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Abstract
Drinking behavior and social context are intimately intertwined. Peer relations can promote
drinking. Conversely, alcohol promotes social interaction. The present study tested female mice
for ethanol-induced conditioned partner preference. Ovariectomized (OVX) C57Bl/6 females with
chronic estradiol replacement (OVX+E) received saline or ethanol (1, 2 or 4 g/kg) ip and were
paired 4x for 30 min each with 1 of 2 stimulus females. The test female was paired with the CS−
stimulus female following saline, and was paired with the CS+ female following ethanol. After
pairing, we measured proximity of the test female to the CS+ and CS− females in a 10′ test. In a
second study, OVX and OVX+E females were tested for conditioned partner preference (CS+ vs
CS−) in response to 2.5 g/kg ethanol. In separate groups of mice, both test and stimulus females
(IS+) received ethanol during pairing to determine if test mice develop conditioned partner
preference for another intoxicated mouse. OVX+E test females showed conditioned partner
preference for the CS+ female in response to ethanol at 2 g/kg (change in preference score for CS
+: +86.6±30.0 sec/10 min), but not at 0, 1 or 4 g/kg. At 2.5 g/kg ethanol, OVX+E females
developed conditioned partner preference for either IS+ (+63.6±24.0 sec) or CS+ females
(+93.8±27.1 sec). OVX test females demonstrated ethanol-induced conditioned partner preference
only for the IS+ female (+153.8±32.0 sec). These data demonstrate that ethanol promotes social
preference in female mice, and that estradiol enhances this effect.
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INTRODUCTION
Drinking is a social pastime, and this is reflected even in the language we use. “Social
drinking” refers to casual intermittent ethanol consumption, as distinguished from
problematic ethanol dependence. It is widely recognized that the company you keep while
drinking (peers, family) influences ethanol consumption [1], especially in women [2].
Similarly, in animal studies, mice paired with an intoxicated cage-mate will voluntarily
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consume more ethanol than mice paired with a sober companion [3]. This indicates that
social interactions promote ethanol intake. The opposite is also true. That is, ethanol
promotes social interactions in humans, at least at moderate doses [4]. The present study
determined if ethanol promotes social preference in female mice, using conditioned partner
preference as a model

Conditioned partner preference combines elements of conditioned place preference (CPP)
and partner preference. CPP is a form of Pavlovian conditioning in which the animal is
repeatedly paired with the unconditioned stimulus (US; typically food or drugs) in a unique,
but unfamiliar environment (the conditioned stimulus, CS+, reviewed in [5]). With repeated
pairings, the animal will prefer the CS+ over another environment (CS−) paired with a
control stimulus (e.g. vehicle). The advantage of CPP is that preference for the CS+ is not
confounded by the US. A limitation is that CPP tests individual animals in isolation.

Partner preference takes advantage of the mouse’s natural tendency to approach and
investigate conspecifics [6]. Partner preference is most often used to test sexual motivation
(reviewed in [7]). Typically, the test animal is allowed to interact with tethered stimulus
animals of the opposite sex (e.g. gonad-intact vs gonadectomized individuals), and
preference is determined. Unlike CPP, partner preference does not depend on prior
conditioning. However, the test is conducted in the presence of the US (the stimulus
animals).

Conditioned partner preference incorporates a social element into a conditioned response.
With this approach, the CS+ and CS− are individual stimulus animals. Previous studies have
tested conditioned partner preference in the context of sexual reward. Quail form
conditioned preference for sexual partners based on visual stimuli [8]. Male and female rats
use olfactory stimuli to form conditioned sexual partner preference [9, 10]. For males,
copulation to ejaculation is the US; paced mating is the US for females. In these studies,
non-sexual odors (baking extracts) further distinguish the CS+ and CS− stimulus rats.
Importantly, male rats demonstrate a generalized preference to ejaculate with an unfamiliar
female scented with the CS+.

Conditioned partner preference has not previously been used to test the rewarding properties
of drugs or ethanol. The present study tested the hypothesis that ethanol induces conditioned
partner preference in female mice. Furthermore, because estradiol promotes social behavior
[11], we have explored the interaction of estrogen with ethanol in social preference.
Specifically, we determined if estrogen replacement in ovariectomized females enhances
ethanol-induced conditioned partner preference.

MATERIALS AND METHODS
Animals

Female C57BL/6 mice (8–10 weeks) were obtained from Charles River Laboratories
(Wilmington, MA). This strain shows high voluntary ethanol intake in a 2-bottle preference
test [12], and relatively low aversion to ethanol [13]. Mice were group-housed 4 per cage on
a 14:10 LD photoperiod with access to food and water ad libitum, except during pairing and
testing. Behavior was evaluated under dim illumination during the first 4h of the dark phase.
Experimental procedures were approved by USC’s Institutional Animal Care and Use
Committee and were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals (DHEW Publication 80-23, revised 1985, Office of Sciences and Health
Reports, DRR/NIH, Bethesda, MD 20205).
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Experiment 1: Dose-response for ethanol
Separate groups of females (n=8–10 each) were tested for conditioned partner preference in
response to ethanol at 0, 1, 2 or 4 g/kg. Ethanol has been shown previously to facilitate CPP
in male mice across this range of doses (1–4 g/kg, [14]), and female C57BL/6 mice show
increased consumption of ethanol compared with males [15]. To eliminate endogenous
fluctuations in ovarian steroids across the estrous cycle during pairing and testing, all test
and stimulus females were ovariectomized (OVX) via bilateral dorsal flank incision under 2,
2, 2-Tribromoethanol (Avertin) anesthesia (250 mg/kg), and received chronic estradiol
replacement (OVX+E) 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 adhesive. As determined by uterine
weights, this regimen provides physiologic levels of estrogen [16, 17]. Females were
allowed to recover from surgery up to 2 weeks before testing and pairing.

Like CPP, a conditioned partner preference test has three phases: pre-test, pairing, and
partner preference (see Figure 1A). All pairing and testing was conducted in identical plastic
arenas (40×50×40 cm). During the pre-test, 2 unfamiliar stimulus females were tethered on
opposite sides of the area. Stimulus females were lightly restrained by taping the end of the
tail to a flexible metal chain. Each stimulus female was further distinguished by a topical
odor (coconut or lemon, McCormick baking extracts, Sparks MD). A cotton swab was
dipped in extract solution and rubbed on the fur over the scapular region. There was no
substantial pre-test preference for the two odors: half of the test females (19/37, 51%)
showed a positive preference score for the coconut-scented stimulus female. A test female
was introduced, and the amount of time spent in proximity to each stimulus female was
recorded for 10 minutes by an observer blind to the treatment groups. This measure is
similar to time spent in the choice compartments of a CPP chamber. Proximity was defined
when the test female had all 4 paws within reach of the stimulus female (shaded area, Figure
1A). This 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). 30 minutes before pairing,
each test female received an injection ip of ethanol or an equivalent volume of saline, 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;
[18]).

One stimulus female was designated as the CS−. Following a saline injection, the test female
was paired with the CS− female. On alternate days, the test female received an ethanol
injection, and was paired with the other stimulus female (CS+). The order of pairing
(beginning with ethanol or saline) was balanced, and both stimulus females received an
injection of saline 30 min before pairing. During pairing, stimulus females were scented
with baking extract, but they were unrestrained to facilitate interaction with the test female.
The day after the final pairing, conditioned partner preference was measured in test females
under conditions identical to the pre-test.

Lastly, we determined if repeated pairing with a scented stimulus female while intoxicated
induces a generalized preference in the test female for unfamiliar stimulus females bearing
the same scent. Generalization of preference for an unfamiliar scented partner has been
demonstrated for mating-induced conditioned partner preference in rats [9, 10]. Whether this
applies also to ethanol-induced conditioned partner preference in mice among same-sex
conspecifics has not been tested. Accordingly, we retested partner preference, substituting
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unfamiliar females scented with the same baking extracts for the CS+ and CS− stimulus
females.

Experiment 2: Effects of estradiol in test females, effects of ethanol in stimulus females
Experiment 2 extended our initial observations to investigate the interactions of estradiol,
ethanol, and social preference. Conditioned partner preference was tested in response to 2.5
g/kg ethanol in ovariectomized females with and without estradiol replacement. Methods
were as described above for Experiment 1, except that OVX females received empty Silastic
implants, and stimulus females were unfamiliar mice of the same hormonal status (OVX or
OVX+E) as test females.

As shown in Fig 1B, we further evaluated the effects of ethanol exposure in a stimulus
female (Intoxicated Stimulus: IS+) on ethanol-induced conditioned partner preference in
OVX and OVX+E test females. In this comparison, the CS− female received a saline
injection as in Experiment 1, but the test female and IS+ female each were injected with 2.5
g/kg ethanol 30 minutes before pairing. This comparison determined preference for IS+ vs
CS−.

Data Analysis
Preference score (time with CS+ minus CS−, or time with IS+ minus CS−, in seconds) and
total interaction (time with CS+ plus CS−, or time with IS+ plus CS−) were determined for
each test female during pre-test, conditioned partner preference, and generalization tests. For
Experiment 1, preference scores and total interaction among the different ethanol doses were
evaluated by repeated measures ANOVA (RM-ANOVA) with time (pre-test, conditioned
partner preference, generalization) as the repeated measure. Subsequently, changes in
preference score and total interaction during pre-test, conditioned partner preference, and
generalization were evaluated at each ethanol dose by ANOVA, with post-hoc comparison
vs pre-test values by Dunnett’s test. For Experiment 2, the effects of estradiol (OVX vs
OVX+E) and intoxication of the stimulus female (IS+ vs CS+) on preference scores and
total interaction were evaluated by repeated measures ANOVA (RM-ANOVA) with time
(pre-test and conditioned partner preference) as the repeated measure. Changes in preference
score and total interaction during pre-test and conditioned partner preference were evaluated
in each experimental group by paired t-test. For all analyses, p<0.05 was considered
significant.

RESULTS
Experiment 1: Dose-response for ethanol

For test females paired with ethanol at 0, 1, 2, or 4 g/kg, there was a significant effect of
ethanol dose on preference score by RM-ANOVA [F(3, 31)= 3.681; p<0.05]. However,
there was no significant effect of time and no interaction of dose × time. For total
interaction, there was a significant of time [F(2, 30)= 3.438; p<0.05] and a dose × time
interaction [F(6, 60)= 3.331; p<0.05], but no effect of ethanol dose (p>0.05). Preference
scores and total interaction are shown in Figure 2.

Repeated pairing with saline (0 g/kg ethanol) had no effect on preference score. Pre-test
preference score for the CS+ stimulus female averaged −21.6±37.4 seconds (mean±SEM),
while the preference score during conditioned partner preference testing was 9.1±20.1
seconds (p>0.05). When retested with unfamiliar stimulus females, the preference score for
the coconut-scented female was −3.0±25.9 seconds. However, the total interaction with both
stimulus females varied across the 3 tests [F(2, 20)= 5.303; p<0.05]. After pairing, total
interaction with both stimulus females decreased significantly (p<0.05), from 357.9±26.1
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seconds during pre-test to 216.6±30.3 seconds for conditioned partner preference testing.
When retested with unfamiliar stimulus females, total interaction (253.4±37.9 seconds) was
not different from pre-test values (p>0.05). At 1 and 4 g/kg, ethanol also failed to induce a
conditioned partner preference for the CS+ stimulus female (p>0.05), and total interaction
was unchanged.

There was a significant effect of 2 g/kg ethanol on preference score [F(2, 26)= 3.455,
p<0.05]. Preference scores averaged −3.7±14.9 seconds during pre-test, and 82.9±26.8
seconds after pairing, a 86.6±30.0 second increase (p<0.05). When tested with unfamiliar
stimulus females, preference score for the coconut-scented female (43.8±26.2 seconds) was
not significantly different from pre-test values (p>0.05). However, total interaction did not
vary during pre-test (306.3±33.3 seconds), conditioned partner preference (368.4±35.1
seconds) or generalization testing (290.7±28.0 seconds, p>0.05).

Experiment 2: Effects of estradiol in test females, effects of ethanol in stimulus females
As determined by RM-ANOVA, there was a significant effect of time (pretest vs
conditioned partner preference) on preference score in response to ethanol in OVX and
OVX+E test females when paired with CS+ or IS+ stimulus females [F(1, 30)=22.735;
p<0.05, Figure 3]. As well, there was a significant interaction of time, estradiol (OVX vs
OVX+E) and ethanol treatment of the stimulus female (CS+ vs IS+) [F(1, 30)= 8.083;
p<0.05)]. For total interaction, there was a significant effect of estradiol [F(1, 30)=8.457;
p<0.05], with OVX+E females showing more interaction with the 2 stimulus females.

Among OVX+E test females, the pre-test preference score for the CS+ stimulus female was
−18.8±24.4 seconds. As with 2 g/kg ethanol in Experiment 1, repeated pairing with 2.5 g/kg
ethanol in Experiment 2 significantly increased the preference score during conditioned
partner preference testing to 75.0±28.8 seconds (p<0.05), a 93.8±27.1 second increase.
Likewise, OVX+E test females demonstrated ethanol-induced conditioned partner
preference when paired with the IS+ stimulus female. Pre-test preference scores averaged
−45.0±21.6 seconds. When tested for conditioned partner preference, preference scores
increased by 63.6±24.0 seconds to 18.6±26.0 seconds (p<0.05). For both groups of OVX+E
test females, total interaction with the 2 stimulus females after pairing with ethanol was
unchanged from pre-test values (p>0.05).

In OVX test females, the mean pre-test preference score for the CS+ stimulus female was
−29.4±38.4 seconds. When tested for conditioned partner preference, there was no
significant change in preference score (−30.4±12.7 seconds, p>0.05). However, OVX test
females did develop a conditioned partner preference when ethanol was paired with the IS+
stimulus female. The mean preference score increased from −93.9±29.1 seconds during pre-
test to 59.9±28.0 seconds during conditioned partner preference testing (p<0.05). For both
groups of OVX females, total interaction with the two stimulus females was unchanged after
pairing.

DISCUSSION
The present study used conditioned partner preference as a model to test the rewarding
effects of ethanol in a social context in female mice. After repeated pairing with ethanol at 2
or 2.5 g/kg, OVX+E test females expressed a preference for the stimulus female with whom
they had previously been intoxicated. Lower and higher doses of ethanol were ineffective.
This study further demonstrates an interaction of ethanol and estradiol to facilitate social
preference. OVX+E females developed a conditioned partner preference for the ethanol-
paired stimulus female regardless of whether the stimulus female was also intoxicated (IS+)
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or not (CS+). By contrast, OVX females without estradiol replacement demonstrated
conditioned partner preference for IS+ vs CS−, but not for CS+ vs CS−.

Experiment 1 tested ethanol-induced conditioned partner preference at doses sufficient to
induce CPP [14]. The development of conditioned partner preference at 2 and 2.5 g/kg
mirrors the effects on CPP. The absence of a conditioned partner preference in response to 4
g/kg ethanol was not surprising, owing to severe intoxication in test females. However, it is
notable that test females did not display a significant conditioned partner preference at the
lowest ethanol dose (1 g/kg). It is possible that conditioning would develop in these animals
after additional pairing with ethanol and saline [19].

While CPP has been used extensively to test reward with both drugs and natural reward
(food, sex) [5], conditioned partner preference has only a limited history. In the present
study, stimulus female mice were scented with baking extract to facilitate comparison with
previous studies of conditioned partner preference induced by sexual behavior in rats [9, 10].
As in the present study, neutral odors (baking extracts) applied to the rat sexual partners
served as the CS+ and CS−. In these earlier studies, rats of both sexes developed a
conditioned partner preference for the CS+ odor cue paired with sexual reward. In particular,
male rats also preferred to ejaculate with an unfamiliar female scented with the CS+ [10].
By contrast, OVX+E female mice in the present study did not show a similar generalization
for novel stimulus females bearing the same scents. Our findings suggest that conditioned
preference for the CS+ stimulus female represents individual recognition rather than a
conditioned response to baking extract. This may reflect the relative stimulus intensity and
reinforcing efficacy of ejaculation vs ethanol injection.

Experiment 2 explored the role of estradiol, and its potential interaction with ethanol in
social preference. OVX+E females represent a model for adult cycling females, while
avoiding fluctuation in ovarian steroid levels and the resulting effects on behavior. OVX
females approximate the hormonal milieu before puberty and after reproductive senescence
[20]. Notably, OVX females paired with ethanol did not form a conditioned partner
preference for the CS+ stimulus female over the CS− female. Furthermore, total interaction
was greater among OVX+E females than in OVX females. Estrogen is known to promote
social interaction, as well as learning and memory, in mice [11, 21]. Estradiol itself is
reinforcing in CPP [22]. Ovarian estrogen levels rise at puberty, and ethanol use in teen girls
correlates with circulating estradiol levels [23]. Together, socially-induced ethanol
consumption and ethanol-induced social preference in the presence of estradiol could
promote ethanol dependence in females.

Ethanol and estradiol may work through separate mechanisms. On the other hand, studies of
pair-bonding in voles have implicated central vasopressin systems, particularly the
vasopressin V1a receptor, in affiliative behavior [24–26]. Both affiliative behavior and
vasopressin are sensitive to estradiol and ethanol [24, 26, 27]. Therefore, ethanol and
estradiol have potential to promote social preference through similar neurochemical systems.
Other candidate mechanisms contributing to conditioned partner preference include
oxytocin, dopamine acting via D2-type receptors, and serotonin. In this regard, oxytocin
works in concert with vasopressin to facilitate partner preference in prairie voles [28], and
oxytocin also contributes to same-sex social behavior in female meadow voles [29].
Oxytocin appears to act on the nucleus accumbens, where dopamine binding to D2-type
receptors is essential for partner preference in female prairie voles [30]. Oxytocin may also
promote social interaction by modifying serotonin release [31]. The role of these and other
potential mechanisms remain to be explored in ethanol-induced social preference. However,
it is noteworthy that oxytocin has recently been suggested as a possible modulator of drug
addiction [32].
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The present study adds to our understanding that sex steroids and sex differences modify
non-reproductive behaviors, including affiliative behavior and responses to drugs and
alcohol [33, 34]. Ethanol-induced conditioned partner preference in males or mixed-sex
groups is harder to predict. Female mice will extensively investigate an unfamiliar
conspecific, whereas male mice attack each other [26]. Furthermore, both testosterone and
EtOH increase aggression in males [16, 35]. Even so, aggression is reinforcing, at least for
the winner [36]. Thus, male mice might demonstrate ethanol-induced conditioned partner
preference, despite also displaying aggression. Anecdotal observations of human males
suggest that EtOH enhances social bonding among men [37], as it does in female mice. In a
related study, when rats are tested for voluntary ethanol consumption in mixed-sex groups,
the females consume significantly more than males, and subordinate males consume
significantly more than dominant males [38]. This suggests that males may be more
sensitive than females to low doses of EtOH. Indeed, a recent study observed that adolescent
male mice form CPP in response to 1.25 g/kg ethanol, a dose that was ineffective in females
[39].

Conditioned partner preference has potential for use in evaluating and comparing the social
dimensions of many drugs of abuse. Existing animal models for drug reward, including self-
administration, brain-stimulation reward and CPP, test individual animals in isolation. Thus,
they do not take into account the role of social interactions in substance abuse [1]. While
social components of ethanol consumption are well-documented, other drugs of abuse are
also used in a social context. In particular, N-Methyl-3,4-methylenedioxyamphetamine
(ecstasy) is commonly reported by users to promote a sense of social connection [40], while
phencyclidine (PCP) reduces social interaction [41]. It would be of interest to contrast the
rewarding effects of different drugs using conditioned partner preference and CPP to
evaluate reward in social and non-social tests.
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Highlights

• We tested effects of ethanol on conditioned partner preference in female mice to
explore social dimensions of substance abuse.

• Test females showed a conditioned preference for a stimulus female (CS+)
paired with ethanol.

• Conditioned partner preference was maintained if the CS+ female was also
intoxicated.

• Estrogen replacement in ovariectomized females facilitated ethanol-induced
conditioned partner preference.
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Figure 1.
Experimental design. A: Testing conditioned partner preference for a stimulus female mouse
(CS+) paired with ethanol vs another stimulus female (CS−) paired with saline. See Methods
for details. B: In separate groups of mice (IS+ vs CS−), the conditioned stimulus female (IS
+) also receives ethanol before pairing.
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Figure 2.
Top: Preference score (mean±SEM) for the conditioned stimulus female mouse (CS+)
paired with 0, 1, 2 or 4 g/kg ethanol vs the CS− stimulus female during pre-test (open bars),
conditioned partner preference (closed bars), and generalization tests (gray bars) in
ovariectomized female mice with estrogen replacement (OVX+E). Bottom: Total interaction
(seconds/10 min) with both stimulus female mice during pre-test, ethanol-induced
conditioned partner preference, and generalization tests. Asterisk indicates significant
difference by Dunnett’s test vs pre-test values at the same ethanol dose.
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Figure 3.
Top: Preference score (mean±SEM) for the conditioned stimulus female mouse (CS+ or IS
+) paired with 2.5 g/kg ethanol vs the CS− stimulus female during pre-test (open bars) and
conditioned partner preference testing (closed bars) in ovariectomized female mice, with
(OVX+E) or without (OVX) estrogen replacement. Bottom: Total interaction (seconds/10
min) with both stimulus female mice during pre-test and ethanol-induced conditioned
partner preference. Asterisk indicates significant difference by paired t-test vs pre-test values
at the same ethanol dose.
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