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INTRODUCTION

Arginine vasopressin (AVP), one of the first peptides to be
characterized and extensively investigated, is both a
neurohypophysial peptide released into the circulation from
the posterior pituitary, and a neurotransmitter/neuromo-
dulator distributed throughout the brain. Traditionally,
research has focused on its peripheral actions, specifically
the role of AVP in fluid homeostasis and blood pressure
control. AVP also acts centrally within the CNS where it
modulates a range of behaviors from learning and memory
and responses to stressors to social behaviors. Beginning
with the pioneering work of David de Wied in the late
1960s, early AVP behavioral studies were focused on its
positive effects on avoidance learning and memory
(reviewed in van Wimersma Greidanus et al, 1983;
Engelmann et al, 1996). More recently, pharmacological
studies have also demonstrated a role for AVP in the
regulation of flank-marking behavior, paternal behavior,
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Considerable evidence suggests that arginine vasopressin (AVP) is critically involved in the regulation of many social and nonsocial
behaviors, including emotionality. The existence of two AVP receptors in the brain, namely the Vla and Vb subtypes, and the lack of
clear pharmacological data using selective agonists or antagonists, make it difficult to determine which receptor is responsible for the
AVP-mediated effects on behavior. Here we report the behavioral effects of a null mutation in the Vla receptor (VIaR) in male mice.
Male mice lacking functional VIaR (V1aRKO) exhibit markedly reduced anxiety-like behavior and a profound impairment in social
recognition. V1aRKO performed normally on spatial and nonsocial olfactory learning and memory tasks. Acute central administration of
AVP robustly stimulated stereotypical scratching and autogrooming in wild-type (WT), but not VI1aRKO males. AVP and oxytocin (OT)
mRNA and OT receptor-binding levels were similar in WT and V 1aRKO mice. Given the current findings, the V1aR may provide a novel
potential pharmacological target for social and affective disorders including autism, and anxiety disorders.
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social recognition, aggression, and affiliation, as well as
anxiety-like behavior (Ferris et al, 1984, 1986; Le Moal et al,
1987; Winslow et al, 1993; Landgraf et al, 1995; Bamshad
and Albers 1996; Liebsch et al, 1996; Everts and Koolhaas,
1997; Young et al, 1999; Parker and Lee, 2001; Pitkow et al,
2001).

While three receptor subtypes exist for AVP (Vla, Vb,
and V2), the V1a receptor (V1aR) has been thought to play
the dominant role in regulating behavior. Until recently, the
V1aR was thought to be the only subtype expressed widely
in the brain, while the V1b was localized primarily in the
pituitary and the V2 in the kidney. V1aR antagonists
produce marked effects on learning and memory and social
behaviors. Intracerebroventricular (i.c.v.) and intraseptal
administration of V1aR antagonists block social recognition
and AVP injections can rescue deficits in social recognition
in Brattleboro rats that lack AVP (Dantzer et al, 1987;
Engelmann and Landgraf, 1994; van Wimersma Greidanus
and Maigret, 1996; Everts and Koolhaas, 1999). The effects
of VlaR antagonists on anxiety-related behaviors are
contradictory, with different groups finding both anxio-
genic and anxiolytic effects (Liebsch et al, 1996; Everts and
Koolhaas, 1999). Septal administration of V1aR antisense
oligos resulted in both impaired social recognition and a
decrease in anxiety-related behavior in rats (Landgraf et al,
1995).
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The V1aR antagonists used in many of these studies are
known to have low affinities for the V1bR and therefore it is
conceivable that some of the behavioral effects produced by
these compounds could be due to their effects on the V1bR.
Recent in situ hybridization and immunohistochemical
studies suggest that V1bR is not strictly localized to the
pituitary, but may be widely distributed in the brain
(Vaccari et al, 1998; Hernando et al, 2001). Thus, the
relative contribution of the V1aR and V1bR on AVP-
mediated behaviors is less clear than once thought. The data
supporting the role of V1bR in social recognition and
anxiety is sparse and inconsistent. Treatment with a novel,
orally active V1b antagonist resulted in reduced anxiety-
related behavior while characterization of a V1b knockout
mouse found no difference in anxiety-related behavior, but
mildly impaired social recognition (Griebel et al, 2002;
Wersinger et al, 2002).

The paradoxical and incongruous results of these earlier
studies on the role of both V1bR and V1aR on cognition
and anxiety necessitate further study of the mechanisms
underlying the effects of AVP on these behaviors. Further-
more, AVP’s role in avoidance learning, which is aversive in
nature and the developing role of AVP in emotionality has
lead to a vigorous debate into whether AVP effects on
learning and memory are in fact a result of nonmnemonic
changes in arousal state (Sahgal, 1984). We attempted to
address these possibilities and controversies by testing the
effects of a null mutation in the V1aR on emotionality, using
anxiety tests, and two types of learning and memory. We
used social recognition as a test for both social behavior,
and nonaversive learning as well as the Morris water maze,
which has not been clearly linked to AVP but is aversive in
nature.

MATERIALS AND METHODS
Animals

Subjects were 2- to 5-month-old sexually naive male mice
bred in our laboratory. Briefly, the mice were produced by
standard homologous recombination in which neo gene
replacement deleted a 1.5kb fragment of the VI1aR gene
starting at 31 bp downstream of the translation start site and
ending at 244bp downstream of exon I. Chimeric males
were generated and mated to C57/BL6 females and germline
transmission was achieved. These animals were backcrossed
to 129/Sv] for five generations and experimental mice were
produced from heterozygote crossings (Hu et al, 2003). The
genotype of all animals was assessed using a PCR-based
genotyping protocol. At 10 days of age, tails were clipped,
the tissue was digested, and DNA was extracted and
purified. PCR was performed on 1-2pg of DNA using
primer pairs a/b and c¢/d. The knockout specific primer
pair a/b produces a product of 430bp and the wild-
type (WT) specific primer pair ¢/d produces a product of
369 bp. Primers used: a-AGAGGCTATTCGGCTATGACTG; b-
TTCGTCCAGATCATCCTGATC; c-GGGCGAGTTTCGTTCT
GAGCATAC; d-GGTCATCTTCACTGTGCGGATCTTG. Ani-
mals were housed in groups of 3-5 for a majority of the
work and then singly housed for the social recognition,
olfactory habituation, and AVP administration studies. The
animals were maintained in a 14/10h light/dark cycle and
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were provided food and water ad libitum (Purina mouse
chow; Purina mills, St. Louis, MO). Two groups of male
mice were used in these studies: a WT group N=38, and a
knockout null mutant —/— (KO) group N=9. Heterozy-
gotes were not included for purposes of controlling subject
number. This allowed each test to be completed in 1 day and
during the same part of the light/dark cycle, in an effort to
reduce variability. All mice used in these studies were the
products of heterozygous pairings in order to control for
the possible confound of parental genotype. All experiments
were performed in compliance with the rules and oversight
of the Emory Institutional Animal Care and Use Committee.

Behavioral Phenotyping

All testing was performed in an isolated behavior room at
23-24°C. Animals were brought to the testing room an hour
before testing began, to acclimate to the environment. All
behavior testing occurred in the first half of the light part of
the light/dark cycle. All behaviors were videotaped and
scored later by a single trained observer blind to genotype
using a computer-assisted data acquisition system (Stop-
watch +, http://www.cbn-atl.org/research/cores/behavioral

software/stopwatch.cfm). For all anxiety tests the light in the
room measured 300-4001x. Each behavioral test was
separated by at least 24h and tests were performed in the
order presented.

Elevated plus maze. The elevated plus maze apparatus
consisted of two open arms and two closed arms each
measuring 65 x 6.25cm and elevated 50cm above the
ground. The subject was placed in the center of the
apparatus facing the open arm and its location was recorded
for 5min. An arm entry was defined as the mouse having all
four paws into the arm (Fernandes and File, 1996).

Open field. The open field apparatus consisted of a dark
walled, circular open arena with a diameter measuring
67.5 cm. The subject was placed in the arena, along the wall
and its location was recorded for 5min. The critical
measure was the time spent in the inner area of the arena
(>5cm away from any wall).

Light/dark box. The light/dark box apparatus consisted of a
light, open topped, opaque, plexiglas box connected to a
dark, closed topped, opaque, plexiglas box each measuring
27.5 x 17.5 x 12.5 cm. The boxes were connected by a small
opening that allows the subject to cross between them. The
subject was placed in the light box and its location was
recorded for 5min. The time spent in the light side of
apparatus was considered the primary measure of the
anxiety because of its sensitivity to anxiolytics (Hascoét
et al, 2001). Light box entry was defined as the mouse
having all four paws into the light box.

Morris water maze. The water maze apparatus consisted of
a circular polypropylene pool that measured 95cm in
diameter. The pool was filled with water (25°C) to a depth of
8 cm. The water was made opaque by using water soluble,
nontoxic white paint. A platform consisting of a white
plastic column (7.5 cm diameter) was situated in the center



of one quadrant of the pool and submerged 0.5cm below
water level. The pool was situated in a room with numerous
and assorted extra-maze cues. The subject was acclimated
for 2 min to the pool on the day before testing began. In four
trials each day, subjects were placed at all of four
systematically varied positions along the edge of the pool.
The intertrial interval (ITI) was 10min. We measured
latency to locate the submerged platform. If the subject did
not find the platform in 60s, it was placed on the platform
and allowed to remain there for 15s. Sessions were repeated
on 5 successive days during the first half of the light part of
the light/dark cycle. On the sixth day the subjects were
exposed to a probe trial of 60s in which the platform was
removed and the time spent swimming in each of the
quadrants was recorded (adapted from Morris, 1984).

Forced swim. The forced swim apparatus was a clear glass
cylinder 13.75cm in diameter and 18.13 cm high that was
filled to a depth of 11.9 cm with water (25°C). The subject
was placed in the water for 6 min. The time spent floating vs
swimming during the last 3 min was recorded (Porsolt et al,
1978; Sanchez and Meier, 1997).

Baseline acoustic startle and prepulse inhibition (PPI).
Startle and sensorimotor gating was assessed using acoustic
startle and PPI using a modified version of that used by
Dulawa and Geyer (2000). For acoustic startle, mice were
exposed to pulses of 90, 100, 110, and 120dB in a
pseudorandomized order with 20 presentations of each
stimulus and an ITI of 30 s. For PPI, mice received multiple
40ms 120dB tones (startle alone) intermittently proceeded
by four different prepulse signals (from 6 to 14 dB above
background). Trials were presented in pseudorandom order
with an ITI of 30s and an interstimulus interval (between
prepulse and pulse) of 100 ms. For both acoustic startle and
PPI the background noise was 60dB and the maximum
startle was considered to be the peak startle within 200 ms
of the stimulus.

Social recognition. Animals were individually housed for 10
days before testing to permit the establishment of a home-
cage territory. The procedure was the same as previously
used in Ferguson et al (2000). Briefly, the subject was
exposed to the same ovariectomized adult female mouse for
1 min over four trials with an ITI of 10 min. During the fifth
dishabituation trial, the subject was exposed to a novel
ovariectomized female for 1min. The time spent in
olfactory investigation for each trial was recorded. Olfactory
investigation was defined as direct, active, olfactory
exploration of the stimulus female; specifically nosing and
sniffing of the head and anogenital regions, closely
following, and pursuit. Each female was used only once
each day. Mice displaying normal social recognition show a
decline in investigation upon subsequent exposure to the
same individual; and in the dishabituation trial, investiga-
tion times are similar to the initial exposure to the first
individual.

Olfactory habituation. Animals were individually housed
for at least 10 days before testing and olfactory habituation
was performed 7 days after social recognition. The
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procedure was used previously by Ferguson et al (2000).
Briefly, a small plastic cartridge was packed with cotton
scented with 10 ul of anise extract. This was placed in the
home cage of the subject for 1 min over four trials, with an
ITI of 10 min. In the fifth dishabituation trial the subject was
presented with a cotton ball scented with 10 pl of coconut
extract. The time spent in olfactory investigation for each
trial was recorded. Olfactory investigation was defined as
direct nasal contact with the cartridge.

Data and statistical analysis. For the plus maze, open field,
and light/dark box, the time spent in the open arm, open
field, and light box was compared between genotypes using
a Student’s t-test. The number of closed arm entries in the
plus maze and the number of nose pokes in the light box
were compared between genotype using a Student’s t-test.
For the forced swim task, the amount of time spent floating
was compared between genotype using a Student’s t-test.
For baseline startle and PPI, two-way ANOVAs, with
genotype and pulse/prepulse intensity as factors, with
repeated measures on pulse/prepulse intensity were per-
formed. For the acquisition portion of the Morris water
maze, social recognition, and olfactory habituation test,
two-way ANOVAs, with genotype and day/trial as factors,
with repeated measures on day/trial were performed. For
the retention, probe trial, portion of the Morris water maze,
a two-way ANOVA, with genotype and quadrant as factors,
with repeated measures on quadrant was performed. If a
significant main or interaction effect was detected, a
Neuman-Keuls post hoc analysis was performed (z=0.05).

Pharmacological Studies

After completion of the behavioral testing animals were
implanted with an intraventricular cannula as described
previously in Ferguson et al (2000). Briefly, animals were
anaesthetized with ketamine and domitor, placed in the
stereotaxic apparatus and implanted intraventricularly with
a 26-gauge stainless-steel infusion cannula (Plastics One,
Roanoke, VA). Injections began 3-5 days after surgery and
were made using a 10 pl Hamilton syringe connected to a
33-gauge injection needle via PE tubing. Either artificial
cerebrospinal fluid (CSF) or 10 ng doses of AVP dissolved in
CSF were delivered to awake, restrained subjects in a 4 pl
volume infused over 60 s. Subjects were recorded for 10 min
immediately after the injection cannula was removed and
behavior was analyzed. All animals received infusions of
both AVP and control vehicle with at least 2 days in between
treatments in a counter-balanced design. Cannula place-
ment was confirmed with post-mortem examination of
cryostat sections, and only those animals with correct
placement were included for analysis.

Data and statistical analysis. Time spent scratching and
autogrooming was analyzed using a two-way ANOVA, with
genotype and treatment as factors, with repeated measures
on the treatment factor. If a significant interaction or main
effect was detected, a Neuman-Keuls post hoc analysis was
performed (o= 0.05).
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Receptor Autoradiography and In situ Hybridization

For the radioligand receptor binding and in situ hybridiza-
tion, brains from all experimental subjects were removed,
flash frozen, sectioned at 20 um, and slide mounted into
four serial sets for each experimental animal. One set each
was used for Vl1aR binding, oxytocin receptor (OTR)
binding, OT expression, and AVP expression. Sections were
processed for receptor autoradiography using I'**-labeled
d(CHz)S[Tyr(Me)z,—Tyr—NHg]ornithine vasotocin (NEN Life
Sciences Products, Boston, MA) for the OTR and (Pheny-
lacetyl',0-Me-D-Tyr?, ['*°I-Arg®]-) vasopressin (linear), V-
1A antagonist (NEN Life Science Products, Boston, MA) for
the V1aR as described previously (Nishimori et al, 1996;
Young et al, 1997). Slides were exposed to BioMax MR film
(Kodak) for 48 h. Results from the V1aR autoradiography
were used to confirm genotype. Sections were processed for
AVP and OT expression using >°S-labeled antisense oligos
as described previously (Nishimori et al, 1996; Young et al,
1996). Slides were exposed to Bio Max MR film (Kodak) for
1-2h.

Data and statistical analysis. Film autoradiograms and
in situ hybridization images were analyzed using the AIS
program (Imaging Research Inc., St Catharines, ON,
Canada). For the receptor-binding autoradiograms, optical
densities were converted to dpm/mg of tissue equivalents
using '**I microscales (Amersham, Arlington Heights, IL).
Specific binding in the lateral septum and medial amygdala
was obtained by subtracting the nonspecific binding from
the total binding for each section and area. In situ
hybridization was quantified using optical density and
specific hybridization was obtained by subtracting the
optical density of the area adjacent to the region being
measured from that of the paraventricular nucleus (PVN)
for each section. All sections were analyzed by a trained
experimenter blind to genotype and each region of interest
was measured bilaterally from at least two sections. Values
from WT and KO subjects were compared using Student’s
t-test (o« =10.05).

RESULTS

Behavior Testing

Elevated plus maze, open field, light/dark box, and forced
swim. Male V1aRKO mice demonstrated significantly less
anxiety-like behaviors in all tests for anxiety behavior.
V1aRKO males spent more time in the open arms of the
elevated plus maze than did their WT littermates (p <0.05)
(Figure 1a). There were no significant genotype differences
in overall activity in the elevated plus maze as measured by
the number of closed arm entries (Figure 1b). Male V1aRKO
mice spent significantly more time in the inner area of the
open field arena (p<0.05) (Figure le) and significantly
more time in the light box of the light/dark box (p<0.05)
(Figure 1c) than did their WT littermates. There were no
genotype differences in exploratory behavior in the light/
dark box task as measured by the number of nose pokes
into the light box (Figure 1d). Differences in anxiety-like
behaviors in the V1aRKO were not associated with
differences in depressive-like behavior as there was no
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difference between genotypes in the forced swim test
(Figure 1f).

Morris water maze, baseline acoustic startle, and PPIL
There were no differences between the V1aRKO and WT
subjects in the Morris water maze, baseline acoustic startle,
and PPI. For the learning portion of the Morris water maze,
a significant main effect of test day (F,;5s=6.132, p<0.001)
but not genotype (F;;5=0.338, NS) was detected for the
latency to find the submerged platform. No significant
interaction was detected (Fy;5=0.315, NS). Post hoc
analysis revealed that both the V1aRKO and WT mice
showed a significantly reduced latency to find the platform
on test days 4 and 5 (both p <0.05) as compared to test day
1 (Figure 2a). For the probe trial of the Morris water maze, a
significant main effect of quadrant (F;;5=16.998, p<0.001)
but not genotype (F;;5=0.560, NS) was detected for the
time spent in each quadrant. No significant interaction
effect was detected (Fs;5=2.275, NS). Post hoc analysis
revealed that both V1aRKO and WT mice spent signifi-
cantly more time in the target quadrant as compared to all
other quadrants (both p<0.001) (Figure 2b). Both the
V1aRKO and WT subjects showed similar baseline acoustic
startle and PPI, as there were no main effect of genotype in
either test (F;,15=0.595, NS; F; 15=0.975, NS). There was a
significant main effect of pulse or prepulse intensity in both
test (F3,5=69.656, p<0.001; Fs,s=49.737, p<0.001) as
both genotypes showed significantly increased startle with
increasing pulse and prepulse intensity. There was no
interaction effect in either test (Fs;5=0.414, NS;
F;15=0.707, NS) (Figure 3a and b).

Social recognition and olfactory habituation. V1aRKO
mice showed a significant deficit in social recognition.
Significant main effects for trial (F,;5s=17.827, p<0.001)
and genotype (F;,;5 = 6.450, p <0.05) were detected for time
spent in olfactory investigation of a stimulus female. A
significant interaction effect was also detected (Fy ;5 =9.637,
p<0.001). Post hoc analysis revealed that WT mice showed
a significant decrease in social olfactory investigation upon
subsequent presentations of the same female in trials 3
(p<0.01) and 4 (p<0.001) as compared to trial 1. V1aRKO
subjects had significantly impaired social recognition and
never demonstrated a significant reduction in olfactory
investigation in any of the trials (Figure 4a). The olfactory
investigation decrease seen in the WT subjects in trials 3
and 4 was not due to a general decrease in olfactory
investigation because presentation of a novel female during
trial 5 resulted in a similar amount of investigation as trial 1
with the original female.

The lack of social recognition in the V1aRKO was not due
to a general deficit in olfaction as both V1aRKO and WT
subjects habituated to repeated presentations of a same
scented cotton ball. A significant effect of trial
(Fy15=93.201, p<0.001) but not genotype (F,;5s=1.274,
NS) was detected for the time spent in olfactory investiga-
tion. No interaction effect was detected (F, ;5= 1.130, NS).
Post hoc analysis revealed that both V1aRKO and WT mice
showed a significant decrease in time spent in olfactory
investigation of a same scented cotton ball on trials 2, 3, and
4 (p<0.001) (Figure 4b). Again, this was not due to a
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Figure |

Anxiety-related behaviors for WT (filled bars, N=8) and V1aRKO (open bars, N =9) male mice. V1aRKO animals spent significantly more time

in the open arm of the elevated plus maze (a), in the light box of the light/dark box test (c), and in the center area of the open field arena (e) compared to
their WT littermates. There was no difference between the V1aRKO and WT mice in the number of closed arm entries in the elevated plus maze (b), in the
number of nose pokes in the light/dark box test (d), or in the time spent floating (f) in the forced swim test. Error bars represent SEM. *p <0.05.

general decrease in olfactory investigation because pre-
sentation of a novel scented cotton ball on trial 5 resulted in
a similar amount of investigation as trial 1 with the original
scent. There was no genotypic difference in the amount of
initial investigation in either test.

Pharmacological Studies

Central AVP administration in WT subjects resulted in a
large increase in scratching and autogrooming behaviors as
compared to vehicle injection (Figure 5a and b). Significant
main effects of genotype and treatment for scratching
(FL15=43.346, p<0.001 and F,,5=44.190, p<0.001) and
autogrooming (F, ;5 =50.415, p<0.001 and F;;5=82.550,
p<0.001) were detected as well as interaction effects for

both measures (F; ;s =44.826, p<0.001 and F,;5=>55.129,
p<0.001 respectively). Post hoc analysis revealed that AVP
treatment resulted in a significant increase in scratching
and autogrooming in WT mice only (p<0.001). There was
no difference in scratching and autogrooming between AVP
and vehicle treatment in the V1aRKO subjects and vehicle
treatment in the WT subjects.

Receptor Autoradiography and In Situ Studies

There were no apparent effects of the null mutation in the
V1aR on OT (p>0.05) and AVP (p>0.05) mRNA expres-
sion in the PVN and no effects on the binding or
distribution of brain OTR. Average optical density for OT
and AVP mRNA in the WT subjects was 0.15+0.03 and
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Figure 2 Morris water maze test for learning and memory. There was
no difference between the VI1aRKO (open circles, N=9) and the WT
(closed circles, N=18) latency to find the platform on any of the 5 days of
training (a). Each day animals were given four trials of 60 s each to find the
submerged platform. The average latency to find the platform for each day
is plotted by genotype. Both VIaRKO and WT animals demonstrated a
decreased latency to find the platform on trial days 4 and 5. On day 6 a 60's
probe trial for retention and retrieval (b) was performed in which the
platform was removed and the animals were assessed for time spent
swimming in each quadrant. Both VI1aRKO (open bars) and WT (filled
bars) animals spent significantly more time in the target quadrant as
compared to the other quadrants. There was no difference between
genotypes. Error bars represent +SEM. #p <0.05, #*p < 0.001.

0.139+0.011 (Figure 6b), respectively, and in the V1aRKO
subjects was 0.169+0.04 and 0.172+0.013, respectively
(Figure 6d). The average OTR binding (dpm/mg) in the
lateral septum (p>0.05) and medial amygdala (p>0.05) in
WT subjects was 5136.2 4+ 336.2 and 4565.7 + 695.5 dpm/myg,
respectively, and in the V1aRKO subjects was
4648.89+383.6 and 5534.4+646.9 dpm/mg, respectively.
The lack of Vl1aRs in the knockouts was confirmed by
analyzing V1aR binding in the WT (Figure 6a) and V1aRKO
(Figure 6c¢).
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Figure 3 Baseline acoustic startle and PPI. (a) There was no difference
between WT (filled bars, N =8) and V1aRKO (open bars, N=9) animals’
baseline startle at any of the four intensities. (b) There were no genotypic
differences in PPl of the startle response at any of the prepulse intensities.
Error bars represent + | SEM.

DISCUSSION

The results of this study definitively establish a role for
V1aR in the regulation of social recognition and anxiety-
related behavior in mice. This is the first report to use mice
with a null mutation in the VIaR gene to demonstrate the
dependence of social and anxiety-related behavior on this
receptor subtype. In addition, these findings support
previous findings in which V1aR disruption using antisense
oligonucleotides in the lateral septum caused deficits in
social recognition and decreased anxiety-related behavior
(Landgraf et al, 1995). These findings strongly suggest that
VlaR activity is required for the expression of social
recognition and plays a significant role in regulating
anxiety-like behavior. Previous studies using the V1aRKO
have focused solely on immunological differences in T and
B cell development (Hu et al, 2003).
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Figure 4 Social recognition and olfactory habituation. (a) Social
recognition of VIaRKO (open circles, N=9) and WT (closed circles,
N = 8) was measured as a difference in olfactory investigation of the same
ovariectomized female during each of four successive |min trials
(ITI=10min). A fifth dishabituation trial depicts the response to a novel
female in a [-min pairing 10 min after the fourth trial. WT mice showed a
significant decrease in olfactory investigation after repeated parings of the
same female on trials 3 and 4. V1aRKO mice never showed a decrease in
olfactory investigation. (b) Olfactory habituation was measured as a
difference in olfactory investigation of an anise scented cotton ball during
each of four successive | min trial (ITI= 0min). The fifth, dishabituation
trial depicts the response to a coconut scented cotton ball in a |-min
exposure 10min after the fourth trial. Both WT (N=28) and VIaRKO
(N=9) mice showed a decrease in investigation upon subsequent
presentations of the same scented cotton ball on trials 2, 3, and 4.
**p<0.01, *»<0.001. Error bars represent +SEM. Asterisks represent a
significant decrease between each trial as compared to the first trial.

Traditionally research into AVP function has focused on
its peripheral actions of fluid homeostasis (via the V2
receptor) and blood pressure control (V1aR) via release
from the posterior pituitary (hypothalamic AVP). AVP is
also released at the anterior pituitary where it acts on VI1bR
to help control ACTH release and therefore modulate the
hypothalamic-pituitary-adrenal (HPA) axis (Antoni, 1993;
de Keyzer et al, 1994). The central and behavioral affects of
AVP are likely a result of other AVP systems in the brain.
There exists a sexually dimorphic extrahypothalamic AVP
circuit that may play a critical role in AVP-mediated
behavior (de Vries and Miller, 1998). In this circuit, AVP is
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Figure 5 Scratching and autogrooming in response to AVP and CSF i.c.v.
injections. WT (N=28) animals spent more time scratching (a) and
autogrooming (b) in response to AVP (filled bars) i.c.v. injection compared
to vehicle CSF (open bars). There was no effect of AVP treatment in the
V1aRKO (N =9) and they did not differ from the WT CSF-treated animals
in scratching and autogrooming. Error bars represent + SEM. *p <0.001.

synthesized in the medial amygdala and the bed nucleus of
the stria terminalis and AVP neurons from these areas
project to forebrain structures such as the lateral septum.
The lateral septum contains a dense plexus of fibers
containing AVP (de Vries and Miller, 1998). Lesions of
the lateral septum reduce anxiety-related behavior and
septally released AVP has been shown to be causally
involved in social recognition and anxiety-related behavior
(Menard and Treit, 1996; Landgraf et al, 1998). While there
have been recent reports suggesting that V1bRs are located
throughout the brain, the V1aR remains the dominant AVP
receptor in the lateral septum (Vaccari et al, 1998;
Hernando et al, 2001). Such data suggest that localized
extrahypothalamic activation of the V1aR may be critical to
AVP’s effects on social behaviors and anxiety behaviors.
Investigations into the behavioral effects of AVP origin-
ally focused on the positive effects of AVP treatment on
passive and active avoidance learning and memory
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Figure 6 VlaR-binding autoradiograms and AVP in situ illustrating '>°I linear V1aR antagonist binding in WT (a) and V1aRKO (c) males at the level of the
lateral septum and antisense oligo hybridization to AVP mRNA in WT (b) and V1aRKO (d) at the level of the PVN and supraoptic nucleus (SON). Scale bars

are equivalent to | mm.

(reviewed in van Wimersma Greidanus et al, 1983).
However, the evidence for the role of AVP in learning and
memory has not been without controversy and many
groups have suggested that the behavioral effects of AVP
treatment are in fact an indirect behavioral consequence of
AVP affecting arousal state and emotionality (Sahgal, 1984;
Dantzer, 1998). Due to the aversive nature of passive and
active avoidance paradigms, it is difficult to separate out
these two possibilities. It has been hypothesized that the
relationship between task performance and arousal takes
the form of an inverted U shape. A small increase in arousal
might result in a facilitation of performance in learning and
memory task, while a large increase in arousal might
negatively affect task performance (Sahgal, 1984; Dawson
et al, 1992). We attempted to address this controversy by
testing the effects of a null mutation in the VIaR on
emotionality (using anxiety- and depression-like tests),
learning and memory that is nonaversive in nature (social
recognition), and learning and memory that is slightly
aversive but not clearly affected by AVP treatment. Our
results suggest that V1aR activation does affect emotion-
ality, but that the learning and memory affects of AVP are
more task dependent.

Previous pharmacological investigations, by a variety of
laboratories, into the role of the V1aR in anxiety have
yielded a contradictory and inconsistent collection of data.
Appenrodt et al (1998), reported a decrease in anxiety-
related behavior after central or peripheral AVP adminis-
tration but no effect of an AVP antagonist, while Liebsch
et al (1996) found no effect of AVP on anxiety behavior, but
did find a decrease in anxiety-related behavior after
treatment with a V1 receptor antagonist. A third group
found that AVP receptor antagonism increased anxiety-like
behavior (Liebsch et al, 1996; Appenrodt et al, 1998; Everts
and Koolhaas, 1999). The V1bR has also been implicated in
anxiety, and treatment with an orally active VI1bR
antagonist resulted in a decrease in anxiety-related behavior
in rats (Griebel et al, 2002). This finding was contradicted
by the report that V1bR knockout mice do not show any
changes in anxiety-related behavior (Wersinger et al, 2002).

Neuropsychopharmacology

These inconsistencies may be due, in part, to the existence
of two AVP receptor subtypes in the brain and the ability of
many receptor antagonists to bind either receptor subtype,
as well as the related central OTR. The inability to clearly
discern the role of the V1aR in anxiety from pharmaco-
logical investigations and the confounding results from
investigations into the V1bR prompted the current studies
with the V1aRKO mice. The significantly reduced anxiety-
like behaviors observed in the V1aRKO subjects provide
additional, nonpharmacological support for the role of
Vl1aR in regulating anxiety behavior. Under the conditions
used for testing, the WT subjects exhibited elevated levels of
anxiety-like behavior relative to other reports (Everts and
Koolhaas, 1999). The reasons for this are unclear but could
be due to lux levels, time of day, and/or the general
conditions in our mouse colony or testing rooms.

While the V1aRKO mice showed a significant decrease in
anxiety-like behavior in the elevated plus maze, the open
field, and the light/dark box, there was no difference in the
forced swim test. The forced swim test is generally
considered a measure of depression-like behavior, and not
anxiety, due to the ability of antidepressants, but not
anxiolytics, to alter swimming behavior (Porsolt et al, 1978).
However, previous studies have found septal AVP release in
response to the forced swim test and septal infusion of V1
antagonist increases the amount of time in passive
(floating) vs active (swimming) behavior (Ebner et al,
1999). We found no genotypic difference in the time spent
in passive (floating) vs active (swimming) behavior and thus
suggest that the anxiolytic-like effect of the null mutation in
the V1aRKO mice is not a result of nonspecific changes in
mood. The results of the forced swim task are also further
evidence that the null mutation does not affect locomotor
activity as both genotypes had similar levels of active
(swimming) behavior.

While previous pharmacological studies of AVP have
often yielded ambiguous anxiety results, the most consistent
data on the effects of AVP is the stimulation of a stereotypy
of scratching and autogrooming (Meisenberg, 1988; Moody
et al, 1988). IL.c.v. infusion of AVP in the WT animals



resulted in a highly significant increase in both scratching
and autogrooming. There was no difference between vehicle
treatment in WT subjects and AVP or vehicle treatment in
V1aRKO subjects. Some investigators have interpreted
scratching and autogrooming as anxiety-related displace-
ment behaviors, however; it would be deficient to not
address the possibility that the large increase in scratching
and autogrooming seen in the AVP-treated WT animals is a
result of an increase in ‘itchiness’ as apposed to an example
of anxiety-related behavior. While this remains a possibility,
these affects of AVP have been shown to decrease
significantly after treatment with psychotropic agents or
in contexts that allow for escape-directed activity and
therefore are probably a behaviorally distinct phenomenon
(Meisenberg, 1988).

The direct effects of acute AVP treatment on anxiety-like
behaviors as assessed by more traditional anxiety tests have
been shown to be difficult to detect (Liebsch et al, 1996).
The already high levels of anxiety-like behaviors witnessed
in the WT and the evidence that prior test experience can
alter the expression of anxiety-like behavior after treatment
(Holmes et al, 2001), dictated the use of scratching and
autogrooming as the primary measure of a behavioral effect
of AVP treatment in our studies. The AVP treatment
findings support the previous reports of AVP-induced
stereotypy of scratching and autogrooming and provide
clear demonstration that at least these components of AVP-
induced behavior are entirely dependent on V1aR and may
have some relevance to the anxiety-related changes
observed using the more traditional anxiety tests.

Previous reports on the role of the V1aR in social
recognition are more consistent than the anxiety data, with
most pharmacological investigations of V1aR antagonists
resulting in impaired social recognition (Everts and
Koolhaas, 1997, 1999; Ferguson et al, 2002). Conversely,
AVP agonists have a facilitating affect on social memory
and can prolong social recognition for as long as 120 min.
Normal social recognition lasts between 30 and 60 min and
the facilitating effects of AVP administration appear to
improve the consolidation of the social memory given that
administration is effective if given after the initial encounter
(Dantzer et al, 1987; Le Moal et al, 1987). Increased
expression of the V1aR in the lateral septum, using viral
vector gene transfer, resulted in a similar facilitation of
social recognition (Landgraf et al, 2003). OT has also been
shown to be critical to social recognition, and animals
lacking OT (OTKO) have severely impaired social memory
(Ferguson et al, 2000); however, the effects of OT on social
recognition differ from the effects of AVP. OT appears to
modulate the acquisition of the social memory and must be
present during the initial encounter with the stimulus
animal (Ferguson et al, 2001). Further complicating the
issue is the finding that V1bRKO animals have mildly
impaired social recognition, which presents the possibility
that the V1bR is affecting AVP-mediated social recognition
(Wersinger et al, 2002). Our current findings that V1aRKO
mice have a profound deficit in social recognition, provides
definitive evidence that the V1aR is critical to social
recognition. This social deficit is not a result of a general
olfactory deficiency, given the ability of these animals to
habituate to a nonsocial stimulus, suggesting that olfactory
learning in V1aRKO mice is intact and the specific deficit is
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in the learning and recall of social cues. These results
suggest that V1aRs are either involved in the proper
processing of olfactory cues or pheromones used to identify
individuals, or perhaps in the context specific learning or
recall of social olfactory memories.

The extensive circuitry of the AVP systems in the brain
presents the possibility that disruption of the V1aRs in our
mice might result in other behavioral deficits, which could
confound our results. For that reason we conducted several
behavioral tests to rule out more global behavioral changes.
The V1aRKO mice showed no deficits in spatial learning
and memory as measured by the mildly aversive, Morris
water maze. Previously only a few studies have found any
effects of AVP on spatial memory. Intraseptal and
subcutaneous AVP administration retarded acquisition of
spatial learning and memory in the Morris water maze and
T-maze tasks (McDaniel et al, 1989; Engelmann et al, 1992).
In the present study, both genotypes demonstrated normal
and statistically similar acquisition, retention, and retrieval
of spatial memory.

Other changes in behavioral measures, which could
confound our findings were also found to be normal,
including olfactory habituation, sensorimotor gating using
PPI, and locomotor activity. PPI was included as a control
for normal sensory motor gating (SMG). SMG is a neural
mechanism that allows the generation of appropriate
behavioral responses to incoming sensory cues and the
inhibition of extraneous sensory, cognitive, and motor
information (Dulawa and Geyer, 2000). Normal sensory
motor functioning is critical to many of the behavioral tasks
in these experiments. As an important control for PPI, the
baseline acoustic startle was also assessed. There were no
differences between the WT and V1aRKO at any of the pulse
or prepulse frequencies.

Given the role of AVP in suparchiasmatic nucleus (SCN)
functioning (de Vries and Miller, 1998) it is possible that
some of our behavioral effects could be attributable to
changes in circadian rhythm, particularly the anxiety tests,
which are based on the animals’ natural aversion to bright
light. Such an indirect effect cannot be excluded. Further-
more, the constitutive nature of the disruption in the VI1aR
gene could have resulted in the observed abnormal
behavioral phenotype, however, previous literature using
acute modulation of the V1aR resulted in similar social and
anxiety-like changes in behavior (Landgraf et al, 1995).
Finally, great care was taken to reduce other possible
confounding variables. Anxiety tests were conducted first to
prevent any influence from the mildly aversive Morris water
maze and PPI. Social recognition and olfactory habituation
were conducted at the end of behavior testing but before the
pharmacological manipulations. This was due to the 10 days
of social isolation required for these tests, and the possible
effects this could have on anxiety-like behavior.

The results from the binding and in situ studies suggest
that the behavioral effects of the null mutation in the VIaR
cannot be attributed to compensatory changes in the
expression of AVP or OT or OT receptor binding, as there
were no differences in these parameters between genotypes.
However other compensatory changes, such as peptide
release or increased activation of VIbR or OTR by AVP
cannot be completely ruled out, as constitutive mouse
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mutations can result in developmental adaptations and
functional compensations.

Our findings provide direct evidence that the Vl1aR is
critical in olfactory social recognition and anxiety-like
behavior. Taken together with the results of the control
experiments on learning and memory, sensory processing,
and olfaction, these data suggest that AVP is involved in the
normal processing of socially relevant cues and responses to
anxiety-evoking conditions, but not general cognitive
functioning. Our results support previous reports of the
importance of the AVP system in these behaviors and may
have clinical relevance to the understanding and treatment
of similar corresponding disorders in humans. Autism, with
its hallmark disturbances in social behavior, has been
associated with polymorphisms in the VI1aR gene (Kim et al,
2002), suggesting that modulation of this receptor and the
AVP system may provide novel therapeutic targets for
psychiatric disorders associated with social impairment,
such as autism, as well as affective disorders such as anxiety
disorder. However, the therapeutic potential of AVP
treatment must not be overstated. Social recognition in
rodents is a specific olfactory task and is subserved by a
clear olfactory circuit important in such species. The effects
of AVP in social recognition may not generalize to social
engagement in humans, and furthermore, the effects V1aR
modulation on anxiety-related behavior might confound the
use of AVP focused treatment for social disorders and vice
versa. However, the disparate effects of V1aR activation on
social- and anxiety-related behavior may be mediated by
different neural circuits and AVP focused treatment for one
disorder could possibly be separated from effects on other
circuits. It is also possible, as discussed previously, that
AVP’s effects on social recognition and anxiety behaviors
are a result of changes in the internal milieu, and that AVP
has a more permissive affect on arousal states. However, our
findings do suggest that the modulation of the vasopressi-
nergic system may provide a fresh strategy for the treatment
of social and affective disorders and further investigation
may prove the V1aR and AVP systems to be clinically
relevant to these disorders.
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