et al., 1974; Gillies
and Lowry, 1980; Linton et al., 1983). These observations
suggest that VP plays a significant role in regulating the
response of the pituitary-adrenal axis to stress and that,
as previously demonstrated, VP interacts with CRF to
control ACTH release (Portanova and Sayers, 1973;
Yates et al., 1974; Gillies and Lowry, 1979; Beny and
Baertschi, 1982; Gillies et al., 1982; Turkelson et al.,
1982; Rivier and Vale, 1983b; Vale et al., 1983; Knepel
et al., 1984b).

The importance of the interaction between VP and
CRF in promoting ACTH secretion has been studied in
several laboratories. It is known that VP markedly po-
tentiates the action of CRF to increase ACTH secretion
both in vitro (Beny and Baertschi, 1982; Giguere and
Labrie, 1982; Gillies et al., 1982; Turkelson et al., 1982;
Rivier and Vale 1983b; Vale et al., 1983; Knepel et al.,
1984b) and in vivo (Rivier and Vale, 1983a), and it has
been suggested that the strong stimulatory action of VP
in elevating the plasma ACTH level in conscious rats
necessitates the presence of circulating levels of CRF.
This is supported by the weak activity of VP in phar-
macologically blocked rats or in rats whose endogenous
CRF had been neutralized by immunological means.
However, large doses of the VP agonist dDAVP appear
to increase ACTH secretion through its ability to poten-
tiate CRF (Rivier and Vale, 1985). These results strongly
support the hypothesis that CRF is necessary for the
maximal effect of VP on ACTH release.

The involvement of the pituitary receptors in the
stimulatory action of VP on the corticotrophs is still
controversial. Because the peripheral effects of VP on
the circulatory system and water metabolism are me-
diated through V, and V; receptors, respectively (Jard,
1981), a number of investigators have attempted to de-
termine whether the pituitary receptors responsible for
the effects of VP at the hypophyseal level are related to
either V,-like (pressor) or V,-like (antidiuretic) recep-
tors. However, as illustrated by the results presented by
Rivier and Vale (1985), the usefulness of VP antagonists
in studies that seek information concerning the nature
of the pituitary receptors for VP is somewhat restricted
by the complex effects of analogues that exhibit both
inhibitory and stimulatory effects on ACTH secretion.
Using these analogues, several in vitro studies have been
directed at the characterization of pituitary VP receptors
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because, in the experiments in vivo, it could not be
ascertained whether the ACTH and 8-endorphin-releas-
ing activities of the analogues were due to a direct effect
of the pituitary. The observations made by Knepel et al.
(1983, 1984a,b, 1986) and other researchers (Antoni,
1984; Antoni et al., 1984; Baertschi and Friedli, 1985)
suggest that the structural requirements of the anterior
pituitary VP receptor may be different from those of
both V, and V; receptors.

D. Characterization of Vasopressin Receptor Subtypes
with Antagonists

It is generally known that pharmacological regulation
of water metabolism is affected by the diuretics that
increase not only water excretion but also salt excretion.
Because water reabsorption in the kidney is uniquely
regulated by VP, blockade of the antidiuretic activity of
VP could enhance water excretion specifically. Action of
VP antagonists in the human nephron suggests impor-
tant therapeutic implications for specific treatment of
the different pathological states of water retention. In
recent studies of isolated human medullary and papillary
collecting tubules, the VP antagonist completely inhib-
ited the stimulation of adenylate cyclase by VP (Kim
and Schrier, 1985). Similar results have been reported in
the dog (Kinter et al.,, 1984b), the rat (Stassen et al.,
1985), and the monkey (Stassen et al., 1985).

The mechanism of VP action on the target organ has
been studied by different methods. The most convenient
tissue was kidney as a target of an aquaretic agent. The
affinity of compounds for the receptor could be deter-
mined directly via radioligand-binding competition
(Bockaert et al.,, 1973), and agonism and antagonism
could be measured in vitro because the second messenger
is known to be cyclic AMP (Orloff and Handler, 1962;
Anderson and Brown, 1963; Brown et al., 1963; Gran-
tham and Burg, 1966; Morel et al., 1978). When the rank
order of inhibitory potency of VP analogues on the VP-
stimulated membrane adenylate cyclase in rat and mon-
key kidney was compared with the rank order of inhibi-
tory potency on VP-induced contraction of rat aortic
rings, and VP-induced aquaretic activity, a correlation
was found with blockade of the renal VP receptor and
not with antipressor activity.

These findings support the hypothesis that potent
antagonists of renal VP receptors in vitro can induce
aquaresis in vivo. This mechanism does not apply to all
VP-sensitive tissues. In particular, it was shown that VP
stimulates glycogenolysis in isolated hepatocytes without
affecting intracellular cyclic AMP levels. At the same
time experimental data have accumulated to indicate
that an increase in cytosolic free calcium plays an im-
portant role in the glycogenolytic responses to VP (Khoo
and Steinberg, 1975; Shimazu and Amakawa, 1975;
Stubbs et al., 1976; Keppens et al., 1977; Vandenheede
et al., 1977; Van de Werve et al., 1977; Hems et al., 1978;
Keppens and De Wulf, 1979b). It is clear, therefore, that

different VP receptor subtypes can be distinguished on
the basis of functional studies.

Michell et al. (1979) proposed the distinction of two
subtypes of VP receptors. On the basis of their experi-
ments on hepatocytes, the authors concluded, “The stud-
ies on isolated hepatocytes and upon renal membrane by
Hechter et al. (1978) suggest that there are at least two
distinct populations of VP receptors and that they are
functionally equivalent to previously known pairs of
receptors responsive to single ligands. In the hepatocyte,
VP interacts with a receptor population which controls
the cells by bringing about a rise in cytosolic Ca®* con-
centration (Blackmore et al., 1978) and which also stim-
ulates phosphatidyl-inositol breakdown. Functionally,
this receptor is analogous to the a-adrenergic receptor
(Jones and Michell, 1978) and to the H,-histamine re-
ceptor (Jafferji and Michell, 1976), and it would, there-
fore, seem appropriate to name it V,-vasopressin recep-
tor. By contrast, renal VP receptors control adenylate
cyclase and are, therefore, functionally analogous to 8-
adrenergic receptors and H;-histamine receptors, and we
would propose that these should be named V,-vasopres-
sin receptors.”

This terminology is now widely accepted, although
with a slightly different meaning, V; being applied to the
receptors responsible for the antidiuretic effect of VP
and V, for the receptors responsible for the vasopressor
action.

In the course of the past decade, the systematic analy-
sis of successive sites along the nephron where the VP
may regulate the cell function by stimulating the intra-
cellular production of cAMP revealed unexpected find-
ings and thereby raised a series of new questions. The
development of a micromethod designed to measure the
hormone-dependent adenylate cyclase activity in single
and well-localized pieces of tubules (Imbert et al., 1975)
made it possible to investigate the sites along the neph-
ron where VP exerts physiological effects via the intra-
cellular production of cAMP as second messenger. Morel
et al. (1987) reported that VP might exert effects via V,
receptors coupled to cAMP generation, not only in the
cells of cortical and medullary collecting tubules but also
in other epithelial cell types of the nephron, such as
those in the thin ascending limb, the medullary and
cortical portions of the thick ascending limb, and the
early distal convoluted tubule.

It is necessary to mention that other hormones have
also been observed to stimulate adenylate cyclase in some
of these segments. The enzyme present in the rat thick
ascending limb responded to parathyroid hormone, glu-
cagon, calcitonin (Bailly et al., 1980; Torikai et al., 1981;
Morel et al., 1982; Imbert-Teboul et al., 1984), and, to a
lesser extent S-adrenergic agonists (Morel et al., 1979)
and VP (Morel et al., 1987). These observations confirm
that these different hormones stimulate a common pool
of adenylate cyclase in the cortical and medullary thick
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ascending limbs. Consequently, they should elicit the
same biological effects in these structures (Morel et al.,
1982, 1987). There is evidence that the V, receptors
might also be expressed in pig seminal vesicles (Maggi
et al., 1987). VP was shown to inhibit the adenylate
cyclase present in the particulate fraction from human
blood platelets when incubated in the presence of guan-
osine triphosphate and NaCl (Vanderwel et al., 1983).

Abramow et al. (1987) described the main events in-
volved in the increased production of cAMP with phys-
iological and/or pharmacological examples. Several fac-
tors modulate the biological response elicited by VP in
different in vitro systems. Some of them, such as the
adrenal steroids, increase the antidiuretic effects of VP
(Handler et al., 1969; Schwartz and Kokko, 1980). Other
agents, such as ap-adrenergic agonists (Krothapalli et al.,
1983), prostaglandins (Grantham and Orloff, 1968), bra-
dykinin (Schuster et al., 1984), atrial natriuretic hor-
mone, (Dillingham and Anderson, 1986), somatostatin
(Forrest et al., 1980), and acetylcholine (Arruda and
Sabatini, 1980), exert an inhibitory action. Among the
mechanism whereby regulatory agents might modulate
the cellular response to VP are the following (Morel et
al., 1987): (a) an adenylate cyclase inhibition involving
the so-called Ni (inhibiting N protein) subunit of the
guanosine triphosphate-dependent coupling protein
complex (pertussis toxin), (b) a decrease in the cAMP
cell content resulting from phosphodiesterase activation,
and (c) a modulation of the cell response due to an
alteration in cytosol-free calcium concentration. It has
been established for VP that the number of free receptors
in target cell membranes coupled to the occupancy of
these receptors may be reduced when the tissue has been
previously exposed, either in vivo or in vitro, to a high
concentration of the hormone before the measurements
are made. This phenomenon, called down-regulation or
desensitization, results from an increased rate of receptor
internalization when the VP concentration has been
greatly enhanced, i.e., when the fractional occupancy of
the receptors is high. Rajerison et al. (1977) reported
that the VP-sensitive adenylate cyclase activity in the
membrane of the rat kidney medulla is greatly decreased
after the injection or perfusion of pharmacological doses
of AVP to the animals.

Examination of the ligand selectivity of the V, recep-
tors in a number of tissues revealed striking similarities
among these receptors. V, receptors were observed in
aortic smooth muscle cells (Penit et al., 1983; Pearlmut-
ter et al., 1985; Vittet et al., 1986a), mesangial cells (Jard
et al., 1987b), adrenal glomerulosa cells (Guillon and
Gallo-Payet, 1986), synaptosomal membrane from the
hippocampus (Barberis, 1983; Audigier and Barberis,
1985), liver membranes (Cantau et al., 1980), reproduc-
tive organs (Meidan and Hsueh, 1985; Guillon et al.,
1987; Maggi et al., 1988), platelets (Thomas et al., 1983;
Pletscher et al., 1985; Thibonnier and Roberts, 1985;

Vittet et al., 1986b; Launay et al., 1987), human periph-
eral spleen lymphocytes, and monocytes (Block et al.,
1981; Wickramashinghe et al., 1982; Bell et al., 1988;
Torres and Johnson, 1988; Elands, 1989). The same
selectivity was found for ligand binding to VP receptors
expressed in different areas of the central and peripheral
nervous systems (Kiraly et al., 1986; Tribollet at al.,
1988b).

VP target cells usually contain large numbers of spare
receptors (Jard, 1988). The well-established differences
in sensitivity of various VP-sensitive cells to VP mostly
reflect differences in the number of spare receptors
rather than significant differences in the dissociation
constant for VP binding (Jard, 1983a). It is also known
that structural modification of the VP molecule can
influence both its affinity and efficacy. In studies on the
activity of the primary effectors of both VP receptors
(phosphoinositide hydrolysis or adenylate cyclase) a pro-
gressive transition from full agonism to pure antagonism
could be observed in a series of structurally related VP
analogues (Butlen et al., 1978; Jard et al., 1986).

The distribution of the hormone-dependent adenylate
cyclase activity exhibits marked species differences in
certain nephron portions (Morel et al., 1981). Another
problem occurs, depending on the mammalian species
considered; structural modifications of the VP molecule
can change its affinity for VP receptors to quite different
extents. As a consequence, extrapolation of pharmaco-
logical data derived from studies at the receptor level to
the in vivo situation, and vice versa, is hazardous.

New, and sometimes contradictory, data are published,
depending on the methods applied for the determination
of VP receptor capacity and on the various synthetic VP
analogues used to demonstrate VP binding. This is dem-
onstrated in the following discussion of the VP receptor
characterization of the kidney, the brain and antidiuretic
system, and the anterior pituitary.

Extensive pharmacological characterization of VP-
binding sites has led to a clear distinction betwen the
renal V, receptor type with cAMP as second messenger
and the V, receptor with phosphatidyl-inositol as second
messenger (Jard, 1983b). Elegant binding studies of [°H]
AVP binding in the rat kidney and its displacement by
receptor subtype-specific VP analogues excluded the ex-
istence of V,-specific receptor subtypes in the renal cor-
tex (Tribollet et al., 1988a). There is, however, indirect
evidence for the presence of both types of VP receptors
in the rat medulla: VP stimulation of prostaglandin
production in the medullary and epithelial cells is me-
diated by the V; receptor (Wuthrich and Vallotton,
1986).

Recently, Gertsberger and Fahrenholz (1989) studied
the autoradiographic localization of V,-binding sites in
the rat kidney. Replacement of cysteine in position 1 of
VP by Mca, and of the proline in position 7 by sarcosine,
results in the formation of a potent V, antagonist,
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(Mca!,Sar’)AVP, of both in vivo vasopressor activity
(Gazis et al., 1984) and in vitro glycogenolytic activity
(Fahrenholz et al., 1986). This analogue has high binding
affinity for the hepatic V, receptor, but its affinity for
the renal V, receptor is greatly decreased (Fahrenholz et
al., 1984). The introduction of one labeled iodine on
tyrosine in position 2 of the potent V, antagonist
(Mca’,Sar’)AVP did not alter its binding affinity. When
this method was used, V,-specific binding sites could be
demonstrated in the medullary compartment of the rat
kidney (Gertsberger and Fahrenholz, 1989).

Another radioiodinated VP antagonist, Mca'Tyr-
(Me)*NH,°AVP, was prepared by Elands and his co-
workers (1988) and exhibited a high antivasopressor
activity. Iodination was carried out at the phenyl moiety
of the tyrosylamid residue at position 9, followed by high-
performance liquid chromatography purification and
slightly reduced the antivasopressor potency. The VP
antagonist and its iodinated counterpart inhibited [*H])
AVP binding to V, (liver) and V; (kidney medulla) VP
receptors. Consistent with the previous in vivo data, high
affinity for the V, receptor was found. The observation
that the V, receptor-blocking Mca,Tyr(Me)?Tyr-
NH®AVP also binds to renal V, receptors with high
affinity was unexpected but also has been described by
Van Leeuwen et al. (1987), who used a tritiated V,
antagonist.

The presence of a V, receptor in the kidney was
substantiated by another research group (Burnatowska-
Hledin and Spielman, 1989). They found that the rapid
and transient increases in cytosolic free calcium induced
by AVP in the principal cells of the cortical collecting
tubules could be blocked by a V,-specific VP antagonist,
whereas V,-specific analogues did not reveal biological
activity. The evidence for the presence of both V, and V,
receptors in the renal medulla is documented by the
authors cited earlier. Recently, Garg and Kapturczak
(1990) published convincing arguments that V, receptors
are not present in the inner medullary collecting duct
cells but are probably present in the endothelial cells of
the blood vessels and/or interstitial cells of the renal
medulla. It was reported that OT produces diuresis and
increases the fractional excretion of sodium in rats (Bal-
ment et al., 1982; Conrad et al., 1986). It has been
suggested that OT produces these effects not only via
haemodynamic changes in the kidney but also by its
direct effect on the renal tubular cells. Stassen et al.
(1988) identified and characterized specific OT-binding
sites which probably represent the putative OT receptors
of pig kidney cell line (LLC-PK,). Garg et al. (1990)
reported that VP stimulates phosphoinositide hydrolysis
in LLC-PK, cells. However, OT and its agonist analogue
also produced a significant increase in phosphoinositide
hydrolysis in LLC-PK, cells through OT receptors that
may be present in the kidney. It is possible that the renal

tubular cells may respond to VP by their interaction with
OT receptors rather than V, receptors.

The presence of a functional V, receptor system in
neuronal tissue was suggested by extracellular electro-
physiological recordings made in the lateral septum and
hippocampus. Both in vitro (Albeck and Smock, 1988;
Raggenbass et al., 1988) and in vivo (Joels and Urban,
1982) experiments revealed a significant increase in neu-
ronal activity after VP administration. This action was
minimized by the V, agonist (Phe?,0rn®)-vasotocin but
not by a selection of V, agonists (Raggenbass et al.,
1987). The iontophoretic application of AVP to struc-
tures around the proximal part of the third ventricle, a
region important for central control of water metabolism,
also induced neuronal firing rate, and only V, antagonists
were able to block this response (Jeulin and Nicolaidis,
1988).

It was an interesting observation that V,-specific bind-
ing sites could not be determined near the third ventricle,
the VP-producing nuclei, and the neurohypophysis, as
long as these structures were densely labeled with [°*H]
AVP. On the basis of this study, the hypothesis was
proposed that these hypothalamic areas have V,-specific
binding sites. This idea has recently been supported by
Cheng and North (1989), who described reduced release
of AVP from hypothalamic neurons in response to an
increased plasma AVP level through an interaction with
central V, receptors. It cannot be excluded that [PH]AVP
did not bind to a specific receptor entity in the magno-
cellular nuclei or the posterior pituitary (Yamamura et
al., 1983; Junig et al., 1985; Gertsberger and Fahrenholz,
1989) but did to intrinsic neurophysins (Phillips et al.,
1988). Different VP analogues with known binding po-
tencies to neurophysin were applied in pharmacological
studies by Dashwood and Robinson (1988) to displace
[*H]AVP from the rat posterior pituitary. The rank order
of displacement could not be correlated with neurophysin
binding. The presence of real binding sites for VP in the
hypothalamoneurohypophyseal system and their phar-
macological characteristics remain to be elucidated (Van
Leeuwen and Wolters, 1983; Yamamura et al., 1983;
Tribollet et al., 1988b).

Thus, it would appear that a large number of VP
actions are mediated by the same subtype of VP receptor.
An exception to this rule is the CRF-like effect of VP on
ACTH release from the anterior pituitary. A large num-
ber of VP antagonists with a great variability in biological
activity were used to study which relevant VP receptor
is responsible for the CRF activity of VP. Several in
vitro experiments have been directed at the characteriza-
tion of the anterior pituitary VP receptor, because it
cannot be ascertained from in vivo studies whether the
ACTH- and g-endorphin-releasing activity of the ana-
logues is due to a direct effect on the pituitary gland.
These observations suggest that the structural require-
ments of the anterior pituitary VP receptor may be
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different from both V, and V, receptors (Knepel et al.,
1983, 1984a,b, 1986; Antoni, 1984; Antoni et al., 1984;
Boertschli and Friedli, 1985).

The use of both V; and V; antagonists permitted the
identification of a novel subtype of VP receptor in the
anterior pituitary. Therefore, Jard et al. (1986) proposed
that this receptor subtype should be named V,;, receptor,
as opposed to an apparently common subtype of V,
receptors (V,, receptors) expressed in a number of VP-
sensitive tissues. The anterior pituitary is the sole tissue
in which Vy,, receptors have been found.

The question arises of whether or not the natural
hormones and their analogues have a specific affinity for
different VP receptors. It is clear that VP receptors of
the V,, Vi, and V, subtypes discriminate quite effi-
ciently between the two neurohypophyseal hormones.
VP has a higher affinity for V, than for V,, or Vy,
receptors. Among the VP analogues with high antidi-
uretic activity, dDAVP remains one of the more selective
ligands for V, receptors, but it discriminates very poorly
among V., V1, and OT receptors. Several potent antag-
onists of the VP response with low antidiuretic effect in
vivo, such as d(CH;)sAVP and d(CH;);Tyr(Me)AVP, do
discriminate efficiently between V,, receptors and either
V. or V,, receptors. Most of the antagonists of the
antidiuretic responses, however, discriminate very poorly
between V. receptors and V,, receptors but very effi-
ciently between V,;, receptors and either V, or V,, recep-
tors (Jard, 1988).

Attempts to characterize VP receptor subtypes solely
on the basis of their blockade by antagonists can give
misleading data for several reasons (Manning et al.,
1987a): (a) some analogues will block V; responses to VP
in vitro but not in vivo; (b) none of the available antag-
onists is truly specific for V;-, V;-, or OT-like receptors
(Manning and Sawyer, 1983; Sawyer and Manning,
1985). For example, although V, antagonists are highly
specific for V, receptors and do not block V, receptors in
vivo, they can, nonetheless, also block OT receptors.
Also, all V; antagonists block V, and OT receptors with
varying degrees of effectiveness; and (c) a few VP antag-
onists have been shown to exhibit species differences.
Thus, dPTyr(Me)AVP, a V, antagonist in the rat (Ban-
kowski et al., 1978), has been shown to be a weak
antagonist in the dog (Liard et al, 1982). Also,
d(CH,)sTyr(Et)VAVP, a potent V, and V; antagonist in
the rat (Manning et al., 1981b), exhibited only weak
antidiuretic antagonism in the dog (Stassen et al., 1983).
These data would, therefore, seem to indicate the value
of antagonists in receptor discrimination studies and
certainly point to the need for the design of selective
agonists and antagonists for the novel VP receptor sub-

types.
IV. Clinical Significance and Perspectives of
Vasopressin Antagonist Treatment

VP antagonists have been used by hundreds of scien-
tists worldwide to investigate the physiology and patho-

physiology of VP in animals. More recently, these antag-
onists have also been used in human subjects.

Because it is now established that a specific VP antag-
onist may be effective in one species, and inactive in
another (Kinter et al., 1987), one may question the nature
of human VP receptors. Testing the vascular reactivity
of VP and selective VP receptor antagonists at the level
of isolated segments of human superior mesenteric ar-
teries, Ohlstein and Berkowitz (1986) concluded that the
VP receptors mediating vascular contraction in human
mesenteric arteries were of the V; vascular type. Several
lines of evidence have led to the conclusion that human
platelet VP receptors are of the V, vascular type (Thi-
bonnier, 1987a,b; Thibonnier et al., 1987). The above
results indicate that human V, vascular VP receptors are
similar to rat hepatic and mesenteric V, vascular VP
receptors in terms of affinity and intracellular messenger
(Thibonnier, 1988).

More limited observations of the V; renal VP receptors
are available. However, competitive binding experiments
performed with several VP analogues and measurement
of VP-stimulated cAMP production by the human renal
medulla (Kim and Schrier, 1985) indicate that human V,
receptors are linked to adenylate cyclase in a fashion
similar to that of rat medullary kidney V,-type receptors
(Stassen et al., 1982). Finally, it can be concluded that
human VP receptors also can be classified into two
groups, the V, vascular receptors linked to phosphatidyl-
inositols and calcium mobilization and the V, renal re-
ceptors linked to adenylate cyclase (Thibonnier, 1988).

The following situations may be appropriate for the
use of VP antagonists in human diseases: (a) The block-
ade of V, receptors is desirable in diseases characterized
by VP-induced increases in total peripheral resistance
and alteration of local blood flow. For instance, there is
sufficient evidence that VP is involved in the increase in
peripheral resistance in some cases of congestive heart
failure (Bichet and Schrier, 1985; Goldsmith, 1987), in
familial hypertension (Wyse, 1985), in bilateral renal
cortical necrosis (Kocsis et al., 1987a,b), and, perhaps, in
the development of gastric ulcer (Laszlo et al., 1990). (b)
The blockade of V, receptors is indicated in diseases
characterized by an excessive renal reabsorption of free
water under the control of VP. V; antagonist administra-
tion may correct the fluid retention and hyponatriaemia
observed during the hyperactivity of VP-secreting tu-
mors in Schwartz-Bartter syndrome, congestive heart
failure, liver cirrhosis, nephrotic syndromes, central
nervous injuries, acute psychotic states, lung disease, etc.
(c) Recent data demonstrate that VP stimulates platelet
aggregation (Thibonnier and Roberts, 1985) and blood
coagulation factor release (Kothler et al., 1986). These
effects are beneficial in haemophiliac patients after tooth
extraction (Mannucci et al., 1977) but may become det-
rimental in other situations, such as in postoperative
patients with abnormal thromboembolic environments
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(Grant et al., 1985) or in cigarette smokers with hyper-
aggregability of blood platelets and an enhanced blood
coagulation profile provoked by VP release. In the future,
appropriate antagonist treatment may help to correct
these abnormalities. (d) Finally, it has been described
(Melin et al., 1986) that VP and OT are involved in the
aetiology of dysmenorrhoeic uterine hyperactivity and
premature labour. Recently, there have been efforts to
develop specific VP and OT antagonists that could be
introduced for the treatment of dysmenorrhoea and pre-
mature labour.

In the present review points a and b will be evaluated,
but there is insufficient information regarding points ¢
and d. Among the V, antagonists, d(CH;)s;Tyr(Me)AVP
has been generally used for human experiments. In nor-
mal human subjects, this antagonist affected neither the
BP nor the heart rate. Skin blood flow, as a sensitive
indicator of the regional vasoconstrictor effects of AVP,
also remained unchanged (Hofbauer et al., 1984b). Sim-
ilar negative results were noted when 25 mg of the
angiotensin-converting enzyme inhibitor captopril was
given to the same subjects. It was concluded that unstim-
ulated endogenous VP is not actively involved in the
cardiovascular homeostasis of normally hydrated nor-
motensive subjects in basal conditions and does not
participate in the regulation of the BP, even if the renin-
angiotensin system is blocked (Bussien et al., 1984). This
V, antagonist blocked the pressor effects of exogenous
VP in human subjects at the same doses as in rats and
dogs (Bussien et al., 1984; Gavras et al., 1984). Waeber
et al. (1986) have shown that a single 5-ug/kg bolus i.v.
dose of V, antagonist is capable of blocking the vascular
response to exogenous VP (1 munit/kg/min) for 2 h,
therefore confirming the specificity and potency of this
analogue in human subjects.

In contrast the V, agonist dDAVP caused a decrease
in BP and an increase in heart rate in healthy volunteers
(Derkx et al., 1983). Although many in vitro experiments
have shown that dDAVP can block various V, receptor-
mediated effects of VP, it is doubtful whether the effects
observed in humans can be attributed to a V, receptor
blockade. It is more likely that these effects are due to
V. receptor stimulation, because both dDAVP and an-
other V; agonist, dVDAVP, were shown to decrease the
BP and increase the heart rate in dogs (Liard, 1990).
Hirsch et al. (1989) showed that intraarterial AVP or
dDAVP infusion increased the forearm blood flow in
normal humans. These findings suggest that the forearm
vasodilation may be mediated by V. vasopressinergic
receptors. The existence of extrarenal V, receptors that
possess the vasodilatory effect of VP was observed in
several other studies (Schwartz et al., 1985b; Liard, 1986;
Walker, 1986; Bichet et al., 1988).

During recent years, the effects of V, antagonists were
studied in subjects with normal and elevated plasma AVP
levels. A V, antagonist was administered (5-ug/kg i.v.

bolus ) to eight untreated patients with mild essential
hypertension, normal plasma AVP levels, and normal
cardiac and renal functions. There was no change in BP,
heart rate, or skin blood flow after administration of the
V. antagonist (Bussien et al., 1986b). It was, therefore,
concluded that normal circulating AVP does not contrib-
ute to the increase of BP in patients with mild essential
uncomplicated hypertension and normal plasma AVP
levels. Other procedures, such as the volume loss induced
by a Finnish sauna, proved to be insufficient to induce a
marked and persistent increase of plasma AVP. Accord-
ingly, the V, antagonist did not produce any haemody-
namic effects (Bussien et al., 1986a).

A. Effects of V, Antagonists in Subjects with Elevated
Plasma Arginine-Vasopressin Levels

A significant elevation of the plasma AVP level (from
1.3 £1t0 12.7 £+ 3.4 pg/ml, mean + SEM) was observed
in 12 healthy cigarette smokers within 10 min after
smoking two cigarettes (Waeber et al., 1984). The BP
and heart rate were sometimes increased, and the skin
blood flow was reduced. There was a significant relation-
ship between the skin blood flow reduction and the
elevation of AVP levels achieved after cigarette smoking.
The prior administration of a V, antagonist (5 ug/kg i.v.)
prevented the skin blood flow decrease induced by smok-
ing. However, the increases in BP and heart rate re-
mained unchanged. Waeber et al. (1984) concluded that
the reduction in skin blood flow was due to an increased
VP secretion induced by smoking and was specifically
antagonized by the V, antagonist.

Seven patients with severe hypertension and end-stage
renal disease, receiving an intravenous sodium load, were
treated with a V, antagonists (0.5-mg i.v. bolus). The
saline infusion markedly elevated the plasma AVP levels,
whereas the V, antagonist induced a moderate reduction
of BP (Gavras et al., 1984). In the next experimental
series, the effects of blockade of the renin-angiotensin
system (100 mg captopril), of the sympathetic nervous
system (0.3-0.8 mg clonidine), and of VP (0.5 mg i.v. V,
antagonist) were investigated in 14 patients with severe
hypertension (Ribeiro et al., 1986). Each agent alone
could induce a slight BP reduction (8-15 mm Hg). The
hypotensive effect of the V,; antagonist was not altered
by captopril pretreatment, but it was potentiated by
clonidine administration (12-15 mm Hg). The BP reduc-
tion induced by the V, antagonist was independent of
the preexisting plasma AVP levels, but it was inversely
correlated to the plasma norepinephrine levels. These
observations point to a partial dependence of the BP on
VP in patients with severe hypertension and to the role
of VP in the maintenance of the vascular tone when the
sympathetic nervous system activity is decreased.

In congestive heart failure, the V, antagonist induced
a significant vasodilation only in those patients having
increased plasma AVP levels (four of 20 patients). In
patients with normal or slightly elevated AVP levels, the
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BP and heart rate remained unchanged. When measure-
ments from all the patients were considered, the reduc-
tion in systemic vascular resistance induced by the V,
antagonist was correlated with the initial plasma AVP
levels (Nicod et al., 1985; Creager et al., 1986).

On the basis of these observations, the blockade of V,
receptors seems a beneficial therapeutic tool in patients
with hypertension or congestive heart failure in the
presence of increased plasma AVP levels. However, we
do not have experience yet regarding the chronic use of
V, antagonists in humans.

B. Therapeutic Effects of V, Antagonists

No suitable V, antagonist is available yet for clinical
use. Many efforts have been made in Manning’s labora-
tory to develop a synthetic highly potent specific V,
antagonist (cf. section ILE). The VP antagonist
d(CH,):D-Tyr(Et)*Val‘desGly?AVP is the most potent
in vitro antagonist of squirrel monkey and human VP-
stimulated renal adenylate cyclase (Stassen et al., 1984).
It also antagonized exogenous VP-stimulated antidi-
uresis in conscious water-loaded rats (Kinter et al., 1986).
However, preliminary results indicated that this com-
pound behaved in vivo in humans as a V, antagonist
with partial V, antagonist and V; agonist activities (Thi-
bonnier, 1988). Consequently, there are at present no
data concerning the use of a specific and potent V.
antagonist in human diseases.

From a theoretical point of view, SIADH would be an
obvious indication for a V,; antagonist (Schrier and Kim,
1984; Kinter et al.,, 1985; Thibonnier, 1988). Classic
SIADH was described in two patients with bronchogenic
carcinoma (Schwartz et al., 1957). The main clinical
features of this syndrome are severe hyponatriaemia and
renal sodium wasting. Zerbe et al. (1980) have reviewed
the role of VP in 43 patients with SIADH. They identi-
fied four patterns of AVP (antidiuretic hormone) release:
erratic secretion, reset osmostat, continuous VP leak,
and antidiuresis with reduced VP values. Abnormal VP
regulation could be established in the first three groups,
but in the fourth group (14% of the patients) no abnor-
mality in VP release could be identified.

It is notable, however, that the pathogenesis of SIADH
is different in the various states of the disease. In the
original description, the authors supposed that the ma-
lignant tumour tissue itself elaborated VP (Schwartz et
al., 1957). Later, the VP activity of tumour tissue could
not be determined in the majority of patients with
SIADH and small cell carcinoma (Vorherr et al., 1968).
Other mechanisms are probably responsible for the ele-
vated AVP levels in tumour-associated SIADH (Zerbe et
al., 1980). SIADH was also found in disorders of the
central nervous system, pulmonary disease (as a result
of drugs or surgery), psychosis, endocrine disease, and
other conditions summarized in table 4 (Raskind et al.,
1978; Skowsky and Kikuchi, 1978; Zerbe et al., 1980;
Stassen et al., 1984).

Adequate therapy of SIADH has not yet been resolved.
Several therapies have been reported in patients with
the syndrome and include hypertonic saline (Hantman
et al., 1973), Dilantin (Tanay et al., 1979), urea (Decaux
et al., 1980), and furosemide (Decaux et al., 1982). If the
patient is compliant and asymptomatic, fluid restriction
is still the treatment of choice (Schrier, 1985).

Cherril et al. (1975), De Troyer (1977), and Forrest et
al. (1978) reported that demeclocycline was superior to
lithium in the treatment of chronic SIADH. However,
Schrier (1978) indicated that, because demeclocycline
causes nephrogenic diabetes insipidus and nephrotoxic-
ity in patients with cardiac (Zegers de Beyl et al., 1978)
or hepatic (Miller et al., 1980) disease, the utility of this
drug as a treatment in hyponatriaemic states might be
limited. The development of clinically effective V; antag-
onists would be an interesting therapeutic advance in the
treatment of patients with SIADH. The selective in-
crease of water excretion by V. aquaretic antagonists
would make it possible to treat disorders of water ho-
meostasis without affecting the electrolyte balance (Stas-
sen et al., 1984; Schrier, 1985; Hofbauer and Mah, 1987;
Thibonnier, 1988).

Recently, the term SIADH has been introduced to
designate any clinical state in which hyponatriaemia is
present. However, many cases of hyponatriaemia cannot
be classified as SIADH because they are related to
changes in ECF volume, which regulates VP secretion
(Robertson et. al., 1973). From the aspect of the clinical
approach to treating hyponatriaemia, it is important to
determine the status of the ECF (Narins et al., 1982).

Patients with hyponatriaemia and a decreased ECF
volume may suffer from NaCl loss through the gastroin-
testinal tract, skin, or kidneys. These patients have hy-
potension and low urine sodium excretion and respond
well to physiological saline infusions. In these cases, the
aquaretic therapy would not be beneficial. In sodium-
retaining disorders (congestive heart failure, liver dis-
ease, nephrotic syndrome), the patients have an ex-
panded ECF volume. However, the effective blood vol-
ume is generally reduced in these diseases, which in-
creases AVP secretion (laina et al., 1980; Bichet and
Manzini, 1984). These patients are frequently treated
with conventional diuretics that induce hyponatriaemia.
Hyponatriaemic patients with an expanded ECF volume
would benefit from V, antagonist therapy. Finally, hy-
ponatriaemia may develop with a relatively normal ECF
volume in psychotic patients or patients with renal fail-
ure and severe potassium depletion. Such patients would
also be candidates for aquaretic therapy.

Elevated AVP levels have been reported in congestive
heart failure (Yamane, 1968, Szatalowicz et al., 1981;
Riegger et al., 1982; Rondeau et al., 1982). Hyponatriae-
mia is more common and more severe in older patients
with chronic heart failure (Rondeau et al., 1982) or after
diuretic therapy. Aquaretic compounds might be benefi-
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TABLE 4
Disorders associated with SIADH*

Malignant tumors Drugs
Carcinoma of the lung Vasopressin
Carcinoma of the duodenum Cisplatin
Carcinoma of the pancreas Vincristine, vinblastine
Thymoma Chloropropamide
Mesothelioma Thiazide diuretics
Carcinoma of the bladder Phenothiazines
fliarcinomaof the ureter Monoamine oxidase inhibitors
Prostatic carcinoma Carbamazepine
Ewing’s sarcoma Clofibrate

Disorders of the central nervous system Nicotine
Meningitis Imipramine
Head trauma Tricyclic antidepressants
Brain abscess Acute psychosis
Brain tumors Postoperative period
Encephalitis Endocrine diseases
Guillain-Barré syndrome Hypothyroidism
Acute intermittent porphyria Adrenocortical insufficiency
Subarachnoid hemorrhage Congestive heart failure
Cerebellar and cerebral atrophy Liver cirrhosis
Cavernous sinus thrombosis Burn injury
Neonatal hypoxia Nephrosis
Hydrocephalus Lupus erythematosus
Shy-Drager syndrome Preterm infants

Diseases of the lung Idiopathy
Pneumonia
Tuberculosis
Cavitation
Emphysema
Cystic fibrosis
Pneumothorax
Asthma
Positive pressure breathing

* Modified from Zerbe et al. (1980) and used with permission from Annual Review of Medicine, vol. 31, 1980{

cial in patients with hyponatriaemic congestive heart
failure and elevated plasma AVP levels. Increased AVP
release also has been reported in cirrhotic patients in
whom plasma albumin and urine flow rate were reduced
(Bichet et al., 1982a,b). The increased AVP level, which
supports circulatory stability, may result in excessive
water retention, hypotonicity, brain swelling, and neu-
rological impairment. V, antagonist treatment would be
useful to remove excess body water in cirrhotic patients
with an elevated AVP level. It is important, however, to
prevent hypernatriaemia during the treatment.

VP is also involved in neuropsychiatric disorders
(Dorsa and Raskind, 1985). Self-induced water intoxi-
cation is reported primarily in persons with psychotic
disease (Barahal, 1938; Murphy and Zelman, 1964; Alex-
ander et al., 1973; Raskind, 1974; Raskind et al., 1975;
Smith and Clark, 1980). Although rather rare in non-
psychotic patients, this syndrome may be relatively fre-
quent in chronic psychiatric persons. Jose and Perez-
Cruet (1979) reported that eight of 239 psychiatric pa-
tients had an episode of self-induced water intoxication.
Six of these patients were schizophrenic. Another study
in a chronic psychiatric hospital revealed 20 patients
with significant hyponatriaemia secondary to polydipsia

(Hariprasad et al., 1980). Many of the patients with water
intoxication were treated with maintenance antipsy-
chotic therapy. It has, therefore, been hypothesized that
antipsychotic drugs may be a nonosmolar stimulus to VP
secretion (Matuk and Kalyanaraman, 1977). However,
the withdrawal of antipsychotic drugs proved unsuccess-
ful (Miller et al., 1973; Fischman, 1975; Fowler et al.,
1977; Kendler et al., 1978; Kosten and Camp, 1980). In
only two cases, rechallenge with the antipsychotic drugs
has suggested an association between the medications
and impaired free water clearance (Ajlouni et al., 1974;
Peck and Shenkman, 1979). Several reports suggest that
antipsychotic treatment can prevent the development of
dilutional hyponatriaemia in psychotic patients (Dubov-
sky et al., 1973; Hariprasad et al., 1980). Raskind et al.
(1975) reported a nontreated psychotic patient with
SIADH, in whom an inappropriately high plasma AVP
concentration was documented. A special form of SIADH
(reset osmostat for suppression of VP) was described in
seven schizophrenic patients with dilutional hypona-
triaemia and psychogenic polydipsia (Hariprasad et al.,
1980). The major consequences of severe hyponatriaemia
are brain swelling associated with depression of the sen-
sorium and seizures (Arieff et al., 1976).
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Finally, it has been shown that an aquaretic VP an-
tagonist could prevent the severe hyponatriaemia and
brain oedema (SIADH) induced by pitressin in rats
(Laszl6 et al., 1984b). VP antagonists have been used for
the rapid reversal of mild hyponatriaemia associated with
SIADH in rats without observable neurogenic symptoms
(Kinter et al., 1984a). After occlusion of both cerebral
common arteries for 4 h, the water content of the fore-
brain was increased in rats; this brain oedema was com-
pletely prevented by the administration of a V, antago-
nist (Tang and Ho, 1988).

On the basis of the above arguments, it can be con-
cluded that VP antagonists, directed at the renal epithe-
lial VP receptors, will probably be therapeutically useful
drugs for the treatment of SIADH, hyponatriaemia,
congestive heart failure, cirrhosis, nephrotic syndrome,
and brain oedema associated with excessive VP and/or
excessive ECF (Kinter et al., 1985).

V. Conclusions

On the basis of pharmacological and clinical experi-
ence, we have long known a potent V, antagonist,
d(Ch;)sTyr(Me)AVP, that can block the vasopressor re-
sponses to AVP. In terms of future studies, we must face
the challenge of designing and synthesizing a more po-
tent and truly specific V, antagonist devoid of oxytocic
antagonism and of antagonism for other VP receptors.
The clinical introduction of V, antagonists seems rather
problematic. There have been substantial improvements
in the design of specific aquaretic antagonists, but it is
evident that we have not succeeded yet in eliminating V,
antagonism from the most specific V, antagonists. Pep-
tide chemists have been engaged in extensive efforts to
identify further simplifications and modifications with
the aim of synthesizing more stable antagonistic mole-
cules and thus, possibly, orally active. These are impor-
tant considerations in the design of antagonists for ex-
tensive clinical introduction.

V, antagonists may reduce the systemic vascular re-
sistance and increase the cardiac output without affect-
ing the BP. The absence of a hypotensive response to a
V, antagonist does not indicate that endogenous AVP
does not exert vasoconstrictor effects. The vasoconstric-
tor effects of VP display regional differences, and this is
reflected by a predominant effect of V; antagonists in
VP-sensitive vascular beds, such as the blood vessels of
the intestines and skin. The measurements of regional
haemodynamic parameters might, therefore, reveal ef-
fects of V, antagonists, even if no changes in systemic
haemodynamics are observed. However, the BP and the
alterations in regional blood flow observed after the
administration of a VP antagonist may be influenced by
a counterregulatory (baroreflex) mechanism. The pressor
response to exogenous VP can be reduced by the previous
injection of V; antagonists.

After inhibition of angiotensin II production with con-
verting-enzyme inhibitors or angiotensin II receptor an-

tagonists, and after the administration of sympatholytic
drugs, a significant and prolonged hypotensive response
can be observed following V, antagonist treatment. A
reduction in BP occurred in DOCA-salt hypertensive
rats after the acute administration of a V, antagonist;
this effect was more pronounced if the baroreceptor
reflex response was prevented by sinoaortic deafferen-
tation. A small, but significant, reduction in BP was
observed when the V, antagonist was administered
chronically to rats during the development of DOCA-salt
hypertension. Our results permit the conclusion that V,
antagonists can prevent VP-induced coronary vasocon-
striction.

During pregnancy, the oestrogen level is elevated, and
the sensitivity of the renal arteries to the vasoconstrictive
effect of VP is increased. Severe bleeding may occur as
a complication of child bearing in human beings, and
this significantly elevates VP secretion. The marked
renal vasospasm is responsible for the development of
bilateral renal cortical necrosis. In an experimental
model, the V, antagonist prevents the renal vasospasm
and the consequent renal cortical necrosis after VP ad-
ministration in rats pretreated with oestrogen. These
observations permit the conclusion that treatment with
a V, antagonist may be an important means of preventing
human renal cortical necrosis.

Our observations appear to prove that endogenous VP
plays an important role in the pathomechanism of
ethanol-induced gastric haemorrhagic erosions. VP de-
ficiency and V, antagonist exerted similar gastric protec-
tion during VP-induced vasospasm of the mucosal mi-
crocirculation. V; antagonists may offer new perspectives
in the treatment of peptic ulcer disease.

V, antagonists are capable of blocking the antidiuretic
effects of exogenous VP. The acute administration of a
V. (aquaretic) antagonist to dehydrated or normally hy-
drated rats induces a marked transitory increase in urine
excretion. VP has been implicated in the pathogenesis of
experimental brain oedema, which can be prevented by
the administration of a V, antagonist. These observa-
tions suggest a novel approach to the treatment of VP-
induced cerebral oedema.

The participation of VP in the secretion of ACTH has
been extensively studied. Some of these studies suggested
that the ACTH-releasing potency of VP and its ana-
logues correlated with its pressor activity, whereas other
experiments failed to demonstrate such a correlation. In
accordance with these data, the structural requirements
of the anterior pituitary VP receptor may be different
from those of both V, and V; receptors.

In studies of isolated human medullary and papillary
collecting tubules, VP antagonists completely inhibited
the stimulation of adenylate cyclase by VP, and the
blockade of renal VP receptors in vitro correlated with
the induction aquaresis in vivo. This mechanism does
not apply to all VP-sensitive tissues. The experimental
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data indicated that an increase in cytosolic free calcium
plays an important role in the glycogenolytic and vaso-
pressor responses to VP. Accordingly, two subtypes of
VP receptors are distinguished. V, receptors have been
observed in aortic smooth muscle cells, mesangial cells,
adrenal glomerulosa cells, liver membranes, reproductive
organs, platelets, human peripheral and spleen lympho-
cytes, monocytes, and particular areas in the central and
peripheral nervous systems. V, receptors have been es-
tablished in the kidney. Many contradictory data have
been published, depending on the methods and various
synthetic VP analogues used for the demonstration of
VP binding.

Clinical observations suggest that the blockade of the
V, vascular receptors is a beneficial therapeutic tool in
patients with hypertension or congestive heart failure in
the presence of elevated plasma VP levels. From a theo-
retical aspect, V, antagonist treatment may be a new
method to prevent coronary vasoconstriction and the
development of bilateral renal cortical necrosis and gas-
tric ulcer.

Unfortunately, no suitable V, antagonist is available
yet for clinical use. After careful consideration of the
pathogenesis of different diseases involving impaired
water metabolism, V; antagonists will probably be ther-
apeutically useful drugs for the treatment of SIADH,
hyponatriaemia, congestive heart failure, cirrhosis, ne-
phrotic syndrome, and brain oedema associated with
excessive VP and/or excessive ECF.
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