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bstract

The neuropeptides oxytocin and vasopressin have been implicated in rodent social and affiliative behaviors, including social bonding, parental
are, social recognition, social memory, vocalizations, territoriality, and aggression, as well as components of human social behaviors and the
tiology of autism. Previous investigations of mice with various manipulations of the oxytocin and vasopressin systems reported unusual levels of
ltrasonic vocalizations in social settings. We employed a vasopressin 1b receptor (Avpr1b) knockout mouse to evaluate the role of the vasopressin
b receptor subtype in the emission of ultrasonic vocalizations in adult and infant mice. Avpr1b null mutant female mice emitted fewer ultrasonic
ocalizations, and their vocalizations were generally at lower frequencies, during a resident-intruder test. Avpr1b null mutant pups emitted ultrasonic

ocalizations similar to heterozygote and wildtype littermates when separated from the nest on postnatal days 3, 6, 9, and 12. However, maternal
otentiation of ultrasonic vocalizations in Avpr1b null and heterozygote mutants was absent, when tested at postnatal day 9. These results indicate
hat Avpr1b null mutant mice are impaired in the modulation of ultrasonic vocalizations within different social contexts at infant and adult ages.
ublished by Elsevier B.V.
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. Introduction

Considerable interest has focused on the actions of two
ypothalamic neuropeptides, oxytocin and vasopressin, as crit-
cal mediators of social affiliative behaviors [2,9,25,26,29].
argeted gene mutations in mice provide model systems to
valuate the role of a specific neuropeptide or its receptor in
social behavior. Oxytocin knockout mice revealed the role of
xytocin in mediating social recognition, social memory, aggres-
ion, maternal behaviors, and ultrasonic vocalizations by pups

eparated from the nest [5,10,29,39,42,57]. Vasopressin recep-
or subtype V1a (Avpr1a) knockout mice displayed impaired
ocial recognition and low anxiety-like behaviors [4,5,12], and
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educed responses to social olfactory cues [51]. Higher levels of
he Avpr1a were detected in the ventral pallidum of prairie voles
ith monogamous social behaviors [17]. Treatment with Avpr1a

ntagonist reduced aggression in golden hamsters [14]. Vaso-
ressin receptor subtype V1b (Avpr1b) knockout mice displayed
educed aggression [52,53]. Treatment with Avpr1b antago-
ists produced anxiolytic and antidepressant effects in rodents
16,18]. A small literature also suggests that oxytocin, vaso-
ressin, and/or their receptors may be aberrant in some cases of
utism [2,17,23,25].

Mice deficient in the Avpr1b offer a research tool to test
ypotheses about the role of this receptor subtype in mouse
ehaviors with face validity to some of the symptoms of autism.
e hypothesized that ultrasonic vocalizations (USVs) may be
measure of social communication in mice [10], and reduced

SVs in mice may be a useful assay relevant to the second
iagnostic symptom of autism, impaired communication [27].
o begin to test this notion, we evaluated USVs during social
hallenges in Avpr1b null mutant, heterozygote, and wildtype

mailto:scattonim@mail.nih.gov
dx.doi.org/10.1016/j.bbr.2007.09.034
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ice at two developmental time points, infant and adult. One
tandard test for vocalizations in mice is the ultrasonic distress
all of pups separated from the mother or removed from the nest
19–22,45,46,56]. Avpr1b genotypes were tested during the first
wo postnatal weeks, at ages 3, 6, 9, and 12 days old, to evaluate
evelopmental patterns [3,7]. An interesting variant is the mater-
al potentiation response. Maternal potentiation of ultrasonic
ocalizations occurs when, after a brief contact with the dam,
solated infant rats produce USVs at a rate significantly higher
n the second separation from their mother, as compared to the
SVs after the first separation from their mother [19–22,45,46].
he maternal potentiation response, which is robust in rat pups,

s thought to assay more cognitive components of the separa-
ion response [45], and was therefore attempted in Avpr1b mice
t the optimized age of postnatal day 9 [22]. To control for
rtifacts of potential physical disabilities of the Avpr1b mice,
uch as inability to detect social olfactory cues or motor dys-
unctions, a homing test [36,44] was conducted on postnatal
ay 11. Youngest pups (pnd 9) in this mouse line tend to be
ather still in the homing apparatus. Therefore, we chose the lat-
st age in which pups have their eyes still closed, so that they
ould base their exploration on olfactory rather than visual cues.
ocalizations in adult Avpr1b null mutants, heterozygotes, and
ildtype littermates were evaluated in the resident-intruder test,
ith simultaneous scoring of social interactions. Because adult

emale mice have been reported to emit more vocalizations than
dult male mice during same-sex social interactions [11,32,33],
he first experiments with adult Avpr1b mice focused on social
nteractions by females in a resident-intruder task.

. Materials and methods

.1. Targeted disruption of the V1b receptor gene

The generation of this Avpr1b mutation was previously described [52].
riefly, a 1FIX II mouse 129/SvJ genomic library (Stratagene, La Jolla, CA,
SA) was screened with a 32P-labelled PvuII fragment of a rat V1bR cDNA.
wo independent clones were identified and the largest (∼16.6 kb; GENBANK
ccession Nos. AF152533 and AF152534) was used to construct the target-

ng vector. A 1.2-kb PvuII fragment 5′ to the coding region for transmembrane
egions I–VI was inserted in the targeting vector pPNT at the XhoI site. The
.7-kb PstI/SacI piece containing the 3′ end of the exon (TMVI) and most of the
ollowing introns were inserted at the HincII site of pPNT (this destroyed the
hymidine kinase selection). The targeting construct thus eliminated the V1bR
oding region from the initiating methionine just prior to TMVI. The construct
as linearized with NotI and electroporated into embryonic stem cells for selec-

ion. Two embryonic stem cell clones were identified by PCR and confirmed by
outhern analysis. Chimeric mice were generated from one of them and germ

ine transmission was observed.

.2. Subjects

Mice used in the present experiments were bred by heterozygous mat-
ngs which retained the original mixed background of C57BL/6J and 129/SvJ.
ll procedures followed NIH guidelines for the care and use of laboratory

nimals, and were approved by the NIMH Animal Care and Use Commit-

ee. Breeding pairs were housed in standard wire-topped Plexiglas cages
42 cm × 27 cm × 14 cm). After 10 days, the females were individually housed
nd subsequently inspected daily at 9:30 a.m. for delivery. The day of birth
as considered as postnatal day (pnd) 0. At weaning, pups were tail-clipped for
enotyping using PCR analysis of DNA as previously described [52]. Mice were

2

w
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roup housed (three or four per cage) after weaning and kept under standard ani-
al housing conditions with free access to food and water. The housing room
as maintained at 20 ± 2 ◦C under a 12:12 reverse light cycle with lights on

t 9 p.m. All behavioral tests were conducted between 9.30 and 14.00 h, during
he dark phase of the circadian cycle. Neonatal ultrasonic vocalizations (USVs)
ecordings on all pups in each litter were performed before PCR analysis. Pups
ere tattooed on the paw with animal tattoo ink (Ketchum permanent Tattoo Inks
reen paste, Ketchum Manufacturing Inc., Brockville, ON, Canada) by loading
he ink into a 30G hypodermic needle and inserting the ink subcutaneously
hrough the needle tip into the center of the paw. The procedure was performed
t 2 days of age, immediately after the USVs test. The procedure causes only
inor brief pain and distress and does not require the use of anesthesia.

Adults were identified by implanted microchip transponders (Bio Medic
ata Systems, Seaford, Delaware, USA). The identity of each mouse was

ecorded at the end of its behavioral test, to ensure that the investigator was
ninformed of genotypes while scoring behaviors.

.3. Adult female resident-intruder

Four months old female mice, 10 wildtype (Avpr1b +/+); 11 heterozy-
ous (Avpr1b +/−); 11 homozygous null mutant (Avpr1b −/−) were tested
n the resident-intruder test [11,33,50]. Behavioral tests were conducted under
ed light, videotaped using a Panasonic monochrome CCD camera and sub-
equently analyzed with Noldus Observer 5.0 software (Noldus Information
echnology, Leesburg, VA). To ensure uniformity of scoring, one observer rated
ll videotapes. The observer was unaware of the genotype while scoring the
ideotapes.

Resident female Avpr1b +/+, +/−, and −/− mice, age 4 months, were indi-
idually housed for 3 days before the test session. Intruders were C57BL/6J
emales of comparable age and body weight, bred in the NIMH colony as
escribed above, and maintained in social groups of four per home cage. The
esident-intruder test was conducted in a sound-attenuating chamber during the
ark period between 9:30 and 14:00.

The female intruder was introduced into the home cage of the isolated resi-
ent for 3 min, and then returned to its home cage. During the test, an ultrasonic
icrophone (Avisoft UltraSoundGate condenser microphone capsule CM16,
visoft Bioacoustics, Berlin, Germany) sensitive to frequencies between 10 to
80 kHz was suspended 10 cm above the cage. Vocalizations were recorded
sing an Avisoft Recorder (Version 3.2). Settings included sampling rate at
50 kHz; format 16 bit. For acoustical analysis, recordings were transferred to
visoft SASLab Pro (Version 4.40) and a fast Fourier transformation (FFT) was
onducted. Spectrograms were generated with an FFT-length of 512 points and
time window overlap of 50% (100% Frame, FlatTop window). The spectro-
ram was produced at a frequency resolution of 488 Hz and a time resolution
f 1 ms. A lower cut-off frequency of 15 kHz was used to reduce background
oise outside the relevant frequency band to 0 dB. Call detection was pro-
ided by an automatic threshold-based algorithm and a hold time mechanism
hold time: 0.01 s). An experienced user checked the accuracy of call detec-
ion, and obtained a 100% concordance between automated and observational
etection. To allow parametric assumptions to be met, a square root transfor-
ation was computed on the USVs data [11,33]. Additional qualitative and

uantitative analyses included sound frequencies, measured in terms of peak
requencies (frequencies with the highest sound pressure), and peak amplitude at
he peak frequency (peak amplitude = maximum of the spectrum). Distribution
f USVs was analyzed for three durations (short = 1–4 ms; medium = 5–9 ms;
ong = 10–20 ms).

Concomitant with the analysis of vocalizations, the frequencies and durations
f the following behavioral responses emitted by the resident female were scored
rom the videotapes: exploring (moving around the cage, sniffing the physical
nvironment, rearing); social investigation (sniffing any part of the partner’s
ody); and grooming (self-cleaning, licking, combing and stretching any part of
ts own body).
.4. Pup separation vocalizations and maternal potentiation

A total of 57 pups (9 Avpr1b +/+; 31 Avpr1b +/−; 17 Avpr1b −/−) from 7 l
ere tested from pnd 3–12 in the USVs and maternal potentiation. On pnds 3, 6,
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and 12, each pup was placed into an empty plastic container (diameter, 5 cm;
eight 10 cm), located inside a sound-attenuating styrofoam box, and assessed
or USVs during a 5 min test. At the end of the 5 min recording session, each pup
as weighed and its axillary temperature measured by gentle insertion of the

hermal probe in the skin pocket between upper foreleg and chest of the animal
or about 30 s (Microprobe digital thermometer with mouse probe, Stoelting Co.,
llinois, USA). Pups of both sexes were tested. Since no sex-specific patterns of
alling were evident, data were collapsed across sex.

Ultrasonic calls were recorded with the same Avisoft equipment described
bove. The microphone was placed through a hole in the middle of the cover of
he styrofoam sound-attenuating chamber, about 20 cm above the plastic con-
ainer. The temperature of the room was maintained at 22 ± 1 ◦C. Vocalizations
ere stored using the Avisoft Recorder with the same settings used for the
esident-Intruder test, and analyzed for the number of calls and their duration.

Maternal potentiation was examined at pnd 9. Each pup was isolated in an
mpty container for 5 min (baseline measurement), then reintroduced into the
age with its mother and the littermates for 5 min. Maternal behavior measure-
ents included latency to retrieve and time spent in contact with the pups. After
min, the pup was again placed in the clean empty container for 5 min. Number
nd duration of pup calls were recorded. At the end of each USVs test, axil-
ary temperature was measured. During the maternal potentiation test, sound
requencies were analyzed automatically in terms of frequency and amplitude
t the maximum of the spectrum.

.5. Homing test (pnd 11)
To avoid potential confounds from using handled animals, a separate cohort
f pups (14 Avpr1b +/+; 18 Avpr1b +/−; 27 Avpr1b −/−) was used for the
oming test, illustrated in Fig. 1. On pnd 11, the litter was separated from the
am and kept for 30 min in one holding cage placed on a heating pad set at a

ig. 1. Homing apparatus: schematic diagram (top) and photograph (bottom)
howing a Plexiglas arena (36 cm × 22.5 cm, walls 10 cm high). Wood shavings
rom the home cage were evenly spread under the wire-mesh floor on one side
f the arena (14 cm × 22.5 cm, nest area). The pup was placed close to the wall
n the opposite side and videorecorded for 3 min. The floor of the arena was
irtually subdivided into three areas (start, middle and nest area) and squares of
cm × 7 cm each, for scoring of locomotor activity and exploratory behaviors.
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emperature of 35 ◦C to maintain normal body temperature of the pups in the
est. Individual pups were then transferred to a Plexiglas arena (36 cm × 22.5 cm,
alls 10 cm high). Wood shavings from the home cage were evenly spread under

he wire-mesh floor on one side of the arena (14 cm × 22.5 cm, nest area). The
up was placed close to the wall on the opposite side and video recorded for
min. The floor of the arena was virtually subdivided into three areas (start,
iddle and nest area) and squares of 7 cm × 7 cm each, to enhance scoring of

ocomotor activity and exploratory behaviors from the video digital DVDs, using
oldus Observer 5.0 software. Homing performance was scored for latency to

each the area containing nest litter, time spent over the area containing nesting
itter, and number of entries into the area containing nest litter. Exploratory and
pontaneous behaviors measured included locomotion, wall rearing (standing
n hind legs and placing forelimbs on the wall of the arena); grooming (wiping,
icking, combing or stretching of any part of the body) and inactivity (no visible

ovements).

.6. Statistical analysis

A one-way analysis of variance (ANOVA) was used to analyze adult social
nvestigation and USVs data in the resident-intruder test. To allow parametric
ssumptions to be met, a square root transformation was computed on the adult
SVs data from the adult females, since their total number of calls was low

11,33].
A mixed-model analysis of variance (ANOVA) with repeated measures was

sed to analyze neonatal USVs (for factors of genotype: +/+, +/−, −/−; test
ay: pnd 3, 6, 9 and 12 in baseline measurements; and separation treatment:
efore and after the maternal reunion in the maternal potentiation paradigm),
s well as to analyze the homing data (frequency and duration of behavioral
esponses). Nonparametric ANOVA (Kruskal Wallis test) was used to analyze
atency data from maternal potentiation, and homing tests. Post hoc comparisons
ere performed using Tukey’s honestly significant differences (Tukey’s HSD)

est. This post hoc test can be used in the absence of significant ANOVA results
43,55].

In the neonatal studies, only 9 of the 15 litters included all three genotypes
six in the USVs experiments and three in the homing test). Therefore, statistical
nalysis based on litters as statistical units and pups as repeated trials within each
itter [58] could not be performed.

. Results

.1. Adult female resident-intruder

Avpr1b −/− mice emitted significantly fewer USVs dur-
ng the resident-intruder test when compared with Avpr1b +/+
ice (F(2,29) = 2.32, p = 0.03, p < 0.05 for −/− versus +/+,
ig. 2A). When grouped by duration, number of USVs dur-

ng the test phase revealed that fewer USVs were emitted by
vpr1b −/− at any of the durations analyzed (short = 1–4 ms,
edium = 5–9 ms, long = 10–20 ms) (genotype × duration inter-

ction F(4,58) = 1.32, p = 0.03, p < 0.05 for −/− versus +/+,
ig. 2B).

USV peak frequencies analysis during the resident-intruder
est revealed that Avpr1b −/− mice emitted calls with lower
requency than Avpr1b +/+ females (F(2,93) = 4.54, p = 0.01,
< 0.01 for −/− versus +/+, Fig. 2C). Mean USV durations
nd peak amplitudes showed no genotype differences during the
esident-intruder test (duration, F(2,29) = 0.94, p = 0.40; peak
mplitude, F(2,29) = 0.98, p = 0.38, Table 1).
No significant genotype differences were detected on time
pent sniffing the partner [F(2,29) = 1.02, p = 0.37] (Fig. 2D)
nd exploring the home cage [F(2,29) = 1.06, p = 0.35] (data not
hown). There was no significant effect of genotype on grooming
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Fig. 2. Vocalizations during the resident-intruder test: number of ultrasonic vocalizations (USVs) emitted by resident female mice (4 months of age) when exposed
to a C57BL/6J adult female intruder. (A) Avpr1b −/− emitted significantly fewer USVs in comparison to Avpr1b +/+ (*p < .05). (B) Avpr1b −/− emitted fewer
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alls of short, medium and long durations (*p < .05). (C) Avpr1b −/− emitted ca
imilar amounts of time in social investigation by residents toward intruders. D
he graphs 2B, C and D, data are expressed as mean ± S.E.M. Avpr1b +/+ (n = 1

requency [F(2,29) = 0.51, p = 0.61] or duration F(2,29) = 0.24,
= 0.78] (data not shown).

.2. Baseline measurements of pup separation
ocalizations

Baseline measurements of ultrasonic vocalizations on post-
atal days 3, 6, 9 and 12 did not detect a genotype difference at
ny postnatal day [number of USVs, F(2,162) = 0.88, p = 0.42;
uration of USVs, F(2,162) = 0.72, p = 0.49] (Fig. 3A and B).
ll groups showed a similar ontogenetic profile across pnd days
–12. No differences were detected on either body tempera-
ure [F(2,162) = 1.21, p = 0.30] or body weight [F(2,162) = 0.65,
= 0.53], as measured after each separation test (Table 2).

.3. Maternal potentiation of pup separation vocalizations

Maternal potentiation in 9-day-old pups showed a trend for
igher numbers of calls during the second separation than during
he first separation, only in the Avpr1b +/+ (genotype × maternal

eunion interaction, F(2,54) = 2.85, p = 0.06) (Fig. 3C). Because
he interaction p value was so close to statistical significance,
Tukey’s HSD test was conducted to compare first and second

eparations within each genotype. Tukey’s HSD test is designed

able 1
dditional qualitative analysis of vocalizations during the resident-intruder test

Call duration (ms) Peak amplitude (dB)

vpr1b +/+ 9 ± 2 31.5 ± 4.5
vpr1b +/− 12 ± 3 30.8 ± 4.0
vpr1b −/− 6 ± 2 23.3 ± 5.0

ata are mean values ± standard errors measurements. n = 10 for Avpr1b +/+;
= 11 for Avpr1b +/−; n = 11 for Avpr1b −/−.

5
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ith lower peak frequencies than Avpr1b +/+ (**p < .01). (D) Genotypes showed
r number of USVs (panel 2A) are expressed as square root mean ± S.E.M. In

vpr1b +/− (n = 11); Avpr1b −/− (n = 11).

or individual comparisons in such cases [55]. For the Avpr1+/+,
ukey’s HSD = 14.68, p < 0.05 first versus second separation.
umber of calls during the second separation were not higher

han number of calls during the first separation for Avpr1b +/−
Tukey’s HSD = 7.43, ns) or Avpr1b −/− (Tukey’s HSD = 1.27,
s). Duration of USVs significantly increased after maternal
eunion [maternal reunion, F(1, 54) = 9.06, p < 0.01]. In all three
enotypes, the brief exposure to the mother increased USVs
uration (Fig. 3D). Peak frequency and peak amplitude did not
how any significant effects of genotype, maternal reunion, or
heir interactions [peak frequency F(2,54) = 0.06, p = 0.94; peak
mplitude F(2, 54) = 0.20, p = 0.81].

Maternal responsiveness did not vary according to pup
enotype, as measured by time spent in contact with pups
uring the maternal reunion (Avpr1b +/+ = 121.1 ± 27; Avpr1b
/− = 99.2 ± 14; Avpr1b −/− = 104.8 ± 25) [F(2, 54) = 0.22,
= 0.80] or latency to retrieval (Avpr1b +/+ = 2.8 ± 0.7; Avpr1b
/− = 6.1 ± 1.0; Avpr1b −/− = 3.9 ± 1.2) [Kruskal Wallis,
(2,3) = 4.83, p = 0.09].

No significant genotype effect was detected on body temper-
ture measured after each separation test [first separation, F(2,
4) = 2.73, p = 0.74; second separation, F(2, 54) = 1.79, p = 0.18]
Table 2).

.4. Homing test (pnd 11)

In the homing test, no significant effect of genotype was
ound on latency to reach the area containing the nest lit-
er [F(2,3) = 0.02, p = 0.99], or the time spent over the area
ontaining the nest litter [F(2,56) = 0.03, p = 0.96]. Moreover,

NOVA did not reveal any significant effect of genotype on gen-

ral locomotor activity, [F(2,56) = 0.53, p = 0.59]; immobility,
F(2,56) = 0.42, p = 0.66]; grooming [F(2,56) = 0.57, p = 0.56];
r wall rearing responses [F(2,56) = 0.15, p = 0.85] (Fig. 4).
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Fig. 3. Ultrasonic vocalizations (USVs) in Avpr1b pups. (A) Number and (B) duration of vocalizations on postnatal days (pnd) 3, 6, 9 and 12 in response to social
separation during a 5 min session. No consistent genotype differences were detected across the four ages tested. (C) Number and (D) duration of USVs emitted on
pnd 9 during the maternal potentiation test by pups during the second 5 min separation session, following a 5 min reunion. Before: first period of 5 min isolation from
the mother and siblings. After: second period of isolation, following 5 min of reunion with the mother and entire litter. Avpr1b +/+ mice emitted more calls (*p < .05)
during the second separation after reunion, displaying the expected maternal potentiation. Avpr1b +/− and Avpr1b −/− mice failed to show an effect of the reunion
with their mother and siblings on number of calls emitted during the second separation. Data are expressed as mean ± S.E.M. of calls. Avpr1b +/+ (n = 9); Avpr1b
+/– (n = 31); Avpr1b −/− (n = 17).

Table 2
Body temperature and body weight of Avpr1b mice through the first two postnatal weeks

Body temperature (◦C) Body weight (g)

Avpr1b +/+ Avpr1b +/− Avpr1b −/− Avpr1b +/+ Avpr1b +/− Avpr1b −/−
pnd 3 35.5 ± 0.5 35.1+0.3 35.0 ± 0.3 2.3 ± 0.1 2.5 ± 0.1 2.3 ± 0.1
pnd 6 36.4 ± 0.3 36.7 ± 0.1 36.4 ± 0.2 3.8 ± 0.2 3.9 ± 0.1 3.8 ± 0.1
pnd 9 37.9 ± 0.2 38.1 ± 0.1 37.7 ± 0.1 5.3 ± 0.1 5.3 ± 0.1 5.3 ± 0.1
pnd 9 after MP 37.7 ± 0.3 38.0 ± 0.1 37.7 ± 0.2
p .3 ±
M easur
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P = maternal potentiation. Data shown are mean values ± standard errors of m

. Discussion

Vasopressin systems have been implicated in aspects of
odent social interaction, including aggression, social recog-
ition, and interest in social olfactory cues [5,6,13,14,16,18,
8,51–53]. The present experiments addressed the question of
hether vocalizations emitted within social contexts in adult and

nfant mice require the vasopressin 1b receptor subtype. Null
utation of the Avpr1b gene was previously reported to reduce

ggression in male mice in the resident-intruder task [51–53].
n contrast to male residents, female resident mice usually dis-
lay more social investigation and less attack behavior toward a
emale intruder mouse [11,32]. In the present experiments with
emale Avpr1b null mutants, heterozygotes, and wildtype litter-
ates, there were no genotype differences in amount of social

niffing during the resident-intruder test. The main finding was
hat fewer ultrasonic vocalizations (USVs) were detected when

he residents were Avpr1b −/− than when the residents were
vpr1b +/− or +/+. USVs emitted by resident Avpr1b −/−
emales were not only fewer but of qualitatively different fre-
uencies from those emitted by Avpr1b +/+ and +/− females

i
s
h
i

0.2 6.4 ± 0.1 6.4 ± 0.1 6.3 ± 0.1

ements. n = 9 for Avpr1b +/+; n = 31 for Avpr1b +/−; n = 17 for Avpr1b −/−.

30 kHz versus 50 kHz, approximately). The biological meaning
f variation of USVs frequency in the adult mouse has been only
poradically investigated [30,38,54]. In rats, USV frequency
as been related to aversive and appetitive states [8,28]. Fur-
her, rat “alarm calls” at 22 kHz are recorded immediately after
r before aversive experiences, whereas mouse 50-kHz USVs
re typically emitted concomitantly with positive social interac-
ions [37]. It can therefore be hypothesized that the difference
n frequency of the calls emitted by Avpr1b −/− females dur-
ng the resident-intruder test could be associated with a different
ocial motivational state, as compared to their heterozygote and
ildtype littermates.
The present results indicate that the absence of the vaso-

ressin receptor subtype 1b may reduce the tendency of female
ice to vocalize during a social encounter, without affecting

ther aspects of social interactions. However, it remains possible
hat some of the vocalizations recorded during the resident-

ntruder test session were emitted by the intruder. Previous
tudies using outbred albino NMRI and BALB/c female mice
ave provided evidence that USVs are emitted mainly by the res-
dent mouse [11,15]. These studies demonstrated that when the
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ig. 4. Pup homing test performed at pnd 11. No significant effect of genotyp
ontaining nest litter; (C) general locomotor activity; (D) wall rearing; (E) groom
/− (n = 27).

esident of the pair was anesthetized, few [15] or no USVs [11]
ere detected during the resident-intruder test. In contrast, when

he intruder was anesthetized the rate of calling was comparable
o the situation when both the mice were awake. In addition,
bservations by the first author (MLS) during the present exper-
ments suggest that the USVs were emitted primarily when the
esident was exhibiting social investigation while the intruder
xploring the environment. Even if some authors have ques-
ioned the role of the female mouse vocalization in naturalistic
onditions [35], during resident-intruder interactions it has been
nterpreted as a main factor contributing to the establishment
f female social dominance hierarchies [32]. These calls may
erve as communication signals, enhancing physical proximity
nd enabling social information gathering [11,32,33,41]. Since
he Avpr1b −/− showed social sniffing responses (i.e. physical
roximity with the intruder) that were not significantly different
rom Avpr1b +/+ in the present experiments, our data lend sup-
ort to the role of USVs emitted by the resident female in other
orms of communication, e.g. the establishment of hierarchical
anks.

Some studies have shown that the estrus cycle may modu-
ate the rate of calling in a same-sex resident/intruder paradigm

33]. We cannot exclude that the estrus phase of the cycle could
e a possible source of variability in our data. However, when
orking on knockout mice, it is difficult to obtain enough mice

o create groups at the identical estrus stage. Since the standard

t
f
c
o

found on (A) latency to reach the area containing nest litter; (B) time in area
or (F) immobility responses. Avpr1b +/+ (n = 14); Avpr1b +/− (n = 18); Avpr1b

rrors of the mean did not differ across genotype groups, all three
enotypes are likely to have been equally affected by difference
n stages in the estrus cycle.

Fewer vocalizations to social stimuli emitted by Avpr1b −/−
irgin females in the present study is consistent with recent
ata on maternal aggression to a male intruder in the same
ine of mutant mice [51]. Avpr1b −/− lactating females dis-
layed significantly fewer attacks on a male intruder, suggestive
f a reduced response to social cues, leading to a reduced nest
efense.

Absence of the vasopressin 1b receptor subtype did not sig-
ificantly affect the number of ultrasonic vocalization emissions
uring the conventional pup separation test, conducted at post-
atal days 3, 6, 9, and 12. Baseline USVs emissions in pups did
ot differ among the three genotypes during a 5 min test ses-
ion in which the pup was removed from the nest and placed
n a styrofoam recording chamber. A trend toward more sepa-
ation vocalizations by Avpr1b +/− and Avpr1b −/− than by
/+ littermates may be seen at pnd 9 and pnd 12. In contrast,
hile Avpr1b +/+ pups appeared to display maternal potenti-

tion of USVs, Avpr1b +/− and −/− pups failed to display
aternal potentiation in the test conducted on pnd 9. The trend
oward genotype differences was unlikely to be caused by dif-
erent experiences during the maternal reunion, since maternal
are levels were comparable for pups of the three genotypes
n measures of time spent in contact with pups and latency to
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etrieval. Further, similar scores across genotypes on control
easures obtained in the homing test indicate that sensory and
otor abilities were generally normal in all three genotypes.
ack of maternal potentiation in the null mutants and heterozy-
otes could be interpreted as a mild impairment in the USVs
esponse to maternal cues. We consider this impairment as a mild
ne, since a different picture emerges from USVs duration data.
ll genotypes showed a significant increase in USVs duration
uring the second separation after maternal reunion, consis-
ent with detailed sonographic analysis reported for maternally
otentiated USVs calls of neonatal rats [34]. The discrepancy
etween number and duration of USVs calls in our Avpr1b +/−
nd Avpr1b −/− mouse lines suggests that a complete descrip-
ion of vocalization properties will be of greater benefit than
he simple measure of numbers of calls in separated mouse
ups.

It is noteworthy that the absence of maternal potentiation
f USVs in Avpr1b mutant pups is more selective than deficits
reviously reported for other lines of mice with mutations rele-
ant to autism spectrum disorders, such as oxytocin [49,56,57],
oxp2 [47] or MeCP2 knockouts [40], in which genotype dif-
erences were detected in the conventional separation paradigm.
he baseline separation vocalization response is usually inter-
reted as a distress call, and has been considered as a possible
eflex response to variations in temperature or tactile cues in the
solation environment [1]. In contrast, maternal potentiation of
SVs is suggested to have its basis in a learning process whereby
ups associate their calling with positive maternal reinforcement
20,22]. Maternal potentiation may therefore incorporate a cog-
itive component that is less prominent or absent during the first
eparation.

Since the USVs are considered early markers of “emotional”
isturbances in rodent models we cannot exclude that a reduced
SVs response to the second maternal separation might reflect

bnormal (i.e. reduced) anxiety/fear/distress rather than a deficit
n communication. More recently, there has been increasing evi-
ence to support V1b antagonists in the treatment of anxiety
nd depression also using the pup vocalization as a sensitive
ehavioral endpoint [18,24].

Taken together, our data indicate that the deletion of the
vpr1b gene reduces vocalizations by adult females during the
esident-intruder test but does not significantly change social
niffing and exploration. Deletion of the Avpr1b gene did not
ffect standard pup separation vocalizations, but appeared to
revent the expected increase in pup vocalizations during the
econd separation from the mother and siblings. The present
esults are indicative of an Avpr1b −/− impairment in the
odulation of ultrasonic vocalizations within different social

ontexts throughout the lifespan. It is interesting to speculate
hat the tendency of Avpr1b null mutant adult females to vocal-
ze less during a social encounter, and the possible tendency of
vpr1b null and heterozygous mutant infants to vocalize less
hen repeatedly separated from their mother and siblings, may

ffer an additional behavioral response (related to intraspecific
ocial communication) to a mouse model of autism, in which the
econd diagnostic symptom is delayed and/or deficient commu-
ication [31].
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