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Abstract

Rats pretreated with an intracerebroventricular (i.c.v.) injection of 10 pmol of vasopressin or vasopressin analogs, including
deamino-p-vasopressin, [pGlu’,Cyt®}vasopressin, [pGlu-Asn-Cys(Cys)JPro-Leu-Gly-NH,, des-Gly-NH%-vasopressin, Pro-Leu-
Gly-NH.., Pro-Arg-Gly-NH,, became markedly hyper-responsive to the motor effects, 24 h later, to a subsequent challenge dosc
of vasopressin, but not vasopressin-related peptides. A vasopressin V, receptor antagonist, [d(CH , )}, Tyr(Me)* Jvasopressin, but
not the vasopressin V, receptor antagonist, [d(CH,)!, Tyr(Et)*,Val*vasopressin, or a more selective vasopressin V, receptor
antagonist, [d(CH,)},p-Ile?,lle*lvasopressin, or the oxytocin receptor antagonist, [d(CH.)! Tyr(Me)2,Thr Orn® Tyr-
NH3Ivasotocin ([d(CH, )}, Tyr(Me)*, Thr*,Tyr-NH3]JOVT), blocked vasopressin and vasopressin analog-induced sensitization.
Furthermore, both vasopressin V. receptor antagonists were found to sensitize the brain to a subsequent vasopressin injection.
This vasopressin V, receptor antagonist-induced sensitization was also blocked by the vasopressin V, receptor antagonist. Next,
we wanted to determine if this sensitization process could involve the release of endogenous vasopressin in the brain as reflected
in an amplification of vasopressin mRNA expression. However pretreatment of rats with an i.c.v. vasopressin injection was not
associated with an increase in vasopressin mMRNA expression in the bed nuclcus of the stria terminalis, medial amygdala or the
paraventricular nucieus of the hypothalamus when measured 0, 1, 3, 7, 12, or 24 h after the first vasopressin injection. As many
vasopressin analogs can induce sensitization, we suggest that a novel type of receptor may be involved in the sensitization
process.
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1. Introduction

Arginine-vasopressin (vasopressin) is known to have
many actions in the central nervous system (CNS)
which include alteration of autonomic control of body
temperature (Pittman et al., 1993) and blood pressure
(McNeil, 1983) and its effects on consolidation and
retrieval of learned behaviors (De Wied et al., 1984;
Dantzer et al., 1988). Vasopressin is also involved in a
sensitization process in which vasopressin increases the
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responsiveness of the brain to itself upon repeated
exposure (Burnard et al., 1986; Kasting et al., 1980;
Lebrun et al., 1989, 1990; Poulin and Pitiman, 1993a,b;
Wurpel et al., 1986). For example, pre-exposure of the
rat brain to vasopressin or oxytocin, results in en-
hanced antipyretic (Poulin and Pittman, 1993c), cardio-
vascular (Lebrun et al., 1989; Poulin et al.. 1994), and
motor effects (Burnard et al., 1986: Kasting et al., 1980;
Poulin and Pittman, 1993b; Wurpel et al., 1986) of
vasopressin. Some of these effects appear as early as 6
h after the initial exposure to vasopressin.

These enhanced effects of vasopressin represent an
action of the peptide at a specific V, vasopressin recep-
tor (Diamant et al., 1994), in that the enhanced actions
of vasopressin can be blocked by vasopressin V, recep-
tor antagonists, but not by vasopressin V. receptor
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antagonists, and are not elicited by vasopressin V,
receptor or oxytocin receptor agonists (Naylor et al.,
1985; Poulin and Pittman, 1993b; Burnard et al., 1986).
In keeping with this, receptor binding (Poulin et al.,
1988: Jard et al., 1987; Shewey and Dorsa, 1988; Phillips
et al., 1988) and in situ hybridization (Ostrowski et al.,
1992; Szot et al., 1994) studies have identified vaso-
pressin V, receptors in central nervous system tissue
loci where vasopressin has been shown to elicit en-
hanced effects. Studies on receptor function have
demonstrated that the phosphatidyl inositol hydrolysis
response activated by vasopressin V, receptor occupa-
tion was enhanced in vasopressin-sensitized tissue
(Poulin and Pittman, 1993a; Lebrun et al., 1990), even
though receptor numbers and affinity were unaltered.
Thus, a peculiarity of the vasopressin V, receptor-ef-
fector process in brain tissue is that it can undergo a
sensitization process, such that its sensitivity to the
peptide vasopressin is reversibly enhanced if it has
been previously exposed to vasopressin.

Despite the unquestioned involvement of the vaso-
pressin V, receptor in the manifestation of enhanced
actions of vasopressin in brain, we recently discovered
that the sensitization process may be more complex.
We observed, for example, that pre-exposure of the rat
brain to oxytocin also alters the responsiveness of the
rat brain to subsequent vasopressin exposures at OXy-
tocin-sensitizing doses even less than were required for
vasopressin to act as a sensitizing agent (Poulin and
Pittman, 1993b). Thus the observation that the sensiti-
zation process can be evoked by oxytocin raises the
possibility that other vasopressin analogs known to
have actions in brain (Croiset and De Wied, 1990;
Cheng and North, 1989; Burbach et al., 1983b; De
Wied et al., 1984; Kovacs et al., 1986; Szabo et al.,
1991; De Wiad et al., 1987; Burbach et al., 1983a;
Kovacs et al., 1989) may also evoke the sensitization
process. The present experiments explore the phar-
macological profile of the vasopressin sensitization pro-
cess, utilizing the enhanced motor actions of vaso-
pressin as an assay system to estimate the extent of the
sensitization process.

In addition, the means by which the sensitization
process is brought about is yet unknown, but recent
observations by Landgraf et al. (1991) demonstrate a
positive feedback regulation of vasopressin upon its
own release, suggesting that the sensitization process
could involve an amplification of endogenous vaso-
pressin release in the brain via an action on vaso-
pressin neurons. To investigate this possibility, we took
advantage of the coupling between activity and peptide
synthesis, previously validated for vasopressin neurons
(Fitzsimmons et al., 1992), to measure the activity of
the vasopressin mRNA in populations of vasopressin
neurons thought to provide innervation to the brain
areas involved in both the enhanced motor and an-

tipyretic actions of vasopressin in vasopressin-sensi-
tized brain.

2. Materials and metheods

Adult male Sprague-Dawley rats (250-300 g) were
anesthetized with sodium pentobarbital (65 mg/kg)
and a stainless steel 23-gauge guide cannula was im-
planted stereotaxically under aseptic conditions to al-
low access to a lateral cerebral ventricle. During the
5-7 days recovery, the rats were housed in groups of
four per cage on a 12 h light/dark cycle and allowed
food and water ad libitum. All experimental protocols
were conducted according to procedures approved by
the University of Calgary Animal Care Committee.
Peptides were purchased as follow: arginine vaso-
pressin (vasopressin; Bachem, CA, USA), deamino-n-
vasopressin (Bachem, CA, USA), pressinoic acid
(Peninsula, CA, USA), [pGlu*Cyt®Jvasopressin
(Peninsula, CA, USA), [pGlu-Asn-Cys(Cys)] Pro-Leu-
Gly-NH, (Peninsula, CA, USA), des-Gly-NH}-
vasopressin (Bachem, CA, USA), Pro-Leu-Gly-NH,
(Bachem Bioscience, PA, USA), Pro-Arg-Gly-NH,
(Bachem Bioscience, PA, USA), the vasopressin V,
receptor antagonist, [d(CH,). Tyr(Me)?Ivasopressin
(Bachem CA, USA), a vasopressin V, receptor antago-
nist, [d(CH,)i, Tyr(Et)?,Val*lvasopressin (Peninsula,
CA, USA), a more selective vasopressin V, receptor
antagonist, [d(CH,)},p-1le2,lle* Jvasopressin (Peninsula,
CA, USA), and the specific oxytocin receptor antago-
nist, [d(CH,)}, Tyr(Me)?, Thr*,0rn® Tyr-NH$ Jvasotocin
(sold as CPD 6 or [d(CH,)},Tyr(Me)?,Thr*Tyr-
NH3JOVT by Peninsula, CA, USA).

2.1. Sensitization assay: enhanced motor actions of vaso-
pressin

A standard vasopressin sensitization protocol (Kast-
ing et al., 1980; Burnard et al., 1986; Wurpel et al.,
1986) was used in which a first intracerebroventricular
(i.c.v.) injection (5 ul) of saline or a peptide solution
was followed, 24 h later, by a subsequent vasopressin
or peptide solution injection. All peptides were dis-
solved to appropriate concentration in sterile,
pyrogen-free physiological saline and administered by
gravitational flow through a 27-gauge injection cannuia
into awake, freely moving animals between 10:00 and
18:00 h. After each injection, the animais were placed
in a large plexiglass chamber and observed for the
development of motor disturbances for a 10-min pe-
riod. Motor disturbances were defined and scored as
previously described (Poulin and Pittman, 1991) as
follows: 0, no effect; 1, pauses (periods of 10 s or
longer of absence of activity); 2, prostration; 3, head
swaying and locomotor difficulties; 4, barrel rotation as
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indicated by the animal’s rotation along the fong axis of
the body; 5, myotonus or myoclonus; 6, death. Results
are presented as the highest score each animal re-
ceived during the 10-min observation period. Resulis
were statistically analysed by the Kruskal-Wallis one-
way analysis of variance by ranks in conjunction with
the non-parametric Wilcoxon matched-pairs signed-
ranks test and the Mann-Whitney U-test. The o level
of significance used was a P value of 0.05.

Vasopressin analogs and sensitization
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the rat brain to a variety of vasopressin analogs may
sensitize the rat brain to the motor effects of a subse-
quent vasopressin exposure. In these experiments nine
groups of animals were used. Animals were first given
an i.c.v. injection of either saline {(# = 8; controls) or 10
pmol of vasopressin (# = 8), deamino-p-vasopressin {(n
= 8), pressinoic acid (n =8), [pGlu*,Cyt®}vasopressin
(n = 8), [pGlu-Asn-Cys(Cys)IPro-Leu-Gly-NH, (n = 6),
des-G]y—NHg-vasopressin (n =5), Pro-Leu-Gly-NH, (n
=7), Pro-Arg-Gly-NH, (n = 6). 24 h later, the potency
of vasopressin to induce motor disturbances was tested
following an i.c.v. injection of vasopressin (10 pmol)
and scored as described above. In another experiment,
we investigated the possibility that these analogs may
also induce motor disturbances when given In sensi-
tized animals. Animals were first given as a pretreat-
ment, an i.c.v. injection of 10 pmol of vasopressin. 24 h
later, the potency of vasopressin analogs to induce
motor disturbances was tested following an i.c.v. injec-
tion of either saline (n=6) or 10 pmol of either
vasopressin (n = 5), deamino-p-vasopressin (x# = 8),
pressinoic acid (n = 4), [pGlu*,Cyt®vasopressin (n = 8),
[pGlu-Asn-Cys(Cys)IPro-Leu-Gly-NH, (n = 5), des-
Gly-NH3-vasopressin (# = 4), Pro-Leu-Gly-NH, (n =
5) or Pro-Arg-Gly-NH, (n=6) and scored as de-
scribed above.

Blockade of sensitization by specific receptor antagonists

The ability of a series of vasopressin and oxytocin
receptor antagonists to inhibit the sensitization process
was investigated. In these experiments, four groups of
animals received a pretreatment injection of deamino-
p-vasopressin (10 pmol) preceded (2 min prior) by an
injection of either saline (5 pl, n = 7), the vasopressin
V, receptor antagonist (100 pmol, n =9), the vaso-
pressin V, receptor antagonist [d(CH,) Tyr(Et)?
Val*]vasopressin (100 pmol, n = 8) or the oxytocin re-
ceptor antagonist [d(CH,)!,Tyr(Me)? Thr*, Tyr-NH31-
OVT (100 pmol, n = 6). Another four groups of ani-
mals received a pretreatment injection of
[pGlu*,Cyt®vasopressin (10 pmol) preceded (2 min
prior) by an injection of eitker saline (5 pl, n = 6), the
vasopressin V, receptor antagonist (100 pmol, n = 7),

the vasopressm V, receptor antagonist [d(CH, 204, Tyr-
(Et)?,Vai*jvasopressin (100 pmol, #=7) or the oxy-
tocin receptor antagenist [d(CH, )%, Tyr(Me)>, Thr Tyr-
NH3JOVT (100 pmoi, 1 = 5). 24 h later, the potency of
vasopressin to induce motor disturbances was tested
following an i.c.v. injection of 10 pmol vasopressin and
scored as described above.

In an additional experiment, we evaluated the abil-
ity of a more selective vasopressin V, receptor antago-
nist 10 block deamino-p-vasopressin-induced sensitiza-
tion, in which two groups of animals received a pre-
treatment injection of deamino-p-vasopressin (10 pmol)
preceded (2 min prior) by an injection of either saline
(5 l, n = 6) or the vasopressin V, receptor antagonist
[d(CH,)},p-lle?,lle* vasopressin (100 pmol, #=6). 24
h Iater, the potency of vasopressin to induce motor
disturbances was tested following an i.c.v. injection of
10 pmol vasopressin and scored as described above.

To test the possibility that the vasopressin receptor
antagonist [d(CH ,)},p-Ile2 Ile*vasopressin in itself may
act as an agonist to induce sensitization, an additional
group of animals, received a pretreatment with the
vasopressin V, receptor antagonist [d(CH,)..p-
Ile?,le*Ivasopressin alone (10 pmol, # =9) and 24 h
later, the potency of vasopressin to induce motor dis-
turbances was tested following an i.c.v. injection of 10
pmol vasopressin and scored as described above.

To test the possibility that the vasopressin V, recep-
tor antagonist may also block the vasopressin V, recep-
tor antagonist ({d(CH,)!,p-lle? ile*}vasopressin)-in-
duced sensitization, an addittonal group of animals was
given a pretreatment injection of the vasopressin V,
receptor antagonist ([d(CH,),p-1le lle* vasopressin)
(10 pmol, #n = 11) preceded (2 min prior) by an injec-
tion of the vasopressin V, receptor aniagonist (100
pmol). 24 h later, the potency of vasopressin to induce
motor disturbances was tested following an i.c.v. injec-
tion of 10 pmol vasopressin and scored as described
above.

To test whether the other vasopressin V, receptor
antagonists may also induce the sensitization process,
two groups of animals were given a pretreatment of 10
pmol of ihe wvasopressin V, receptor antagonist
[d(CH, )}, Tyr(£1)%,Val* vasopressin  preceded (2 min
prior) by an injection of either saline (5 ul, n=9) or
the vasopressin V, receptor antagonist (100 pmol, n =
5). 24 h later, the potency of vasopressin to induce
motor disturbances was tested following an i.c.v. injec-
tion of 10 pmol vasopressin and scored as described
above. Because the vasopressin V, receptor antagonist
[d(CH )}, Tyr(Et)?,Val*]vasopressin also acted as an
agonist in the sensitization phenomenon, we tested the
possibility that this vasopressin V, receptor antagonist
may in itself induce motor disturbances in sensitized
animals. To do this, an additional group of animals
(n = 4) was given, on the first peptide exposure, 10
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pmol vasopressin V, receptor antagonist, [d(CH )3,
Tyr(Et)2,Val*vasopressin, and 24 h later, 100 pmol
vasopressin V, receptor antagonist, [d(CH ), Tyr-
(Et)?,Val*lvasopressin, and scored as described above.

2.2. Sensitization process and endogenous vasopressin
activity

In these studies, we tested the possibility that sensi-
tizing agents may cause release of endogenous vaso-
pressin, as reflected in an activation of vasopressin
gene expression. We tested this hypothesis by investi-
gating the relative amount of vasopressin message ex-
pressed per cell as well as the number of cells express-
ing vasopressin messenger RNA (vasopressin mRNA)
at several times following a pretreatment with an i.c.v.
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injection of vasopressin in three brain areas including
the bed nucleus of the stria terminalis, the medial
amygdala and the paraventricular nucleus of the hypo-
thalamus which are known to contain vasopressin cell
bodies projecting to areas though to be involved in the
sensitization process (Naylor et al., 1985). The time
points were chosen based on behavioural observations
which have demonstrated that vasopressin sensitization
becomes apparent 6 h after the first vasopressin admin-
istration and is maximal 24-48 h after the first vaso-
pressin administration (Poulin and Pittman, 1993a).
Therefore in the first series of experiments we deter-
mined the level vasopressin mRNA expression in the
brain 24 h after a saline (n =6, controls) or a vaso-
pressin (n = 6) injection. In a second series of experi-
ments, we analysed vasopressin mRNA expression at 0
(n=8,1{n=7,3(n=6),7(n=dand 12(n=6)h
after a first vasopressin injection.

To determine the level of vasopressin mRNA ex-
pression, an in situ hybridization protocol (Szot and
Dorsa, 1992) was performed using a 48-base oligo-
nucleotide complementary to bases coding for the last
16 amino acids of the vasopressin mRNA (Ivell and
Richter, 1984). At the appropriate time following the
injection, the animals were killed by decapitation, the
brains rapidly removed and frozen at —70°C. 20 pum
coronal sections were cut at —20°C and thaw-mounted
onto RNase-free gelatine-coated slides. Slides were
stored at —70°C until assayed. Slides were then post-
fixed in 4% paraformaldehyde, washed in phosphate-
buffered saline, treated with acetic anhydride (0.25%
in 0.1 M triethanolamine), dehydrated, delipidated and
air-dried. The probe was 3-end-labelled with [*°S}-
dATP (New England Nuclear, Boston, MA, USA) us-
ing terminal deoxyribonucleotidyl transferase and puri-
fied on NEN-Sorb columns (New England Nuclear).
The labelled, purified probe was then diluted in a
hybridization buffer containing 50% formamide, 10%
dextran sulfate, 0.3 M sodium chloride, 10 mM Tris
(pH 8.0}, 1 mM EDTA, 1X Denhardt’s (0.2% of each

bovine serum albumin, Ficoll and polyvinyl pyrrolidine),
0.5 mg/ml yeast tRNA and 10 mM dithiothreitol to a
concentration of 2.5 pmol/ml (specific activity 5550~
6700 Ci/mmol). 45 ul of the hybridizing solution was
applied to the tissue sections and covered with a
silanized coverslip. The slides were then placed in a
moist chamber and incubated overnight at 37°C. Fol-
lowing incubation, the coverslips were removed and the
sections were washed 4 times in 1 X SSC (saline sodium
citrate: 150 mM NaCl /15 mM Na citrate) for 15 min at
55¢C and then twice in 1 XSSC for 1 h at room
temperature. Sections were dehydrated through a
graded series of alcohols containing 300 mM ammo-
nium acetate. For autoradiography, the slides were
dipped in Kodak NTB2N Nuclear Track Emulsion
(diluted 1:1 with 0.6 M ammonium acetate), allowed
to air dry and loaded inio slide boxes with desiccant
capsules and exposed at 4°C for 1 day for the paraven-
tricular nucleus of the hypothalamus and 4 weeks for
the bed nucleus of the stria terminalis and medial
amygdala. The slides were developed with Kodak D-19,
stained with cresyl violet acetate and mounted with
coverslips.

For quantification of hybridization of labelled probe
to the vasopressin mRNA, two sections through the
bed nucleus of the stria terminalis 0.6-0.8 mm caudal
to bregma} and the medial amygdala (2.12-2.56 mm
caudal to bregma) of each animal were matched
anatomically with corresponding atlas sectiocns (Paxinos
and Watson, 1982). The total number of labelled cells
was counted unilaterally over two sections and the
amount of grains per cell was measured under dark-
field illumination with a 20 X objective using an auto-
mated grain-counting analysis system, (Microcomputer
Imaging Device (MCID); Imaging Research, Ontario,
Canada). To estimate the number of labelled cells in
the paraventricular nucleus of the hypothalamus (1.6-
1.9 mm caudal to bregma) we measured the size of the
area of the paraventricular nucleus of the hypothala-
mus covered by silver grains measured as pixels using
MCID under dark-field illumination, To determine the
intensity of hybridization per unit area, the relative
optical density was measured under dark-field illumi-
nation. Relative brightness was obtained by subtracting
the relative optical density value from 1. Data are
presented as means 4+ S.E.M. and were analysed using
analysis of variance followed by a Scheffé test for
pest-hoc comparisons.

3. Resuits
3.1. Behavioral observations

Vasopressin analogs and sensitization
In all experiments conducted in this paper, rats
displayed none or minor motor disturbances (scores
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less than 3) after a first peptide injection, so the motor
data following a first peptide exposure are not shown.

First we tested the possibility that a pre-exposure of
the rat brain to a variety of vasopressin analogs may
sensitize the rat brain to the motor effects of a subse-
quent vasopressin exposure. Shown in Fig. 1A are the
behavioral scores of rats receiving an injection of 10
pmol vasopressin 24 h following a pretreatment with
either saline, as control, or a variety of vasopressin
analogs. When compared with saline pretreatment con-
trols, all animals pretreated with vasopressin analogs,
with the exception of pressinoic acid pretreatment,
exhibited significantly enhanced {P > 0.05) motor dis-
turbances to a subsequent challenge to a standardized
dose of vasopressin; thus many of the vasopressin
analogs sensitize the rat brain to vasopressin-induced
motor disturbances.

The finding that many of the vasopressin analogs
sensitized the rat brain to vasopressin-induced motor
disturbances led us to further investigate the possibility
that these analogs may also induce motor disturbances

23

when given in sensitized animals. As can be seen in
Fig. 1B, when vasopressin-pretreated animals were ad-
ministered, 24 h later, either saline or vasopressin as
controls, or a vasopressin analog, the behavioral re-
sponses of the animals receiving vasopressin analogs,
-were not significantly different from those of saline-
pretreated controls. Only when vasopressin-pretreated
animals received vasopressin were the motor responses
of the animals significantly enhanced (P > 0.05).

Blockade of sensitization by specific receptor antagonists

To further investigate the pharmacological charac-
teristics of the receptor(s) involved in the sensitization
process, we tested the ability of a series of vasopressin
and oxytocin receptor antagonists to inhibit the sensiti-
zation process initiated either by the vasopressin V,
receptor agonist deamino-p-vasopressin (Fig. 2A) or by
the vasopressin metabolite [pGlu*,Cyt®}vasopressin
(Fig. 2B), using the vasopressin V, receptor antagonist,
[d(CH,);, Tyr(Me)*Ivasopressin, a vasopressin V, re-
ceptor antagonist [d(CH )i, Tyr(Et)?,Val*lvasopressin
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Fig. 1. Vasopressin analogs and sensitization. In these experiments, 18 groups of male Sprague Dawley rats were first given a pepiide
pretreatment as an i.c.v. injection of either (panel A): 5 ul saline (n = 8; controls) or 5 ut of saline containing 10 pmol of vasopressin (AVP;
n = 8), deaminc-D-vasopressin (DDAVP; n = 8), pressinoic acid (PA; n = 8), [pGlu*,Cyt®Ivasopressin (AVP 4-9; n = 8), [PGlu-Asn-Cys(Cys)]Pro-
Leu-Gly-NH,, (OT 4-8; n=6), des-Gly-NH 3-vasopressin (DG-AVP; n = 5), Pro-Leu-Gly-NH, (PLG; n = n, Pl’O-Al‘thiy-NH 2 (PAG; n=6) or
{nanel B): 10 pmeol of vasopressin (AVP). 24 h later, the potency of vasopressin (AVP) (panel A) or the poiency of saht;e (116= 6, contro!_s). or 10
pmol of either vasopressin (AVP; n = 5), deamino-p-vasopressin (DDAVP; n = 8), pressinoic acid (PA; n = 4), [pGlu™.Cyt }-vasopressin (AVP
4-9; n =8), [pGlu-Asn-Cys(Cys)iPro-Leu-Gly-NH, (OT 4-8; n=3), des-Gly-NH3-vasopressin (DG-AVP; n = 4), Pro-Leu-Gly-NH, (PLG:
n =75) or Pro-Arg-Gly-NH, (PAG; 2 = 6) (panel B) to induce motor disturbances was tested and scored as follows: 0, no effects: 1, pauses; 2,
prostration; 3, head swaying and locomotor difficulties; 4, barrel rotation; 5, myotonus/myoclonus; 6, death. Each bar rfzprescms the lpost severe
behavioral score of an individual animal in response to the second peptide treatment. ~ Significant ( P < 0.05. Mann-Whitney U-test) differe e in
motor responses between the control and treatment groups.
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and the specific oxytocin receptor antagonist,
[d(CH2)};,Tyr(Me)z,Thr“,Tyr-NHg]OVT. Fig. 2A
demonstrates that the vasopressin V, receptor antago-
nist, but not the vasopressin V, receptor antagonist or
the oxytocin receptor antagonists, significantly reduce
the vasopressin V, receptor agonist deamino-p-
vasopressin-induced sensitization. Similarly, Fig. 2B
demonstrates that vasopressin V; receptor antagonist,
but not the vasopressin V, receptor or the oxytocin
receptor antagonist, could significantly reduce the va-
sopressin metabolite [pGlu®,Cyt®lvasopressin induced
sensitization.

The findings that the vasopressin V, receptor antag-
onist did not block the specific vasopressin V, receptor
agonist (deamino-p-vasopressin)-induced sensitization
led us to further evaluate the ability of a more selective
vasopressin V, receptor antagonist ([d(CH,);,p-
Ile2,Ile*lvasopressin) to block deamino-p-vasopressin-
induced sensitization. Fig. 3 (A1) clearly demonstrates
that the vasopressin V, receptor antagonist
[d(CH,).,p-Ile? Ile*vasopressin also failed to block
deamino-p-vasopressin-induced sensitization. The find-
ing that the vasopressin V, receptor antagonist
[d(CH ,){,p-1le? lle*vasopressin did not block
deamino-p-vasopressin-induced sensitization and the
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observation that the motor disturbances of the animals
which received the vasopressin V, receptor antagonist
appeared even more severe than those which received
a pretreatment with deamino-bp-vasopressin preceded
by saline led us to investigate the possibility that the
vasopressin V, receptor antagonist [d(CH,),b-
Ile?,lle*}vasopressin itself may act as an agonist to
induce sensitization. Fig. 3 (A2) demonstrates that the
vasopressin 'V, receptor antagonist [d(CH,)!,p-
Ile?,Ile*vasopressin itself can sensitize the animals to
vasopressin-induced motor disturbances. Here again,
the unexpected finding that the vasopressin V, recep-
tor antagonist [d(CH,)!,p-Ile2 Ile*}vasopressin could
act as an agonist in the sensitization paradigm lead us
to further test the possibility that the vasopressin V,
receptor antagonist may also block the vasopressin V,
receptor antagonist [d(CH,)!,p-Ile? lle*lvasopressin-
induced sensitization. Fig. 3 (A3) demonstrates that
the vasopressin V, receptor antagonist is effective in
blocking the vasopressin V, receptor antagonist
[d(CH,)},p-1le lle*vasopressin-induced sensitization.

The findings that the vasopressin V, receptor antag-
onist [d(CH,)},p-Ile? Ile*vasopressin could act as an
agonist in the sensitization of vasopressin-induced mo-
tor disturbances and could also be blocked by the
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Fig. 2. B_lockade of sensitization by specific receptor antagonists. In these experiments, four groups of animals received a pretreatment injection
of deamino-p-vasopressin (DDAVP; 10 pmol) preceded (2 min prior) by an injection of either saline (5 pul, n = 7, controls), the vasopressin V;

receptor antagonist [d(CH ), Tyr(Me)?Jvasopressin (V, ANTA;
[d(CH,,);, Ty(E? Val* vasopressin (V,

100 pmol, n =9), the vasopressin V, receptor antagonist
ANTA; 100 pmol, n = 8) or the oxytocin receptor antagonist [d(CH )L, Tyr(Me)?, Thr*, Tyr-NH3JOVT

(CPD 6; 100 pmol, n= 6).(Fig. 2A)..Another four groups of animals received a pretreatment injection of [pGlu®,Cyt®Ivasopressin (AVP 4-9; 10
pmol) preceded (2 min prior) by an injection of either saline (5 wl, n = 6, controls), the vasopressin V, receptor antagonist (V, ANTA; 100 pmol,

n = 7), the vasopressin V, receptor antagonist (V,

ANTA; 100 pmol, # = 7) or the oxytocin receptor antagonist (CPD 6; 100 pmol, n = 5) (Fig.

2B).24 h Ifnter, the potency of vasopressin to induce motor disturbances was tested and scored. Refer to Fig. 1 for details. * Significant (P < 0.05,
Mann-Whitney VJ-test) difference in motor responses between the control and trezimmsnt groups.
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vasopressin V, receptor antagonist led us to test
whether the other vasopressin V, receptor antagonists
may also induce the sensitization process. Fig. 3 (B1)
shows that the other vasopressin V, receptor antago-
nist can also sensitize the brain, and that this effect can
be blocked with the vasopressin V; receptor antagonist.
Because the vasopressin V, receptor antagonist acted
as an agonist in the sensitization phenomenon, we also
tested the possibility that the vasopressin V, receptor
antagonist may in itself induce motor disturbances in
sensitized animals. Fig. 3 (B2) demonstrates that in
sensitized animals, when given on the second peptide
exposure, the vasopressin V, receptor antagonist did
not cause significantly enhanced motor disturbances.

3.2. Sensitization process and endogenous vasopressin
activity

In these studies, we tested the possibility that the
sensitization phenomenon may be reflected in an acti-
vation of vasopressin gene expression. We tested this
hypothesis by determining the relative amount of vaso-

pressin mess.ge expressed per cell as well as the num-
ber of cells expressing vasopressin messenger RNA
(vasopressin mRNA) at several times following a pre-
treatment with an i.c.v. injection of vasopressin in three
brain areas containing vasopressin cell bodies, includ-
ing the bed nucleus of the stria terminalis, the medial
amygdala and the paraventricular nucleus of the hypo-
thalamus. These vasopressinergic nuclei are known to
project to areas thought to be involved in the sensitiza-
tion process (Naylor et al., 1985). Fig. 4A shows that
although there is a tendency for the number of vaso-
pressin-expressing cells in the bed nucleus of the stria
terminalis to increase, 24 h following an vasopressin
injection, no significant differences were found either
in the number of cells or in the relative amount of
grains/cells in the bed nucleus of the stria terminalis
or the medial amygdala. There are also no significant
differences in the total area covered by silver grains or
in the intensity of hybridization per unit area (relative
brightness) in the paraventricular nucleus of the hypo-
thalamus. To further investigate the possibility that
vasopressin mRNA alterations may be more apparent
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Fig. 3. Vasopressin V, receptor antagonist and sensitization. Panel Al: in these experiments male Sprague Dawley rats received a pretreatmgnt
injection of deamino-p-vasopressin (DDAVP; 10 pmol) preceded (2 min prior) by an injection of either saline (5 ;Ll,_ n= 6) or the sele_ctwe
vasopressin V, receptor antagonist (d(CH 2);,,D-llez,lle“]vasopressin) (sV, ANTA; 100 pmol, n = 6); panel A2:. an additional group of animals
received a pretreatment with the selective vasopressin V, receptor antagonist ([d(CH i p-Tle? Tle® vasopressin alone (sV, ANT A 10 pnlml.
n =9); panel A3: another group of animals was given a pretreatment injection of the selective vasopressir} V, receptor amagom:ﬁ {d{CH,)i.0-
Ile? Nle*}vasopressin (sV, ANTA; 10 pmol, n = 11) preceded (2 min prior) by an injection of the vasopressin \_’, reccptor afut?goplst (V; ANTA:
100 pmel). 24 h later, the potency of vasopressin (AVP) to induce motor disturbances was tested following an i.c.v. injection of 10 Pmol
vasopressin and scored (see Fig. 1 for details). Panel B!: in these experiments rats received a pre_tr-ecatr}xent of -10 pmo! of the vasopressin V,
receptor antagonist, [d(CH 2)§,Tyr(Et)2,Val“]vasopressin (V, ANTA) preceded (2 min prior) by an m:‘ecno_n of either sahr}e (5 ul, n=9) or the
vasopressin V; receptor antagonist (V; ANTA: 100 pmol, n = 5). 24 h later, the potency of vasopressin to induce l.'notor disturbances was tested
following an i.c.v. injection of 10 pmol vasopressin (AVP). Panel B2: an additional group of animals (n = 4) was given, on 'the both. the first and
the second (24 h later) peptide exposures, 10 pmol of the vasopressin V, receptor antagonist (V; ANTA) to dete-mine if it could induce motor
disturbances as well as sensitize. ~ Significant { P < 0.05, Mann-Whitney U-test) difference in motor respenses between the control and treatment

groups.
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Fig. 4. Sensitization process and endogenous vasopressin activity. In
a first series of experiments (Fig. 4, panel A) we investigated vaso-
pressin mRNA gene expression in the brain 24 h after a saline
(n =46, controls) or an vasopressin (n=6) injection. In a second
series of experiments (panel B), we investigated the time course
development of vasopressin sensitization by analyzing vasopressin
mRNA gene expression at 0 (n=8), 1 (n=7),3 (n=6), 7(n=4)
and 12 (n=6) h after a first vasopressin injection. Each bar graph
represents the mean + S.E.M. of six to eight animals for the number
of cells and grains/cell in the and medis! amygdala and the Area
and relative brightness (1 — relative optical density) in the paraven-
tricular nucleus of the hypothalamus from emulsion-coated slides.
Cells were labeled by the $¢-1abeled oligonucleotide complementary
bases coding for the last 16 amino acids of the vasopressin mRNA.
For each animal two sections were quantified bilaterally using a
digitized image analysis system.

at an earlier time point, a second series of experiments
was performed. Vasopressin mRNA levels were mea-
sured at 0(n=8),1(n=7),3(n=6),7(n=4)and 12
(n=6) h after a first vasopressin injection. Fig. 4B
shows no significant differences in the number of cells
or in the relative amount of grains/cells in the bed
nucleus of the stria terminalis and the medial amygdala
at any of the time points analysed. Similarly, there are
no significant differences in the total area covered by
silver grains or in the intensity of hybridization per unit
area (relative brightness) in the paraventricular nucleus
of the hypothalamus at any of the time points studied.

Taken together, these results suggest that, under the
present conditions, an i.c.v. injection of vasopressin
does not appear to result in a significant alteration in
the expression of vasopressin mRNA in vasopressin-
containing cells of the bed nucleus of the stria termi-
nalis, medial amygdala or paraventricular nucleus of
the hypothalamus up to 24 h after an injection.

4. Discussion

Sensitization of a response can be defined as the
processes which facilitate an organism’s response to
the repeated presentation of a stimulus. Vasopressin is
involved in a sensitization process in which vasopressin
increases the responsiveness of the brain to itself upon
repeated exposure. The availability of an array of lig-
ands related structurally to vasopressin provides a di-
verse set of pharmacological tools for the study of the
pharmacological characteristics of vasopressin-induced
sensitization. In this study, we demonstrated that ani-
mals pretreated with vasopressin or vasopressin
analogs, including deamino-p-vasopressin, [pGlu?,
Cyt®lvasopressin, [pGlu-Asn-Cys(Cys)IPro-Leu-Gly-
NH,, des-Gly-NH%-vasopressin, Pro-Leu-Gly-NH, and
Pro-Arg-Gly-NH, became markedly hyper-responsive
to the motor effects of a subsequent challenge dose of
only vasopressin, but not vasopressin-related peptides.
Using a series of available neurohypophysial antago-
nists, we demonstrated that the V, antagonist
[d(CH ,)!, Tyr(Me)lvasopressin but not the vasopressin
V, receptor antagonist [d(CH,)! Tyr(Et)?,Val*]-
vasopressin, or the more selective vasopressin V, re-
ceptor antagonist [d(CH,),p-Ile? lle*lvasopressin or
the oxytocin receptor antagonist [d(CH,)!,Tyr(Me)?,
Thr“,Tyr-NH%]OVT blocked vasopressin analog-in-
duced sensitizations, including those induced by
deamino-p-vasopressin and [pGlu®,Cyt®lvasopressin.
Furthermore, while both vasopressin V, receptor an-
tagonists were ineffective in blocking the induction of
sensitization, both acted as agonists in the sensitization
phenomenon when given on the first peptide exposure.
Both vasopressin V, receptor antagonist-induced sensi-
tizations were also blocked by the vasopressin V, re-
ceptor antagonist. Thus these data clearly demonstrate
that, while many vasopressin analogs sensitize the rat
brain to vasopressin-induced motor disturbances, only
vasopressin can induce the enhanced motor responses.
These findings indicate that the sensitization phe-
nomenon induced by vasopressin and vasopressin-re-
lated peptides and the sensitized response induced by
vasopressin appear to be controlled by different deter-
minants.

The mechanism underlying the sensitization phe-
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nomenon is not known but our investigation of vasc-
pressin mRNA expression in sensitized animals indi-
cate that the sensitization phenomenon does not ap-
pear to involve an increase in the expression of the
mRNA. As there is now good evidence that increased
mRNA expression reflects activation of neurons (Fitz-
simmons et al., 1992), our data would suggest that the
sensitization agents were not acting simply to release
endogenous stores of vasopressin. While we cannot
discount the possibility that a possible presynaptic re-
lease of vasopressin (as has been described at a vaso-
pressin V, receptor in septum; (Landgraf et al., 1991)
may not be a sufficiently strong stimulus to activate the
gene expression in the cell body, these results suggest
that it is unlikely that vasopressin and vasopressin-re-
lated peptides induced sensitization via enhanced syn-
thesis and release of endogenous vasopressin. What-
ever the type of receptor which may be involved in the
sensitization process, the actual cellular locus of this
receptor appears unlikely to be on the endogenous
Vasopressin neurons.

While the pharmacological characteristics of the va-
sopressin  sensitization process appears somewhat
strange at first glance, it has similarities to that of a
number of other central actions of vasopressin and
vasopressin analogs. For example, vasopressin,
[pGlu*,Cyt®lvasopressin, oxytocin, a vasopressin V, re-
ceptor agonist, deamino-b-vasopressin, and the vaso-
pressin V, receptor antagonist, [d-(CH,)s[d-Ile? Ala*}-
vasopressin), have all been demonstrated to act as
agonists in inducing intraceilular accumulation of
cAMP in cultured hippocampal neurons (Brinton and
Brownson, 1993). Furthermore, the pharmacoiogical
characteristics of the development of physical depend-
ence induced by vasopressin-related peptides to mor-
phine are also similar to the pharmacological charac-
teristics of vasopressin analog-induced sensitization in
that the physical dependence to morphine is facilitated
in rats by des-Gly-NH3-vasopressin, vasopressin, oxy-
tocin and the C-terminal fragments of these peptides
Pro-Arg-Gly-NH, and Pro-Leu-Gly-NH,, but not by
pressinoic acid (Van Ree and De Wied, 1976). In yet
another example, vasopressin analogs, including oxy-
tocin and oxytocin fragments (Kovacs et al., 1979), have
been shown to have vasopressin-like effects in facilita-
tion of passive avoidance behavior, results which are
similar to our findings that oxytocin (Poulin and
Pittman, 1993b) and oxytocin analogs (this study) have
vasopressin-like effects in sensitizing the motor actions
of vasopressin. Therefore, while the pharmacological
characteristics of the vasopressin sensitization phe-
nomenon appear at variance with the specific activa-
tions of the enhanced motor disturbances via a V,
receptor, they are similar to other neuromodulatory
actions of vasopressin and vasopressin analogs in the
brain.

The observation that a wide variety of vasopressin
analogs induced the sensitization phenomenon could
indicate that the sensitization phenomenon is a non-re-
ceptor-mediated event. However, neither pressinoic
acid nor saline were effective sensitizing agents. Fur-
thermore, the observation that the vasopressin V, re-
ceptor antagonist, [d(CH ,)!, Tyr(Me)? Jvasopressin, was
able to block sensitization phenomenon induced by
vasopressin as well as that induced by [pGlu*,Cyt®]-
vasopressin and deamino-p-vasopressin suggests that
the sensitization phenomenon is a receptor-mediated
event. Although this could be interpreted as meaning
that the blockade of vasopressin sensitization by the V,
antagonist is non-specific in nature, there are other
studies (Thornhill and Pittman, 1990} that indicate that
actions of non-neurohypophysial-related compounds
are not blocked by this vasopressin V, receptor antago-
nist and that it is without activity in itself; these obser-
vations argue against possible non-specific, neurode-
pressant actions of [d(CH ,)!, Tyr(Me)? vasopressin.

The observation that the vasopressin V, receptor
antagonist can block a wide variety of vasopressin
analog-induced sensitizations could be interpreted as
meaning that the vasopressin V, receptor antagonist
binds to some yet unknown vasopressin-like receptors,
in brain tissue. Indeed, as more work is done with this
antagonist, it has become clear that it can bind more
than the classical V, vasopressin receptor (Di Scala-
Guenot and Strosser, 1992). In further support of this,
it was recently demonstrated (Brinton et al., 1986) that
the vasopressin V, receptor antagonist [d(CH ,);,Tyr-
(Me)*}vasopressin blocked vasopressin, [pGlu®,Cyt®}-
vasopressin and oxytocin induced 3H-1P1 accumulation
in cultured hippocampal neurons. Similarly, De Wied
et al. (De Wied et al., 1991) observed that the vaso-
pressin V, receptor antagonist could block the influ-
ence of neurophyophysial hormones, including vaso-
pressin, vasopressin 4-8, oxytocin and [pGlu-Asn-
Cys(Cys)IPro-Leu-Gly-NH ,, on avoidance behavior.

Furthermore, evidence is availabiz to support the
hypothesis that several vasopressin analog receptors
exist in brain tissue. For example, [pGlu®,Cyt®]-
vasopressin binding sites have been reported in brain
(Brinton et al., 1985, 1986; De Kloet et al, 1985;
Jurzak et al, 1993). The oxytocin fragment Pro-Leu-
Gly-NH, has also been found to have specific binding
sites in the brain (Zadina et al., 1982). Szot et al. (1989)
have also reported a unique pharmacological profile
for vasopressin receptors in the cingulate gyrus of rat
pups during development. A novel type of oxytocin
receptor with equal binding ability for oxytocin, the
vasopressin V, receptor antagonist and the vasopressin
V, receptor agonist has been described on astroglial
cells {Di Scala-Guenot and Strosser, 1992). Additional
possibilities that other, not yet characterized, vaso-
pressin receptors exist in brain tissue is further sug-
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gested by the work using deamino-p-vasopressin, the
classical vasopressin V, receptor agonist. For example,
despite the physiological and pharmacological evidence
in support of vasopressin V, receptor existence in the
brain, there has been no biochemical or molecular
(Ostrowski et al.,, 1992) evidence of vasopressin V,
receptor in the brain. Furthermore, the demonstration
that deamino-p-vasopressin can behave in vitro as a
vasopressin V, receptor antagonist makes it difficult to
reconcile with the concept that there are only two

types of vasopressin receptors (Vallotton, 1991). Elec-
tranhvsiological studies also indicate the presence of a
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novel receptor responsive to arginine vasotocin in the
rat brain (Ineram and Tolchard, 1994). Thus, the ob-
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process.

While the present data concern a possible
ical expressxon of vasopressm action (i.e. motor distur-
bances), the sensitization has also been re eported for a
number of other transmitter actions of vasopressin,
inctuding those on fever (Poulin and Pittman, 1993¢)
and cardiovascular (Poulin et al., 1994; Lebrun et al,,
1989) reguiation. Thus the sensitization phenomenon
reporied herein may have relevance to experience-and
time-di:pendent aiteration in fever (i.e. toierance). Sim-
ilarly, sensitization of the vasopressin receptor involved
in the centrai cardiovascular control may implicate
vasopressin in such diseases as hypertension.

Vasopressin and its analogs have been shown to act
as neuromodulators of neuroadaptive phenomena such
as learning and memory (De Wied et al., 1991), and
maintenance of functional tolerance to ethanol (Szabo
et al,, 1991). It is interesting to note here that the
sensitization phenomenon described here and the neu-
romodulator actions of vasopressin (Szabo et al., 1991;
De Wied et al., 1991) have similar pharmacology. Thus,
the sensitization effect may be seen as a neuromodula-
tory action of vasopressin and vasopressin-related pep-
tides on the neurotransmitter-like action of vasopressin
in brain. It is interesting to note that the neuromodula-
tory actions of vasopressin appear to be dependent on
interaction with CNS receptors which recognize
deamino-p-vasopressin, [pGlu*,Cyt®Jvasopressin, Pro-
LBU-G]V-NH-,- PrO-ArQ-GIV-NH.. oxytocin, [pGlu-Asn-

Cys(Cys)]Pro-Leu-Gly—NHz, the vasopressin V, recep-

tor antagonist as aponists and the vasopressin V. re.
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ceptor antagonist as antagonist. Such a receptor has
not vet been identified in the rat brain
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