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Female-emitted pheromonal inputs possess an intrin-
sic rewarding value for conspecific males, promoting
approach and investigation of the potential mating part-
ner. In mice these inputs are detected mainly by the
vomeronasal organ (VNO) and the main olfactory epithe-
lium (MOE). We investigated the role of VNO-mediated
inputs in experience-dependent plasticity of reproductive
responses. We applied a sex-specific conditioned odor
aversion (COA) paradigm on adult, wild-type (WT) male
mice and on male mice impaired in VNO-mediated signal
transduction (TrpC2~/~). We found that WT males, which
underwent COA to female-soiled bedding, lost their
innate preference to female odors and presented lower
motivation to approach a sexually receptive female. COA
also abolished the testosterone surge normally seen fol-
lowing exposure to female odors. Moreover, the condi-
tioned males displayed impairments in copulatory behav-
iors, which lasted for several weeks. Surprisingly, these
males also exhibited phobic behaviors towards recep-
tive females, including freezing and fleeing responses.
In contrast, WT males which underwent COA specifi-
cally to male pheromones showed no change in olfactory
preference and only a marginally significant elevation
in intermale aggression. Finally, we show that TrpC2~/~
males were able to acquire aversion to female-soiled bed-
ding and presented similar behavioral alterations follow-
ing COA in their responses to female cues. Our results
demonstrate that the intrinsic rewarding value of female
pheromones can be overridden through associative olfac-
tory learning, which occurs independently of VNO inputs,
probably through MOE signaling.
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Reproductive behaviors are considered to be stereotypic
action patterns that ensure optimal execution and reproduc-
tive success with minimal energy investment (Alcock 2013).
Correspondingly, those stereotypical actions are controlled
by hard-wired brain circuits and determined prenatally under
the control of sex steroids (Alexander et al. 2011; Choi et al.
2005). In rodents, reproductive behaviors are activated in
response to external sensory stimuli, such as sex-specific
pheromones, without the need for previous learning (Beny &
Kimchi 2014; Halpern & Martinez-Marcos 2003). The innate
nature of reproductive behaviors suggests that environmen-
tal conditions, experienced by the adult animal, will have a
limited effect (if any) on the execution of those behaviors.
Indeed, positive past experience enhances the initiation
and expression of reproductive behaviors and of related
physiological responses, serving the purpose of increasing
reproductive success (Olsen 2011; Pfaus et al. 2001, 2012;
Pitchers etal. 2013). However, the influence of negative
experience on plasticity of innate reproductive behaviors and
its limitations are less clear.

Pheromones, volatile and non-volatile compounds, are
used for social communication in most mammals including
rodents (Dulac & Torello 2003; Liberles 2014; Wyatt 2014;
Zhang et al. 2013). Female pheromones elicit a set of cop-
ulatory behavioral and physiological responses in sexually
naive males, for example the rapid elevation of circulat-
ing luteinizing hormone (Coquelin et al. 1984; Gleason et al.
2009; Goldey & van Anders 2014) and testosterone levels
(Amstislavskaya et al. 2013; Gleason et al. 2009; Swaney
et al. 2012). Furthermore, female chemosensory signals are
considered to be intrinsically rewarding and strongly attrac-
tive to males, eliciting anticipatory locomotion (Mendelson &
Pfaus 1989; Trezza et al. 2011) and preference to approach
and investigate female over male stimuli (Ago et al. 2015;
Brown 1977). Accordingly, these chemosignals may serve as
unconditioned natural reinforcers inducing associative condi-
tioned learning (reviewed in Beny & Kimchi 2014; Griffiths &
Brennan 2015; Pfaus et al. 2001).

Pheromones are detected by sensory neurons in the
vomeronasal organ (VNO) and in the main olfactory epithe-
lium (MOE), which in turn activate downstream brain struc-
tures to execute the appropriate behavioral response (Dulac
& Wagner 2006; Keller et al. 2010; Mucignat-Caretta et al.
2012). The VNO of rodents covneys information regarding
sex, age and social status and has a critical role in mediat-
ing innate reproductive behaviors and endocrine responses
(Chamero et al. 2007; Dulac & Torello 2003; Isogai et al.
2011). Pheromone signal transduction through the VNO
requires the TrpC2 ion channel, expressed predominantly in
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sensory neurons of the VNO (Chamero et al. 2012; Omura &
Mombaerts 2014; Yu 2015). Though TrpC2 mutant (TrpC2~7/-)
males are able to successfully mate with females, these
males are profoundly impaired in their ability to behaviorally
distinguish between males and females, mounting both
sexes with equal frequency. Moreover, they fail to initiate
aggressive behavior towards an intruder male, unlike typi-
cal wild-type (WT) males (Chamero et al. 2007; Kimchi et al.
2007; Leypold et al. 2002; Stowers et al. 2002). This behav-
ioral phenotype provides a unique tool to explore the role of
the VNO in pheromone-mediated plasticity of innate repro-
ductive circuits.

In this study, we designed a modified conditioned odor
aversion (COA) procedure to test the effects of negative
past experience associated with female pheromones, on
a wide range of male-typical behavioral and physiological
responses. As a source for pheromones we used fresh
female-soiled bedding, a common stimulus employed in stud-
ies of pheromone-induced reproductive behaviors (Kimoto
etal. 2005; Montani etal. 2013; Yokosuka etal. 1999). A
similar procedure was used to examine whether it is pos-
sible to induce an aversion to male pheromones, and alter
inter-male aggressive behavior. In addition, we employed the
COA procedure on TrpC2~/~ males to explore the role of
VNO-mediated signals in sex-specific aversive olfactory learn-
ing.

Methods

Animals

Mutants of the TrpC2 mouse line (B6;129S1-Trpc2t™Ple/J, stock no:
021208; The Jackson Laboratory) were originally generated using
129/Sv (now termed 129S1; http://jaxmice.jax.org) embryonic stem
cells, that have been backcrossed onto C57BL/6J strain background,
as previously detailed (Stowers et al. 2002). Sexually naive adult
(10-14 weeks-old) TrpC27/~ mice and their WT littermates were
derived from an in house colony donated by Catherine Dulac (Har
vard University) in 2008, and established from heterozygous breed-
ing pairs. Data analysis of 1549 high-density single-nucleotide poly-
morphism (SNP) in TrpC2~~ mice (Chalfin et al. 2014) shows that
~61% of the SNPs originated from the genetic background of the
129S1 mouse strain while the remaining from the C57BL/6J strain
(Table S1, Supporting Information). For the stimuli mice in the moti-
vation assay (MA) and social interaction (Sl) assay we used C57BL/6J
inbred mice (Harlan laboratories). All mice were bred under standard
pathogen-free laboratory conditions with food and water ad libitum.
Two weeks before the initiation of behavioral assays, experiment
mice were housed in single cages, and were transferred to a reversed
12/12 h light/dark cycle (lights off at 1000 h). All behavioral procedures
were performed during the dark phase under dim red light, except
for the MA and anxiety-related assays that were conducted under
dim white light. The female-specific COA experiments comprised of
33 WT males for the Lithium Chloride (LiCl) group, 28 WT males for
the saline group and 11 TrpC2~/~ males for the LiCl and for the saline
groups each. The male-specific COA experiment comprised of 11 WT
males for the LiCl group and 11 WT males for the saline group each.
The Institutional Animal Care and Use Committee of the Weizmann
Institute of Science approved all experimental procedures.

Conditioned odor aversion (COA) to female odors

The COA protocol included the following experimental stages
(Fig. 1a): Male mice were tested for their baseline olfactory pref-
erence (OP) on days 1-2 of the experiment. Three conditioning
sessions were performed on days 4-6 and a forth was performed
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on day 13 (see Conditioning procedure). On days 8-9 and 11, mice
were tested in the OP and sexual MAs, respectively. On day 14, we
conducted the Sl assay with a receptive female intruder and this
assay was repeated again on days 17, 20 and 31 with new unfamiliar
females as an extinction procedure.

Conditioning (c) procedure

Animals were divided randomly into Lithium Chloride (LiCl, 0.2 m,
2% body weight, J.T. Baker) and saline-treated (0.9% NaCl) groups.
One hour before each conditioning session, water and food were
removed from the home cage. The saline and LiCl-treated groups
were exposed to female-soiled bedding in their home cages for
12 min (Fig. 1c). Intraperitoneal (i.p.) injections of LiCl or saline were
applied 5min after the introduction of the bedding, and 7 min fol-
lowing the injections the bedding was removed from the subject’s
home cage. This conditioning pairing was conducted three times dur
ing three consecutive days (days 4-6). On day 7 mice were exposed
in their home cage to clean bedding for 5 min in the same behavioral
context as in the conditioning days, except no injections were applied.

On day 13, an additional conditioning session was conducted to the
LiCl and saline groups, as described above, in order to strengthen the
aversive learning.

Soiled bedding was taken from cages of unfamiliar sexually mature
females housed in groups of four (4—-6 month old, same strain
as the tested mice). Females used as the source for the bedding
were weekly exposed to soiled bedding of males to induce estrus.
For bedding presentation, 30ml of either female-soiled or clean
bedding, were placed in an open polycarbonate cup (5cm height,
75cm diameter), which allowed physical access to the stimuli (i.e.
exposure to both volatile and non-volatile pheromones). In a subset
of experiments we induced aversion only to volatile compounds
emanating from female-soiled bedding. This was achieved by placing
the bedding in a closed polycarbonate cup with evenly distributed
small holes (5 mm in diameter). Fresh soiled bedding was collected
before the beginning of each experimental day.

Olfactory preference (OP) assay

Apparatus: The three-chamber apparatus consisted of two large side
chambers and one narrow middle chamber as previously described
(Karvat & Kimchi 2012; Zilkha et al. 2016a). Procedure: The OP assay
was conducted before (days 1-2) and after (days 8-9) the condi-
tioning phase. Prior to the first OP test only, a habituation day was
conducted and the mice were placed in the three chamber apparatus
for 15min, while they were free to explore the entire apparatus, in
order to rule out any side preferences. During the next 2 days, the
mice were tested in the apparatus for their preference for female or
male-soiled bedding vs. clean bedding (the order of the sex of the
bedding stimuli was counter-balanced between the mice). Following
a 10 min habituation period, 30 ml of clean bedding were placed in a
polycarbonate cup (described above) and a similar amount of soiled
bedding was placed in another, and each cup was stationed in a cor-
ner of one of the two main chambers (Fig. 1b). Mice were allowed
to freely move between the chambers for 5 min. Experiments were
recorded and analyzed for the time spent interacting with each of
the cups using the EthoVision software (version 7.1.426 Noldus). An
OP index was defined as the difference between the times spent
sniffing the stimulus bedding and clean bedding divided by the total
time spent sniffing either bedding, multiplied by 100. Then, the result
for male bedding was subtracted from the result for female bedding,
such that a positive value indicates that the preference is towards
female over male bedding:

__Male-Clean
Male + Clean

_FemaleClean_
Female + Clean

Sexual motivation assay (MA)

Apparatus: Two red Plexiglass boxes, a start-box and a goal-box
(12.5x8.5x8cmd3), were connected through a transparent narrow
tunnel (2.5 x 2.5 x 29 cm®) that contained three thin openings on top,
through which three barriers could be inserted (Fig. 1d). The barri-
ers were Plexiglass rectangles of increasing heights, making passage
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Figure 1: Female-specific COA alters innate precopulatory responses in WT males. (a) Timeline (days) of the conditioned odor
aversion (COA) protocol. (b)-(e) Schematic illustrations of the different behavioral procedures. (f) Time (seconds) spent interacting with
female and male bedding, subtracting the time (seconds) spent with the respective clean bedding, during the OP assay for the LiCl
(n=21) and saline (n=18) groups. (g) Percentage of animals crossing the first, second and third barriers in the motivation assay (n;c; =9,
Nsaiine = 7). (h) Motivation score to reach a female reinforcer for saline and LiCl-treated groups. (i) Testosterone surge for the saline- and
LiCl-treated males (n=4 per group) following exposure to female odors, relative to baseline levels of naive animals. Values are displayed

as mean + SEM. ***P <0.001, *P < 0.05, NS: not significant.

underneath each successive barrier more difficult. The barriers dif-
fered in their distance from the bottom of the tunnel. The first easiest
barrier allowed 15 mm of passage space, while the following barri-
ers allowed 13, and then 11 mm. Procedure: A day before the test,
mice were placed for 15 min of habituation in the apparatus and were
allowed to freely move in the tunnel and between the boxes with
no barriers. Then, they were tested for their motivation to overcome
barriers to reach the goal-box that was either empty or contained a
stimulus mouse, which was either a receptive female or a sexually
mature male (8—10 weeks-old). A one-sided door (4.5 x 4.5 cm?) sep-
arated the goal-box from the tunnel to prevent the stimulus mice from
exiting the goal-box. In the first trial, the subject mouse had 10 min
to cross the tunnel and reach the goal-box. If it succeeded, it was
placed back in the start-box and the first barrier was placed for an
additional 10 min, and so on until the third barrier was added. If the
mouse failed to cross the tunnel after 10 min, the assay was stopped
and no further trials were performed. The latency of the mouse to
cross the tunnel and overcome 1, 2 or 3 barriers was measured using
the Observer XT software (version 10.5.572 Noldus). The motivation
score was defined as the difference in latency times between reach-
ing an empty goal-box and reaching a stimulus goal-box, normalized
to the total time of a single trial:

Empty-Female
600

The motivation score was calculated for each barrier, such that the
motivation for the second barrier, for example, is calculated for the
session where barriers 1 and 2 were present.
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Social interaction (Sl) assay

A sexually receptive and naive 8 week-old female intruder was
introduced into the home cage of the tested resident male for 15 min
of Sl, on days 14, 17 20 and 31 of the experiment (Fig. 1e). For
control experiments, the resident males were introduced with a
sexually naive 5 week-old intruder males swabbed with 140 pl urine
collected from sexually mature and experienced male mice. Behavior
was recorded using digital video cameras and was later scored by
a single observer who was blind to the experimental conditions,
using the Observer software. Behavioral parameters scored included
olfactory investigation, sexual behavior parameters together with
anxiety-related behaviors of avoidance and freezing, and aggressive
behavior.

Anxiety-related assays

To examine anxiety-related behaviors we performed the open field
assay and the elevated plus maze assay on a separate cohort of WT
mice that underwent the conditioning phase followed by the MA.
As described previously (Scott et al. 2015), the open field assay was
performed in a white Plexiglas box (50 x 50 x 40 cm®) under dim white
light (120 Lux). Each mouse was placed in the center of the apparatus
and its movement patterns were recorded for 10 min, and analyzed
using the EthoVision software. Total distance traveled and number of
visits to the center of the apparatus were measured. For the elevated
plus maze assay we used a polyvinyl chloride maze comprising a
central part (5x5cm?), two opposing open arms (30.5x5cm?), and
two opposing closed arms (30.5x5x 15¢cm?3). The apparatus was
raised to a height of 50 cm. The test was performed under dim white
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light. Each mouse was placed in the center of the apparatus and its
locomotion was recorded for 5 min. Time spent in the open arms and
number of visits to the open arms were measured using EthoVision.

Testosterone and corticosterone quantification

Three days following the completion of the anxiety-related assays,
male mice were exposed to female-soiled bedding in their home
cages for 10 min. Immediately after the olfactory stimulation, the
males were deeply anesthetized and blood samples were collected
from the orbital sinus. The blood was centrifuged at 1000 g for 15 min
and the supernatant containing the plasma was collected and stored
at —80°C. Plasma testosterone and corticosterone levels were mea-
sured using commercial ELISA kits according to the manufacturer’s
protocol (Cayman, Ann Arbor, MI, USA; Figs. S3d and S4f). Addition-
ally, plasma levels of naive male mice were collected for quantification
of baseline testosterone levels, using the same protocol.

COA to male odors

The COA protocol to male odors included the following stages,
similarly to the COA to female odors: Male mice were tested for
their baseline OP on days 1-2 of the experiment. Three conditioning
sessions were performed on days 4-6, and an additional conditioning
session was conducted on day 13. In the conditioning phase, the
subject male was exposed to male bedding, followed by either
saline or LiCl i.p. injection. Soiled bedding was taken from cages of
unfamiliar sexually mature males housed in groups of 2 mice (4-6
month old, same strain as the tested mice). On days 8-9 and 14,
mice were tested in the OP assay, and S| assay, respectively. The
OP and Sl assays were conducted exactly as described above. In the
Sl assay, the male subject was exposed to a male intruder and for
control, to a receptive female intruder.

Statistical analysis

Time spent interacting with the stimulus beddings in the OP assay
and the preference index was analyzed by repeated measures anal-
ysis of variance (aNnova), followed by Fisher LSD post hoc analysis.
Behaviors in the MA and Sl assay as well as testosterone and cor
ticosterone levels were analyzed using the Mann-Whitney U-test.
When comparing between the percentages of animals preforming a
specific behavior we used the Fisher exact test. Significance in the
open field and elevated plus maze assays were all analyzed using
the student’s t-test. All statistical analyses were performed using the
Statistica software (version 8.0 Statsoft, Tulsa, OK, USA). Significant
results were considered for P <0.05.

Results

Female-specific COA impairs innate precopulatory
responses in WT males

In the following set of experiments, the conditioned males
had full physical access to female-soiled bedding dur
ing the aversive conditioning session. Differences in the
time spent investigating female- and male-soiled bedding
before and after the conditioning phase were evaluated
for the saline- and LiCl-treated males. Repeated mea-
sures ANOVA showed a significant interaction between
‘group’ x ‘phase’ x ‘stimuli’  (F;3,=8.81, F<0.01). WT
males, which underwent female-specific COA (LiCl group)
lost their preference for female odors and spent similar
amounts of time interacting with female- and male-soiled
bedding (Fig. 1f), stemming from a significant decrease
in time spent interacting with female bedding (P <0.001,
Fig. 1). In the OP index for female- vs. male-soiled bedding,
a significant interaction between ‘group’ and ‘phase’ was
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found (Fj 37 =5.1, P<0.05, Fig. Sla). Post-hoc analysis
showed a significant decrease in the OP index following
the LiCl conditioning (P<0.001), but not following saline
conditioning (Fig. S1a, Video S1). In the MA, nearly 60%
of males from the saline group crossed the third barrier in
order to reach a goal-box containing an unfamiliar sexually
receptive female, whereas none of the males from the LiCl
group crossed the third barrier (P<0.05, Fig. 1g, Video S2).
In accordance, LiCl WT males received a significantly lower
motivation score to cross the third barrier and reach the
unfamiliar female (Z=2.5, P<0.05; Fig. 1h), whereas the
motivation score to reach a male was similar in the LiCl and
saline groups (Z=1.16, P=0.38; Fig. S2a). LiCl WT males
also displayed a significantly lower female-induced testos-
terone surge compared to the saline WT males (£=2.3,
P <0.05; Fig. Ti and Fig. S3a,c).

Female-specific COA induces long-lasting deficits

in the sexual behaviors of WT males

In order to examine whether COA will affect consumma-
tory (copulatory) behaviors, we tested the sexual behav-
ior of the males towards an unfamiliar sexually receptive
female in a 15min Sl assay. We found that the LiCl group
spent significantly less time engaging in sexual behavior
(Z=2.36, P<0.05; Fig. 2a) and performed significantly less
pelvic thrusts (£/=2.86, P<0.01; Fig. 2b) compared to the
saline-treated males. No difference was detected between
the groups in the duration of aggressive behavior towards a
male intruder (Z=-0.03, P=0.97; Fig. S2b).

We next evaluated the long-term effects of aversive olfac-
tory conditioning on consummatory behavior towards unfa-
miliar females at days 17 20 and 31 from the beginning
of the experiment. Surprisingly, LiCl males kept presenting
significantly shorter durations of sexual behavior (repeated
measures ANOVA; ‘group’ effect: F; 13=7.16, P <0.05, Fig. 2c)
and lower number of pelvic thrust events (‘group’ effect:
F113=6.32, P<0.05, Fig. 2d) even almost a month following
the first conditioning session.

Female-specific COA induces social anxiety
responses

During the Sl assay we measured the distance of the subject
male from the intruder female. The average distance from
the receptive female was significantly larger in the LiCl males
compared to saline males (t,p=-2.21, P<0.05; Fig. 3a).
Unexpectedly, a fleeing behavior was observed towards the
female among 75% of LiCl males, compared to only 30%
of males from the saline group (P=0.08, Fig. 3b, Video S3).
LiCl WT males exhibited high levels of anxiety manifested
in a significant increase in female-directed avoidance events
(Z=-1.95, P=0.05; Fig. 3c), and a significantly greater dura-
tion of freezing behaviors (Z=-2.04, P<0.05; Fig. 3d). In
contrast, both LiCl and saline groups presented no signifi-
cant differences in anxiety-related behaviors towards male
intruders (Zggesing=—1.25, P=0.2; Zppidance =0.7 P=0.47;
Fig. S2c,d). Finally, we measured blood levels of corticos-
terone following exposure to female odors. No difference was
found in corticosterone levels between saline and LiCl groups
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Figure 2: Female-specific COA induces long-lasting deficits in
sexual behaviors of WT males. (a) Sexual behavior duration and
(b) pelvic thrusts towards a female intruder in the Sl assay (n=12
per group). (c) Sexual behavior duration and (d) pelvic thrusts
towards females in the S| assay conducted at days 17 20 and
31 of the experiment. Values are displayed as mean + SEM.
**P<0.01, *P<0.05.

(Z=0.87 P=0.37; Fig. S4e). In addition, no difference was
found between the groups in anxiety-related behaviors mea-
sured by the elevated plus maze and open field assays (Fig.
S4a-d).

Volatile female pheromones are sufficient to induce
conditioned aversion

A separate cohort of WT males underwent a slightly modified
COA limiting the exposure only to the volatile odors emanat-
ing from female-soiled bedding. LiCl-treated males showed
a significant reduction in OP towards females following the
aversive conditioning (repeated measures ANOVA; interaction
effect: F,0=5.563, P<0.05; Fig. Sba). Moreover, aversive
conditioning using volatile female odors was sufficient to
cause a decrease in sexual behavior (Z=2.31, P<0.05, Fig.
Sbb) and an increase in avoidance from an unfamiliar recep-
tive female (Z=-3.11, P<0.01; Fig. Sbc¢) in LiCl males com-
pared to the males from the saline group.

Male-specific COA does not alter OP

Next, we examined whether we can alter innate behaviors
towards male conspecifics by inducing a specific aversion
to male-soiled bedding. Repeated measures ANOVA of time
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Figure 3: Female-specific COA induces social anxiety-like
behaviors. (a) Distance from the female intruder in the Sl assay
(NLici =12, nggiine = 10). (b) Percentage of animals fleeing from
the female intruder. (c) Female-directed avoidance events and (d)
freezing duration for saline and LiCl-treated males. Values are dis-
played as mean + SEM. *P < 0.05, #P=0.08.

interacting with female- and male-soiled bedding revealed a
significant effect for the stimulus (F, ;5 =49.63, P<0.001,
Fig. 4a). A marginally significant decrease in time spent
interacting with male bedding after the conditioning phase
was detected in the LiCl group (P=0.06). The COA did not
alter OP towards female odors as no significant main effects
of ‘phase’ or ‘group’ were found when analyzing the OP index
(‘phase’: F; 15=0.95, P=0.34; ‘group”: F; 15=0.34, P=0.56,
Fig. S1b). In the Sl assay, 100% of the LiCl males executed
aggressive attacks towards a male intruder, compared to
60% of males from the saline group (P=0.08, Fig. 4b).
However, no difference was found between the groups in
either aggressive score (Z=-1.25, P=0.21, Fig. 4c), or in
anxiety-related behaviors such as freezing or avoiding the
male intruder (Zggezing =0, P=1; Zayidance = —0.48, P=0.63;
Fig. 4d,e). As for the behavior towards receptive females, we
found no difference between the groups in any of the sexual
behavioral parameters or anxiety-related behaviors examined
(Fig. S6).

Female-specific COA impairs precopulatory
and copulatory behaviors in TipC2-~ males
We employed a female-specific COA protocol on adult,
sexually naive, TrpC27/~ male mice, using the same
methodologies applied on the WT males (Fig. la-e).
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Figure 4: Male-specific COA does not alter inter-male
aggressive behaviors. (a) Time (seconds) spent interacting with
female and male bedding, subtracting the time (seconds) spent
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(n=8) groups. (b) Percentage of animals presenting aggressive
behavior towards a male intruder in the Sl assay. (c) Aggression
score calculated from aggressive duration and latency to attack.
(d) Number of avoidance events and (e) duration of freezing
among the saline- and LiCl-treated males. Values are displayed
as mean+ SEM. ***P <0.001, #P=0.06 (a), #P=0.08 (b).
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We found that TrpC2~~ males develop a female-specific
aversion, manifested in a significant interaction effect of
‘group’ X ‘phase’ x ‘stimuli® (F; ,0=78, P<0.05, Fig. 5a).
Post hoc analysis revealed a significant decrease in the
time LiCl TrpC27~ mice spent investigating female-soiled
bedding (P <0.001), while the time spent investigating male
bedding remained the same (Fig. 5a). Since prior to the
conditioning procedure the TrpC2~/~ males had no prefer
ence to female or male odors, the aversive conditioning
actually resulted in an OP towards males, with the TrpC2~7/~
males spending more time investigating the male- over
female-soiled bedding (P < 0.001, Fig. ba). Overall, statistical
analysis of the OP index shows an interaction effect of
‘group’ x ‘phase’ (F;,,=6.96, P<0.05; Fig. S1c). Follow-
ing the conditioning procedure the sexual preference was
changed in favor of male odors in LiCl males (P<0.01),
while among the saline males, no change in the preference
index was detected throughout the experiment (Fig. S1c).
In the MA, LiCl TrpC27/~ males received significant lower
motivation scores to cross the third barrier and approach a
receptive female (Z=1.92, P=0.05; Fig. bb), however, there
was no difference in the motivation score to reach a male
conspecific between the groups (Fig. S7a). Unlike WT males,
the LiCl and saline TrpC2~/~ males showed no significant
difference in testosterone levels following exposure to a
female (Z=-0.86, P=0.38; Fig. 5¢, Fig. S3b,c).

Following the aversive conditioning to female odors we
tested TrpC2~/~ males in the S| assay. It was previously
reported that TrpC2~/~ males mount both females and males
indiscriminately (Leypold et al. 2002; Stowers et al. 2002).
When presented with a receptive female, LiCl TrpC2~/~ males
spent significantly less time engaging in sexual behavior than
saline-treated TrpC2~/~ males (Z=2.04, P<0.05; Fig. 5d).
However, no difference was detected in the duration of
sexual behavior towards male intruders between the saline
and LiCl group (Z=0.15, P=0.87; Fig. S7b). Moreover,
LiCl-conditioned males exhibited more female-directed
avoidance and freezing responses (Zpyoidance = —2-98,
PAvoidance<0'O1; ZFreezing=_2'45' PFreezing<O-05; Fig- 5e,f),
but there were no differences in their freezing or avoidance
responses towards a male conspecific (Fig. S7c,d). These
data suggest that TrpC2~~ males were able to distinguish
between male and female odors, acquiring a specific aver
sion to female signals, which caused a robust alteration in
their behavior exclusively towards females.

Discussion

Whenever sex-specific pheromones are detected through
the VNO and/or the MOE of the male mouse, they convey
crucial information regarding the identity of the animal,
and generate an appropriate innate reproductive response.
Whether theses innate responses are sensitive to environ-
mental changes and to what extent is less clear. The present
study aimed to explore experience-dependent plasticity in
innate reproductive behaviors triggered as a response to
sex-specific pheromones and the involvement of the VNO in
such plasticity.
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Olfactory aversive conditioning using LiCl-induced malaise
associated with female-soiled bedding, either with or without
full physical access to the bedding, led to the development
of aversive responses in WT adult males. LiCl-treated WT
males lost their innate odor preference for females, and
exhibited less motivation to invest effort in order to reach a
female reinforcer. Additionally, the LiCl conditioning led to the
abolition of the typical testosterone surge following exposure
to female odors (Gleason et al. 2009; Shulman & Spritzer
2014).

The literature regarding the effect of aversive conditioning
on reproductive behavior of male rodents is inconclusive and
limited mainly to rats. Some early reports demonstrated that
pairing LiCl injection with copulation (in rats) or vaginal secre-
tions (in hamsters) reduces precopulatory behaviors (Agmo
2002; Johnston & Zahorik 1975; Zahorik & Johnston 1976).
However, similar experiments on male mice showed that
odor aversion to female urine caused only minor and transient
changes in precopulatory behaviors such as olfactory prefer
ence and ultrasonic vocalizations elicited by female urine (Kay
& Nyby 1992). We found that a negative experience associ-
ated with female pheromones altered precopulatory behav-
ioral responses to the extent of eliminating sexual preference
towards female odors and reducing sexual motivation. More-
over, it altered physiological responses induced by female
pheromones in male mice.

Notably, we showed that aversive conditioning to female
pheromones was sufficient to induce deficits in copulatory
behaviors towards an unfamiliar sexually receptive female
(that was not the donor of the odor stimulus used in the
conditioning phase). Moreover, the effect of the aversive
conditioning on this consummatory sexual behavior was
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Figure 5: Female-specific COA induces
alterations in precopulatory and cop-
ulatory behaviors in TrpC2~/~ males.
(a) Time (seconds) spent interacting with
female- and male-soiled bedding, sub-
tracting the time (seconds) spent with
clean bedding in the OP assay (n=11
for saline and LiCl groups). (b) Moti-
vation score to cross the third barrier
and reach a female reinforcer (n=5 for
saline and LiCl groups). (c) Testosterone
surge of saline- and LiCl-treated males
o following exposure to female odors, rel-
ative to baseline levels of naive animals
(n=4 per group). (d) Sexual behavior dura-
tion, (e) no. of avoidance events, and (f)
freezing durations measured for saline
and LiCl-treated groups in the Sl assay
(n=10 per group). Values are displayed as
mean + SEM. **P<0.01, *P<0.05, NS:
not significant.
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stable for almost a month following the first conditioning day
and resistant to extinction.

Female pheromones are highly rewarding for males, elicit-
ing preferential approach and precopulatory behaviors, which
terminate in the consummatory sexual act (Ago et al. 2015;
Malkesman et al. 2010; Veening & Coolen 2014). These
behaviors do not require any learning, but might be positively
reinforced following sexual experience (Ago et al. 2015; Been
et al. 2013; Pitchers et al. 2010). We argue that by associ-
ating a highly rewarding stimulus, as female pheromones,
with a stimulus possessing an opposite rewarding value,
i.e. LiCl-induced malaise, we caused the devaluation of the
salience of female signals. The alteration in rewarding value
severely impaired innate behavioral and physiological reac-
tions typically seen towards females.

Further supporting our hypothesis is the observed effect
of COA on testosterone levels following exposure to female
pheromones. Testosterone plays an essential role in medi-
ating the rewarding properties of female cues, as was
shown in adult male hamsters where development of con-
ditioned place preference to vaginal secretions was pre-
vented following castration (Harding & McGinnis 2004) and
restored following testosterone treatment (Bell & Sisk 2013).
Thus, the testosterone surge induced by female pheromones
seems to serve as a neuroendocrine response mediating the
intrinsic rewarding value of females, which is required for
stimulating male precopulatory behaviors (Bell etal. 2013;
Petrulis 2013). In our study, LiCl-conditioned WT males lacked
female-induced testosterone surge, indicating a reduction in
the intrinsic rewarding value of female chemosignals follow-
ing COA. This reduction in rewarding value manifested, in
turn, in sexual behavioral deficits.

Genes, Brain and Behavior (2016) 15: 722-732



Remarkably, the aversive conditioning also triggered
strong phobic and anxiety-related behavioral responses
towards conspecific females, including freezing, avoidance
and escape behaviors (Video S3). To our knowledge, such
strong repulsive behavioral responses were never observed
in reaction to conspecific females in aversion studies (John-
ston etal. 1978; Peters 1983), and are typically emerging
in the presence of predator-related signals (Brechbuhl et al.
2013; Papes et al. 2010) or strong aversive physical external
stimuli (Jaisinghani & Rosenkranz 2015). Importantly, no
differences were found between the saline and LiCl group in
plasma corticosterone levels following exposure to female
bedding, or in general anxiety assays. This suggests that the
anxiety-like responses directed towards female conspecifics
were not the result of the generally higher anxiety levels of
LiCl-treated mice and may be classified as anxiety-related
responses specifically triggered by social interactions.
Human studies report that there is no difference in baseline
cortisol levels between patients with social anxiety disorder
and healthy controls (Condren et al. 2002; Martin et al. 2010).
Moreover, similarly to our corticosterone results, some stud-
ies found no difference in cortisol following exposure to a
social stimulus (Martel et al. 1999; Uhde et al. 1994). How-
ever, in our case this could be a result of a ceiling affect as
the female stimulus might induce a maximal corticosterone
elevation in saline-treated males, such that further increases
cannot be seen (Kavaliers et al. 2001; Thornton et al. 2014).

In most cases, once a sexually mature WT male is intro-
duced to a male intruder it will initiate an instinctive aggres-
sive attack towards the intruder (Mackintosh 1970). This
innate behavior is mainly mediated by pheromone signals
(Chamero et al. 2007; Montani et al. 2013) and is thought
to be reinforcing, as males perform operant responses to
gain opportunity for an aggressive attack (Fish et al. 2005;
May & Kennedy 2009). Thus, male pheromones might also
possess rewarding properties. We explored whether we can
change the rewarding properties of male odors by inducing
a male-specific COA, and thus affect the innate aggressive
behavior typically triggered by those odors. Our results show
that aversive conditioning associated with male odors led to
marginally significant effects in the behavior towards male
stimuli, manifested in decreased time spent investigating
conspecific male bedding, and increased inter-male aggres-
sion. On the other hand, male-specific aversion did not alter
sexual preference or any other behavior towards females.

We demonstrated that the same aversive conditioning pro-
tocol of female or male odors led to different effects on the
corresponding innate behavior. While female-specific COA
resulted in the generalization of the aversion to females and
the sexual act, male-specific COA had only minor effects
on the behavioral repertoire. As the COA to male-soiled
bedding was performed using the same protocol of COA
to female-soiled bedding we suggest that the differential
response observed is related solely to the nature of the con-
ditioned stimulus (female vs. male bedding). We propose
that this difference might emerge from the distinct motiva-
tional saliences assigned to female and male pheromones
by male mice. According to the prediction error learning the-
ory, an error is generated when an outcome is different from
its prediction (either better than expected or worse than
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predicted). This leads to an updated prediction, which drives
learning and behavioral change. However, when an outcome
matches its predication, no error is generated and the behav-
jor remains the same (Hollerman & Schultz 1998; Pignatelli &
Bonci 2015; Schultz 2015). In our case, an unpleasant phys-
iological response in males to the presentation of female
odors is extremely unexpected thereby triggering learning.
On the other hand, the association between male odors and
an unpleasant outcome might be more expected, thus it is
reasonable that only minor (if any) associative learning will
occur, as previously demonstrated (Waelti et al. 2001). This
may indicate that female and male odors fall at different
places of the ‘saliency spectrum’, which ranges from aver
sion to reward (Pignatelli & Bonci 2015). Additionally, previous
studies have demonstrated that factors such as odor type
might also affect the magnitude of aversive learning as some
odorants cannot be conditioned to induce aversion (Holder
& Garcia 1987; Panhuber 1982). These characteristics might
also explain the differential intensities of the COA between
female and male odors.

Next, we successfully induced COA paradigm in TrpC2~/~
males, which are deficient in VNO pheromone-mediated
signal transduction. TrpC2~/~ males managed to acquire a
specific aversion to female signals, altering precopulatory and
copulatory behaviors towards females, whereas behaviors
towards male stimuli were not changed.

Previous studies show that TrpC2~~ males do not exhibit
the innate mating preference towards females typically pre-
sented by WT males (Chalfin et al. 2014; Kimchi et al. 2007,
Leypold et al. 2002; Stowers et al. 2002). This behavioral phe-
notype was explained by the inability of TrpC2~/~ males to
detect VNO-mediated signals, which is considered essen-
tial for the discrimination between sex-specific pheromones
(Ibarra-Soria et al. 2014; Isogai etal. 2011; Stowers et al.
2002). Our results demonstrate for the first time that TrpC2~/~
males can acquire sex-specific COA, similar to the abilities
of WT males, and thus support previous studies reporting
that sexually naive males with surgically ablated VNOs can
discriminate between female and male conspecifics’ urine
(Keller et al. 2006; Liu et al. 2010; Pankevich et al. 2004).

Sexual odor preference and female-induced testosterone
surge are a result of assigning highly rewarding properties to
female signals (Ago et al. 2015; Malkesman et al. 2010). The
results obtained from TrpC2~/~ males suggest that signaling
through the VNO is not necessary for sexual discrimination
but for sexual preference and motivation. Thus, they suggest
that VNO inputs might be crucial for appropriate neuronal
representation of the reward features of female vs. male
signals.

Furthermore, since plasticity in reproductive behaviors can
be readily induced in the absence of VNO-mediated inputs,
we propose that female odors detected by the MOE mediate
this aversive learning process. Given that the MOE is spe-
cialized in detecting volatile odors (Liberles 2014; Liberles &
Buck 2006; Zhang et al. 2013), this conclusion resonates with
our results showing that aversion towards female-emitted
volatile odors was sufficient to alter male-specific precop-
ulatory and copulatory behaviors. Collectively, as studies
have shown, chemosignals detected by both the MOE and
VNO inputs play an important role in assigning the reward
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value of female-derived signals (Korzan etal. 2013; Stow-
ers & Kuo 2015). Our results further suggest that the VNO
mediates the innate value of female pheromones, while the
MOE mediates their acquired value. Nevertheless, although
TrpC2 is predominantly expressed in the VNO, recently it
was shown to be expressed in some small subpopulations
of neurons in the MOE (Omura & Mombaerts 2014). In addi-
tion, studies have demonstrated the activation of VNO neu-
rons in cultured TrpC2~/~ slices (Kim et al. 2011; Zhang et al.
2010). Thus, we propose that aversive olfactory conditioning
occurs independently of TrpC2 signal transduction in the male
mouse olfactory system. Further research is required to deter
mine whether similar behavioral plasticity can be induced in
females (Zilkha et al. 2016b).

To conclude, our findings demonstrate that transient aver-
sive conditioning to female odors can overwrite the innate
positive biological message of female stimulus with an
acquired one, with only few conditioning trials of a short
exposure to the conditioned stimulus. Furthermore, they
prove that neural circuits underlying innate male-typical sex-
ual behaviors are flexible and can be easily reshaped to medi-
ate a more adaptive behavior that can even exceed the natural
boundaries of response to sex-specific stimulus. Finally, our
findings suggest that behavioral plasticity can occur in the
absence of a fully functioning VNO in male mice.

References

Agmo, A. (2002) Copulation-contingent aversive conditioning and
sexual incentive motivation in male rats: evidence for a two-stage
process of sexual behavior. Physiol Behav 77, 425-435.

Ago, Y., Hasebe, S., Nishiyama, S., Oka, S., Onaka, Y., Hashimoto,
H., Takuma, K. & Matsuda, T. (2015) The female encounter test, a
novel method for evaluating reward-seeking behavior or motivation
in mice. Int J Neuropsychopharmacol 18, 1-12.

Alcock, J. (2013) Animal Behavior: An Evolutionary Approach. Sinauer,
Massachusetts.

Alexander, B.M., Skinner, D.C. & Roselli, C.E. (2011) Wired on
steroids: sexual differentiation of the brain and its role in the expres-
sion of sexual partner preferences. Front Endocrinol 2, 42.

Amstislavskaya, T.G., Bulygina, V.V., Tikhonova, M.A. & Maslova, L.N.
(2013) Social isolation during peri-adolescence or adulthood: effects
on sexual motivation, testosterone and corticosterone response
under conditions of sexual arousal in male rats. Chin J Physiol 56,
36-43.

Been, L.E., Hedges, V.L., Vialou, V., Nestler, E.J. & Meisel, R.L. (2013)
Delta JunD overexpression in the nucleus accumbens prevents
sexual reward in female Syrian hamsters. Genes Brain Behav 12,
666-672.

BellL, M.R. & Sisk, C.L. (2013) Dopamine mediates
testosterone-induced social reward in male Syrian hamsters.
Endocrinology 154, 1225-1234.

Bell, M.R., De Lorme, K.C., Figueira, R.J., Kashy, D.A. & Sisk, C.L.
(2013) Adolescent gain in positive valence of a socially relevant
stimulus: engagement of the mesocorticolimbic reward circuitry.
Eur J Neurosci 37, 457-468.

Beny, Y. & Kimchi, T. (2014) Innate and learned aspects of
pheromone-mediated social behaviours. Anim Behav 97, 301-311.

Brechbuhl, J., Moine, F, Klaey, M., Nenniger-Tosato, M., Hurni,
N., Sporkert, F, Giroud, C. & Broillet, M.C. (2013) Mouse alarm
pheromone shares structural similarity with predator scents. Proc
Natl Acad Sci USA 110, 4762-4767.

Brown, R.E. (1977) Odor preference and urine-marking scales in male
and female rats: effects of gonadectomy and sexual experience

730

on responses to conspecific odors. J Comp Physiol Psychol 91,
1190-1206.

Chalfin, L., Dayan, M., Levy, D.R., Austad, S.N., Miller, R.A., Iraqi, FA.,
Dulac, C. & Kimchi, T. (2014) Mapping ecologically relevant social
behaviours by gene knockout in wild mice. Nat Commun 5, 1-10.

Chamero, P, Marton, TF, Logan, D.W., Flanagan, K., Cruz, J.R.,
Saghatelian, A., Cravatt, B.F. & Stowers, L. (2007) Identification
of protein pheromones that promote aggressive behaviour. Nature
450, 899-902.

Chamero, P, Leinders-Zufall, T. & Zufall, F. (2012) From genes to social
communication: molecular sensing by the vomeronasal organ.
Trends Neurosci 35, 597-606.

Choi, G.B., Dong, H.W., Murphy, A.J., Valenzuela, D.M., Yancopou-
los, G.D., Swanson, L.W. & Anderson, D.J. (2005) Lhx6 delineates
a pathway mediating innate reproductive behaviors from the amyg-
dala to the hypothalamus. Neuron 46, 647-660.

Condren, R.M., O’'Neill, A., Ryan, M.C., Barrett, P & Thakore, J.H.
(2002) HPA axis response to a psychological stressor in generalised
social phobia. Psychoneuroendocrinology 27, 693-703.

Coquelin, A., Clancy, A.N., Macrides, F, Noble, E.P & Gorski, R.A.
(1984) Pheromonally induced release of luteinizing hormone in
male mice: involvement of the vomeronasal system. J Neurosci
4,2230-2236.

Dulac, C. & Torello, A.T. (2003) Molecular detection of pheromone
signals in mammals: from genes to behaviour. Nat Rev Neurosci
4,551-562.

Dulac, C. & Wagner, S. (2006) Genetic analysis of brain circuits
underlying pheromone signaling. Annu Rev Genet 40, 449-467.
Fish, E.W., DeBold, J.F & Miczek, K.A. (2005) Escalated aggression
as a reward: corticosterone and GABA(A) receptor positive modu-

lators in mice. Psychopharmacology (Berl) 182, 116-127.

Gleason, E.D., Fuxjager, M.J., Oyegbile, TO. & Marler, C.A. (2009)
Testosterone release and social context: when it occurs and why.
Front Neuroendocrinol 30, 460—-469.

Goldey, K.L. & van Anders, S.M. (2014) Sexual modulation of testos-
terone: insights for humans from across species. Adapt Hum
Behav Physiol 1, 93-123.

Griffiths, PR. & Brennan, PA. (2015) Roles for learning in mammalian
chemosensory responses. Horm Behav 68, 91-102.

Halpern, M. & Martinez-Marcos, A. (2003) Structure and function of
the vomeronasal system: an update. Prog Neurobiol 70, 245-318.

Harding, S.M. & McGinnis, M.Y. (2004) Androgen receptor blockade in
the MPOA or VMN: effects on male sociosexual behaviors. Physiol
Behav 81, 671-680.

Holder, M.D. & Garcia, J. (1987) Role of temporal order and odor
intensity in taste-potentiated odor aversions. Behav Neurosci 101,
158-163.

Hollerman, J.R. & Schultz, W. (1998) Dopamine neurons report an
error in the temporal prediction of reward during learning. Nat
Neurosci 1, 304-309.

Ibarra-Soria, X., Levitin, M.O. & Logan, D.W. (2014) The genomic basis
of vomeronasal-mediated behaviour. Mamm Genome 25, 75-86.

Isogai, Y., Si, S., Pont-Lezica, L., Tan, T, Kapoor, V., Murthy, V.N. &
Dulac, C. (2011) Molecular organization of vomeronasal chemore-
ception. Nature 478, 241-245.

Jaisinghani, S. & Rosenkranz, J.A. (2015) Repeated social defeat
stress enhances the anxiogenic effect of bright light on operant
reward-seeking behavior in rats. Behav Brain Res 290, 172-179.

Johnston, R.E. & Zahorik, D.M. (1975) Taste aversions to sexual
attractants. Science 189, 893-894.

Johnston, R.E., Zahorik, D.M., Immler, K. & Zakon, H. (1978) Alter-
ations of male sexual behavior by learned aversions to hamster
vaginal secretion. J Comp Physiol Psychol 92, 85-93.

Karvat, G. & Kimchi, T (2012) Systematic autistic-like behavioral
phenotyping of 4 mouse strains using a novel wheel-running assay.
Behav Brain Res 233, 405-414.

Kavaliers, M., Choleris, E. & Colwell, D.D. (2001) Brief expo-
sure to female odors “emboldens” male mice by reducing
predator-induced behavioral and hormonal responses. Horm
Behav 40, 497-509.

Genes, Brain and Behavior (2016) 15: 722-732



Kay, E. & Nyby, J. (1992) Licl aversive-conditioning has transitory
effects on pheromonal responsiveness in male house mice (Mus
domesticus). Physiol Behav 52, 105-113.

Keller, M., Pierman, S., Douhard, Q., Baum, M.J. & Bakker, J. (2006)
The vomeronasal organ is required for the expression of lordosis
behaviour, but not sex discrimination in female mice. Eur J Neurosci
23, 521-530.

Keller, M., Pillon, D. & Bakker, J. (2010) Olfactory systems in mate
recognition and sexual behavior. Vitam Horm 83, 331-350.

Kim, S., Ma, L. & Yu, C.R. (2011) Requirement of calcium-activated
chloride channels in the activation of mouse vomeronasal neurons.
Nat Commun 2, 365.

Kimchi, T., Xu, J. & Dulac, C. (2007) A functional circuit underlying
male sexual behaviour in the female mouse brain. Nature 448,
1009-1014.

Kimoto, H., Haga, S., Sato, K. & Touhara, K. (2005) Sex-specific pep-
tides from exocrine glands stimulate mouse vomeronasal sensory
neurons. Nature 437, 898-901.

Korzan, W.J., Freamat, M., Johnson, A.G., Cherry, J.A. & Baum, M.J.
(2013) Either main or accessory olfactory system signaling can
mediate the rewarding effects of estrous female chemosignals in
sexually naive male mice. Behav Neurosci 127, 755-762.

Leypold, B.G., Yu, C.R., Leinders-Zufall, T, Kim, M.M., Zufall, F. & Axel,
R. (2002) Altered sexual and social behaviors in trp2 mutant mice.
Proc Natl Acad Sci USA 99, 6376—-6381.

Liberles, S.D. (2014) Mammalian pheromones. Annu Rev Physiol 76,
151-175.

Liberles, S.D. & Buck, L.B. (2006) A second class of chemosensory
receptors in the olfactory epithelium. Nature 442, 645-650.

Liu, Y-J., Zhang, J.-X., Zhang, J.-H., Bao, W.-D. & Liu, D.-Z. (2010)
Vomeronasal organ ablation elicits chemosensory dysfunction and
abnormal behavior in mice. J Ethol 28, 263-271.

Mackintosh, J. (1970) Territory formation by laboratory mice. Anim
Behav 18, 177-183.

Malkesman, O., Scattoni, M.L., Paredes, D., Tragon, T., Pearson, B.,
Shaltiel, G., Chen, G., Crawley, J.N. & Manji, H.K. (2010) The female
urine sniffing test: a novel approach for assessing reward-seeking
behavior in rodents. Biol Psychiatry 67, 864—871.

Martel, EL., Hayward, C., Lyons, D.M., Sanborn, K., Varady, S. &
Schatzberg, A.FE (1999) Salivary cortisol levels in socially phobic
adolescent girls. Depress Anxiety 10, 25-27.

Martin, E.I., Ressler, K.J., Binder, E. & Nemeroff, C.B. (2010) The
neurobiology of anxiety disorders: brain imaging, genetics, and
psychoneuroendocrinology. Clin Lab Med 30, 865-891.

May, M.E. & Kennedy, C.H. (2009) Aggression as positive reinforce-
ment in mice under various ratio- and time-based reinforcement
schedules. J Exp Anal Behav 91, 185-196.

Mendelson, S.D. & Pfaus, J.G. (1989) Level searching - a new assay
of sexual motivation in the male-rat. Physiol Behav 45, 337-341.
Montani, G., Tonelli, S., Sanghez, V., Ferrari, PF, Palanza, P, Zimmer,
A. & Tirindelli, R. (2013) Aggressive behaviour and physiological
responses to pheromones are strongly impaired in mice deficient
for the olfactory G-protein -subunit G8. J Physiol 591, 3949-3962.

Mucignat-Caretta, C., Redaelli, M. & Caretta, A. (2012) One nose, one
brain: contribution of the main and accessory olfactory system to
chemosensation. Front Neuroanat 6, 46.

Olsen, C.M. (2011) Natural rewards, neuroplasticity, and non-drug
addictions. Neuropharmacology 61, 1109-1122.

Omura, M. & Mombaerts, P (2014) Trpc2-expressing sensory neu-
rons in the main olfactory epithelium of the mouse. Cell Rep 8,
582-594.

Panhuber, H. (1982) Effect of odor quality and intensity on conditioned
odor aversion learning in the rat. Physiol Behav 28, 149—-154.

Pankevich, D.E., Baum, M.J. & Cherry, J.A. (2004) Olfactory sex dis-
crimination persists, whereas the preference for urinary odorants
from estrous females disappears in male mice after vomeronasal
organ removal. J Neurosci 24, 9451-9457.

Papes, F, Logan, D.W. & Stowers, L. (2010) The vomeronasal organ
mediates interspecies defensive behaviors through detection of
protein pheromone homologs. Cell 141, 692-703.

Genes, Brain and Behavior (2016) 15: 722-732

Conditioned odor aversion induces social anxiety

Peters, R.H. (1983) Learned aversions to copulatory behaviors in male
rats. Behav Neurosci 97, 140-145.

Petrulis, A. (2013) Chemosignals, hormones and mammalian repro-
duction. Horm Behav 63, 723-741.

Pfaus, J.G., Kippin, TE. & Centeno, S. (2001) Conditioning and sexual
behavior: a review. Horm Behav 40, 291-321.

Pfaus, J.G., Kippin, TE., Coria-Avila, G.A., Gelez, H., Afonso, V.M.,
Ismail, N. & Parada, M. (2012) Who, what, where, when (and maybe
even why)? How the experience of sexual reward connects sexual
desire, preference, and performance. Arch Sex Behav 41, 31-62.

Pignatelli, M. & Bonci, A. (2015) Role of dopamine neurons in
reward and aversion: a synaptic plasticity perspective. Neuron 86,
1145-1157.

Pitchers, K.K., Frohmader, K.S., Vialou, V., Mouzon, E., Nestler, E.J.,
Lehman, M.N. & Coolen, L.M. (2010) delta FosB in the nucleus
accumbens is critical for reinforcing effects of sexual reward.
Genes Brain Behav 9, 831-840.

Pitchers, K.K., Vialou, V., Nestler, E.J., Laviolette, S.R., Lehman, M.N.
& Coolen, L.M. (2013) Natural and drug rewards act on common
neural plasticity mechanisms with delta FosB as a key mediator. J
Neurosci 33, 3434-3442.

Schultz, W. (2015) Neuronal reward and decision signals: from theo-
ries to data. Physiol Rev 95, 863-951.

Scott, N., Prigge, M., Yizhar, O. & Kimchi, T. (2015) A sexually
dimorphic hypothalamic circuit controls maternal care and oxytocin
secretion. Nature 525, 519-522.

Shulman, L.M. & Spritzer, M.D. (2014) Changes in the sexual behavior
and testosterone levels of male rats in response to daily interac-
tions with estrus females. Physiol Behav 133, 8—13.

Stowers, L. & Kuo, T.H. (2015) Mammalian pheromones: emerging
properties and mechanisms of detection. Curr Opin Neurobiol 34,
103-109.

Stowers, L., Holy, TE., Meister, M., Dulac, C. & Koentges, G. (2002)
Loss of sex discrimination and male-male aggression in mice
deficient for TRP2. Science 295, 1493-1500.

Swaney, W.T, Dubose, B.N., Curley, J.P & Champagne, FA. (2012)
Sexual experience affects reproductive behavior and preoptic
androgen receptors in male mice. Horm Behav 61, 472-478.

Thornton, S.N., Padzys, G.S. & Trabalon, M. (2014) Sexual odor
discrimination and physiological profiles in adult male rats after a
neonatal, short term, reversible nasal obstruction. Brain Res Bull
104, 74-81.

Trezza, V., Campolongo, P & Vanderschuren, L.J. (2011) Evaluating the
rewarding nature of social interactions in laboratory animals. Dev
Cogn Neurosci 1, 444-458.

Uhde, TW., Tancer, M.E., Gelernter, C.S. & Vittone, B.J. (1994)
Normal urinary free cortisol and postdexamethasone cortisol in
social phobia: comparison to normal volunteers. J Affect Disord 30,
155-161.

Veening, J.G. & Coolen, L.M. (2014) Neural mechanisms of sexual
behavior in the male rat: emphasis on ejaculation-related circuits.
Pharmacol Biochem Behav 121, 170-183.

Waelti, P, Dickinson, A. & Schultz, W. (2001) Dopamine responses
comply with basic assumptions of formal learning theory. Nature
412, 43-48.

Wyatt, T.D. (2014) Pheromones and Animal Behavior: Chemical Sig-
nals and Signature Mixes. Cambridge University Press, Cambridge.

Yokosuka, M., Matsuoka, M., Ohtani-Kaneko, R., ligo, M., Hara, M.,
Hirata, K. & Ichikawa, M. (1999) Female-soiled bedding induced fos
immunoreactivity in the ventral part of the premammillary nucleus
(PMv) of the male mouse. Physiol Behav 68, 257-261.

Yu, C.R. (2015) TRICK or TRP? What Trpc2(—/—) mice tell us about
vomeronasal organ mediated innate behaviors. Front Neurosci 9,
221.

Zahorik, D.M. & Johnston, R.E. (1976) Taste aversions to food flavors
and vaginal secretion in golden hamsters. J Comp Physiol Psychol
90, 57-66.

Zhang, P, Yang, C. & Delay, R.J. (2010) Odors activate dual pathways,
a TRPC2 and a AA-dependent pathway, in mouse vomeronasal
neurons. Am J Physiol Cell Physiol 298, C1253-C1264.

731



Beny and Kimchi

Zhang, J., Pacifico, R., Cawley, D., Feinstein, P & Bozza, T (2013)
Ultrasensitive detection of amines by a trace amine-associated
receptor. J Neurosci 33, 3228-3239.

Zilkha, N., Kuperman, Y. & Kimchi, T. (2016a) High-fat diet exacerbates
cognitive rigidity and social deficiency in the BTBR mouse model
of autism. Neuroscience. doi: 10.1016/j.neuroscience.2016.01.070.

Zilkha, N., Sofer, Y., Beny, Y. & Kimchi, T. (2016b) From classic ethology
to modern neuroethology: overcoming the three biases in social
behavior research. Curr Opin Neurobiol 38, 96—108.

Acknowledgments

We thank N. Zilkha and M. Sokoletsky for their comments on the
manuscript; Y. Golan for her assistance with the experiments;
all members of the Kimchi laboratory for discussions and com-
ments; and G. Brodsky for her graphical assistance. This work
was supported by the Minerva Foundation, the Israel Science
Foundation grant #1324/15 and the Jenna and Julia Birnbach
Career Development Chair to T.K. The authors declare no conflict
of interest.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site:

Figure S1: Olfactory preference indexes. (a) Olfactory pref-
erence index of WT males following aversion to female odors.
(b) Olfactory preference index of WT males following aver
sion to male odors. (c) Olfactory preference index of TrpC2~/~
males following aversion to female odors. Dashed line rep-
resents no preference for either female or male bedding.
For index calculation see methods. Values are displayed as
mean + SEM. ***P <0.001, **P <0.01.

Figure S2: Female-specific COA does not affect
male-directed behaviors in WT males. (a) Motivation scores
for LiCl (n=9) and saline (n=8) groups to cross three barriers
and reach a male reinforcer. (b) Aggressive behavior duration,
(c) freezing durations and (d) avoidance events towards
a male intruder in the social interaction assay (n =12,
Nggine = 9). Values are displayed as mean + SEM.

Figure S3: Concentrations of plasma testosterone levels.
(a) Testosterone levels (ng/ml) of WT saline- and LiCl-treated
males (n=4 per group) following exposure to female odors.
(b) Testosterone levels (ng/ml) of TrpC2~/~ saline- and
LiCl-treated males (n=4 per group) following exposure to
female odors. (c) Baseline testosterone levels (ng/ml) of
WT (n=6) and TrpC2~~ (n=5) naive male mice. Values are
displayed as mean + SEM. (d) Standard curve of ELISA plate
including trendline and linear equation. * P < 0.05.

Figure S4: Female-specific COA does not affect corticos-
terone levels or anxiety-related behaviors. (a) Time spent in
open arms and (b) number of visits to the open arms in the
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elevated plus maze. (c) Total distance traveled and (d) number
of visits to the center zone in the open field assay (n =8,
Nsaine = D). (€) Plasma corticosterone levels (ng/ml) of saline
and LiCl-treated groups (n;c; =12, ngyine = 8) following expo-
sure to female odors. Values are displayed as mean + SEM.
(f) Standard curve including trendline and linear equation for
the corticosterone ELISA assay.

Figure S5: Volatile female pheromones are sufficient to
induce conditioned aversion. (a) Sexual preference index of
LiCl (n=12) and saline (n=10) treated males, before and
after the aversive conditioning. (b) Number of sexual behavior
events and (c) avoidance events towards the female intruder
in the LiCl (n=11) and saline (n=9) groups. Values are
displayed as mean+ SEM. **P < 0.01, *P < 0.05.

Figure S6: Male-specific COA has no effect on
female-directed behaviors in WT males. (a) Sexual behavior
duration, (b) latency to mount a female and (c) number
of avoidance events measured in the social interaction
assay with a receptive female intruder for saline- and
LiCl-treated males (nic; =9, Nggine =9). Values are displayed
as mean + SEM.

Figure S7: TrpC2~/~ males do not generalize the aversion
to male stimuli. (a) Motivation scores for LiCl and saline males
(n=5 per group) to cross three barriers and reach a male
reinforcer. (b) Sexual behavior duration, (c) freezing duration
and (d) avoidance events towards a male intruder in the social
interaction assay (n=10 per group). Values are displayed as
mean + SEM.

Table S1: Data of high-density single-nucleotide polymor-
phism (SNP) array (Chalfin et al. 2014). Genotyping data of the
entire chromosome 7, with 2611 SNP markers for C57BL/6J
and 129S1 inbred mouse strains and the TrpC2~/~ mouse
strain.

Video S1: WT males prefer to interact with female odors
in the olfactory preference assay. The video shows a WT
male exploring the 3-chamber apparatus and the cups con-
taining clean and female-soiled bedding. The final screen-
shot presents the track of the mouse for the entire assay
(extracted from the EthoVision software).

Video S2: Motivation of typical males to reach a receptive
female. The video displays a WT male investing effort to
cross three barriers in order to reach a goal box containing
a receptive female.

Video S3: LiCl conditioning alters the expected response
of males towards a female intruder, from sexual approach to
avoidance. In this video, WT males following either saline or
LiCl conditioning were introduced with a female intruder in
their home cage. In the first part of the movie a saline male
performs olfactory investigation of the female followed by
consummatory sexual behavior. In contrast, the second part
presents a LiCl male avoiding the female and exhibiting short
freezing responses.
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