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• Wild-type female mice show ethanol-induced conditioned social preference (CSP).
• Oxytocin and vasopressin 1a receptors are required for ethanol-induced CSP.
• Wild-type sisters pair-housed with knock-out females also lack ethanol-induced CSP.
• Aberrant behavior of siblings and cage-mates can disrupt behavior of normal mice.
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Social behavior modulates response to alcohol. Because oxytocin (OXT) and vasopressin (AVP) contribute to re-
warding social behavior, the present study utilized a genetic strategy to determinewhether OXT and AVP recep-
tors (OXTR, AVPR1a) are essential for female mice to demonstrate a conditioned social preference for ethanol.
The study compared wild-type (WT) and knock-out (KO) females lacking either Oxtr or Avpr1a in a conditioned
social preference (CSP) test. KO females and WT females from Het–Het crosses were pair-housed: KO and WT
(ko). WT females from Het–WT crosses were pair-housed: WT(wt). Test mice received 2 g/kg ethanol or saline
ip, and were paired four times each with one stimulus female (CS−) after saline, and with another female
(CS+) following ethanol. After pairing, the time spent with CS+ and CS− females was measured. WT(wt) fe-
males showed conditioned preference for the CS+ female pairedwith ethanol, demonstrated by greater interac-
tion time (p b 0.05). In both KO lines, ethanol significantly reduced interaction with the CS+ female (p b 0.05),
and there was no change in interaction for WT(ko) females. Response to odors by habituation–dishabituation
was unaffected in both KO lines, and the response to a hypnotic dose of ethanol also was the same as in WT
mice. However, anxiety, measured as time on the open arms of the elevated plus maze, was reduced in KOOxtr

females compared with WT(wt). The results suggest that Oxtr and Avpr1a are required for conditioned effects
of an ethanol-associated social stimulus. The lack of CSP inWT(ko) females suggests that the quality of social in-
teractions during postnatal and postweaning life may modulate development and expression of normal social
responses.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Oxytocin (OXT) and vasopressin (AVP) mediate complex endocrine
and behavioral functions. The hormones regulate parturition, lactation
and blood pressure peripherally, and act in the brain as
neuromodulators to promote social behavior and social bonding
(reviewed in [1,2]). OXT and AVP facilitate individual recognition, but
Neurobiology, Keck School of
San Pablo St., BMT 408a, Los
also enhance the rewarding aspects of social interaction. It is unknown
how these neuropeptides might contribute to regulating behaviors
that are enhanced in social settings. For example, social behavior is an
important contributor to the use of drugs and alcohol. There is, there-
fore, the potential for a convergence of OXT/AVP and ethanol reward
in a social context.

OXT and AVP promote both social recognition and reward. Social
recognition is absent inmice lackingOXT, and is facilitated in rats by ex-
ogenousOXT [3]. AVP neurons are present in central olfactory pathways
[4] that mediate social recognition [5]. However, OXT and AVP also pro-
mote rewarding social interactions. In humans, exogenous OXT has
calming effects similar to those of social support in stressful settings,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.physbeh.2015.08.018&domain=pdf
http://dx.doi.org/10.1016/j.physbeh.2015.08.018
riw@usc.edu
http://dx.doi.org/10.1016/j.physbeh.2015.08.018
http://www.sciencedirect.com/science/journal/00319384
www.elsevier.com/locate/phb


Fig. 1.A.Genotype andpost-weaninghousing of female testmice. Abbreviations: Het, het-
erozygote; WT, wild-type; KO: null pair-housed with wild-type; WT(ko): wild-type pair-
housed with null; and WT(wt): wild-type pair-housed with wild-type. B: Testing condi-
tioned social preference (CSP) for a stimulus female mouse (CS+) paired with ethanol
vs another stimulus female (CS−) paired with saline. See Materials and methods for
details.
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reduces threat-related amygdala activity and increases both trust and
generosity [6]. Chronic social stress reduces AVP mRNA in the hypotha-
lamic paraventricular nucleus of male mice [7]. Among monogamous
prairie voles, OXT and AVP are essential for pair-bonding [1], and
these effects are mediated by central OXT receptors (Oxtr; [8]) and
AVP 1a receptors (Avpr1a; [9,10]).

In humans, peer interactions often promote ethanol consumption
[11,12]. In addition, moderate consumption of ethanol promotes social
interactions in humans [13]. Similar relationships exist in animals. Ado-
lescent rats paired with an intoxicated cage-mate will voluntarily con-
sume more ethanol than rats paired with a sober companion [14].
Furthermore, meadow and prairie voles drink more ethanol in a social
condition than in a non-social setting [15]. Our laboratory has used a
conditioned social preference (CSP) model to explore conditioned rein-
forcing effects of an ethanol-associated stimulus [16,17]. CSP is derived
from conditioned place preference (CPP), a well-established model to
study themotivational effects of drugs and other unconditioned stimuli
(US) [18]. In CPP, theUS is paired repeatedlywith a unique environment
(conditioned stimulus, CS+)while the control is pairedwith a separate
environment (CS−). In CSP, the CS+ and CS− are unfamiliar stimulus
mice. Using this model, male [16] and female mice [17] show a condi-
tioned preference for the CS+ stimulus female with whom they have
been intoxicated previously. Specifically, female mice show CPP [19]
and CSP [17] in response to 2 g/kg ethanol, the dose used in the present
study. CSP has also been used to demonstrate sexual reward in quail
[20] and rats [21,22], as well rewarding effects of OXT in mice [23].

Recent evidence demonstrates that OXT and AVP modify responses
to ethanol. OXT reduces ethanol consumption in wild-type (WT) rats
[24] and mice [25]. Reports of ethanol consumption in mice lacking
Avpr1a (KOAvpr1a) are conflicting: one study of males and females
found no effect [26], while another reported increased ethanol con-
sumption and preference in males, with limited effects in KOAvpr1a fe-
males [27]. Because OXT and AVP enhance social behavior [28] but
reduce drug [29,30] and ethanol consumption [24,25], we hypothesized
thatOxtr and Avpr1a are necessary for conditioned effects of an ethanol-
associated social stimulus. The present study explored this hypothesis
using ethanol-induced CSP in female mice lacking either Oxtr or
Avpr1a. In particular, the CSP model uses social partners as the CS+
and CS−, while ethanol is the US. Responses in both knock-out (KO)
lines were compared with those of WT littermates. We also evaluated
ethanol-induced CSP in pair-house WT females [WT(wt)] from the
same experimental line.

2. Materials and methods

2.1. Animals

Female mice (n = 9–10/group) were offspring of C57BL/6J-
backcrossed stock from Jackson Laboratories (Bar Harbor, ME). The
C57Bl/6 strain shows high voluntary ethanol intake in a 2-bottle prefer-
ence test [31], and relatively low aversion to ethanol [32]. The Oxtr and
Avpr1a lines are fully backcrossed onto the C57BL/6J background. In
order to generate mice for the experiments, WT and KO females were
obtained from crosses of heterozygous mating pairs obtained from Dr.
Larry Young (Emory University). WT and KO female mice from the
Oxtr line used in the experiment were obtained from 10 litters; females
from the Avpr1a line used in the studies were from 7 litters. After
weaning at postnatal day 21, WT females pair-housed with a KO female
from the same line were designated as WT(ko). Based on our previous
finding that ethanol induces CSP in C57Bl/6 female mice [17], the lack
of ethanol-induced CSP in WT(ko) females in the initial phase of the
study was unexpected. Therefore, a follow-up experiment was con-
ducted at a later time, using additional pair-housed WT females desig-
nated as WT(wt). These females were obtained from heterozygous
males crossed with WT females (4 litters from Oxtr line, 3 litters from
Avpr1a line; Fig. 1A). Mouse genotypes were determined as previously
described [33,34] with purified DNA collected from tail biopsy at P25.
All stimulus females were C57Bl/6N mice purchased from Charles
River Laboratories (Wilmington, MA), of similar age and weight as test
females. The C57Bl/6J and C57Bl/6N strains show similar patterns of
ethanol intake [35], and there are no consistent substrain differences
in behavior of female C57Bl/6J and C57Bl/6N mice [36]. Experimental
procedures were approved by the USC Institutional Animal Care and
Use Committee and were conducted in accordance with the Guide for
the Care and Use of Laboratory Animals, 8th Ed (National Research
Council, National Academies Press, Washington DC; 2011).

To control for fluctuations in endogenous estradiol which can mod-
ify affiliative behavior, OXT andAVP [9,37–39], we delivered estradiol at
constant levels by ovariectomy and systemic estrogen replacement
(OVX+ E). All test and stimulus females were ovariectomized as adults
via bilateral dorsal flank incision under 2,2,2-tribromoethanol anesthe-
sia (250 mg/kg), and received chronic estradiol replacement via Silastic
implant sc (o.d.: 2.16 mm, i.d.: 1.02 mm, Dow Corning, Midland, MI).
The 5-mm implant was filled with a 1:1 mixture of crystalline 17b-
estradiol and cholesterol, and the ends were sealed with silicone adhe-
sive. As determined by uterine weights, this regimen provides physio-
logic levels of estrogen [40]. Females were allowed to recover from
surgery for 2 weeks before testing and pairing.
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2.2. Ethanol-induced CSP

KO, WT(ko) and WT(wt) females from the Oxtr and Avpr1a lines
were tested for CSP in response to ethanol ip at 2 g/kg. This represents
a moderate dose of ethanol [41], which is sufficient to demonstrate
ethanol-induced CSP [17] and CPP [42] in mice.

CSP was conducted with minor modification of our previous study
[17]. Briefly, pairing and testingwere conducted in identical empty plas-
tic arenas (40 × 50× 40 cm), whichwere cleaned after each test. During
the pre-test, 2 unfamiliar stimulus females were tethered on opposite
sides of the area (see Fig. 1B). Stimulus females were lightly restrained
by taping the end of the tail to a flexible metal chain. A test female
was introduced, and the amount of time spent in proximity to each
stimulus female was recorded for 10 min by an observer blind to the
treatment groups. Unlike our previous study [17], stimulus females
were not scented with topical odors, as test females do not develop a
generalized preference for stimulus females with the same artificial
odor stimuli. Proximity was defined when all 4 paws of the test female
were within reach of the stimulus female (shaded area, Fig. 1B). This
measure reflects contact with the stimulus female, as well as exposure
to urine and scent gland secretions.

For the next 8 days, test females were paired individually for 30 min
with each stimulus female in the testing arena on alternate days (4
pairings each). During pairing, stimulus females were unrestrained to
facilitate interaction with the test female. However, behavior during
pairing was not recorded. Thirty minutes before pairing, each test fe-
male received an injection ip of ethanol or an equivalent volume of sa-
line, and was temporarily housed individually in a clean cage. Ethanol
for injection was prepared daily from a commercially-available neutral
grain spirit (Everclear, Luxco, St. Louis, MO; [43]).

Following a saline injection, the test female was paired with one
stimulus female, designated as the CS−. On alternate days, the test fe-
male received an ethanol injection, and was paired with the opposite
(CS+) stimulus female. The order of pairing (beginning with ethanol
or saline) was balanced. During the pre-test, half of the test females
(30 of 59) showed a positive preference score (time with CS+ minus
CS−, in seconds) for the CS+ stimulus female. The day after the final
pairing, CSP was measured under conditions identical to the pre-test.

2.3. Habituation–dishabituation

To ensure thatmutantmice fromboth lines exhibited the capacity to
detect and differentiate different social and non-social odors, all test
mice were evaluated for investigation and discrimination of odor cues
according to Yang and Crawley [44]. The day after the CSP test, each
test female was introduced into an empty cage (17.5 × 28 × 12 cm).
After a 2-min acclimation, the mouse was presented with a series of 5
odorants in aqueous solution delivered via cotton swabs. During the
30-min test, each odor was delivered on a fresh swab at the top of the
cage for three consecutive 2-min trials. Water, coconut extract (diluted
1:100; McCormick baking extracts, Sparks MD) and lemon extract
(1:100;McCormick) were presented first, followed by urinary odors ac-
quired from two unfamiliar OVX+ E females: urine A (1:10) and urine
B (1:10). An observer blind to treatment groups recorded investigation
time. Habituationwasmeasured as the decrease in investigation time in
seconds from the first to the third presentation of the same odor.
Dishabituation was measured as the increase in investigation from the
third odor presentation to the first in the next odor series (e.g. from
the third water presentation to the first presentation of coconut).

2.4. Elevated plus maze

Because oxytocin has been reported to be anxiolytic in mice [45,46],
it is possible that increased anxiety due to lack ofOxtrmaymight impair
ethanol-induced CSP in the present study. Twenty-four hours after ha-
bituation/dishabituation testing, we measured anxiety on the elevated
plus maze, according to File et al. [47]. The apparatus consisted of a
plus-shaped maze with two arms (5 × 30 cm) closed by 15 cm clear
Plexiglas sidewalls and two arms without walls. The maze was located
50 cm above the floor and visually isolated by a curtain enclosure. Test
females were placed at the center of the maze facing an open arm and
allowed to explore freely for 5 min. Exploratory activity was recorded
on video, and scored by an observer blind to the treatment groups.
The number of entries into open and closed arms was recorded, as
well as time spent on the open arms. An entry was recorded when all
four paws entered the arm.

2.5. Loss of righting reflex

To determine if deletion of Oxtrmodifies the duration of ethanol se-
dation, we compared KO, WT(ko) and WT(wt) test females from the
Oxtr line on the ethanol-induced loss of righting reflex test [48].Mice re-
ceived a hypnotic dose of ethanol (4 g/kg) ip, and were placed on their
backs in a V-shaped trough once they were unable to right themselves.
4 g/kg is a high dose of ethanol that causes rapid loss of recumbency
[41]. An experimenter blind to the treatment group recorded time
until the righting reflex was regained.

2.6. Data analysis

Preference score and total interaction (time with CS+ plus CS−)
were determined for each test female during pre-test and CSP tests.
Preference scores and total interaction among KO, WT(ko), and WT
(wt) females in each experimental line (Oxtr, Avpr1a) were evaluated
by repeated measures ANOVA (RM-ANOVA) with time (pre-test, CSP)
as the repeated measure. When significant differences were observed
by RM-ANOVA, changes in preference score and total interaction during
pre-test and CSP in each experimental group [KO,WT(ko) andWT(wt)]
were compared by paired t-test.

For the habituation–dishabituation test, habituation and
dishabituation to social (urine) and non-social odors (baking extracts)
were evaluated by RM-ANOVA, with time as the repeated measure.
When statistically significant differences (p b 0.05) were found, post-
hoc comparison was conducted against WT(wt) females by Dunnett's
test.

For the elevated plus maze, time in the open arms, number of open
arm entries and total entries, and percent open arm entries among
Oxtr KO, WT(ko), and WT(wt) females were evaluated by ANOVA,
with post-hoc comparison versus WT(wt) females by Dunnett's test.
For the loss of righting reflex test, time to regain ventral recumbency
among Oxtr KO, WT(ko), and WT(wt) females was evaluated by
ANOVA. For all analyses, p b 0.05 was considered significant.

3. Results

3.1. Oxtr CSP

Preference scores and total interaction in Oxtr KO, WT(ko), and WT
(wt) females paired with 2 g/kg ethanol are shown in Fig. 2. By RM-
ANOVA, there was a significant effect of time [pre-test vs CSP, (F1,30 =
10.34; p b 0.05)] and a significant interaction of genotype × time
(F2,30 = 13.44; p b 0.05) on preference score for the CS+ stimulus fe-
male. However, there was no overall effect of genotype (N.S. p N 0.05).
Pairing with ethanol and saline had no effect on total interaction with
the 2 stimulus females (Fig. 2B; N.S. p N 0.05).

In WT(wt) females, repeated pairing with 2 g/kg ethanol induced a
significant increase in preference for the CS+ stimulus female (p b

0.05), as in our previous study of C57Bl/6 female mice [16]. Preference
scores for the CS+ stimulus female averaged −12.3 ± 23.1 s during
pre-test (mean ± SEM) and 103.1 ± 22.6 s after pairing, a +115.4 ±
22.0 second increase. By contrast, in Oxtr KO females, preference for
the CS+ stimulus female declined significantly after pairing: from



Fig. 2. Conditioned social preference in Oxtr mice. A: Preference score (mean ± SEM) for
the conditioned stimulus female mouse (CS+) paired with ethanol vs the CS− stimulus
female during pre-test (open bars) and conditioned social preference tests (CSP, closed
bars). B: Total interaction (seconds/10 min) with both stimulus females during the pre-
test and CSP tests. Abbreviations: KO: null pair-housed with wild-type; WT(ko): wild-
type pair-housedwith null; andWT(wt): wild-type pair-housedwithwild-type. Asterisks
indicate significant difference by paired t-test vs pre-test values in the same experimental
group.

Fig. 3. Conditioned social preference in Avpr1a mice. A: Preference score (mean ± SEM)
for the conditioned stimulus femalemouse (CS+) paired with ethanol vs the CS− stimu-
lus female during pre-test (open bars) and conditioned social preference tests (CSP, closed
bars). B: Total interaction (seconds/10 min) with both stimulus females during the pre-
test and CSP tests. Abbreviations: KO: null pair-housed with wild-type; WT(ko): wild-
type pair-housedwith null; andWT(wt): wild-type pair-housedwithwild-type. Asterisks
indicate significant difference by paired t-test vs pre-test values in the same experimental
group.
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18.7 ± 10.5 s during pre-test to −12.3 ± 9.7 s during CSP testing, a
−31.0 ± 12.5 second decrease (p b 0.05). Among WT(ko) females,
pairing with ethanol failed to alter preference for the CS+ female. Pref-
erence averaged 8.2 ± 19.5 s during pre-test, and 37.4 ± 20.0 s during
CSP testing (N.S. p N 0.05).

3.2. Avpr1a CSP

Fig. 3 reports the preference scores and total interaction during CSP
testing in response to 2 g/kg ethanol for females from theAvpr1a line. As
with Oxtr mice, there was a significant genotype × time interaction on
preference score for the CS+ female (F2,23= 10.51; p b 0.05). However,
there was no overall effect of either genotype or time (N.S. p N 0.05).
Total interaction with the two stimulus females decreased significantly
over time (Fig. 3B; F1,23=4.48; p b 0.05), from264.0±13.9 s initially to
237.4 ± 11.8 s after pairing.

Similar to the Oxtr line, WT(wt) females from the Avpr1a line dem-
onstrated CSP for the CS+ stimulus female in response to 2 g/kg etha-
nol. Pre-test preference scores averaged −11.2 ± 9.7 s, while the
preference score during CSP testing was 67.4 ± 19.2 s (+78.7 ±
25.2 s increase, p b 0.05). Total interaction remained unchanged (N.S.
p N 0.05). In Avpr1a KO females, preference for the CS+ stimulus female
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decreased by−62.9 ± 14.8 s (p b 0.05), although total interaction was
unchanged (N.S. p N 0.05). AmongWT(ko) females, there was no effect
of ethanol pairing on preference score or total interaction. Pre-test pref-
erence averaged −15.3 ± 23.6 s, while preference during CSP testing
was 9.0 ± 20.0 s (N.S. p N 0.05).

3.3. Habituation–dishabituation

Results of olfactory investigation in response to repeated presenta-
tion of social and non-social odor cues are presented in Fig. 4. For
dishabituation, there was a significant effect by RM-ANOVA of time
(odor source) in both mouse lines (Oxtr: F3,22 = 3.51; p b 0.05;
Avpr1a: F3,22 = 15.78; p b 0.05). However, there was no effect of geno-
type and no genotype × time interaction. For example, for all genotypes
in the Avpr1a line, mice spent 5.7± 0.7 s of the 2-min test investigating
urine A at the first presentation, compared with 1.0± 0.3 s for the third
presentation of lemon extract, a +4.7 ± 0.6 second increase. By con-
trast, with the first presentation of urine B, females increased their in-
vestigation by only +0.9 ± 0.5 s.

Habituation responses were similar for all genotypes in each line.
There was a significant effect of time for both Oxtr (F3,22 = 6.30;
Fig. 4.Habituation–dishabituation to repeated presentation of olfactory stimuli in femaleOxtr (A
exposures each to a cotton swab scentedwithwater, baking extracts (coconut, lemon) or urine f
with wild-type (closed symbols); WT(ko): wild-type pair-housed with null (open symbols); a
p b 0.05) and Avpr1a (F3,22 = 3.76; p b 0.05) lines, but no effect of geno-
type. Not surprisingly, the decrease in investigation was particularly
markedwhere the initial dishabituation responsewas high. Thus, all ge-
notypes in the Avpr1a line investigated urine A for only 1.6 ± 0.5 s by
the third presentation, a decrease of−4.1 ± 0.7 s from the first presen-
tation. For theOxtr genotype, there was no genotype × time interaction.
In the Avpr1a line, there was a significant genotype × time interaction
(F6,44 = 3.30; p b 0.05). Comparing habituation responses to each
odor stimulus in WT(ko) and KO females vs WT(wt) females by
Dunnett's post-hoc test, the WT(ko) females failed to habituate to re-
peated presentation of urine B (+0.2 ± 0.4 s vs initial presentation,
p b 0.05), unlike responses in WT(wt) females (−3.9 ± 1.1 s) and KO
females (−1.6 ± 0.8 s). However, WT(ko) females showed little initial
investigation of urine B, thereby reducing the opportunity for habitua-
tion. There were no other significant differences in habituation
responses.

3.4. Oxtr elevated plus maze

Behavior on the elevatedplusmaze inOxtr females is shown in Fig. 5.
By ANOVA, the numbers of open-arm entries, total entries, and time in
) and Avpr1amice (B). Investigation in seconds (mean± SEM) in response to three 2-min
rom2 unfamiliar C57Bl/6 females (urineA andurine B). For each line, KO: null pair-housed
nd WT(wt): wild-type pair-housed with wild-type (shaded symbols).
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the open armswere significantly different between genotypes. WT(wt)
females averaged 20.5 ± 1.4 arm entries during the 5-min test, includ-
ing 6.5 ± 0.9 open-arm entries (31.0 ± 3.4% open arm entries). They
spent 50.9±10.3 s on the open arms. By contrast, KO femalesmade sig-
nificantly more entries into the open arms (9.8 ± 1.1, p b 0.05),
resulting in significantly more total entries (25.9 ± 1.8, p b 0.05). They
also spent more time on the open arms (83.9 ± 7.3 s, p b 0.05). Re-
sponses of WT(ko) females were not different from WT(wt) controls
(N.S. p N 0.05).

3.5. Oxtr loss of righting reflex

In response to a hypnotic dose of ethanol (4 g/kg), mice rapidly lost
the ability to maintain ventral recumbency, and this effect persisted for
43.2 ± 5.3 min in WT(wt) females, 52.4 ± 5.3 min in WT(ko) females,
and for 53.2 ± 7.0 min in KO females. There was no difference between
groups in the duration of loss of righting reflex (N.S. p N 0.05).

4. Discussion

The present study examined ethanol-induced CSP in female mice
with a goal of determining the role of OXTR and AVPR1a signaling in
the conditioned effects of an ethanol-associated social stimulus. Utiliz-
ing genetic lines in which one or the other of the genes was deleted
(Oxtr and Avpr1a), the findings show that each neuropeptide contrib-
utes to the impact of social context on the response to ethanol.Whereas
WT(wt) females developed a conditioned preference for the CS+
Fig. 5. Elevated plus maze in female Oxtr mice. A: Number of entries (mean ± SEM) into
the open arms/5 min, B: total number of arm entries (closed + open arms), C: percent
of open arm entries, and D: time in open arms in seconds. KO: Null pair-housed with
wild-type (closed symbols); WT(ko): wild-type pair-housed with null (open symbols);
and WT(wt): wild-type pair-housed with wild-type (shaded symbols). Asterisks indicate
significant difference from WT(wt) by ANOVA with Dunnett's post-hoc test.
stimulus female paired with ethanol, both KOOxtr and KOAvpr1a females
decreased their preference for the CS+ stimulus female, reflecting a
conditioned social aversion for the CS+ female paired with ethanol.
However, total interaction time with both stimulus females was un-
changed. Surprisingly, ethanol-induced CSP was unchanged in WT(ko)
females. The reduced preference observed in the mutant lines was not
due to disruption of olfactory discrimination, because short-term re-
sponse to repeated presentation of social and non-social odors was un-
impaired in KOOxtr and KOAvpr1a females. Furthermore, the absence of
Oxtr had no effect on the duration of response to ethanol sedation, as
measured in the test for loss of righting reflex. However, KOOxtr females
showed reduced anxiety and increased arm entries in the elevated plus
maze. The current results are consistent with OXTR and AVPR1a both
being essential for social interactions in different contexts. This includes
when a WT social partner serves as a CS+, as in the present study,
rather than as a US. It should be emphasized, however, that the present
study is unique in focusing on OVX+ E females, rather thanmore stan-
dard gonad-intact males. Comparing and contrasting results of this and
previous studies, therefore, should be done with this in mind. Finally,
the lack of ethanol-induced CSP in WT(ko) females suggests an impor-
tant role for developmental social interactions within the litter struc-
ture, allowing expression of social responses even in genetically-
normal individuals.

KOOxtr and KOAvpr1a mice were first described approximately
10 years ago [34,49,50]. Perhaps what is most striking about these
mice is the relative absence of major physiologic disruptions, especially
in reproductive function. The lack of Oxtr or Avpr1a has minimal impact
on mating or parturition [50,51], although lactation is impaired in KO-
Oxtr dams. In part, the lack of effect in KO mice may be due to compen-
satory mechanisms when either of the OXT or AVP systems
individually is disrupted, but not both (reviewed in [52]). The studies
reported here used constitutive deletion of Oxtr or Avpr1a, both of
which have been studied extensively [50,51]. Dissection of the regional
expression responsible for CSP studied here will require the use of mul-
tiple conditional mutant lines for each gene.

In the present study, the effects ofOxtr on anxiety and armentries on
the elevated plus maze were somewhat unexpected. Because KOOxtr fe-
malesmademore entries in and remained for a longer time on the open
armsof the elevated plusmaze, one interpretation is that KOOxtr females
are less anxious than WT(wt) females from the same line. This is coun-
ter to the anxiolytic effects of exogenous OXT previously reported [53].
This finding notwithstanding, there is precedent for reduced anxiety
when OXT and AVP systems are disrupted. For example, KOOtx males
cross-fostered from KO–KO pairs exhibited reductions in anxiety, as in
the present study, whereas the KOOtx offspring of Het–Het pairs were
unaffected [54]. Likewise, KOAvpr1a males spend more time than WT-
Avpr1a males in the open arms of the elevated plus maze ([55,56]; but
see [50]). In addition to spending more time on the open arms, KOOxtr

females in thepresent study showed increased numbers of total arm en-
tries in the elevated plus maze. This is consistent with our informal ob-
servations of KO female behavior. Although total interaction with the
two stimulus females during pre-test and CSP test was not different in
KO and WT females, the pattern of behavior in KO females from both
Oxtr and Avpr1a lines was unusual. KO females circled the test chamber
rapidly, thereby making typically brief but frequent contacts with the
two stimulus females. This pattern mirrored behavior in the home-
cage. Similar effects on locomotor behavior have not been reported pre-
viously for KOOxtr or KOAvpr1a males and females [50,55].

As measured by the loss of righting reflex test, ethanol sedation of
KOOxtr females in the present study was unaffected compared to WT
mice. This is consistent with previous studies showing no effect of
Avpr1a in mice [26] and or exogenous OXT in rats [57] on acute intoxi-
cating effects of ethanol. In addition, we did not observe increased ag-
gression in KO female mice during pairing, as has been reported for
males in the KOOxt and KOOxtr lines [51,54]. Our finding is not surprising,
given that fighting is relatively uncommon among non-lactating female
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mice. Furthermore, the assay used for CSP tests mice in a neutral arena,
which is less likely to induce aggression compared with a home cage-
intruder model [56].

In the context of ethanol-induced CSP, OXT and AVP have contrast-
ing effects: in male mice, these neuropeptides increase social behavior
[1] and modify ethanol consumption [24–27]. Nonetheless, the lack of
ethanol-induced CSP in KOOxtr and KOAvpr1a females in the present
studywas consistentwith our hypothesis. Previous studies ofmice lack-
ingOxtr and Avpr1a have demonstrated specific deficits in social behav-
ior [33], which would likely interfere with recognition of the CS+
female in CSP. KOOxtr males fail to show habituation to repeated presen-
tation of the same female [34], although the deficit is limited to
intrastrain recognition of individuals, and not discrimination of females
fromdifferent strains [58]. In a similarmanner, KOAvpr1amales show im-
paired habituation-dishabituation to female odors, but normal response
to non-social odors [50]. In the present study, there was no effect in KO-
Oxtr and KOAvpr1a females compared to their WT littermates on habitua-
tion or dishabituation to odor cues, either social or non-social odors.
This suggests that investigation and retention of chemosensory infor-
mation is unimpaired within the duration of this test. We note, how-
ever, that overall levels of investigation even in WT(wt) females from
the present study were low because females typically show relatively
little interest in urine from other females, compared with male attrac-
tion to females and their odors. Few previous studies have explored so-
cial recognition deficits in females of either KOOxtr or KOAvpr1a mice, yet
deciphering potential sex-based differences in the role of each neuro-
peptide in social engagement is both biologically and clinically relevant.
Importantly, KOOxtr females show a pregnancy block (Bruce effect)
when separated from theirmate for 24 h, but not when themate is con-
tinuously present [59]. This suggests that even if KO females can dem-
onstrate normal habituation to repeated presentation of odor cues
over a short interval, social recognition is not sustained over a more ex-
tended duration. On the other hand, KO females from both genetic lines
showed a significant decrease in preference for the CS+ stimulus fe-
male paired with ethanol. This argues in favor of social recognition for
KO females.What is less clear is why ethanol appears to induce a condi-
tioned social aversion in thesemice. In this regard, treatmentwith exog-
enous OXT reduces symptoms of alcohol withdrawal in alcohol-
dependent patients treated for detoxification [60]. Thus, it may be that
aversive consequences of ethanol are enhanced in mice lacking Oxtr
or Avpr1a.

Perhaps the most surprising finding from this study was the lack of
ethanol-induced CSP in WT(ko) females. We have previously demon-
strated ethanol-induced CSP in OVX+ E C57Bl/6 females at 2 g/kg eth-
anol [17], and WT(wt) females in the present study demonstrated
robust preference for the CS+ female at the same ethanol dose. The fail-
ure of WT(ko) females to respond to the CS+ female paired with etha-
nol suggests that a disrupted postnatal and/or post-weaning social
environment can negatively impact the social behavior of females
who are genetically wild-type, but whose siblings and cage-mates are
not. It is important to keep inmind that we cannot rule out potential ef-
fects of altered maternal care on social behavior, since WT(wt) females
and females in our previous study were fromWT dams, while WT(ko)
females were born to heterozygote dams. Even so, the disruption of so-
cial behavior in WT(ko) females adds to a growing literature demon-
strating behavioral and physiologic responses in animals to the
behavior of their cage-mates. This can include responses to pain, fear,
and illness in mice and rats. When cage-mates share a stressful experi-
ence, stress responses are reduced [61,62]. Alternatively, responses to
painful stimuli are heightened when pairs of mice are tested together
[63]. Social transmission of response to pain and fear occurs even
when only one member of a pair is affected. In this regard, exposure
to a fearful cage-mate increases freezing responses [64–67]. Mice also
respond negatively to a cage-mate injected with formalin [68]. They
will approach and maintain contact with a cage-mate in pain, but they
also develop a conditioned place aversion for the location [69]. Similarly,
odor cues from a tumor-infected cage-mate increase anxiety-like be-
havior in female mice [70,71].

Cage-mates may also modify responses to drugs of abuse. Monkeys
self-administer more PCP in the presence of a cage-mate [72], and
mice consume more alcohol when their cage-mate is intoxicated [73].
With CPP, simultaneous drug exposure in pairs ofmice enhances the re-
inforcing effects ofmorphine [74] andmethamphetamine [75].With re-
gard to ethanol-induced CSP in the present study, it may be that
impaired social behavior in KO mice interferes with ethanol-induced
CSP in WT(ko) mice. Previously, we have shown that the response to
ethanol is increased when both the test mouse and the CS+ stimulus
mouse are intoxicated [17]. This observation raises the interesting pos-
sibility that preference for the CS+ stimulus mouse during CSP testing
is shaped by the response of the CS+ stimulusmouse towards an intox-
icated partner during pairing. This could be addressed in the future by
monitoring the behavior of test and stimulus mice during pairing and
testing.

Often, social stress is linked with increased anxiety and ethanol con-
sumption [77–79]. In the present study, performance in the EPM was
not different in WT(ko) and WT(wt) females from the Oxtr line, sug-
gesting that WT(ko) females do not exhibit generalized anxiety as a re-
sult of their KOOxtr cage-mates. Instead, it appears that the effects onWT
(ko) females of having a KOcage-mate are specific to social behavior. In-
terestingly, this effect may be mediated through OXT and OXTR. Exoge-
nous OXT has anti-nociceptive effects, not only in rats subject to thermal
pain, but also in untreated cage-mates mediated via olfactory stimuli
[80]. In a similar manner, OXTR is reduced in response to either im-
paired maternal care and/or an impoverished environment (reviewed
in [81]). It would be of interest in future studies to determine if the
OXTR is reduced in WT(ko) females compared with WT(wt) controls.
Ultimately, these findings offer a cautionary note to genetic studies of
behavior in mice, suggesting that the composition of litters with regard
to genotype may shape behavior even of WT animals.
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