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Abstract

Adult mice emit many ultrasonic vocalizations (USVs) during social interaction tasks, but only a few studies have yet reported
USVs in stressed adult mice. Our aim was to study which experimental conditions favor USV emission during behaviors
associated with different emotional states. As USVs likely mediate social communication, we hypothesized that temporary
social isolation followed by exposure to a novel social congener would promote USV emission. USVs were recorded in
three different behavioral paradigms: restraint, free moving in a new environment, and during a social interaction task. We
compared USV emission, with or without the presence of a social congener, in animals socially isolated during different
periods (0, 6 or 21 days). Social isolation decreased the number of USVs during free moving, whereas it increased during
restraint. During the social interaction task, animals produced high-frequency USVs (median: 72.6 kHz, 25-75% range:
67.6-78.2 kHz), especially when the social partner was active and social motivation was high. During restraint, presence of
a social congener increased the call rate of low-frequency USVs (median: 52.4 kHz, 25-75% range: 44.8-56.5 kHz). USV
frequency followed two unimodal distributions that distinguished low-frequency USVs (<60 kHz) mainly emitted during
free-moving (90.9% of total USVs) and restraint (93.1%) conditions, from high-frequency USVs (> 60 kHz) mainly emit-
ted during the social interaction task (85.1% of total USVs). The present study confirms that USV call rate and frequency
depend on behavioral states, and provides evidence that the presence of a congener promotes ultrasonic vocalizations in
restrained adult mice.

Article Highlights

¢ Social isolation increased restraint-induced USVs, but decreased USVs induced by free-exploration of a novel
environment.

e Social contact increased call rates of high-frequency USVs (> 60 kHz), especially when social partner was active
and social motivation was high.

e Restraint induced low-frequency USVs (< 60 kHz) in mice, especially when a social congener was in the vicinity.

Keywords Ultrasonic vocalization - Free moving - Restraint - Social interaction - Arousal

Introduction

Ultrasonic vocalizations (USVs) are emitted by rodents in
different emotionally relevant contexts. An aversive con-
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though USV frequencies from mice showed less clearer sep-
aration than for rats. The effects of stress on USV emission
have mainly been recorded in rats, and vary as a function of
age (pup, adolescent, adult), stressor intensity (from mild
to traumatic), duration (acute versus chronic), and modality
(physical, nociceptive, or psychosocial stressor). For exam-
ple, several studies have shown that maternal stress upon
separation from rat pups (i.e., “separation or distress calls™)
increase USVs in the range of 30-50 kHz (Blanchard et al.
1991; Litvin et al. 2007; Laloux et al. 2012). Other studies
have demonstrated how physical and nociceptive stressors
in adult rats, such as electrical foot shocks (Tonoue et al.
1986; Cuomo et al. 1988; Borta et al. 2006; Hegoburu et al.
2009), painful stimuli (Kurejova et al. 2010), and expo-
sure to cold water, loud sounds (Kaltwasser 1991) or air
puffs (Naito et al. 2003) can all increase the emission of
22 kHz USVs. Psychosocial stressors have also been shown
to induce 22 kHz vocalizations in response to aggressive
social interaction using the resident—intruder test (Vivian
and Miczek 1993b), and predator exposure (Blanchard et al.
1986). Pharmacological studies using anxiolytics (benzo-
diazepines and serotonergic compounds), antidepressants
(SSRI and tricyclic molecules), and mGluRS5 or CRF recep-
tor antagonists have depicted decreased anxiety reactivity
in behavioral tasks, and associated decreased stress-induced
22 kHz vocalizations in rats (see Simola 2015 for review).

Stress-induced vocalizations have been proposed as a
way to model an anxiety-like state in rats, with USVs as a
promising behavioral measure for screening new drugs in
the field of anxiety and stress-related disorders (Sadnchez
2003; Simola 2015). In contrast, limited data are available in
stressed adult mice, as reviewed recently (Simola and Gra-
non 2018; see however Lumley et al. 1999; Chabout et al.
2012; Mun et al. 2015; Grimsley et al. 2016), even though
they emit a large number of USVs during free-moving
behavior in a novel environment and social interaction tasks
(Scattoni et al. 2011; Chabout et al. 2012; Grimsley et al.
2016). In addition, because USVs can be non-invasively and
repeatedly measured, they can be proposed as a valuable
ethological measure of an animal’s well-being. It is therefore
important to determine which experimental conditions favor
their emission in stressed adult mice.

The principal aim of this study was to develop a better
understanding of how behavior correlates with the ultrasonic
vocalizations of mice. Previously, restraint was associated
with anxiety-like behavior and an increase in plasma and
central stress-induced corticosterone levels (Chauveau
et al. 2012; Nosjean et al. 2015; Grimsley et al. 2016). This
restraint-induced aversive state is linked to avoidance behav-
ior (open arms in the elevated plus maze). In contrast, social
interaction has been shown to induce approach behavior (for
social contact), and is probably associated with a reward
state (Panksepp and Lahvis 2007; Ben-Ami Bartal et al.
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2011; Chabout et al. 2013). Therefore, we compared USV
emission relative to restraint and social interaction, because
these behaviors have been associated with opposite emo-
tional states, i.e., aversion versus motivation, respectively.

Free-moving behavior in a novel environment was also
studied due to its conflicting or ambiguous nature with
both aversive (potential risk of dangers, predators, etc.) and
rewarding (potential benefit of new food, congeners, etc.)
components. USVs were recorded during the three behavio-
ral conditions, and a quantitative analysis (number of USVs/
minute and their mid-point frequency) was performed.
Although USV functions are not consistently understood, it
is generally acknowledged that they convey an individual’s
characteristics (age, sex, body size), emotional states, and/
or social status. Mice emit vocalizations particularly in the
presence of social congeners or social olfactory cues (Holy
and Guo 2005; Grimsley et al. 2011; Chabout et al. 2012; Ey
et al. 2013). Therefore, the second aim of the present study
was to address how social context influences USV emis-
sion in adult male mice during restraint and free-moving
behavior. For this, we compared USV emission in socially
isolated animals during different delays (with social isolation
durations of 0, 6 or 21 days) with or without the presence of
a social congener. Considering that one purpose of USVs is
to sustain social communication, we hypothesized that social
isolation and the presence of a social congener modulates
the quantity and/or quality of USVs emitted.

Materials and methods
Animals

C57B1/6] male mice (n= 122, obtained from Charles River)
were 56 days old at arrival in the animal facility and were
120-150 days old during behavioral testing. Mice were
maintained in cages with 3—4 animals per cage for 5 weeks
before being housed individually (see the protocols for social
isolation duration below). All animals received standard
food and water ad libitum. A circadian light cycle of 12 h
light/12 h dark (on at 8:00 a.m.) was maintained in the ani-
mal facility. All experiments were performed during the
light cycle, between 09:00 a.m. and 5:00 p.m. All proce-
dures were approved by an independent Institutional Animal
Care and Use Committee (CEEA Paris centre et sud n°59;
protocol number Granon 2015-04).

Free-moving behavior and the social interaction
task (SIT)

Free-moving behavior and the social interaction
task (SIT) took place in a transparent Plexiglas cage
(50 cm %25 cm X 30 cm deep) exposed to a diffuse 100 1x
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light. To determine the effect of social motivation on USV
emission, mice were tested in the SIT after O (SITO; basic
social motivation), 6 (SIT6; moderate level of social motiva-
tion) or 21 (SIT21; high level of social motivation) days of
social isolation. The test mouse, referred to as the ‘isolated
host” mouse, was placed in the SIT cage for 30 min of novel
free-moving behavior. We recorded USVs for the first 8 min
as an index of this behavior. After the 30-min habituation
period, another mouse of the same age, sex, and strain reared
in social cages, referred to as the ‘social visitor’, was gently
placed in the box for an 8-min social interaction, and USVs
were recorded from the two mice. The duration of social
contact between the two conspecifics was manually scored
for 8 min. All social contact subtypes were included in the
analysis (oro-oral, oro-flank, oro-genital, flank—flank, and
genital-genital). To determine the contribution of the active
social visitor, USVs from the test mouse were also analyzed
while alone in front of a mirror or when confronted with an
anesthetized congener (passive visitor; ANEST group). In
these two cases, the host mouse had been previously isolated
for 21 days.

Restraint

Animals were restrained so as to prevent mobility for 8 min
in a 50 ml Falcon® tube that was perforated at the end (1 cm
diameter hole) to allow ventilation and USV recordings.
Four conditions were designed to determine the effect of
a social congener presence after 8 min of solitary restraint.
The test mouse either remained alone (condition 1), or was
confronted by: a social visitor behind a transparent solid
plexiglas wall (10 cm from the restraint tube; distal condition
2); a social visitor under a basket (9 cm in diameter X 10 cm
high) perforated with a 1 cm hole (5 cm from the restraint
tube; proximal condition 3); or a visitor that was free to
explore within a Plexiglas cage (50 cmx25 cm X 30 cm
deep; condition 4).

USV recording and analysis

Condenser ultrasound microphones (Polaroid/CMPA) were
placed above the test mouse (7 cm above the SIT chamber
or 5 cm in front of the restraint tube) and close to the social
visitor for conditions 2 and 3. Microphones were connected
to an UltraSoundGate 416H ultrasound recording interface
plugged into a computer equipped with the Avisoft Recorder
USG recording software (sampling frequency: 250 kHz; low
pass filter: 125 kHz; Avisoft Bioacoustics, Berlin, Germany).
Spectrograms were generated with the following characteris-
tics: FFT length: 1024 points; 16-bit format; Blackman win-
dow, overlap: 87.5%, time resolution: 0.512 ms, frequency
resolution: 244 Hz.

We manually categorized ten USV subtypes based on
their duration and frequency modulation extracted from the
waveform pattern: (1) short: <50 ms and < 10 kHz frequency
modulation; (2) flat: > 50 ms and < 10 kHz frequency mod-
ulation; (3) one frequency jump: instantaneous frequency
step, like a vertical discontinuity with no time gap; (4) mul-
tiple frequency jumps: multiple instantaneous frequency
step; (5) U: U shape wave > 10 kHz frequency modulation;
(6) chevron: inverted U shape > 10 kHz frequency modula-
tion; (7) modulated: > 10 kHz of modulation, with several
decreases and increases in frequency; (8) composite: two
or more components emitted simultaneously; (9) upward:
continuous increase in peak frequency > 10 kHz frequency
modulation; (10) downward: continuous decrease in peak
frequency > 10 kHz frequency modulation.

USV was isolated by visualizing spectrograms generated
by Avisoft (Avisoft Bioacoustics, Berlin, Germany) and
parameters such as duration, minimum-maximum frequen-
cies (20-100 kHz range) were extracted. USV call rate was
expressed as the mean number of USVs/minute +s.e.m. For
each USV, the mid-point of the min—max frequency values
was calculated; for each animal/group of animals, USV fre-
quencies (kHz) were expressed as a median [25% percentile;
75% percentile].

Statistical analyses

The distribution of each variable (call rate, frequency and
social contacts) was tested using the Kolmogorov—Smirnov
normality test, and then variables were analyzed using a
(paired) Student’s ¢ test or analysis of variance (ANOVA)
followed by a Bonferroni post hoc test. Mean + standard
error mean (s.e.m.) was used for the graphical representa-
tion of the results. Statistical thresholds were set with p val-
ues < 0.05; non-significant results are written as ns. Degrees
of freedom for the 7 test are written as df. The Mann—Whit-
ney U test was used for the frequency analysis of raw data.
The 30-100 kHz frequency distribution was plotted using a
10 kHz bin width and extra sum-of-squares F tests were used
to compare the distribution of the fitting curve.

Results
Social isolation effect on USV call rate

The duration of social isolation was studied by compar-
ing USV emissions of non-isolated animals, animals iso-
lated for 6 days, and animals isolated for 21 days in both
free-moving (three independent groups; left bar graph) and
restrained conditions (three independent groups; right bar
graph Fig. 1). During free-moving behavior, the number of
USVs was altered when considering the main independent
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Fig. 1 Effect of social isolation on USV call rate. Mice were either
free moving (left, bar graph) or restrained (right) for 8 min. Data
are presented as means +s.e.m. for USV call rate (number of USVs/
minute). n values: 8, 8 and 10 for the free-moving condition (0, 6

factor “duration of social isolation” (one-way ANOVA,
F25=14.04, p<0.0001). The USV rate during free-mov-
ing behavior of isolated mice was lower than for non-isolated
animals (Bonferroni post hoc test: p<0.001 and p <0.01,
respectively, as compared to 6 and 21 days of social isola-
tion). In contrast, the duration of social isolation increased
USYV emissions in mice during the restraint condition (two-
way ANOVA, F,,; =14.24, p<0.0001), with 21-day
isolated animals vocalizing more than the other groups
(p<0.001 and p <0.01, respectively, with O and 6 days
of social isolation). Comparing both conditions, animals
vocalized more in the free-moving condition than during
restraint (two-way time X condition ANOVA: F; 44)=17.52,
p <0.0001; duration of isolation factor: F 44)=71.11,
P <0.001; condition factor: F; 44y=15.57, p<0.001). More
precisely, animals vocalized more in the free-moving con-
dition than during restraint following a period of no social

Free-moving
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Fig.2 The USV call rate undergoes rapid habituation. USV call rate
(number of USVs/minute) during the first (white bars) and last 4 min
(black bars) of free-moving and restraint conditions in 21-day iso-
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and 21 days of social isolation, respectively); n=9, 9 and 6 for the
restrained condition. Bonferroni post hoc test: *p <0.05; **p<0.01;
*#%p <0.001

isolation (Bonferronni post hoc test: p <0.01). In addition,
after 6 days of social isolation, mice vocalized more in the
restraint condition than while free moving (p <0.02). No dif-
ferences in the USV call rate were found 21 days after social
isolation (free moving versus restraint, ns).

Rapid habituation effect on USV call rate

Next, we quantified the amount of USVs emitted during
the first 4 min (Fig. 2) and the last 4 min of 21-day iso-
lated animals. USV rates significantly decreased with time,
both during free-moving behavior (paired 7 test first 4 min
versus last 4 min, t=9.83, df=9, p <0.0001) and restraint
(t=11.52,df=9, p<0.0001), suggesting a habituation effect
for USV emission in both conditions. No differences were
found between the free-moving and restraint conditions in
the time course of USV emission (two-way time X condition

Restraint

*k*x

number of USVs/min

0 time
0-4 min 4-8 min

lated animals. n values: 10 for both conditions. Data are presented
as means=+s.e.m. ¥**p <0.01; ***p <0.001 for the paired ¢ test (first
4 min versus last 4 min)
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ANOVA: F(;35=0.13, ns; time effect: F; 35=221.80,
p <0.0001) although a significant condition effect was
observed (one-way ANOVA condition effect: F, 35)=7.24,
p <0.02). Post hoc analysis showed that mice vocalized more
during restraint in the 4—8 min period than during free mov-
ing (p <0.0001). Nevertheless, the absolute number of calls
emitted in the last 4 min in both conditions was very low.

Social effect on USV call rate during the free-moving
condition

Next, we sought to determine the role of social contact in
USV emission during free social interaction. For this, social
contacts and USV emissions were analyzed when a social
partner was either represented by a self-mirroring presenta-
tion (“MIRROR 21" condition), an inactive congener (anes-
thetized visitor; “ANEST 217), or an active partner (Fig. 3).
Different levels of social motivation were tested using the
prior social isolation duration of 0, 6 or 21 days. Contact
time analysis revealed a significant group effect (one-way
ANOVA: F, 51,=52.15, p<0.0001). More precisely, mice
interacted more with the anesthetized social partner than any
other social visitor (post hoc test: p <0.0001 for all com-
parisons). With the active social partner (SIT protocols),
the time spent in social contact increased with the duration
of the tested host’s social isolation (comparison with SITO:
p <0.001 for SIT6 and SIT21). USV rates also showed a
significant group effect (F4 45,=11.88, p<0.0001). Mice
from the SIT21 group emitted significantly more USVs than
all other groups (post hoc tests: p <0.001, p <0.001, p<0.05
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Fig.3 USV call rate in free-moving animals depends on the state of
the social visitor. Social visitors were either self-mirrored (the “MIR-
ROR 21” group), anesthetized (passive; “ANEST 21” group) or
actively interacting with an isolated host (different durations of social
isolation SIT for 0, 6, or 21 days) for 8 min. Tested host mice in the
anesthetized and mirrored conditions had been isolated for 21 days.
Data are presented as 8-min means +s.e.m. for contact time (left) and

and p <0.01 for MIRROR 21, ANEST 21, SITO and SIT6,
respectively).

To conclude, we observed an increase in USV emission
during social interaction only when the social partner was
active and social isolation lasted for at least 21 days.

Effect of a congener on USV call rate during restraint

The following protocol was designed to determine whether
the vicinity of a social partner could influence USV emis-
sion in a restrained mouse. We compared USV emission
of the same restraint mice in different conditions where a
social visitor was either absent, active (behind a wall; distal
condition), visible (under a basket; proximal condition), or
free to explore (Fig. 4). One-way analysis of variance with
repeated measure indicated a significant effect of the condi-
tions on USV rate (F 4 3,=35.05, p<0.01). More precisely,
mice vocalized more in the proximal condition when the
visitor was under a basket or was free to explore than when
the visitor was absent (Dunnett’s multiple comparison post
hoc test using “Visitor absent” as the control group: p <0.05
and p <0.01, respectively). However, there was no difference
in the call rate when the visitor was absent or behind a wall.

USV frequency distribution as a function
of behavioral state

The global one-way ANOVA of median frequency did
not reach the statistical level (Kruskal-Wallis value;
W=6.94, ns). However, mice during the free-moving
condition alone or in front of the mirror and restraint

1001 *

T

60+

T

201

number of USVs/min

number of USVs/min (right). Contact time was measured as the time
spent in physical contact with the mirror or the social congener. For
clarity, only Bonferroni post hoc analyses including the SITO group
as a reference are presented: *p<0.05; **p<0.01; ***p<0.001. n
values: 12, 12,9, 8 and 11 for the MIRROR 21, ANEST, SITO, SIT6,
and SIT21 conditions, respectively
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Fig.5 USV frequency distribution as a function of behavioral state.
visitor USV frequency distributions were plotted using a 10 kHz bin width

Fig.4 USV emission increases during restraint when a social visi-
tor is in the vicinity. The social visitor was either absent, behind a
wall, under a basket, or free to explore and the same restraint mouse
was recorded after 6 days of social isolation. The number of USVs/
minute) is represented by mean+s.e.m. Dunnett’s multiple compari-
son post hoc test using “Visitor absent” as control group: p <0.05 and
p<0.01, respectively: *p <0.05; **p <0.01. n values: n=10

vocalized mostly at low frequencies (median 52.1 kHz,
25-75% range: 44.3-58.1 kHz; median: 55,5 kHz, 25-75%
range: 49,2-67,7 kHz; median: 52.4 kHz, 25-75% range:
44.8-56.5 kHz, respectively). In contrast, both groups from
social interaction task (SIT) vocalized at higher frequen-
cies (median: 72.6 kHz, 25-75% range: 67.6-78.2 kHz and
median: 70.0 kHz, 25-75% range: 62.1-74.5 kHz for the
SIT- and ANEST 21 groups, respectively). Median fre-
quencies of the SIT group were higher than the free-mov-
ing (U=2939, p <0.0001), mirror (U=8175, p<0.0001),
and restrained groups (U=4194, p <0.0001). Median fre-
quencies of the SIT-ANEST group were higher than the
free-moving (U=1471, p <0.0001), mirror (U=2722,
p <0.0001) and restrained groups (U=2754, p<0.0001).
Median frequencies of the free-moving versus restrained
groups were not different (U=1151, NS), whereas the SIT
group vocalized at a higher frequency than the SIT-ANEST
group (U=3392, p<0.0001).

Next, we plotted USV frequency distribution
(30-100 kHz; 10 kHz bin width) as a function of behavioral
state (Fig. 5). The Gaussian-logarithmic curve was the best
predictor of the data (R2 =0.97, 0.96 and 0.99, respectively,
for the free moving, restrained, SIT groups). Values includ-
ing width, center, and amplitudes showed that the frequency
distribution of the SIT group significantly differed from the
free-moving (F 3 19,=137.0, p<0.0001) and restrained
groups (F5 10,=143.5, p<0.0001). In contrast, the frequen-
cies were equally distributed between the free-moving and
restrained groups (F; 19)=0.04, ns). Analysis of USV fre-
quency showed two unimodal distributions separating low-
frequency USVs (<60 kHz), which were mainly emitted
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with the percentage of USVs for 330 (free moving), 720 (restrained),
and 1359 (SIT) calls. Data for animals from the SIT-ANEST 21
and MIRROR 21 groups were not plotted so as to improve the clar-
ity of the figure. For each behavioral state, the best non-linear (log-
Gaussian) distribution is plotted, showing that the distribution of
USV frequencies of SIT group is significantly different between both
restrained and free-moving mice (p <0.0001 for both comparisons)

during the free-moving (90.9% of total USVs) or restraint
(93.1%) states, from high-frequency USVs (> 60 kHz),
which were mainly emitted during the social interaction task
(85.1% of total USVs).

Discussion

Our results demonstrate that USVs are emitted by adult
mice during restraint and free moving in a new environment,
which are behavioral conditions associated with increased
arousal. USV emission decreased drastically after 4 min,
suggesting a rapid habituation effect in both conditions. The
rearing social condition (i.e., social group versus social iso-
lation for various durations) differentially altered USV call
rate by decreasing it during free moving while increasing
it during restraint. Social contact increased the call rate of
high-frequency USVs (median: 72.6 kHz, 25-75% range:
67.6-78.2 kHz) during free moving, especially when the
social partner was active and social motivation was high
(i.e., longer social isolation). Restraint primarily induced
low-frequency USV emission (median: 52.4 kHz, 25-75%
range: 44.8-56.5 kHz), particularly when a social congener
was both active and in the vicinity.

It has been suggested in the literature that adult mice
will not produce USVs during aversive situations such as
physical restraint or electric foot shock (Portfors and Perkel
2014), even though multiple studies have reported stress-
induced USVs (Lumley et al. 1999; Chabout et al. 2012;
Mun et al. 2015; Grimsley et al. 2016). The present data
confirm that restrained adult mice significantly emit USVs,
although in modest quantities. Indeed, despite a low call
rate and a rapid habituation, all experimental mice emitted
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USVs. Our analysis of frequency distribution revealed that
most of the USVs were below or equal to 60 kHz during
restraint (93.1% of total USVs) and free-moving (90.9% of
total USVs) states. Previously, restraint was shown to induce
anxiety-like behavior in the elevated plus maze (Chauveau
et al. 2012), while free-moving behavior increased stress-
induced corticosterone levels up to the level of restrained
animals (Nosjean et al. 2015). Low-frequency USVs are
likely to reflect both the excitement of novel exploration
as well as the aversive state that can be associated with an
unpleasant or anxiogenic situation such as restraint. Our
data revealed that differences in experimental paradigms
between studies could explain the discrepancy with the
literature. Indeed, since USV emission shows a rapid and
consistent decrease after the first 4 min of novel exposure,
it is possible that some studies have failed to detect fleet-
ing USVs. The high level of background noise and the
low-power feature of ultrasound represent critical factors
in USV analyses (Kurejova et al. 2010). To lower the noise,
we used Plexiglas boxes in a dedicated low-noise recording
chamber. The present data confirm that USV emission in the
mouse depends on the novelty effect (i.e., habituation after
the first 4 min), probably via an increase in the phasic and
rapid arousal mechanisms that are known to be involved in
the response to aversive situations. In contrast to one study
that used CBA/Cal mice (Grimsley et al. 2016), audible
vocalizations (below 20 kHz) were not recorded here using
C57B1/6J mice, suggesting that USVs might be a more rel-
evant marker of behavioral state for genetic studies using
different strains of mice (Faure et al. 2017).

Classically, stressors such as electric foot shocks or
restraint are administered to a mouse that is alone in the
apparatus. Our data suggest that producing USVs without
any conspecifics in the vicinity might not be so relevant
for mice, since placing a congener in the vicinity increases
USV calls, likely because of an increase in arousal. Indeed,
social context is a crucial factor in the emission of rodent
USVs (Chabout et al. 2012; Seffer et al. 2014; Saito et al.
2016). The present data confirm the pro-social feature of
USVs in restrained mice since call rate, contrary to median
frequency, increased when social motivation was high (i.e.,
with increasing length of social deprivation Fig. 2) and when
a social congener was in the vicinity. Interestingly, social
presence increased the amount of restraint-induced USVs
when the social congener was proximal (under a basket),
but not when it was distal (behind a wall). In other words,
these data affirm that seeing a conspecific is not sufficient.
One plausible hypothesis is that the basket might addition-
ally allow social olfactory cues through the holes, whereas
the wall does not allow it. Further experiments are required
to verify this hypothesis. Testing social proxy using ani-
mals from the same home cage versus another cage could
also be interesting for studying the social relevance of USVs

emitted during restraint. One weakness of this study is the
lack of certainty regarding the origin of USVs, as we are not
yet capable of determining which individual produced the
USVs. However, several points allow us to suggest that the
recorded USVs originate from the restraint animal: first, we
never obtained any USVs in mice placed alone under the
basket or behind a wall in our pilot studies; and second, the
position of the microphone favored the recording of USVs
originating from the restrained mouse.

Despite conflicting results across different strains and a
lack of a clear categorical separation of mice USV frequen-
cies, previous reports have shown that exploration of a new
context increases low-frequency USV emission (< 60 kHz)
in mice, mainly occurring during supported rearing behav-
ior (Chabout et al. 2012; Mun et al. 2015). High-frequency
USVs (> 60 kHz) have mostly been detected during walk-
ing, unsupported rearing behavior (Mun et al. 2015), and
social contact (Chabout et al. 2012). The present data con-
firm that free moving in a novel environment favors low-
frequency USV emission (mostly <60 kHz), and probably
reflects an aversive emotional state such as that observed
during restraint (Chauveau et al. 2012). Social interaction is
known to provoke USV emission in mice, especially during
physical contact (Chabout et al. 2012). Therefore, we asked
whether physical contact itself was sufficient to increase the
emission of USVs using a mirror image (i.e., a self-moving
visual stimulus) or an inactive anesthetized social conge-
ner (i.e., unresponsive physical contact). Our data showed
that social contact increased the call rate of high-frequency
USVs (> 60 kHz), representing 85.1% of total USVs. This
increase in USV call rate during the social interaction task
was observed only when the social partner was active and
social motivation was high (i.e., following 21 days of social
isolation Fig. 3), confirming that animals have to be moti-
vated to engage in social contact, and must be rewarded
by such contact to emit calls (Panksepp and Lahvis 2007).
This social reward, as indexed by the high-frequency USVs,
seems to be obtained when the mouse receives a real physi-
cal and/or vocal response, but not by the simple perception
of a social partner’s motion or odor. Analysis of USV mean
frequencies showed a bimodal distribution dissociating
low-frequency USVs (<60 kHz), which were mainly emit-
ted during free moving in a novel environment or restraint,
from high-frequency USVs (> 60 kHz), which were mainly
emitted during the social interaction task. Previous studies
demonstrated that the calling rate of mice and the propor-
tion of the different USV types emitted differed depending
on the context (mating, isolation or restraint) (Chabout et al.
2015; Grimsley et al. 2016). The present data also confirm a
previous study showing that the mean dominant frequency
is lower during restraint (48.8 kHz) than mating (64.6 kHz;
Grimsley et al. 2016). These authors also demonstrated
that mice emitted a higher proportion of low-frequency
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harmonics during restraint stress below 20 kHz, suggesting
a different vocal repertoire between the C57/B16J (here) and
CBA/Cal mice strains (Grimsley et al. 2016).

Overall, the present experimental work suggests that a
congener in the vicinity is required to increase the quan-
tity of USVs in restrained and free-moving adult mice. The
median frequency of USVs qualitatively dissociated the
behavioral states: low-frequency USVs (<60 kHz) were
mostly produced during restraint and free moving in a novel
environment, most likely reflecting an aversive state. In con-
trast, high-frequency USVs (> 60 kHz) were mainly emit-
ted during approach behavior towards an active congener,
possibly due to the rewarding property of reciprocal social
contact.

The ability to promote USV emission during a behavioral
procedure creates an interesting opportunity to dissociate
aversive and reward states, using a non-invasive and repeat-
able behavioral measure in mice. Although pharmacological
studies are now needed, recording USVs might be a useful
means to refine this animal model for the study of stress-
related brain disorders, and animal welfare.
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