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Abstract

Although male vocalizations during opposite- sex interaction have been heavily studied as
sexually selected signals, the understanding of the roles of female vocal signals produced in
this context is more limited. During intersexual interactions between mice, males produce a
majority of ultrasonic vocalizations (USVs), while females produce a majority of human-
audible squeaks, also called broadband vocalizations (BBVs). BBVs may be produced in
conjunction with defensive aggression, making it difficult to assess whether males respond
to BBVs themselves. To assess the direct effect of BBVs on male behavior, we used a split-
cage paradigm in which high rates of male USVs were elicited by female presence on the
other side of a barrier, but which precluded extensive male-female contact and the sponta-
neous production of BBVs. In this paradigm, playback of female BBVs decreased USV pro-
duction, which recovered after the playback period. Trials in which female vocalizations
were prevented by the use of female bedding alone or of anesthetized females as stimuli
also showed a decrease in response to BBV playback. No non-vocal behaviors declined
during playback, although digging behavior increased. Similar to BBVs, WNs also robustly
suppressed USV production, albeit to a significantly larger extent. USVs suppression had
two distinct temporal components. When grouped in 5-second bins, USVs interleaved with
bursts of stimulus BBVs. USV suppression also adapted to BBV playback on the order

of minutes. Adaptation occurred more rapidly in males that were housed individually as
opposed to socially for a week prior to testing, suggesting that the adaptation trajectory is
sensitive to social experience. These findings suggest the possibility that vocal interaction
between male and female mice, with males suppressing USVs in response to BBVs, may
influence the dynamics of communicative behavior.

Introduction

Vocal communication during sexual interaction has primarily been studied from the perspec-
tive of males sending signals to female receivers. However, females also produce signals during
intersexual interactions [1-8]. Males that perceive female signals and modify their reproduc-
tive behavior accordingly are more likely to successfully reproduce than males that do not
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respond to female signals [2, 6, 7, 9]. For example, female satin bowerbirds (Ptilonorhynchus
violaceus) prefer males with intense courtship displays but can be startled by those displays.
Males that produce intense displays but reduce display intensity when a female is startled have
greater reproductive success than males that do not respond to startle [9, 10]. Similarly, female
pholcid spiders (Physocylus globosus) stridulate during courtship squeezes by males; males that
decrease the number of courtship squeezes after female stridulation have increased fertilization
success [6].

In rodents, female behaviors may also influence the outcomes of reproductive interac-
tions. When female golden hamsters (Mesocricetus auratus) are unable to perform a pelvic
adjustment response of the lordosis posture during copulation, males ejaculate at 1/10™ the
rate of males with females able to perform the pelvic adjustment response [11]. Male rats
are more likely to successfully impregnate a female if the female is able to pace the sexual
interaction by escaping to a portion of the arena inaccessible to the male [12]. When female
mice (Mus musculus) are allowed to escape males during sexual interactions, they accept
male approaches more often, indicating that female mice may also be pacing sexual interac-
tions [13]. However, there are no differences in the frequency of intromission depending
on whether or not females can escape, suggesting female mice may be able to control the
timing of sexual behavior in both conditions [13]. This is consistent with observations of
mouse sexual behaviors in a semi-naturalistic enclosure, where females display darting
behavior after being mounted, controlling the timing of mounts even in an environment
that does not allow them to be physically separate from males [14]. These studies provide
important evidence that male rodents may gain reproductive benefits by responding to
female signals.

Vocal signals are an additional important part of the repertoire of the behaviors of
female mice during opposite-sex interactions. Although males produce a majority of ultra-
sonic vocalizations in such interactions, females produce a significant minority of these sig-
nals [15] that correspond to behaviors by males and females [16]. An entirely different
category of signals consists of human-audible and harmonically structured calls known as
squeaks, low -frequency harmonic calls, or broadband vocalizations (BBVs) [17, 18]. BBV
are produced by males and females across a variety of contexts including during distress
and in social interactions [17, 18], but in opposite-sex interactions are produced predomi-
nantly by females [19]. The BBV's produced in the early stages of intersexual interactions
are closely paired in time and number with female rejection behaviors such as kicking and
lunging, and correspond inversely to male USVs [17, 20]. The number of these early BBVs
also negatively predicts later mating success, since males experiencing high levels of BBV's
and other female rejection behaviors are less likely to later mount females than males that
do not experience high levels of these behaviors [17]. BBVs may therefore signal that a
female is not receptive at a given point in time. However, in direct interactions between
males and females, it is not possible to determine whether BBVs themselves have any effects
on male courtship behavior, because of co-occurring female rejection behaviors such as
kicking.

In order to assess the direct influence of BBVs on male mouse sexual behavior, we designed
a novel behavioral paradigm to measure the impact of BBV playback on male sexual behavior
in the absence of other rejection cues. We predicted that males would respond to BBV play-
back by decreasing the frequency and intensity of their female-directed behaviors, including
USVs. Our results support our prediction in that males decreased the rate of USV production,
although they continued to vocalize at a lower rate. Non-vocal behaviors displayed by males
were not suppressed in response to BBV playback, suggesting that female BBV are effective in
reducing male vocal courtship.
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Materials and methods
Animals

This study was carried out in accordance with the recommendations in the Guide for the Care
and Use of Laboratory animals of the National Institutes of Health. The experimental protocol
was approved by the Bloomington Institutional Animal Care and Use Committee (protocol
18-025). A total of 70 male and 44 female CBA/] mice (Jackson Labs, Bar Harbor, ME) were
used in behavioral trials. At the time of recording males and females were between 8 and 9
weeks of age. Prior to experiments, both males and females were placed in multiple pairwise
interactions with 3 or more different individuals of the opposite sex for 10 minutes until all
individuals had either mounted (males) or were mounted (females). All mice were given food
and water ad libitum and kept on a 14:10 light:dark cycle. Experiments and sexual experience
took place between 10 AM and 5PM. All females and most males were pair-housed, but 7
males were individually housed for a period of a week prior to behavioral trials to investigate
the role of prior social experience on response to playback. In order to identify dominance sta-
tus in pair-housed males, pairs were tested using a tube dominance test in which males were
each placed in opposite ends of a plastic tube with an inner diameter too narrow for the mice
to pass over one another. Males were simultaneously released into the tube and the first male
to exit the tube was labeled as subordinate while the male remaining in the tube was labeled as
dominant, consistent with previous uses of tube-dominance tests [21, 22]. Dominance status
was only assigned if one male exited the tube within a minute of the test. Pair-housed males
were tested twice on the day of recording and were only categorized as Subordinate or Domi-
nant if they performed as such across both tests.

Playback experiment design

To assess the effects of BBV playback, males and females novel to the males were placed in a
standard mouse cage (12X6X6 inches) with a clear plexiglass barrier dividing the cage in half.
The barrier had a small hole (1.3 cm in diameter) at the bottom (3.6 cm from the cage floor) to
allow for olfactory and tactile investigation by the mice. Clean bedding was placed on the
female side of the cage while soiled bedding from the female’s cage was placed on the male side
of the cage, in order to stimulate high rates of USV production. The recording cage was placed
into a sound attenuating chamber (IAC Acoustics, Naperville, IL). Both the recording cage
and sound attenuating chamber were illuminated with a single light source recessed in the top
of the chamber. Males were placed into the cage for 60 seconds or until they began producing
USVs before the female was placed on the opposite side of the barrier. No BBVs were produced
by either the focal male or female during any recording session. After each recording session,
mice were returned to their home cages, the bedding was disposed of, and the cage and barrier
were cleaned with soap and water, and then wiped with 70% EtOH.

Recording

Audio and video recordings were taken during each recording session in order to compare
male vocal and non-vocal, as well as female non-vocal, behavior across ‘playback’ and ‘no play-
back’ conditions for all experiments. An ultrasonic microphone (CM16/CMPA, Avisoft Bio-
acoustics, Glienicke/Nordbahn, Germany) was placed directly above the arena. This was used
in conjunction with an UltraSoundGate 116Hb sound card (250-kHz sample rate). Video was
recorded with a Canon VIXIA video camera placed above the test cage, with SuperDVR soft-
ware (Q-See, Digital Peripheral Solutions Inc., Anaheim, CA) and a Q-see four channel DVR
PCI video capture card.
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Playbacks

In experiments with 36 males, female BBVs were played using an Ultrasonic Dynamic Speaker
(Vifa, range from 1-120 kHz), powered by an UltraSoundGate Player 116 (Avisoft Bioacous-
tics, Glienicke/ Nordbahn, Germany). The speaker was placed directly behind the recording
cage and centered so the speaker was equally directed at the female and male sides of the
divider. BBVs playbacks were created using a one-minute clip from an ultrasonic microphone
recording of direct male-female interaction with a high rate of BBV production and physical
rejection of the male by a female [18] (Fig 1A). This minute was low-pass filtered at 40 kHz to
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Fig 1. Structure of the stimuli used in the study. A) Oscillogram (top) and spectrogram (bottom) of a sequence of exemplar calls over a period of one
minute. Each large vertical deviation in voltage in the oscillogram represents a single exemplar call that can be seen in the corresponding spectrogram.
Stimuli were all played in the same sequence replicating the timing of a one-minute segment of a direct male-female interaction in which a female was
strongly rejecting a male. The one-minute segment was replicated five times to create a five-minute playback. B) Oscillograms (top) and spectrograms
(bottom) of three exemplar BBVs and WN used as playback stimuli.

https://doi.org/10.1371/journal.pone.0273742.9001
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remove ultrasound, and to remove ambient noise, the portions of the recording between BBV's
were replaced with an equal-length period of silence. The minute-long recording was then
repeated four more times to result in a 5-minute high-rate BBV playback that had a natural
timecourse of BBV production. Each individual BBV was replaced with one exemplar BBV.
The initial exemplar BBV (Fig 1B; Exemplar A) was within one standard deviation of the mean
for duration, peak frequency, and percent of non-linear segments for all BBVs in the interac-
tion. Exemplar A was presented to 12 male mice housed in pairs and seven mice housed indi-
vidually for a week prior to the split-cage assay. To assess whether BBVs with different
spectrotemporal structure and amplitude envelopes had different effects on male behavior,
two additional calls with varying structure and duration were used (Fig 1B; Exemplars B and
C, n = 8 each). Exemplars B and C were used in playbacks to 8 males each housed in pairs.
Each of these groups consisted of different individuals. Each individual mouse was presented
with only one of the three Exemplar BBV playbacks.

Other playbacks. To determine whether the effect of BBV playback on male behavior was
specific to the acoustic structure of the BBVs, a group of males were presented with a white
noise playback (n = 8; Fig 1B) or no playback (n = 6) in the place of a BBV playback. White
noise playback was created by replacing each BBV with a white noise burst of equal duration,
with white noise generated with Avisoft SASLab Pro (Avisoft Bioacoustics, Glienicke/ Nord-
bahn, Germany). ‘No playback’ controls were performed using the same set up as playback tri-
als but with silence in the place of BBVs in the playback file.

For separate set of 9 males, BBVs and USV's were used as playbacks in separate trials in a
repeated measures design. The USVs consisted of the same file used in Ronald et al. 2020 [23].
Briefly, USVs were collected from six females that were isolated in an arena and presented
with the olfactory cue of male urine. Like the BBV playbacks, USV playbacks were designed to
reflect our observations of naturally produced signals in terms of structure, timing, and loud-
ness. For the playback file, a group of USVs with strong signal to noise ratios (eg, S1 Fig) were
combined pseudorandomly into clusters of 6, separated by ~100 ms. One cluster was played
during minute 1 of the playback, two during minute 2, four during minute 3, two during min-
ute 4, and one during minute 5, for a total of 60 USVs. This pattern was reflective of the USV's
produced by females recorded in the study, and playback of this file increased the production
of USVs by solo males, when combined with the cue of female urine [23]. Both male and
female mice produce USVs during sexual interactions [15]. In order to control for possible
contributions of female USVss to the total USV numbers, a group of males (n = 6) experienced
the BBV playback procedure described above but with an anesthetized female instead of a live
female. An additional set of males (n = 6) were presented with anesthetized females or female
bedding without BBV playback for comparison. Females were anesthetized with an intraperi-
toneal injection of ketamine (120 mg/kg), xylazine (5 mg/kg), and acepromazine (2 mg/kg) at
least 20 minutes prior to experimentation. Ophthalmic ointment was applied to prevent the
eyes from drying. Females were unresponsive during playback experiments and were placed
with their nose in the divider opening. After the completion of the playback trials, females
were kept on a source of gentle heat and monitored until recovery.

Loudness calibration

BBVs were initially recorded using a microphone suspended above an arena containing an
interacting male and female mouse, but BBVs may be produced at high intensities, and can be
readily audible to a human listener from some distance away. Moreover, females are usually in
close proximity to a male when producing a BBV, since they are often concurrently kicking at
males or making brief lunges towards males [17, 20]. To estimate the intensity of BBV's from
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the perspective of male mice, we recorded BBV's from mice held close to a condenser micro-
phone (CM16/CMPA; Avisoft Bioacoustics, Berlin, Germany) via an Avisoft-UltrasoundGate
116H Recorder (#41163; Avisoft Bioacoustics, Berlin, Germany) with a sampling rate of 250
kHz. The same microphone was placed at the approximate position of a mouse’s head within
the arena was used to match the BBV playbacks of Exemplar A to the same rms intensity as the
close-proximity recording. Exemplar calls and WN varied in rms intensity when measured at
the microphone. Relative to each other, Exemplar B had the highest root mean squared (rms)
intensity, with Exemplar A at 3.4 dB less intense, Exemplar C at 12 dB less intense, and WN at
6.7 dB less intense. To assess the absolute intensity of played back BBVs, BBV playback was
compared to a standard sound source using an ACO Pacific PS9200 sound calibration kit
(ACO Pacific, Belmont, CA). Using this approach, Exemplar A reached 104.6 dB at its maxi-
mum peak-to-peak value, Exemplar B and Exemplar C reached 100.8 and 98.6 dB, respectively,
and WN reached 104.9 dB. USV playback intensity was calibrated by matching the rms inten-
sity of the loudest played USV to the intensity of the same recorded USV, using the same
microphone (CM16/CMPA; Avisoft Bioacoustics, Berlin, Germany) and measurement soft-
ware (Avisoft SASLab Pro, Avisoft Bioacoustics, Berlin, Germany). This resulted in a peak-to-
peak intensity of 89.3 dB at 2 cm from the speaker, in comparison with a calibrated sound
source (PS9200 sound calibration kit, ACO Pacific, Belmont CA).

Behavioral analysis

Non-vocal behavior. Non-vocal behavior was quantified using ODLog (Macropod Soft-
ware) by four trained observers who maintained less than 5% inter-observer variation across
recordings. Observers measured the duration of time the male spent digging, and grooming,
and the duration of time both male and female spent investigating the divider opening in the
plexiglass barrier. Digging was noted when males moved bedding with their forelegs. Groom-
ing was noted when males ran their paws or tongue through their fur. Investigation was noted
for either the male or female when the mouse put their nose in or within one head length of
the opening in the plexiglass barrier. All videos were analyzed without audio, blinding the
observer to the treatment of a given recording.

Vocal behavior. Vocal behaviors were analyzed in Avisoft SASLab Pro (Avisoft Bioacous-
tics, Glienicke/ Nordbahn, Germany). Files were high-pass filtered at 40 kHz and trained
observers used the whistle tracking function to count USVs. USV counts using Avisoft’s whis-
tle tracking function were accurate within a 5-percent difference threshold of non-whistle
tracking counts. Observers also quantified the number of 50 kHz harmonic USVs, which have
been correlated with mounting behavior, using the criteria described in Hanson & Hurley
2012 [24]. For USV playbacks, played USVs were not counted.

Statistical analysis

Statistical analyses were performed in SAS (Version 9.3) and Statistica software (Tibco Data
Science, Pao Alto, CA). In order to investigate changes in vocal and non-vocal behaviors in
response to playback and other contextual factors such as stimulus type and dominance status,
we used general linear mixed models (Proc GLMM) in SAS. Due to the high level of individual
variation in USV production, models were run with Male Identity as a repeated measure to
identify consistent patterns of changes in behavior across experiments among males with
different baselines. Vocal behavior counts and non-vocal behavior durations were summed
into 5-minute time periods that correspond to the baseline, playback, and recovery sections of
the experiments. Each behavior was modeled as the dependent variable with time period (base-
line, playback, recovery), male dominance status, Exemplar BBV type (A, B, or C), and the
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interaction between time period and Exemplar BBV type included as independent factors. A
total of 6 models were run, 2 to investigate changes in vocal behaviors (i.e., USV production,
50 kHz USV production) and 4 to investigate changes in non-vocal behaviors across all BBV
Playback subjects. Significant main effects of independent factors were further explored with
post-hoc t-tests. Benjamini-Hochberg corrections with a Q value of 0.05 were used to adjust
for multiple comparisons [25]. A separate general linear model was used to assess the effect of
BBV versus non-BBV stimuli on USV production, using time period as a within-subjects fac-
tor and stimulus type (BBV, silence, or WN) as a between-subjects factor. Repeated measures
ANOV As were used to assess changes in USV rates across subsequent one-minute rounds of
the playback. To assess the distribution of USVs across time periods in the presence of awake
versus anesthetized females, USVs in each time bin were normalized to the total number of
USVs in a given trial, and differences assessed with a factorial ANOVA with time bin and con-
dition (anesthetized versus awake female) as cofactors. Fisher’s Least Significant Difference
(LSD) test were used for posthoc comparisons of groups in the general linear models.

A Pearson’s correlation was used to establish the relationship between initial USV rate and
change in calling rate across trials with BBV playback, and with BBV and WN playback. Resid-
uals from the regression were used to assess the difference between BBV and WN playback,
using a one-way ANOVA. Levene’s test for homogeneity of variance was used to assess
whether males with high versus low initial USV rates had greater variability in response to
BBV playback. An Analysis of Covariance (ANCOVA) was used to compare the regression of
male versus female investigation time across the baseline, playback, and recovery time periods.
Variation in values is expressed as the standard error of the mean (s.e.m.).

An event-triggered average of the probability of USVs relative to BBV's was generated for
the 3 seconds before and after each BBV for the 12 males presented with Exemplar A. This was
accomplished by adapting a custom Matlab (MathWorks) script for event-triggered averaging
around communication signals [26]. After the generation of a matrix of the time of each USV
relative to each BBV, time differences within + 3 sec of each BBV were convolved with a
Gaussian filter with standard deviation of 0.1 sec. The resulting filtered time differences were
summed across all BBVs, and normalized by the number of BBV to generate a temporal prob-
ability distribution of USVs relative to BBVs. To test the null hypothesis that USV's were dis-
tributed randomly around the occurrence of BBVs, 95% confidence intervals were generated
by randomly shuffling the times of all USVs in the +3-second windows around BBVs, followed
by Gaussian filtering, summation, and normalization. This shuffling process was reiterated
1,000 times, and the 2.5™ and 97.5" percentile in each time bin were used as the upper and
lower 95% confidence intervals for the null probability distribution.

Results

To create a behavioral paradigm in which males produced consistent levels of USVs but that
precluded direct interaction with spontaneous BBV, females were separated from males using
a Plexiglas barrier with a small hole for olfactory and tactile investigation (Fig 2A). In this situ-
ation, males produced consistent numbers of USV's over a 15-minute period, with roughly
equal average percentages of calls in each of three five-minute bins (n = 6, Fig 2B, filled bars).
In contrast, males paired with anesthetized females on the other side of the barrier or with
female bedding alone showed a steady decline in USVs over the 15-minute period, with the
highest number of calls in the first time bin (Fig 2Bi, open bars). To assess whether these two
distributions were significantly different, the numbers of calls in each time bin was normalized
to the total number of USV produced by that male in all three time bins, so that the percent-
ages across all three bins added up to 100% for each male. These distributions for the awake
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Fig 2. Behavioral assay. A) BBVs are played to a male-female pair separated by a barrier, and USVs and non-vocal behaviors are measured as
dependent variables. B) USV production over 15 minutes in the absence of BBV playback, for males placed in a divided cage with awake females (blue:
n = 6) or soiled female bedding or anesthetized females (white: n = 6). i) Box and whiskers plots of numbers of USV's within specific time bins. ii)
Percentage of USVs within specific time bins, normalized to total USV numbers for individual mice; in each treatment, all three time periods sum to
100% for each interaction. When males are paired with awake females, calls are maintained over time. When males are presented with soiled bedding
only, or paired with anesthetized females, calls decline over time.

https://doi.org/10.1371/journal.pone.0273742.9002

and anesthetized females were significantly different, with an interaction between condition
(awake vs anesthetized) and time bin (Fig 2Bii; factorial ANOVA, F(, 39) = 5.79, p = 0.007)
Awake females were therefore used as stimulus animals during playback recordings, to avoid
the confounding effects of a spontaneous decline in USVs.

Vocal response to playback

Five-minute sequences of exemplar BBVs were played back to male mice in the split-cage
paradigm. Playbacks were preceded and followed by five minutes without playback that served
as baseline and recovery periods, creating three five-minute periods: the baseline from 0 to 5
minutes, the playback from 5 to 10 minutes, and the recovery from 10 to 15 minutes. During
the playback, one of three exemplar calls (A, B, and C) were used to replace naturally occurring
calls in a one-minute bout taken from a direct interaction between a male and female that
exhibited a high level of female rejection behaviors [17] (Fig 1A). The numbers of USVs
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Table 1. Output of a general linear mixed model assessing the effects of BBV playback.

IR I I I

Effect df F P F p F P F p F P F P

Time Bin 2 23.48 <0.0001 15.05 <0.0001 7.51 0.001 1.34 0.2692 4.16 0.0194 1.11 0.3356
Exemplar Type 2 1.56 0.2281 0.85 0,4385 0.52 0.6023 0.25 0.7827 3.18 0.0584 0.1 0.9015
Social Status 1 0.39 0.5359 0.02 0.899 0.26 0.6153 1.01 0.3263 3.67 0.0679 0.99 0.3266
Exemplar X Bin 4 1.08 0.3696 0.78 0.5434 6.23 2E-04 1.82 0.1256 6.57 1E-04 6.19 2E-04

https://doi.org/10.1371/journal.pone.0273742.t001

produced among experiments with individual males varied widely, from 157 to 3214 USVs
produced in the 15-minute time period, averaging 1128.5 + 149.8 USVs. A specific type of call
associated with mounting behavior in direct opposite-sex interactions, 50-kHz harmonic
USVs [24], occurred at a lower rate, averaging 58.1 + 13.4 calls per trial.

There was a significant main effect of time period for both vocal behaviors (Table 1), USV
production (F, g5) = 23.48, p<0.0001) and 50 kHz Harmonic USV production (F(, 747 =
15.05, p<0.0001). Post-hoc comparisons identified a significant decrease in USV production
during the playback time period when compared to baseline (tg4 5 = 4.21, p<0.0001) and
recovery (tg4 5 = -5.87, p<0.0001) periods (Fig 3A). However, there were no significant effects
of exemplar type (A, B, or C; F(525.1) = 1.56, p = 0.2281) or the dominance status of the males
(dominant versus subordinate; F(;, 59y = 0.39, p = 0.5359) on total USVs. 50-kHz harmonic
calls occurred at a low rate relative to total USVs, making up 4.7 + 1.1% of calls in the baseline
period. When 50-kHz harmonic calls were considered as a separate category, the effect of play-
back was similar to its effect on USVs as a whole. Of 14 trials in which 10 or more 50-kHz
harmonics were produced in the baseline period, 50-kHz harmonic USVs decreased to
34.7 + 6.4 percent of their baseline values during playback and recovered to 142.5 + 25.4
percent of baseline values. Production of 50 kHz harmonic USVs also significantly decreased
in the playback period compared to the baseline (t;, g = 3.09, p = 0.0028) and recovery (t;, 5 =
-5.06, p <0.0001) periods. Like USVs as a whole, exemplar type and dominance status had no
effect (Fig 3B; Table 1).

In addition to BBV exemplars, there were two additional stimulus conditions- the presenta-
tion of silence, or of WN bursts, in the place of BBVs. Although no decreases in USVs occurred
during 5 minutes of silence in the place of playback (Fig 2, filled bars), WN decreased USVs to
14.2 + 3.9% of their baseline values, with a recovery to 64.3 £ 15.0% of baseline. To assess
whether the type of stimulus (BBVs, silence, or WN) influenced USV suppression, we used an
additional general linear mixed model with male identity as a repeated factor and time bin
(baseline, playback, recovery), stimulus type (BBVs, silence, or WN) and the interaction
between time period and stimulus type as independent factors. There was a main effect of time
period (F(,111) = 12.22, p < 0.0001), with the numbers of USVs during playback significantly
less than in the baseline period (t;;9 = 3.82, p = 0.0002) or recovery period (t;0 = -3.73,

p = 0.0003). There was no main effect of stimulus type (F(; 442y = 2.22, p = 0.1211). However,
there was an interaction between stimulus type and time bin (F(4111) = 3.38, p = 0.012), so that
playback periods were different from baseline for BBV playback (p < 0.0001) and for WN
playback (p = 0.002), but not for silence (p = 0.712). Thus, the playback of BBVs and WN
decreased USVs, but an equivalent period of silence did not. Responses to all tested stimuli
including the threeexemplars, WN, and silence, are shown in Fig 3C.

A separate group of nine males were exposed to playbacks of both BBVs and a set of USV's
collected from female mice [23] in separate trials. A repeated measures ANOVA using both
the time bin (baseline, playback, and recovery) and the call type as within-subjects factors did
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Fig 3. Effect of BBV playback on the number of USVs produced for A) all types of USVs and B) ‘50-kHz harmonic’ USVs in response to the three
exemplars (A-C). BBV playback significantly decreased USV numbers during the playback, and USV numbers recovered significantly following
playback. Box-and-whiskers plots show the median, and quartile values for the baseline period (0-5 minutes), the playback period (5-10 minutes), and
the recovery period (10-15 minutes). Data points represent values for individual males (n = 28). C) Plots showing total USV numbers for responses to
specific stimulus types, including all exemplars (Exemplar A: n = 12; Exemplars B and C: n = 8 each), silence (n = 6), and WN (n = 8). For all plots, gray
lines indicate individual mice that increased calls during the playback relative to baseline.

https://doi.org/10.1371/journal.pone.0273742.9003

not show a main effect of call type or of bin on the USV number (call type: (F; ) = 0.001,

p = 0.975; bin: F(, 7, = 1.97, p = 0.21). However, there was a significant interaction between the
bin and call type (F(5,7) = 9.173, p = 0.011, such that calls decreased during the BBV playback,
but not the USV playback, relative to the baseline condition (Fig 4).

Variability among males

There was significant inter-male variability in both the overall numbers of calls produced, and
in the responses to BBVs. We therefore assessed whether the variation in calls during the base-
line period predicted the responses to playback for the 28 trials with BBV playbacks (Fig 5,
gray circles). For example, interactions starting at low USV rates may be constrained from
sizable decreases, creating floor or boundary constraints, but could potentially show some
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Fig 4. Plot of responses to playback of BBV (left panel) versus USVs (right panel) in the same individuals (n = 9). Responses are presented as
proportional USV numbers relative to all USVs in a given trial; for each trial, proportions in the three time bins (baseline, playback, and recovery)
summate to 1. Specific colors represent responses of the same individuals to BBVs and USVs.

https://doi.org/10.1371/journal.pone.0273742.9004

changes in the opposite direction, to increase USV number in some males. Fig 5 shows the
relationship between USV numbers in the baseline period versus the difference in USV num-
ber from the baseline to the playback period. Interactions with very low baseline numbers
were constrained from large decreases, but some showed modest increases in call number. At
higher baseline values, males showed a range of responses, with some males decreasing USV
number almost entirely, indicated by their proximity to a line with a slope of -1 in Fig 5. How-
ever, some males decreased their USV rate much less. BBV playback therefore did not cause
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Fig 5. Comparison of changes in USV number induced by BBV playback relative to the baseline call number. Gray symbols
mark trials using the 3 exemplar calls, and yellow symbols indicate trials using white noise (WN). The dashed line indicates the
linear regression for all data points in the scatterplot. The solid line with a slope of -1 designate the maximum possible effect in
which calls are totally suppressed during BBV playback.

https://doi.org/10.1371/journal.pone.0273742.9g005
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most males to stop producing USVs, but instead to modulate their rate of USV production,
with varying amounts of modulation among males.

Although white noise reduced USVs, similar to the playback of calls, there were quantitative
differences in the effects of the two stimulus types. This is depicted in Fig 5, which in addition
to plotting responses to BBV playback (gray circles), plots responses to WN (yellow circles).
The responses to WN were consistently at the maximum end of the range for playback-
induced decreases. To quantify this difference in trajectory between BBV and WN presenta-
tion, we calculated the regression for all playback groups (dashed line), and compared the
residuals for the trials using BBV versus WN. Residuals for the WN were significantly more
negative than residuals for the exemplar playbacks (one-way ANOVA, F(; 34) = 8.58,

p = 0.006), establishing that WN and BBV's evoked qualitatively similar but quantitatively dis-
tinct levels of USV suppression.

Timecourse of vocal response to BBV playback

To assess the interaction between USVs and the BBV playback on a finer time scale, we more
closely examined the relationship between BBVs and USVs during the playback period. Play-
backs consisted of 5 repetitions of a one-minute playback module, each of which contained
two intensive bursts of BBVs (Fig 1A). This allowed us to examine the response to five identical
rounds of playback over time. We further divided the playback period into 5-second bins (60
bins total, or 12 bins per module). Because of the density of the call bursts in the playback, this
resulted in a bimodal split in the numbers of BBV across 5-second bins. Each one-minute
module of the playback contained 6 bins with 3 or fewer BBVs, and 6 bins with 11 to 15 BBVs.
These parameters allowed us to compare the USV response during equal durations of high ver-
sus low BBV playback in each one-minute repetition.

For this analysis, we also included seven males that had been housed individually for a week
prior to experiments as opposed to with a same-sex social partner. These males were excluded
from the general linear model above because there was no opportunity for them to be domi-
nant or subordinate and because they were only exposed to a single call type, Exemplar A. We
therefore compared these only with the 12 socially housed mice exposed to Exemplar A. Inter-
actions with males housed individually produced a quantitatively but not significantly higher
number of total USVs than socially housed males (individually housed: 2125.3 + 306.8; socially
housed: 1433.1 £ 335.6, one-way ANOVA F(; ;7 = 2.1, p = 0.17). Similar to the socially housed
males, BBV playback significantly decreased USV number for the individually housed males to
66.5 * 13.5 per cent of the baseline value, with recovery to 100.4 + 12.7 of the baseline (repeated
measures ANOVA with time bin as a within-subjects variable, F, 15) = 4.67, p = 0.032).

Fig 6A shows an example of a playback in which USV production coincided with the begin-
ning of BBV playback. Fig 6B plots the numbers of BBV in 5-second bins over the timecourse
of the playback (shaded regions), with double bursts of BBV visible for each identical one-
minute round. Three five-second time periods are also included to represent responses before
and after the playback. USVs over this time period (orange line) showed two interesting pat-
terns. First, they were interleaved with the BBV playbacks, so that USV numbers were smaller
when BBV numbers are higher (repeated measures ANOVA of total USVs in high-BBV versus
low-BBV bins across mice: F;, 17y = 14.27, p < .001). Second, the effect of BBV's were most
pronounced in the earliest rounds of the playback, when USV numbers decline to near an
average of zero during playback. In later rounds of the playback, decreases in USV's during
BBV bursts were not as extreme. We quantified this adaptation by measuring the numbers of
USVs during the high-intensity playback bins (shaded areas in Fig 6B) in each round sepa-
rately. Fig 6C shows the increase in average USVs in these bins across the 5 playback rounds
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Fig 6. Interaction of BBV playback with USV production during the playback period. A) Clip of one experiment
showing cessation of USVss at the onset of BBV playback. B) Interleaving of BBVs and USVs during the 5 minutes (300
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Orange line shows average USVs in each 5s bin for experiments using Exemplar A (n = 19). Blue line represents USV
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values in response to WN (n = 8). C) Average USV numbers in 5s bins with high BBV numbers in 5 subsequent
playback rounds. Mice housed individually (ISO) habituate to BBV playback sooner, while mice exposed to WN do not
habituate. D) Average USV numbers in 5s bins with low BBV numbers in 5 subsequent playback rounds (white bins in
(B). USV numbers in these bins do not habituate over playback rounds. E) Event-triggered average of the probability
of USVs (blue line) in the two seconds before and after BBV, for the 12 males presented with Exemplar A. Dashed
lines indicate upper and lower confidence intervals.

https://doi.org/10.1371/journal.pone.0273742.9g006

for mice that were housed socially (solid orange line) versus individually (dashed orange line).
A repeated measures ANOVA with ‘round’ as a within-subjects factor and ‘housing condition’
as a between-subjects factor returned a significant effect of ‘round’ (F4 65y = 13.93, p < .001),
and a ‘round X housing condition’ interaction (F,6s) = 2.91, p = .028), but not of ‘housing
condition’ (Fy,;7) = 2.76, p = 0.115). For the socially housed mice, numbers were significantly
different from Round 1 by Rounds 4 (Fisher’s LSD, p = 0.001) and 5 (p < 0.001). For the indi-
vidually housed mice, numbers were significantly different from Round 1 by Round 2

(p =0.039), and Rounds 3-5 (p < 0.001 for each). Thus, individually versus socially housed
mice showed a different trajectory of adaptation to BBV playback. In comparison, performing
the same analysis for time bins with low BBV numbers (Fig 6D) showed no effects of Round (F
(4,68) = 1.54, p = 0.199), housing condition (Fj,17) = 1.817, p = 0.195), or their interaction
(Fa,68) = 0.546, p = 0.702). Mice housed in isolation for a week therefore showed more rapid
adaptation to the BBV playback than mice housed socially over the same period of time.

We assessed the timing of USVs around BBVs on an even finer time scale by applying an
event-triggered averaging process [26] to each individual BBV for the 12 males exposed to
Exemplar A, using the start times for BBVs and USVs as event markers. The average probabil-
ity of USVs declined rapidly following BBVs and remained below the 2.5% confidence interval
for over half a second (Fig 6E).

BBV playback with anesthetized females

Since female mice produce a minority of USVs during opposite-sex interactions, we assessed
whether BBVs induced decreases in USVs when females were unable to produce USVs because
they were anesthetized, or in one case because no female was present. We therefore compared
trials in which females were anesthetized and no playback was presented (these were the same
trials presented in Fig 2B, open bars), with trials in which females were anesthetized, and a
playback of Exemplar A was presented. Fig 7A and 7B presents the minute-by-minute USV
counts in each individual trial for the playback (Fig 7A; n = 5 for trials with anesthetized
females [solid lines], and n = 1 for trial with female bedding only [dashed line]) and for the no-
playback (n = 6) conditions. In the playback condition (Fig 7A), mice with high numbers of
BBVs in the baseline show a sharp decrease in the minute following the onset of BBV playback,
even though little recovery followed the playback. A repeated measures ANOVA with time
period as a within-subjects factor and condition (playback vs no playback) as a between-sub-
jects factor showed an effect of time bin (F(,,50) = 11.20, p = 0.0005), but no main effects the
condition (F(;,19) = 0.64, p = 0.44) or a bin X condition interaction (F, 5y = 2.16, p = 0.14).
However, average USV numbers in the playback bin were significantly lower than in the no
playback bin for the playback condition (Fisher’s least significant difference, p = 0.040), but
not the no-playback condition (Fig 7C).

Non-vocal response to BBV playback

To assess whether BBV playback influenced non-vocal behaviors, the duration of digging and
grooming by males, and investigation of the divider opening by both males and females were
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significant difference posthoc tests for a repeated measures ANOVA, as described in the text. Columns with different
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https://doi.org/10.1371/journal.pone.0273742.9007
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Fig 8. Effect of playback on nonvocal behaviors. Time spent digging (A. BBV Playback, E. White Noise), time spent grooming (B. BBV Playback, F.
White Noise), time spent at the divider opening by males (C. BBV Playback, G. White Noise) and time spent at the divider opening by females (D.
BBV Playback, H. White Noise). A significant main effect of time period (baseline, b, playback, p, or recovery, r) was found for digging for BBV
Playback. A significant main effect of condition (BBV Playback or White Noise) was found for digging and male time at the divider opening. Post-hoc
comparison p-values are represented as * = p<0.05; ** = p<0.01; *** = p<0.001.

https://doi.org/10.1371/journal.pone.0273742.g008

combined into 5-minute bins (Fig 8A-8D). The only non-vocal behaviors to have a significant
main effect of time period on behavior duration were Male at divider opening (F, 74 3) = 4.16,
p = 0.0194) and Digging (F(,, 75.4) = 7.51, p = 0.001). Digging was the only non-vocal behavior
to change significantly from baseline during the playback (t;57 = -3.77, p = 0.0003). Male at
divider opening significantly increased relative to baseline (to3 5 = -2.74, p = 0.0074) and play-
back (t;, 9 = -2.44, p = 0.0171) during the recovery time period (Fig 8C). Males showed no sig-
nificant change in grooming duration across time periods (Fig 8B; F 60.5) = 1.34, p = 0.27).
Unlike males, females had no difference in the duration of investigation across the baseline,
playback, and recovery time periods (Fig 8D; F(; 751y = 1.11, p = 0.34). For digging and male
and female investigation, there was also an interaction between call type and time period (F4,
78.3) = 6.23, p = 0.0002). These findings strongly demonstrate that these non-vocal behaviors
do not decrease in parallel with USV production during BBV playback.

The same group of non-vocal behaviors was compared using the same method across the
group of males presented with white noise (Fig 8E-8H). Male time at the divider opening was
the only non-vocal behavior to have a significant main effect of time period (F(, 19 3) = 5.42,

p = 0.0246), while digging (F,15.2) = 0.41, p = 0.6744), grooming (F, 194y = 0.29, p = 0.7562),
and female time at the divider opening (F(, ;1) = 1.65, p = 0.2352) did not significantly differ
across time periods. The amount of time males spent at the divider opening did not change
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during the white noise playback but did increase to significantly greater than both baseline
(ty7.0 = -2.7, p = 0.0147), and during the white noise (tg 99 = -3.11, 0.0125) levels in the time
period after the playback ended. By contrast, BBV playback resulted in an increase of digging
during the playback and no change in investigation of the divider opening by the males.

Although male but not female investigation changed during the recovery period, the
amount of time that males and females spent investigating was related across individuals (Fig
9). This suggests that males and females were interacting at the divider opening, and co-inves-
tigation at the divider opening was often observed. Furthermore, the relationship between
male and female investigation did not appear different in the baseline (open circle), playback
(blue circle), or recovery (gray circle) time periods. To assess whether the relationship between
male and female time at the divider opening was influenced by time period, we performed an
analysis of covariance (ANCOVA) with female time at divider opening as the independent
variable, male time at divider opening as the dependent variable, and time period (baseline,
playback, and recovery) as a categorical variable. Although female time at divider opening pre-
dicted male time at divider opening (F(; ;7 = 46.54, p < 0.001), there was no interaction
between female time at divider opening and time period (F(, 77, = .024, p = 0.976). This result
shows that male and female time at the divider opening were strongly correlated, but that this
relationship did not differ across time periods.

Discussion

The vocal signals of male vertebrates have been heavily studied as sexually selected behaviors,
but females also produce vocalizations during opposite-sex interaction that serve a wide range
of communicative functions. These vocalizations include advertisement calls that increase
around times of high fertility or in response to ovarian hormones, copulation calls that may
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trigger competition among males, and vocal exchanges with males that may coordinate physi-
ology and behavior or serve as territorial or mate defense [4, 27-32]. In addition to these,
females may produce acoustically distinct calls associated with acute rejection, or dismissive or
release calls [20, 33, 34]. Since dismissive calls may be coupled with defensive aggression [20,
35], it can be difficult to establish whether and how male receivers respond to these calls apart
from their accompanying behaviors.

We have established a novel behavioral assay to assess male responses to a type of call
(BBVs) made by female mice. Although both male and female mice produce USVs and BBVs
in same-sex interactions, and BBVs in non-social distressing contexts, production of these sig-
nals is biased during opposite-sex interactions [35-38]. Males produce a majority of USVs in
opposite-sex interactions, while females are thought to be the main source of BBVs [16, 19, 20,
35]. During opposite-sex interactions, females produce BBVs while performing physical rejec-
tion behaviors towards males, and BBVs produced in the early stages of an opposite-sex inter-
action correspond to a lack of male mounting at later stages of the interaction [17, 20]. The
acoustic structure of BBVs may further encode information about individual identity, repro-
ductive state, and receptivity [13, 17, 20]. These findings are consistent with BBVs acting as a
dismissive signal by females, but do not distinguish a causal role for BBVs on male behavior
from concomitant behaviors like kicking or lunging.

The novel split-cage paradigm we describe uses the presence of a female to evoke steady
male USV production, but precludes females from making their own BBV by preventing
direct contact with males. Under these conditions, USVs decline, suggesting a causal role for
BBVs in suppressing USVs in this paradigm. The suppression of USVs showed dynamics on
several time scales. At the level of single BBV, the probability of USVs declined rapidly and
sharply, for less than a second. The speed of this response is comparable to the rapid exchange
of vocal signals in rodents like male singing mice (Scotinomys teguina [39]), duetting birds like
plain-tailed wrens (Pheugopedius euophrys [40]), or antiphonally calling amphibians like green
tree frogs (Hyla cinerea [41]). Unlike these species there is no specific increase in the probabil-
ity of call production immediately following the BBV-evoked suppression, so the responses of
male mice are unlikely to represent an antiphonal vocal exchange. On a slightly longer time
scale, the suppression of calls adapted over the rounds of playback. In species in which males
show vocal suppression in response to female release calls like Xenopus laevis, adaptation on a
similar time course is a hallmark of the responses to these female calls that distinguish them
from the long-lasting suppression evoked by other species-specific calls [42, 43].

The behavioral paradigm

Our behavioral assay does not replicate many of the aspects of a natural opposite sex interac-
tion in mice. Chief among these is that it precludes contact between the males and females, an
important behavior for collecting tactile and olfactory cues [44]. Our goal in the study was to
create a relatively controlled environment based on our previous observations of vocal behav-
ior in order to assess whether BBV are capable of influencing male behavior when separated
from co-occurring behaviors. In allowing us to treat BBVs as an independent experimental
variable, this paradigm can also facilitate mechanistic studies of the auditory and related social
neural systems in future.

However, the multimodal conditions of our paradigm, incorporating an awake female on
one side of a barrier and the deposition of soiled female bedding on the male side of the bar-
rier, did evoke high general levels of male vocal (USV) and nonvocal (investigative) engage-
ment. The levels of USV production were comparable to those we have previously observed in
direct interactions, although with a high level of inter-male variability in baseline calling,
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which is also observed in direct opposite sex interactions [17]. High baseline levels were
important to be able to observe suppression of male responses as well as recovery from play-
back over a time scale of minutes.

The major result of our study, that BBV playback suppresses male USVs, is in accord with
findings in two other behavioral paradigms. BBVs produced in the initial stages of a direct
interaction inversely correspond to the production of USVs [17]. Additionally, when male
mice are alone in an arena, playback of a mix of BBVs recorded from multiple females result in
a lower probability of males producing USVs during playback [23]. These studies all suggest
that under a range of social conditions, BBV's have the capacity to be suppressive to male vocal
behavior.

Role of the stimulus

Three separate exemplar BBVs were used in parallel experiments. These exemplars were not
distinguishable from each other in the amount of USV suppression that they induced

(Table 1). However, all exemplars were different from the control condition of silence, in
which USVs were not suppressed. The lack of distinction among exemplars was the case even
though exemplars had acoustic structures that differed in peak-to-peak and rms intensity,
duration, and spectrotemporal structure (Fig 1). One similarity among exemplar playbacks is
that they were all presented in the same temporal pattern, which replicated the timing of a
one-minute bout recorded from a male-female interaction with a high level of BBV production
accompanied by defensive aggression. This similarity among the effects of different calls sug-
gests either that males respond to BBV with different acoustic structure similarly, or else that
the timing of the playback was the dominant factor in determining male responses. Similar
characteristics are observed for the release calls (ticking calls) of female African clawed frogs,
which vary in inter-call interval (ICI). Similar to BBV in mice, ticking calls cause a suppres-
sion of male courtship calls. As long as the ICI is within the range of ticking calls, however,
males suppress their courtship calls equally [42].

Similar to BBVs, the WN stimulus suppressed USVs, albeit more strongly. The similar
responses of male to WN and BBVs can be viewed from several perspectives. The first of these
assumes that the spectrotemporal characteristics of the BBV are key to the suppression that
we measured. From this perspective, WN may have replicated a behaviorally relevant compo-
nent of natural BBV, the inclusion of segments with high levels of deterministic chaos, which
are the result of irregular vibration of the vocal cords [17, 45, 46]. In a range of mammalian
species, vocalizations with non-linearities more consistently elicit anti-predator search behav-
ior [47-49] and are less subject to habituation [50]. In house mice, the variation in BBV non-
linear segments, specifically those segments made up of deterministic chaos, correspond to
individual identity and estrous phase within individuals [17]. WN could thus potentially be
perceived as a supernormal stimulus in this regard [51], exaggerating one of the most salient
and information-rich portion of BBVs, the non-linear segments.

An alternative perspective is that both BBVs and WN are capable of suppressing USV's
because they share the characteristics of being loud broadband signals. This interpretation is
consistent with work from Blumstein et al. that found both American robins (Turdus migrator-
ius) and warbling vireos (Vireo gilvus) were unable to discriminate between deterministic
chaos and white noise [52]. An intriguing possibility is that the type of BBV that our assay rep-
licates, consisting of loud broadband signals produced in close proximity to males, may be
effective in part because they are startling. In some species, natural signals that either engage
startle circuitry, or replicate naturally threatening stimuli, are effective sexual signals precisely
because they exploit these effects [53, 54]. Our study did not address the neural circuitry
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underlying the responses of males to BBVs, but the possibility that our BBV playbacks could
have startling qualities is consistent with the possibility that this may be an important aspect of
BBVs produced during natural interactions.

At the same time, it is not true that playback of any signal type can suppress male vocaliza-
tions. The playback of different classes of vocalizations, female BBV versus female USVs, to
the same males, had different effects on vocal behavior, with female BBVs suppressing USV's
and female USVs having no effect (Fig 4). This is similar to the result of a previous study from
our lab in which BBVs and USVs were presented in factorial combination with female urine or
a control [23]. BBV playback decreased the probability of male USV production, while USV
playback in the presence of female urine increased the probability of male USV production,
and the number of USVs produced, more than urine alone. Playback of vocalizations that are
distinct from BBVs therefore produce different vocal responses by males. It is important to
note that the USVs we played replicated the pattern of female USVs we observed in not only
structure, but also timing and intensity. We therefore cannot distinguish whether any of these
characteristics in particular were responsible for the difference in male responses to BBV's ver-
sus USVs.

Role of the context

Both the immediate stimulus environment and prior social experience influenced the time-
course of male USV production. The assay described in this paper uses a live female as a stimu-
lus partner for the focal male. Male mice produce USVs in response to female odor alone, and
presenting female urine to male mice can increase the rate of USVs relative to baseline [23,
55-58]. When urine is the only stimulus, however, the increased rate of USVs can decline over
time [23, 57]. Additionally, smaller USV responses occur in male mice presented with soiled
female bedding or female urine as opposed to awake females [19]. Reflecting this pattern,
males in the current study that were presented with either soiled female bedding or an anesthe-
tized female showed a steady decline in USV production throughout the 15-minute recording
period (Fig 2B). In contrast, males produced consistently high numbers of USVs throughout
the entire recording when paired with an awake female. These findings suggest that stimuli
combining olfactory cues with cues in additional uncharacterized modalities induce the most
persistent male vocal behavior. Although males did not have direct access to females in the cur-
rent study, they were able to contact females through a small hole in the acrylic barrier, and
there was often nose-to-nose contact through this opening. We therefore cannot rule out the
involvement of tactile cues in evoking persistent male calling.

Using awake females also introduced the variable of female behavior. It is possible that BBV
playback may have influenced female behavior, but the female behavior that we measured,
time at hole, was not different in the playback versus the baseline or recovery periods, while
male BBV production was different in these periods. Another female behavior that we may
have measured is production of USVs. Both males and females produce USVs during intersex-
ual interactions, with females producing about a sixth of the total number of USVs [15, 59, 60].
There are minor structural differences between female and male USVs, but these may not
always reliably identify the vocalizer’s sex [61, 62]. For this reason, we are unable to identify
whether all USVs during playback recordings were produced by males. This is an important
point, since some male behaviors correlate closely in time with female USVs, suggestive of
responses to these female signals [60]. Since we could not definitively rule out the contribution
of female USV production to the USV suppression by BBV playback, we presented an addi-
tional 12 males with either an anesthetized female or an anesthetized female combined with
BBV playback. All males with relatively high calling rates in the first five minutes of the
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experiment showed sharp decreases in USV number in the first minute of the playback,

and the decrease in USV number during playback was significantly different from baseline
during BBV playback, but not when no playback was presented (Fig 7). This finding strongly
suggests that even when females are unable to produce calls, males decrease USV production
in response to playback.

Placing males in individual housing (social isolation) for a week prior to behavioral testing
also altered the trajectory of USV production over the five rounds of BBV playback. Mice that
have been isolated in the juvenile period alter their perception of calls in operant tests of call
discrimination [63]. In the current study, socially housed males initially suppressed USVs to
BBV playback but by Round 4 of the playback, their USV production had significantly
increased compared to Round 1. Males housed individually showed a faster adaptation, show-
ing increased USV numbers by Round 2 relative to Round 1. This is consistent with a general
finding in mice that social isolation, whether in juvenile life or adulthood, alters vocal commu-
nication and perception. In particular, vocal behavior in mice that have been isolated in juve-
nile life is elevated, corresponding with increased non-vocal behaviors like anogenital
investigation and same-sex mounting [64]. These findings are consistent with a lack of respon-
siveness to social signals in isolated mice. An alternative interpretation is based on the observa-
tion that, although isolated males did not have a significantly different baseline call rate than
socially housed males in the current study, the baseline rate for isolated males was quantita-
tively elevated. The different trajectory of BBVs for isolated males during playback rounds
could therefore have been influenced by a *greater* initial response by isolated males relative
to baseline. Along with studies showing that mice vocalize differently depending on their
immediately preceding social context [59], these findings emphasize that prior social experi-
ence is an important lens through which mice perceive current social interactions.

Role of BBVs in male-female interaction

Studies of vocal communication in opposite-sex contexts are often focused on male signals,
but there is a growing body of evidence that courtship is a dynamic interaction between males
and females that mutually vocally signal [65, 66]. Female mouse BBVs are made during court-
ship and have the potential to communicate multiple types of information [17]. Our results
support the hypothesis that BBVs modify male behavior during male-female interactions. Spe-
cifically, during BBV playback, males suppress the production of pro-social USVs.

BBV, in conjunction with other behaviors such as female kicking and lunging, could
potentially play a role in pacing courtship interactions. In rats, females that are allowed to pace
mating by having access to a section of the cage the male cannot reach are more likely to
become pregnant as a result of mating and will display a conditioned place preference to the
mating cage [12, 67]. There is some evidence that house mice use a similar pacing strategy by
either physically escaping males or by defensive aggression, but it has not been as widely
described as paced mating in rats [13, 14]. BBVs could modify the timecourse of opposite sex
interaction in mice by reinforcing nonvocal rejection behaviors by females, or by acting as a
signal that reduces male vocalizing. Supporting this view, when female mice can escape males
up the side of a mesh cage, BBV production escalates in the 10 seconds immediately preceding
escape, and no mounting by males occurs [17].

Despite the evidence for vocal suppression by BBVs in the current study, there is strong evi-
dence that BBV do not play a static behavioral role. Across multiple studies and even within
single studies, BBV's have been associated with non-vocal rejection behaviors by females but
also with male mounting, with the different behavioral combinations associated with early/
appetitive versus later/consummatory phases of interactions [17, 20, 33] Across playback
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studies that have included BBV or equivalent calls, the responses of males to playback have
also varied with the signal context. For male mice alone in an arena, the playback of BBV's
reduces the probability of males producing USVs in response to the odor of female urine, but
also causes the USVs triggered by urine to persist for a longer period of time than the presenta-
tion of urine alone [23]. Grimsley et al. (2013) likewise demonstrated that male mice do not
show aversion to BBV (called low frequency harmonics, or LFHs, in this study) when they are
paired with female urine, but do show aversion when LFHs are paired with cat hair. The play-
back of LFHs can also cause an increase rather than a decrease in USVs produced by either
males or females alone in an arena [68]. Finally, in addition to being produced in conjunction
with defensive aggression early in opposite-sex interactions, BBVs are also produced in a later
time period as females are mounted by males [17, 19]. It is therefore likely that although our
current behavioral assay captured a socially suppressive aspect of BBVs, this is just one aspect
of these interesting signals.

Supporting information

S1 Fig. Structure of the USV stimuli used in the study. A) Oscillogram indicating the loca-
tions of ten clusters of six female USVs each played over a 5-minute period. B) Spectrograms
of representative USVs used in the USV clusters.
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