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Summary

Social encounters often start with routine investigatory be-

haviors before developing into distinct outcomes, such as
affiliative or aggressive actions. For example, a female

mouse will initially engage in investigatory behavior with
a male but will then show copulation or rejection, depend-

ing on her reproductive state. To promote adaptive social
behavior, her brain must combine internal ovarian signals

and external social stimuli, but little is known about how
socially evoked neural activity is modulated across the

reproductive cycle [1]. To investigate this, we performed
single-unit recordings in the ventrolateral region of the

ventromedial hypothalamus (VMHvl) in freely behaving,
naturally cycling, female mice interacting with conspecifics

of both genders. The VMHvl has been implicated in rodent
sociosexual behavior [2, 3]: it has access to social sensory

stimuli [4–8] and is involved in aggression and mating [9–
11]. Furthermore, many VMHvl neurons express ovarian

hormone receptors [12, 13], which play a central role in fe-
male sociosexual behavior [14–16]. We found that a large

fraction of VMHvl neurons was activated in the presence

of conspecifics with preference to male stimuli and
that the activity of most VMHvl neurons was modulated

throughout social interactions rather than in response to
specific social events. Furthermore, neuronal responses

to male, but not female, conspecifics in the VMHvl were
enhanced during the sexually receptive state. Thus, male-

evoked VMHvl responses are modulated by the reproduc-
tive state, and VMHvl neural activity could drive gender-

specific and reproductive state-dependent sociosexual
behavior.

Results

To study how socially evoked responses of the ventrolateral
region of the ventromedial hypothalamus (VMHvl) neurons
are modulated by the hormonal reproductive state, we per-
formed single-unit recordings in freely behaving female mice
while they interacted with males or females (Figure 1A). Since
subject animals had regular estrous cycles, we were able to
investigate neuronal responses during two different reproduc-
tive states: estrous (sexually receptive) and non-estrous (not
receptive). Because we were interested in the investigatory
phase of social behavior, copulation was not allowed during
the chronic single-unit recording experiments in order to avoid
pregnancy or pseudopregnancy (which would lead to pro-
found neuroendocrinological changes and cause the female
to be in a different physiological state [17]).
*Correspondence: susana.lima@neuro.fchampalimaud.org
Females Interact Differently with Males and Females, but

There Is No Effect of the Reproductive State on Initial
Investigatory Behavior

We first investigated the subject female’s behavior during so-
cial interactions. We examined several behavioral measures,
including the mean duration of the interaction (Figures 1B
and S1; see Experimental Procedures for a list of behavioral
measures) and behavioral occupancy maps that indicate the
position of the nose of the subject animal relative to the stim-
ulus (Figures 1C–1E; it indicates how the subject animal
is interacting with the stimulus animal). The subject female
showed different behavioral patterns depending on the
gender of the stimulus animal. The subject female spent
more time interacting with males than with females (Figure 1B)
and performed less anogenital investigation toward males
than toward females (Figures 1D and 1E). In contrast, there
was no effect of the reproductive state of the subject female
on her behavior during social interactions (Figures 1B, 1D,
1E, and S1). The behavior of the stimulus animal was also
not modulated by the reproductive state of the subject fe-
male, except for a tendency of stimulus males to approach
the female with shorter latencies when she was sexually
receptive (Figure S1). Taken together, we conclude that the
reproductive state of the subject female does not generally
affect initial investigatory behavior.

Social Behaviors before Copulation Do Not Predict
whether Females Are Sexually Receptive

To investigate how social interactions between females and
males would unroll depending on the reproductive state, we
conducted separate behavioral experiments during which
copulation was allowed (w20–60 min). We confirmed the
finding that initial investigatory behavior was not modulated
by the reproductive state (Figures 2A and S2A). Furthermore,
we found that social behaviors involving the estrous females
were not significantly different from those involving the non-
estrous females during the entire interaction (Figures 2A
and S2B). This is in sharp contrast with the observation that
the reproductive state heavily influenced female sexual
behavior (Figure 2B). Whereas none of six non-estrous fe-
males copulated with males, five out of six estrous females
showed copulatory behavior (mean latency to the first intro-
mission, 1,055.8 6 198.9 s, n = 5; three of these females
received ejaculations). Although the males tended to attempt
more mountings toward the estrous females (Figure 2C), they
did so only after 30 min from the start of the interaction (Fig-
ure 2A). These results suggest that social behaviors before
copulation do not predict whether females will later engage
in copulation.

VMHvl Neurons Have Variable Gender Selectivity and
Modest Spatial Information around the Interaction Partner

We recorded 89 individual VMHvl units (16 neurons were re-
corded in the two different reproductive states, constituting
a total of 105 recordings; Figures 3A and S3). The baseline
firing rate of VMHvl neurons was low (2.65 6 0.30 Hz; n = 89),
and a large fraction of neurons responded to the stimulus
animal with preference to male stimuli (72% and 46% of 105
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Figure 1. Female Mice Exhibit Gender-Specific Behavior with No Influence of the Reproductive State

Orange indicates estrous (n = 14 sessions); blue indicates non-estrous (n = 41 sessions). Data represent mean 6 SEM.

(A) Schema of the behavioral paradigm.

(B) An example of behavioral measures: mean duration of interaction. *p < 0.05 for main effect of the gender of the stimulus animal, two-way ANOVA.

(C) Schematic representations of how to create behavioral occupancy maps.

(D) Behavioral occupancy maps around the stimulus animal. Color indicates the probability of the subject female being at that particular location. The maps

in the lower row are zoomed-in images of the maps in the upper row. The cartoon of the reference mouse is shown next to the map (its size is scaled to the

map size).

(E) Head-tail preference index (1 represents preference toward the head area, 21 represents preference toward the tail area, and 0 represents no prefer-

ence). ***p < 0.001 for main effect of the gender of the stimulus animal, two-way ANOVA.

See also Figure S1.
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recordings for males and females, respectively; p = 0.006, c2

test). To understand how neuronal activity is modulated during
social interactions, we constructed firing rate maps in which
neural firing rates were mapped onto the behavioral occu-
pancy maps. Figures 3B–3D show example response patterns
of three VMHvl neurons that were activated bymales, females,
and both genders, respectively. To quantify gender selectivity,
we performed receiver operating characteristic (ROC) analysis
[18, 19]. We used the area under the ROC curve (auROC; A
versus B) as an index for gender selectivity with a range from
0 to 1, where 0 represents ‘‘preference to B,’’ 1 represents
‘‘preference to A,’’ and 0.5 represents no selectivity. At the
population level, VMHvl neurons had variable responses to
both males and females (Figure 3E; average auROC; male:
0.58 6 0.02; female: 0.56 6 0.01). Across neurons, we found
that male selectivity was strongly correlated with female
selectivity (Spearman’s r = 0.66, p < 0.001, Spearman’s rank
correlation test). We did not find evidence of anatomical segre-
gation: the average auROC did not change along the antero-
posterior axis (p > 0.10, one-way ANOVA; Figures S3E and
S3F).

The activity of VMHvl neurons also differed in spatial selec-
tivity around the stimulus animal, ranging from diffuse firing
(e.g., Figure 3B) to localized firing near the stimulus animal
(e.g., Figure 3C; Movie S1; activated when sniffing the ano-
genital area of the stimulus female). To assess spatial selec-
tivity around the interaction partner, the information rate
was computed for firing rate maps [20]. Since firing rate
maps are constructed around the interaction partner, high
spatial information rate could result from a situation where
the neuron is activated when the subject female performs a
specific behavior on the stimulus animal. The results show
that VMHvl neurons carry modest spatial information (Fig-
ure 3F; average, 0.52 bit/s). Thus, while a minority of VMHvl
neurons were activated during specific social interactions,
the activity of most VMHvl neurons was modulated indepen-
dently of the relative position to the stimulus animal. Addition-
ally, we found that the neurons recorded at the most anterior
level had significantly lower information rate compared
to those recorded at more posterior levels (p < 0.05, post
hoc Tukey-Kramer test after significant one-way ANOVA;
Figure S3G).

Male-Evoked VMHvl Responses Are Enhanced during

Sexually Receptive State
We investigated the effect of the reproductive state on the ac-
tivity of VMHvl neurons by comparing the activity of neurons
recorded in the estrous state to those recorded in the non-
estrous state. Figure 4A shows the response of a neuron
recorded in both states that was modulated by the repro-
ductive state. This neuron showed male-evoked, but not
female-evoked, firing specifically in the estrous state. At the
population level, VMHvl neurons showed significantly greater
male-evoked firing during the estrous state than during



Figure 2. Social Behaviors before Copulation Are Not Correlated with

Female Sexual Receptivity

Orange indicates estrous (n = 6 animals); blue indicates non-estrous (n = 6

animals). Data represent mean 6 SEM.

(A) Number of events per 5 min as a function of time. Males showed more

mounting behavior toward estrous females after 30 min (p = 0.016, Mann-

Whitney U test).

(B) Female sexual behavior: the proportion of female mice that copulated

with males and lordosis quotient (the ratio of the number of intromis-

sion to the number of mounting attempts multiplied by 100). *p < 0.05,

t test.

(C) Male mounting behavior: frequency and latency to the first mounting.

See also Figure S2.
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non-estrous states (Figure 4B; 4.90 6 0.90 Hz versus 2.90 6
0.43 Hz; p = 0.026, permutation test). The proportion of male-
responsive neurons was also significantly higher during the
estrous state compared to during the non-estrous state (Fig-
ure 4C; p = 0.012, c2 test). In contrast, we observed no modu-
lation by the reproductive state of neuronal responses to the
stimulus female (Figures 4B and 4C). Baseline firing rates in
the absence of stimulus animals were slightly higher in the
estrous state, but not statistically greater than those in the
non-estrous states (3.41 6 0.57 Hz versus 2.38 6 0.32 Hz,
p = 0.095, permutation test). Finally, reexamination of gender
and spatial selectivity showed no effect of the reproductive
state on these measures (Figure S4).

Discussion

Our results show that the sexually receptive state in females
is correlated with an enhancement in the neuronal response
of VMHvl neurons to males during the investigatory phase of
social behavior. Although some pioneering work investigated
copulation-related activity of hypothalamic neurons in
behaving females during the sexually receptive state [21–
23], little is known about how ovarian hormones influence
neuronal activity during social interactions [1]. To our knowl-
edge, the present finding is the first electrophysiological
evidence that the activity of hypothalamic neurons is modu-
lated during social encounters, in a gender-specific and
reproductive state-dependent manner. Since initial investi-
gatory behavior is essential to many, if not all, social behav-
iors, our findings will have implications not only for female
sexual behavior but also for other social behaviors, such
as aggression, social fear, and male copulatory behavior,
where the contribution of VMHvl has recently been reported
[24–27].
We found that female behavior was differently modulated

by the gender of the stimulus animal during the initial inves-
tigatory phase, indicating that the animals could discriminate
the gender of their partners and change their behavior
accordingly. Surprisingly, we did not find significant effects
of the reproductive state on the initial investigatory behavior
of both subject and stimulus animals: females that had
copulation with males showed similar social behavior
compared to the females that rejected males’ mounting at-
tempts. We cannot rule out the existence of other channels
of communication, including vocalizations [28, 29], or the
execution of more subtle behaviors that were not detected
by our behavioral analysis. However, our finding is consis-
tent with previous work showing that female attraction
behavior toward males is not modulated by hormonal manip-
ulations [30].
We found gender-specific responses in VMHvl neurons.

Particularly, there were more male-responsive neurons in the
female VMHvl than female-responsive neurons. This is consis-
tent with previous findings showing that VMHvl neurons are
activatedwith preference to the opposite gender in bothmales
and females [24, 31, 32], which may reflect biological signifi-
cance. We also found that most VMHvl neurons have modest
spatial information around the interaction partner. This indi-
cates that activity of VMHvl neurons is modulated throughout
social interactions rather than in response to specific social
events, which is similar to previous findings in males, where
VMHvl neurons encode aggressive motivation in a persistent
manner [24, 27]. The analysis of the recording sites within the
VMHvl suggests that there might be anatomical segregation
of spatial selectivity, but not gender selectivity. This might
reflect a difference in connectivity along the anteroposterior
axis [33, 34]. Taken together, our results support the idea
that VMHvl activity encodes the motivational state of the
animal [24, 27].
Our main finding is that male-evoked VMHvl responses

are enhanced during the sexually receptive state. This result
suggests the existence of gender-specific inputs to VMHvl
neurons and the ability of these inputs to be differentially
modulated by ovarian hormones. The gender-specific inputs
might be transmitted to the VMHvl through the main olfac-
tory bulb-to-medial amygdala pathway [32]. In addition, the
VMHvl has rich expression of ovarian hormone receptors
[12, 13], granting this hypothalamic nucleus the capability
of being modulated by ovarian hormones through multiple
mechanisms: increased neuronal responsiveness (as shown
in vitro [35] and in anesthetized animals [36]) and changes
in dendritic morphology [37–39]. Changes in dendritic
morphology, in particular, the expansion of the dendritic har-
bor of VMHvl neurons, may allow different neuromodulatory
inputs (e.g., oxytocin) to alter the activity of specific cell
populations in the VMHvl [39]. Accordingly, gender-specific
and reproductive state-dependent enhancement of VMHvl
activity could be achieved by ovarian hormone-induced
facilitation of afferent pathways that are activated preferen-
tially by the opposite gender. An important future step
will be to use optogenetic tools [40–42] to determine
which neuronal populations within the VMHvl change their
properties to male stimuli across the reproductive cycle
and how those neurons impact downstream areas such
as the periaqueductal gray. Neurons expressing ovarian



Figure 3. Electrophysiological Properties of

VMHvl Neurons during Social Investigation

(A) A schematic drawing illustrating the record-

ings and a Nissl-stained section showing a repre-

sentative recording site within the VMHvl. The

dashed line delineates the VMH. The arrow indi-

cates the microlesion. The scale bar represents

500 mm.

(B–D) Firing maps of three example neurons with

different response patterns. Color indicates the

mean firing rate at the particular location. The

baseline firing rate is indicated by an arrowhead

in the color bar. A neuron in (B) was activated

diffusely during the male block; a neuron in (C)

showed localized responses at the anogenital

area of the stimulus female (see also Movie S1);

and a neuron in (D) had localized responses at

the anogenital area of the stimulus animal of

both genders.

(E) Gender selectivity: male selectivity is plotted

against female selectivity. Estimated densities

are shown on the top and the right. Example neu-

rons are indicated by the letters.

(F) Spatial selectivity around the interaction part-

ner: the spatial information rate is plotted against

male-female selectivity. Estimated densities are

shown on the top and the right. Example neurons

are indicated by the letters.

See also Figure S3.
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hormone receptors will provide a particularly interesting
target [16, 26].

Experimental Procedures

For details, please see the Supplemental Experimental Procedures. All

procedures were reviewed and performed in accordance with the Cham-

palimaud Centre for the Unknown Ethics Committee guidelines and

approved by the Portuguese Veterinary General Board. Single-unit record-

ings were performed in the VMHvl of seven female C57BL/6 mice during

the dark period of light/dark cycle (Omniplex system, Plexon; a movable

16-channel electrode drive, Innovative Neurophysiology). The estrous

phase was determined by daily vaginal lavage. BALB/c or FVB/N mice

were used as stimulus animals. Our experimental paradigm consisted of

several blocks (0.5–5 min) during which the subject animal was allowed

to interact with a male stimulus, a female stimulus, or an object. No stim-

ulus was presented during the control block. We did not allow the animals

to copulate during the recording experiment. The stimulus animal was

removed if it showed excessive aggression or started to copulate with

the subject female. The positions of two animals were detected by

custom-made software. Three behaviors were annotated (approach, with-

drawal, interaction) [43]. Four measures were computed for each behavior

(frequency, duration, latency, and the percentage of time engaged). To

analyze the behavior of the subject female during social interactions, oc-

cupancy maps were created around the interaction partner (Figure 1C).

Head-tail preference index was defined as (h 2 t)/(h + t), where h and t

indicate the probability of the subject female being in the two spatial

bins around the head and tail of the stimulus animal, respectively. The

baseline firing rate was defined as the mean firing rate during the control

block. A single neuron was considered responsive if the distribution of the

interspike intervals during the stimulus block was significantly different

from that during the control block (p < 0.01, two-tailed Kolmogorov-Smir-

nov test). Responsive neurons were further classified into two types based

on mean firing rate: excited and inhibited types. To quantify gender selec-

tivity, we performed ROC analysis [18, 19]. To quantify spatial selectivity,

we computed information rate about the firing rate map [20]. To examine

the effect of the reproductive state on the firing rate, we performed a
permutation test on the difference in the mean

firing rate between the two reproductive states.

In order to examine how social interactions be-

tween females and males develop depending
on the reproductive state, we conducted separate behavioral experiments,

where copulation was allowed (w20–60 min). Six behaviors were anno-

tated manually (interaction, female approach, male approach, male

mounting, male intromission, male ejaculation). Lordosis quotient was

defined as the ratio of the number of intromissions to the number of

mounting attempts multiplied by 100. Data were represented as mean 6

SEM in the main text.

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce-

dures, four figures, and one movie and can be found with this article online

at http://dx.doi.org/10.1016/j.cub.2014.12.048.
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Figure 4. VMHvl Activity in Response to Males Is

Modulated by the Reproductive State

Orange indicates estrous (n = 29 recordings);

blue indicates non-estrous (n = 76 recordings).

(A) Firing maps of two successive recordings

from an example neuron showing responsemod-

ulation by the reproductive state. The legends are

the same as in Figure 3B. For each recording, the

average waveform (black) and 50 evenly sampled

waveforms (gray) are shown (point-by-point

Pearson’s r = 0.98 between two average wave-

forms).

(B) Population activity of VMHvl neurons aligned

with the block start. Lines with shades show

mean 6 SEM. Stimulus-evoked responses were

defined as the mean firing rate during the interval

from 2 s to 7 s after the block start indicated by a

black bar above population activity (male:

4.90 Hz and 2.90 Hz, p = 0.026; female: 3.79 Hz

and 2.86 Hz, p = 0.25; stimulus-evoked re-

sponses of the estrous and non-estrous states,

and p value from permutation test). *p < 0.05.

(C) Proportion of stimulus-responsive neurons.

Stimulus responsiveness was evaluated by

comparing distributions of interspike intervals

(p < 0.01, Kolmogorov-Smirnov test). Filled bars

indicate the proportion of stimulus-excited type,

and open bars indicate the proportion of stim-

ulus-inhibited type. *p < 0.05; c2 test.

See also Figure S4.
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Figure S1. Effect of the Gender and the Reproductive State on Animals’ Behavior, Related to Figure 1.
Orange indicates estrous (n = 14 sessions); blue indicates non-estrous (n = 41 sessions). Data represent 
mean ± SEM.
(A–B) subject animal behavior.
(A) No effect of the reproductive state on the moving distance per 10 seconds during both male and female 
blocks (P > 0.10, t-test).
(B) No effect of the reproductive state on behavioral measures. * P < 0.05, ** P < 0.01, *** P < 0.001 for 
main effect of the gender of the stimulus animal.
(C–F) stimulus animal behavior.
(C) No effect of the reproductive state on the moving distance per 10 seconds during both male and female 
blocks (P > 0.10, t-test).
(D) No effect of the reproductive state on behavioral measures. * P < 0.05, ** P < 0.01, *** P < 0.001 for 
main effect of the gender of the stimulus animal; † P < 0.05 for main effect of the gender of the stimulus 
animal and interaction effect.
(E) Occupancy maps representing the stimulus animal position relative to the subject female. Color 
indicates the probability for the stimulus animal being at this location. The legends are the same as in 
Figure 1D.
(F) Effect of the gender of the stimulus animal on head-tail preference index: 1 represents preference 
towards the head area, −1 represents preference towards the tail area, and 0 represents no preference. *** 
P < 0.001 for main effect of the gender of the stimulus animal.



Figure S2. No Effect of the Reproductive State on Animals’ Behavior in a Longer Timeframe, Related to 
Figure 2.
Orange indicates estrous (n = 6 animals); blue indicates non-estrous (n = 6 animals). Data represent mean 
± SEM.
(A) No effect of the reproductive state during the first five minutes of the experiments (all comparisons, P > 
0.10, Mann-Whitney U test).
(B) No effect of the reproductive state during the whole session, which lasted for 20–60 minutes (all 
comparisons, P > 0.10, Mann-Whitney U test).
(C) Number of events per 5 minutes as a function of time from the first mounting (or intromission, if 
applicable). Note that the data is the same as in Figure 2A.
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Figure S3. Recording Sites and Neuronal Selectivity, Related to Figure 3.
(A) Histological reconstruction of recording sites. The recording sites of example neurons in Figure 3B, 3C, 
and 3D are indicated by the letters. Circles are plotted at the center of a single recording site. Coronal brain 
images are from Allen Brain Atlas. VMH, ventromedial hypothalamus; ARH, arcuate hypothalamus; TU, 
tuberal nucleus; fx, fornix.
(B–D) Neuronal selectivities averaged across neurons that were recorded at the same site. Color indicates 
average neuronal selectivity.
(E–G) Neuronal selectivity as a function of the anteroposterior axis. Data represent mean ± SEM (n = 25, 12, 
6, 24, 22 neurons from anterior to posterior).
Male selectivity (B and E), female selectivity (C and F), and spatial selectivity (D and G) are shown.
(G) Average information rate significantly changed along the anteroposterior axis (means with different 
letters are significantly different; P < 0.05, post hoc Tukey-Kramer test after significant one-way ANOVA).
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Figure S4. No Effect of the Reproductive State on Gender and Spatial Selectivity, Related to Figure 4.
The reproductive states are indicated by orange circles (estrous, n = 29 recordings) and blue crosses (non-
estrous, n = 76 recordings).
(A) Gender selectivity. This figure results from re-examination of Figure 3E. The legends are the same as in 
Figure 3E.
(B) Spatial selectivity around the interaction partner. This figure results from re-examination of Figure 3F. The 
legends are the same as in Figure 3F.



Supplemental Experimental Procedures
Animals
All procedures were reviewed and performed in accordance with the Champalimaud Centre for the 
Unknown Ethics Committee guidelines, and approved by the Portuguese Veterinary General Board.
Data was collected from sexually naive female C57BL/6 mice (n = 7; 2–6 months old). The animals were 
housed in groups under reversed light cycle conditions (12:12 light/dark cycle; light on 20h00). Food and 
water were available ad libitum. The estrous phase was determined by daily examination of vaginal 
lavage. Briefly, the proestrous phase was characterized by dominance of nucleated cells; the estrous 
phase was characterized by predominant cornified cells; the diestrous phase was characterized by the 
presence of leukocytes. Three estrous phases were grouped into two reproductive states: estrous 
(sexually receptive) and non-estrous (not receptive). The estrous state includes the proestrous phase, 
and the non-estrous state includes the estrous and diestrous phases. The results and conclusions were 
not qualitatively different when three reproductive states (i.e., proestrous, estrous, and diestrous) were 
used for analysis (data not shown). Only animals that showed regular estrous cycle were included for the 
following experiments. We used BALB/c mice as stimulus animals. FVB/N mice were also used in some 
experiments. Stimulus males were sexually experienced and housed in isolation, while stimulus females 
were sexually naive and housed in groups.

Surgical procedures
Mice were anesthetized with 2–4% isoflurane in oxygen and fixed in a stereotaxic frame using ear-bars 
(Kopf). During surgery, anesthesia was maintained with 0.5–2% isoflurane. A movable 16-channel 
electrode drive (two bundles of eight 35-µm tungsten wires; impedance, ~600 kOhms measured at 1,000 
Hz; Innovative Neurophysiology) was inserted into the brain, and then fixed to the skull with dental 
acrylic. The target coordinates were 1.45 mm posterior to bregma, 0.70 mm lateral to the midline, and 
approximately 5.8 mm ventral from the brain surface. A stainless screw was inserted into the skull and 
served as ground. Analgesia was administered for at least 2 days. The animals implanted with the drive 
were singly housed for 2 days, then returned to their home cage, and allowed at least 7 days for post-
operative recovery.

Behavioral paradigm
The experiments were performed under red dim light during the dark period in which mice are socially 
active. The subject female was connected with the cable for electrophysiological experiments under a 
brief isoflurane immobilization. The subject female was then moved to the apparatus (40 cm × 40 cm × 
25 cm or 39 cm × 18 cm × 17 cm), and habituated for 30 minutes. A behavioral session consisted of 
several blocks (0.5–5 minutes): control, male, female, and object. No stimulus was presented during the 
control block. In order to control perturbation, the experimenter pretended to bring in and take away from 
the apparatus at the beginning and end of the block. The stimulus male and female was presented 
during the male and female block, respectively. The stimulus animal was introduced to the apparatus at 
the farthest location from the subject female. The subject female was allowed to freely interact with the 
stimulus animal, although the stimulus animal was removed if it showed excessive aggression or 
attempted to copulate. A plastic bottle cap was presented at the center of the apparatus during the object 
block. The data from the object block was similar to that from the female block (data not shown). The 
sessions were videotaped from the top (Stingray, AVT; frame rate, 50 Hz; synchronized to neural data 
acquisition; Cineplex, Plexon).



Electrophysiology
Multiple single-unit activities were recorded while the animal performed the behavioral paradigm. Neural 
signals were amplified (gain, 8,000×) and filtered (bandpass filter, 300–6,000 Hz) through a headstage 
and a differential pre-amplifier (Omniplex, Plexon). The electrode with no recorded unit served as a local 
reference. The signals were then digitized at 40 kHz. Waveforms were extracted online by thresholding 
the filtered signals and stored in the computer for the offline analysis. Neural activities were monitored by 
a software oscilloscope and a loudspeaker (A-M systems). The thresholded neural signals were sorted 
offline using a sorting software based on principal component analysis (Offline Sorter, Plexon). A cluster 
consisting of similar waveforms was defined manually in the feature space, and regarded as a single 
unit. The interspike intervals (ISIs) within one cluster should be greater than 1.2 ms. A cross-correlogram 
was examined to reject duplicate recordings from the same neuron. 

If we recorded neurons that had similar waveforms in the same channel at the same recording depth for 
successive sessions (point-by-point Pearson’s r > 0.9; a liberal threshold was chosen so that duplicate 
recordings from the same neuron were rejected [S1]), these neurons were regarded as the same 
neuron. If the same neuron was recorded for multiple times under a given reproductive state, we only 
used the data from the session in which this neuron was recorded for the first time. Therefore, one 
particular neuron could appear in the two reproductive states, but should not appear twice within a given 
reproductive state. 
 
Analysis
All data was analyzed using Matlab (Mathworks) unless otherwise noted. Data was represented as 
mean ± SEM in the main text.

Behavioral analysis
Representative positions of the two animals (body center, nose, and tail base) were detected by a 
modified version of the custom-made software (https://github.com/joseaccruz/SimpleMouseTracker; 
using OpenCV library through Python). The orientation of each mouse was calculated from the 
coordinates of body center and nose. Moving distance, normalized by time, was calculated. Additionally, 
we computed four measures (frequency, duration, latency, and the percentage of time engaged) for 
three behaviors (approach, withdrawal, and interaction) which were annotated by the behavior 
annotating software, Janelia Automatic Animal Behavior Annotator (JAABA) [S2]. Briefly, the 
experimenter marks a behavior of interest while monitoring a video. Then, JAABA computes a classifier 
of the behavior by applying machine learning algorithm on automatically calculated video features. The 
experimenter can iteratively repeat this process until JAABA produces satisfactory results about 
behavioral annotations. Approach was marked when one animal moved towards another animal. 
Withdrawal was marked when one animal moved away from another animal. In the approach and 
withdrawal events, it was irrelevant what another animal was doing. Interaction was marked when two 
animals were close to each other. These measures were statistically tested by two-way ANOVA with the 
reproductive state of the subject female and the gender of the stimulus animal as the main effects.



To analyze the behavior of the subject female during social interactions, behavioral occupancy maps 
around the interaction partner were created in coordinates in which the stimulus animal was centered 
(Figure 1C). For each video frame, the image was rotated so that the stimulus animal oriented upwards, 
and the nose position of the subject female was marked. Since we were not interested in behavioral 
laterality in this study, the left side of the coordinates was merged onto the right side. These procedures 
were repeated for all video frames, resulting in a scatter plot that showed the nose positions of the 
subject female around the stimulus animal. A behavioral occupancy map was created by spatially 
binning this plot (3.64 cm × 3.64 cm). We ignore the bins in which the number of visits was less than 5. 
Head-tail preference index was defined as (h-t) / (h+t), where h and t indicate the probability of the 
subject female being in the two spatial bins around the head and tail of the stimulus animal, respectively.

Neuronal data analysis
The baseline firing rate was defined as the mean firing rate during the control block. For 16 neurons that 
were recorded in both states, we used the average firing rate between the two reproductive states. To 
understand how neuronal activity is modulated during social interactions, firing rate maps were 
computed by dividing the number of spike counts by the number of visits. The bins in which the number 
of visits was less than 5 were ignored. Firing maps were smoothed by a gaussian kernel with full width at 
half maximum of 8.55 cm.

A single neuron was considered responsive if the distribution of the ISIs during the stimulus block was 
significantly different from the ISI distribution during the control block (P < 0.01, two-tailed Kolmogorov-
Smirnov test). Responsive neurons were further classified into two types by comparing the mean firing 
rate during the stimulus block with the mean firing rate during the control block: excited and inhibited 
types. When there were less than 10 ISIs during one block (3 out of 105 recordings, 2.9%), the neuronal 
type was determined by visual inspection.

To quantify gender selectivity, we performed receiver operating characteristic (ROC) analysis [S3, S4]. A 
block was divided into multiple one-second bins, and the number of spikes per bin was used as a 
sample in ROC analysis. The area under the ROC curve represents how accurate an ideal observer 
could tell the block condition from which a sample is drawn. We used the area under the ROC curve (A 
vs. B) as an index for gender selectivity with a range from 0 to 1, where 0 represents “preference to B,” 1 
represents “preference to A,” and 0.5 represents no selectivity. If there were multiple blocks available for 
a given stimulus type, the maximum ROC value was used for the analysis.

To quantify spatial selectivity, information rate about the firing rate map was computed by the following 
equation [S5]. The information rate was computed for an individual firing map. The maximum information 
rate among those for male and female blocks was used for the analysis.

I =
∑

x

λ(x) log2

(

λ(x)

λ

)

p(x)

where I is the information rate in bits per second, x is spatial location (i.e., a particular bin in the firing 
map). p(x) is the probability for the animal being at location x. λ(x) is the mean firing rate when the 
animal is at location x. λ is the overall mean firing rate.



To statistically test the effect of the reproductive state on the firing rate, we performed a permutation test. 
The difference in the mean firing rate between the two reproductive states was used as a test statistics. 
The test statistics was calculated from the original dataset as well as from 10,000 randomized datasets 
in which the labels (i.e., reproductive state) were permuted. Statistical significance was determined by 
comparing the test statistics from the original dataset to the distribution of the test statistics obtained 
from randomized datasets. Two-tailed P value was calculated as the proportion of the test statistics from 
randomized datasets where the absolute value was greater than the absolute value of the test statistics 
from the original dataset.

Histology
After completion of the recording experiments, the recording sites were marked by passing currents (20 
µA, 40 s; model A365, WPI). The animals were deeply anesthetized and perfused transcardially with 
cold 0.9% saline and 4% paraformaldehyde (PFA) in 1× PBS. The brains were removed from the skulls 
and post-fixed in the 4% PFA solution at 4°C overnight. The brains were cut in 50-µm-thick coronal 
sections with a vibratome (VT1000S, Leica). The sections were subjected to Nissl staining. The 
recording sites were reconstructed based on the positions of microlesions, the trace of the cannulas, and 
the recording depth.

Copulation experiments
In order to examine how social interactions between females and males would develop depending on 
the reproductive state in a longer timeframe, we performed separate behavioral experiments where 
copulation was allowed. Fourteen C57BL/6 sexually naive females and seven BALB/c sexually 
experienced males were used. Each male was paired with two females (one estrous and one non-
estrous females; the order of presentation was counterbalanced). Two females were excluded from the 
analysis because the male that was paired with those females lacked sexual motivation. The female was 
introduced to the apparatus (40 cm × 40 cm × 25 cm), and habituated for 30 minutes. Then, the male 
was introduced, and the animals were allowed to interact freely. The experiment was finished when the 
male ejaculated or when 60 minutes had elapsed. One experiment was aborted at ~20 minutes because 
the female jumped out of the apparatus. The experiments were videotaped for offline analysis. Six 
behaviors were manually annotated [S6] (http://cowlog.org/; interaction, female approach, male 
approach, male mounting, male intromission, male ejaculation). Frequency and latency to the first event 
were computed for each behavior. In addition, mean duration and the percentage of time engaged were 
calculated for interaction and male intromission behaviors. Peri-event time histograms of these 
behavioral events were also examined (histograms were aligned either to the time of male entry or to the 
time of the first mounting or, if applicable, intromission). Lordosis quotient was defined as the ratio of the 
number of intromissions to the number of mounting attempts multiplied by 100. These behavioral 
measures were statistically tested by Mann-Whitney U test.
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