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1 | INTRODUCTION

Maria Adelaide Marconi? |

Maria Luisa Scattoni? | Laura Ricceri®

Abstract

Mice produce ultrasonic vocalizations (USVs) in different social contexts across
lifespan. There is ethological evidence that pup USVs elicit maternal retrieval and
adult USVs facilitate social interaction with a conspecific. Analysis of mouse vocal
and social repertoire across strains, sex and contexts remains not well explored. To
address these issues, in inbred (C57BL/6, FVB) and outbred (CD-1) mouse strains, we
recorded and evaluated USVs as neonates and during adult social encounters (male-
female and female-female social interaction). We showed significant strain differ-
ences in the quantitative (call rate and duration of USVs) and qualitative vocal
analysis (spectrographic characterization) from early stage to adulthood, in line with
specific patterns of social behaviors. Inbred C57BL/6 mice produced a lower number
of calls with less internal changes and shorter duration; inbred FVB mice displayed
more social behaviors and produced more syllables with repeated internal changes;
outbred CD-1 mice had an intermediate profile. Our results suggest specific vocal sig-
natures in each mouse strain, thus helping to better define socio-communicative pro-
files of mouse strains and to guide the choice of an appropriate strain according to

the experimental settings.
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suggested that neonatal USVs played an important role in vocal com-

munication.* Although functional significance of such vocalizations

Ultrasonic vocalizations (USVs) by laboratory mice have been col-
lected and deeply analyzed in different contexts during the early
phases of postnatal development and at adulthood.

During the neonatal stages, USVs are emitted when pups are iso-
lated from the nest to gain their mother's attention.® These calls are
defined “isolation-induced USVs” and have been extensively charac-
terized. The rate of emission follows a clear ontogenetic profile,
peaking during the first postnatal week and then decreasing to zero
when pups are 2-week old.>® Since their first description it was

has been debated,>® there is sound ethological evidence that pup
USVs elicit maternal orientation/approach and retrieval.>”~? Previous
data suggested that mother's genotype or strain and maternal respon-
siveness (an index of mother's solicitude towards pups in a potentially
dangerous situation) can affect neonatal USV emission.° It is likely
that pups' behavioral changes are expressed in parallel to mother's
behavior.

USVs have been also detected in adolescent mice of both sexes
after weaning, during a social interaction paradigm (consisting of
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5-days social housing and one-day social isolation between behavioral
tests'?), as well as in mice exposed to an anesthetized female.*?

In adult mice, emission of USVs has been primarily reported in
reproductive contexts, with males being responsible of most of the

calls, 314

although females have been recently shown to actively par-
ticipate to the vocal interaction, but with a lower number of USVs
when compared with males' vocalization rate.’>” A short or long
exposure to either a female partner (previous socio-sexual or repro-
ductive experience) or to female urine induces a clear USV response
in adult male mice.*®1418-23 The quantitative analysis performed by
Holy and Guo in 2005 illustrated for the first time that the male USVs
are characterized by temporal sequences and that they are specific for

1.Y? More recent studies based on analyses of spectral

each individua
parameters and temporal sequences on USVs highlighted the individ-
ual signatures in both pup and adult mice.?*"2?” The production of
USVs during adult female-female mouse encounters is also a sound
phenomenon?®: resident female mice during encounters with a female
intruder emit a large number of USVs, at rates comparable to those of
the male-female interaction.?’ These female calls, that only occur dur-
ing resident-intruder interactions in laboratory conditions, contribute
to the establishment of female social dominance hierarchies,?® but
may also serve to enhance physical proximity and enable social infor-
mation gathering.*”?83%31 Both pup and adult mice emit USVs to
communicate with each other and to convey their emotional state.t

Whereas the earlier studies initially provided only quantitative
data (primarily rate of USV emission and duration), in the last years
qualitative analyses had been also carried out. Several categorizations
of the spectrographic appearances of the calls have been proposed,
some of which share some basic principles.?*?*® Following pivotal
works, USV categorization has been used as a biomarker to identify
qualitative alterations of the vocal repertoire in different mouse
models of neurodevelopmental disorders. USV categorizations have
been explored in both neonates and adult subjects modeling socio-
communicative deficits, including autism spectrum disorders.}>*
Recent USV data from different mouse strains are also available, so
far limited to early phases of postnatal development (first 2-3 weeks
of postnatal life).213%3¢ Together with previous data on cross foster-
ing at birth®” or embryo transfer procedure,® these data indicate that
USV production and their acoustic variations are subjected to genetic
and background control.*?° Crucially, differences in USV emission
have been detected even between mouse substrains, such as
C57BL/6N and C57BL/6J.38 The embryo transfer study showed that
the difference between C57BL/6J OlaHsd and C57BL/6N Crl in USV
rate was primarily dependent on the dyadic interaction between
mother and pup.3®

Aim of our study was to evaluate vocal repertoire in three com-
mon mouse strains (C57BL/6, FVB and CD-1) in both males and
females, at two developmental stages (neonatal and adult), as for adult
subjects in two different social contexts (male-female and female-
female interaction) known to elicit maximal vocalization rates in labo-
ratory settings. In adult testing, the social investigation was also
recorded to obtain a more complete picture of the social responses in
these three strains. We selected the inbred strain C57BL/6 since it is

the commonest background for genetically modified lines and widely

used in mouse phenotyping studies; the inbred strain FVB since it is
considered highly social and some features (i.e., albinism, litter and
body size) render it an ideal control for outbred strains; and CD1 as
the commonest mouse outbred strain, extensively used in neurosci-
ence, neuropharmacology and neurotoxicology studies. The choice of
C57BL/6 substrains is a critical issue in experimental designs dealing
with genetically modified mouse lines, since several behavioral pheno-
typic differences have been reported among mouse substrains.2841:42
We selected the C57BL/6N substrain that has been less characterized
in previous studies and it is becoming increasingly popular because of
large initiatives like the International Knockout Mouse Consortium
(IKMC, https://www.mousephenotype.org/).

We hypothesized differences between inbred and outbred mouse
in: 1) USV emission in both pups and adults; 2) social responses in adults;

3) qualitative USV patterns with the effect of age and social context.

2 | MATERIALS AND METHODS

21 | Animals and housing

C57BL/6N (inbred, hereinafter B6), FVB/NHan™Hsd (inbred, herein-
after FVB) and CD-1 (outbred) breeding pairs were purchased from
Harlan Laboratories (S. Pietro al Natisone, Italy) and bred in our mouse
facility. Mice were housed on a reversed 12:12 h light: dark cycle
(lights on at 19:00 h) in standard wire-topped polycarbonate cages ages
(833 cm x 13 cm x 14 cm) with sawdust bedding and water and food
(DP/1000, Altromin-Rieper, Vandoies-BZ, Italy) ad libitum. Temperature
was maintained at 21 + 1°C, and relative humidity at 60 + 10%. Females
were individually housed and subsequently daily inspected for pregnancy
and delivery 10 days after mating. The day of birth was considered as
postnatal day (pnd) 0. Pups were tattooed on the paw with animal tattoo
ink (Ketchum permanent Tattoo Inks green paste, Ketchum Manufactur-
ing Inc., Brockville ON Canada) by subcutaneous injection (30G needle)
into paw plantar surface. The procedure was performed at 2 days of age,
immediately after behavioral testing.

Subject mice for adult social interaction tests were weaned into
cages of same sex pairs. After weaning on postnatal day 21, each ani-
mal was socially housed with two same-sex partners per cage. Mice
were 2-month-old B6 (N = 12 males and 12 females), FVB (N = 12
males and 12 females) and CD1 (N = 12 males and 12 females) when
tested for social interaction tests. Behavioral testing was always con-
ducted between 9.30 and 13.30 h, during the dark phase of the circa-
dian cycle, under red light.

All procedures were conducted in compliance with the European
Communities guidelines (EC Council Directive 63/2010), Italian legis-
lation on animal experimentation (DL 26/2014).

2.2 | Ultrasonic vocalizations in pups

Tested litters contained more than seven pups. Within each litter, one
male and one female underwent behavioral testing: B6 (N = 8 males
and 8 females), FVB (N = 10 males and 10 females) and CD-1 (N = 10
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males and 10 females). The remaining pups (not tested as neonates)
were pooled at weaning and assigned to adult social interaction tests
(described in the following sections), as well as to other experimental
designs (i.e., USV playback studies). Ultrasonic vocalization, body
weight, and body temperature of pups were measured at pnd 2, 4,
6, 8, and 12. These pnds were chosen to be in accordance with previ-
ous studies focused on the ontogenetic profile of USV emission in
inbred and outbred mouse strains.2¢*344 On each day of testing, the
pup was placed into an empty glass container (diameter, 5 cm; height
10 cm), located inside a sound-attenuating styrofoam box, in a room
under red light, and assessed for ultrasonic vocalizations during a
3-min test. At the end of the recording session, each pup was
weighed, and its axillary temperature measured by gentle insertion of
the thermal probe in the skin pocket between upper foreleg and chest
of the animal for about 30s (Microprobe digital thermometer with
mouse probe, Stoelting Co., IL). When the pup was returned to the
nest, the mother and littermates were present.

An Ultrasound Microphone (Avisoft Ultra Sound Gate condenser
microphone capsule CM16, Avisoft Bioacoustics, Berlin, Germany)
sensitive to frequencies of 10-180 kHz was placed through a hole in
the middle of the cover of the styrofoam sound-attenuating box,
about 20 cm above the pup in its plastic container. Room temperature
was maintained at 22 + 1°C. Vocalizations were recorded using Avi-
soft Recorder software (Version 3.2). Settings included sampling rate
at 250 kHz; format 16 bit.

2.3 | Adult social interaction tests

Within each strain, 2-month-old mice (not previously tested as neo-
nates, to exclude any potential confounders on adult behavior) were
evaluated in two different social interactions: 1) male-female
(N = 12); 2) female-female (N = 12). Male and female mice were
weighed the same day of the test (mean + SD of Bé6, FVB and CD-1
males are respectively: 21.93+1.44; 2558+1.39; 33.51+1.64;
mean = SD of B6, FVB and CD-1 females are respectively: 19.25 +
0.62, 20.0 +0.98, 24.55 +1.43). Behavioral tests were conducted
under red light, videotaped using a Panasonic monochrome CCD cam-
era and subsequently analyzed with Observer 10XT software (Noldus
Information Technology, NL). The cage contained sawdust (1.5-cm
deep) and the lid was removed during the test.

For a 3-min session of female-female interaction test, an unfamil-
iar stimulus mouse was placed into the home cage of a subject mouse
who had resided in the cage for the previous 5 days without enrich-
ment materials. In the male-female interaction test, a group-housed
male was used as subject mouse and the 3-minute test session was
conducted in a clean cage with clean bedding (1.5-cm deep sawdust
layer), representing a novel situation for both male subject and female
partner. The videocamera was mounted facing the side of the cage to
record the session for subsequent scoring of social investigation
parameters. The ultrasonic microphone (same as in pup vocalization
experiment) was mounted 20 cm above the floor of the cage to record

the session.

and Behavior

Stimulus mice were matched to the subject mice by strain, sex,
age, and body weight. Stimulus mice were bred in our colony as
described above, and maintained in social groups of three per cage.
On the day of male-female testing, the vaginal estrous condition of
each stimulus female was assessed as previously described.*> Only
females in estrus were selected for the test. A total of 72 stimulus
mice (N = 24 for each strain) were employed.

Social interactions were scored from the videotapes for the fre-
quencies and durations of the following behavioral responses per-
formed by the subject mouse: anogenital sniffing (direct contact with
the anogenital area), body sniffing (sniffing or snout contact with the
flank area), nose to nose sniffing (sniffing or snout contact with the
head/neck/mouth area), locomotor activity by line crossings, rearing
up against the wall of the home cage, digging in the bedding, and
grooming (self-cleaning, licking any part of its own body). Vocaliza-
tions were recorded using Avisoft Recorder software version 3.2. Set-

tings included sampling rate at 250 kHz; format 16 bit.

2.4 | Ultrasonic vocalization analysis

For acoustical analysis, recordings collected from pups and adults
were transferred to Avisoft SASLab Pro (Version 4.40) and a fast Fou-
rier transformation (FFT) was conducted as previously described.*®
Spectrograms from pup vocalizations were generated with an FFT-
length of 1024 points, while adult vocalizations requested spectro-
grams with an FFT-length of 512 points and a time window overlap of
75% (100% Frame, Hamming window). The spectrogram was pro-
duced at a frequency resolution of 488 Hz and a time resolution of
1 ms. A lower cut-off frequency of 20 kHz was used to reduce back-
ground noise outside the relevant frequency band to O dB. Parameters
analyzed for each test day included number of calls, duration of calls,
qualitative and quantitative analyses of sound frequencies measured
in terms of frequency and amplitude at the maximum of the spectrum.

Start times for the video and audio files were synchronized during
social encounters. However, it was not possible to synchronize scor-
ing of behaviors with calls using the currently available recording tech-
nology. The software used for the behavioral (Noldus, Observer X)
and spectrographic (Avisoft Bioacoustics, Avisoft SASLabPro version
4.40) analyses cannot be combined on the same screen because they
proceed with different speeds: behavioral events occurred in a time
frame of seconds whereas vocalizations occurred in a time frame of
milliseconds.

Waveform patterns of calls for pups and adults were examined in
depth in the sonograms collected from each subject tested. Each call
was identified as one of nine distinct categories, based on internal
pitch changes, lengths, and shapes, as described below: 1) Complex
calls displayed one component containing two or more directional
changes in pitch, each 26.25 kHz; 2) Two-component calls consisted
of two components: a main call (flat or downward) with an additional
punctuated component towards the end; 3) Upward-modulated calls
exhibited a continuous increase in pitch that was 212.5 kHz, with a

terminal dominant frequency at least 6.25 kHz more than the pitch at
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the beginning of the vocalization; 4) Downward-modulated calls
exhibited a continuous decrease in pitch that was 212.5 kHz, with a
terminal dominant frequency at least 6.25 kHz less than the pitch at
the beginning of the vocalization; 5) Chevron calls resembled an
“inverted-U,” which was identified by a continuous increase in pitch
>12.5 kHz followed by a decrease that was >6.25 kHz; 6) Short calls
were punctuated and shorter than 5 ms; 7) Composite calls were
formed by two harmonically independent components, emitted simul-
taneously; 8) Frequency steps were instantaneous frequency changes
appearing as a vertically discontinuous “step” on a spectrogram, but
with no interruption in time; 9) Flat calls displayed a constant begin-
ning and the ending of the pitch frequency remained constant
(23 kHz of each other).*¢4”

We classified pup vocalizations according to strain and sex:
1820 B6 calls (N = 1070 emitted by males and N = 750 by
females); 3416 FVB calls (N = 1490 emitted by males and
N = 1926 by females) and 8501 CD-1 calls (N = 4744 emitted by
males and N = 3757 by females). All pups except 6 mice (N = 2 B6,
N = 2 FVB, N = 2 CD-1) vocalized at least at one time point (pnd).
Data related to pup vocalizations were subjected to three different
analyses: a) strain-dependent effects on the frequency and duration
of the vocalizations emitted by each subject at pnd 2, 4, 6, 8, 12; b)
strain-dependent effects on the probability of producing calls (pro-
portion of calls in each category for each subject) from each of the
nine categories of USVs; c) a descriptive analysis which included
strain-dependent effects on the percentage of calls emitted by each
subject in each of the nine categories of USVs within and between
postnatal days.

Waveform patterns of adult calls were examined in depth in the
sonograms collected from each subject tested, using the classification
based on nine call categories (see above pup analysis). In the female-
female encounter, we classified: 2418 Bé calls (N = 11 subjects),
12,891 FVB calls (N = 12 subjects) and 8707 CD-1 calls (N = 12 sub-
jects); in the male-female encounter, we classified: 4442 Bé calls
(n = 10), 8667 FVB calls (n = 12) and 5343 CD-1 calls (N = 12). The
rest of the subjects were not analyzed because they did not emit
vocalizations. Inter-rater reliability was 98% between the two investi-
gators who scored the call categories. Call category data were sub-
jected to three different analyses: a) strain-dependent effects on the
frequency and duration of the vocalizations emitted by each adult
subject; b) strain-dependent effects on the probability of producing
calls (proportion of calls in each category for each subject) from each
of the nine categories of USVs; c) a descriptive analysis which
included strain-dependent effects on the percentage of calls emitted
by each subject in each of the nine categories of USVs within and

between social encounters.

2.5 | Statistical analysis

A mixed-model Analysis of Variance (ANOVA) with Repeated Mea-
sures was used to analyze 1) body weight and body temperature of

pups with the strain as factor and postnatal days as the repeated

measures; 2) neonatal USV quantitative parameters with the strain as
factor and postnatal days as the repeated measures; 3) adult social
behaviors with the strain as factor and sniffing of different body areas
as the repeated measures; 4) probability of vocalizations with the
strain as factor and social context as the repeated measures. Probabil-
ity of vocalizations within each strain was calculated as number of
calls in each category for each subject/total number of calls analyzed
in each subject and standardized by angular transformation. As the
analysis of sonographic patterns is of an exploratory nature (and not
confirmatory), we did not adjust the results for multiple testing. A
one-way analysis of variance (ANOVA) was used to analyze adult USV
quantitative parameters in each social context. An Analysis of Covari-
ance (ANCOVA) on USV rate and duration with body weight and tem-
perature as covariates were performed to investigate more deeply
differences among strains.

To compare variability in inbred and outbred strains, both neona-
tal (pnd 8, paralleling with previous data) and adult USV data (rate and
duration) were also analyzed by a nonparametric analysis of variance
(Kruskal-Wallis), considering as variable of interest not measurements
per se but their individual deviation from the average within each
group [i.e. individual difference (in absolute value) between individual
value and mean value of USV rate or duration within the experimental
group considered].*®

Post-hoc comparisons were performed using Tukey's HSD test
when a significant F value was determined. For all comparisons, signif-

icance was set at p < 0.05.

3 | RESULTS
31 | Pups

B6 pups had lower body weight than FVB and CD1 pups (p = 0.01
and p < 0.01, respectively). All pups showed an increased body weight
from pnd 2 to 12 (p < 0.001) (Figure 1A).

B6 pups had lower body temperature than FVB and CD-1 pups
(p <0.01). All pups increased body temperature from pnd 2 to pnd
12 (p <0.001). Only B6 pups had a lower temperature at pnd 2 in
comparison to other two strain pups (p < 0.01) (Figure 1B).

USV rate changed from pnd 2 to 12 (p < 0.001). B6 pups emitted
a lower USV rate than FVB and CD-1 pups (p = 0.05 and p<0.01,
respectively). Posthoc comparisons (performed on the significant
interaction strain x pnd) confirmed that B6 pups vocalized less than
CD-1 pups at pnd 4 (p < 0.05), 6, 8 (p < 0.01) and 12 (p < 0.05), and less
than FVB pups only at pnd 8 (p < 0.05). Also, FVB pups vocalized less
than CD-1 pups at pnd 4, 6, 8, and 12 (p < 0.01) (Figure 1C). No signif-
icant strain differences were detected on peak frequency and peak
amplitude of USVs.

USV duration changed from pnd 2 to 12 (p <0.001). FVB and
CD-1 pups emitted calls longer than B6 pups (p < 0.01). Posthoc com-
parisons (performed on the significant interaction strain x pnd) rev-
ealed that both FVB and CD-1 calls were longer than Bé calls at pnd
2,4,6,8(p<0.01),and 12 (p < 0.05) (Figure 1D).
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TABLE 1

Main effect of strain

Body weight
Body temperature
USV rate

USV duration
Peak frequency of USVs
Peak amplitude of USVs

Abbreviation: NS, not statistically significant.

F(2,25) = 5.26, p = 0.01
F(2,25)=7.33,p<0.01
F(2,25) =52.47,p<0.01
F(2, 25) = 109.96, p < 0.01
F(2, 25) = 42.47,NS

F(2, 25) = 19.86, NS

Analysis of covariance ruled out the possibility that the strain

effects found for USV rate and duration were because of the differ-

ences in body weight or body temperature (main effect of strain

and strain x pnd interaction were still significant when body weight

and body temperature were used as covariates in the repeated

measure design). Detailed statistical analysis are reported in
Table 1.

Statistical analysis of neonatal body weight, body temperature and USV data (from pnd 2 to 12)

Main effect of pnd

F(2, 4) = 333.58, p < 0.001
F(2,4) = 107.99, p < 0.001
F(2,4) = 14.47, p < 0.001
F(2,4) = 17.35, p < 0.001
F(2,4) = 4.53,NS

F(2,4) = 18.35,NS

3.2 |
3.21 | Male-female

During the 3-min interaction of a male

Interaction of strain x pnd
F(8, 100) = 0.473, NS

F(8, 100) = 3.76, p < 0.01
F(8, 100) = 7.76, p < 0.01
F(8, 100) = 8.76, p < 0.01
F(8, 100) = 12.23, NS

F(8, 100) = 8.35, NS

Adult social interaction tests

with a sexually receptive

female, FVB males emitted a higher USV rate than B6 and CD-1 males
(p<0.01 and p < 0.05, respectively). FVB calls were also longer than
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FIGURE 2 Male-female social interaction. A 3-min session measured parameters of direct interaction of a male (n = 12 for each strain) with
a sexually receptive female of the same strain. USV rate (A) and duration (B), sniffing frequency (C), and sniffing duration (D). Significant
differences between B6 and FVB (p < 0.05%, p < 0.01**); B6 and CD-1 (p < 0.01*#); FVB and CD-1 (p < 0.05%, p < 0.01%%). Data are expressed as

median + 1st and 3rd interquartile.

Bé6 ones (p < 0.05) (Figure 2A,B). No significant strain differences were
detected on peak frequency and peak amplitude of USVs.

Analysis of the frequency of social sniffing showed that FVB and
CD-1 males had higher values than Bé males (p < 0.01). Posthoc com-
parisons (performed on the significant interaction strain x body area)
confirmed that B6 and FVB males sniffed the corresponding female
partner more frequently in the anogenital area versus body and head
area (p <0.01), whereas in CD-1 males frequency of sniffing did not
vary according to the different body areas. Moreover, FVB males
sniffed the anogenital area of the partner more frequently than Bé
and CD-1 males (p < 0.01). FVB and CD-1 males sniffed the body of
the partner more than B6 males (p <0.01), whereas CD-1 males
sniffed the head of the partner more frequently than Bé males (p <
0.01) (Figure 2C).

Analysis of the duration of social sniffing provided a similar pic-
ture. FVB sniffing response was longer than the one of B6 and CD-1
(p < 0.01). Also sniffing duration was longer for anogenital area versus
body and head area within each strain (p < 0.01). Posthoc comparisons

(performed on the significant interaction strain x body area) reported
that FVB males sniffed the anogenital area of the partner longer than
B6 and CD-1 (p <0.01) and the body area of the partner longer than
B6 males (p<0.01) (Figure 2D). Detailed statistical analysis are
reported in Table 2.

3.22 | Female-Female
During the 3-min interaction of a female with a same sex conspecific,
FVB females emitted a higher USV rate than B6 and CD-1 females,
and CD-1 females emitted a higher USV rate than Bé ones (p < 0.01)
(Figure 3). No significant strain differences were detected on USV
duration (Figure 3B), peak frequency and peak amplitude of USVs.
Analysis of frequency of social sniffing revealed significant differ-
ences among strains and body areas. B6 females investigated the
female partner less frequently than CD-1 and FVB females (p < 0.01).
Females sniffed more frequently the anogenital area of the female
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TABLE 2

Main effect of strain

Male-Female

F(2,33) =15.52,p<0.01
F(2,33) =17.08,p<0.01

Frequency of social sniffing

USV rate F(2,33) =5.46,p<0.01
USV duration F(2,33)=3.17,p = 0.05
Peak frequency of USVs F(2, 33) = 0.46, NS
Peak amplitude of USVs F(2, 33) = 2.54, NS

)

)

Duration of social sniffing
Female-Female

USV rate

USV duration

F(2,33) =45.51,p<0.01
F(2,33) = 2.78, NS

F(2, 33) = 2.15, NS

F(2, 33) = 3.43, NS
F(2,33) =8.61,p<0.01
F(2,33) = 24.27,p < 0.01

Peak frequency of USVs
Peak amplitude of USVs
Frequency of social sniffing

Duration of social sniffing

Abbreviation: NS, not statistically significant.

partner than the head area within each strain (p < 0.01). Posthoc anal-
ysis (performed on the significant interaction strain x body area) rev-
ealed that only CD-1 females spent more time sniffing the anogenital
than the body area (p<0.01). FVB and CD-1 females sniffed the
anogenital area of their partner more than Bé (p < 0.01); FVB females
also sniffed the body of their partner more frequently than Bé females
(p < 0.01) (Figure 3C).

Analysis of duration of social sniffing response revealed signifi-
cant differences among strains and body areas. B6 females spent
less time investigating the female partner than CD-1 and FVB
females, and CD-1 females spent less time in social investigation
than FVB females (p < 0.01). Post hoc analysis (performed on the
significant interaction strain x body area) revealed that CD-1 and
FVB females spent more time sniffing the anogenital area of the
female partner than the body and the head, whereas only FVB
females spent more time sniffing the body area than the head (p <
0.01). FVB and CD-1 females also sniffed the anogenital area of
their partner longer than B6 females, and FVB also longer than
CD-1 females (p < 0.01); FVB sniffed the body of their partner lon-
ger than B6 females (p < 0.01) (Figure 3D). Detailed statistical anal-
ysis are reported in Table 2.

Data concerning comparison of variability of USV rate and USV
duration of inbred (B6 and FVB) versus outbred (CD-1) strains were
analyzed using nonparametric Kruskal-Wallis test. The variable con-
sidered for each individual data was the difference (absolute value)
between individual datum and mean value for the group (e.g., for
each B6 male pup, the 8/12 dots correspond to individual USV rate
minus the mean value of USV rate of male B6é pups). As shown in
Figure S1, only in the female-female social interaction test, variabil-
ity of CD-1 females resulted significantly higher (p <0.01) than Bé
females; no other difference in variability emerged in the other

comparisons.

and Behavior

Statistical analysis of adult data (USVs and social response) during social interaction tests

Main effect of body area Interaction of strain x body area

F(2, 66) = 44.37,NS
F(2, 66) = 88.46, p < 0.01

F(4, 66) = 8.15, p < 0.01
F(4, 66) =9.41,p<0.01

F(2, 66) = 91.88, p < 0.01
F(2, 66) = 81.13,p < 0.01

F(4, 66) = 9.19,p < 0.01
F(4, 66) = 11.67, p < 0.01

3.3 | Pattern of sonographic structure among
strains in different social contexts

Figure 4 describes the percentages of different call categories emitted
by male and female pups and adults for each strain. B6, FVB and
CD-1 mice emitted a different spectrum of call categories.

At postnatal day 8, B6 pups preferred emitting short (males 30%,
females 27%) and two-component (males 21%, females 29%) calls,
with a reduced proportion of complex and downward calls. By con-
trast, FVB displayed high prevalence in production of complex (males
35%, females 29%), frequency steps (males 40%, females 38%), and
composite (males 11%, females 13%) calls. Similarly, CD-1 displayed
high prevalence in production of complex (males 27%, females 31%),
frequency steps (males 30%, females 28%), along with two-
component (males 27%, females 28%) calls.

During adult male-female interaction, B6 preferred emitting two-
component (36%) and complex (25%) calls, with a reduced proportion
of upward (16%) and short (13%) calls. FVB produced a consistent
number of complex (42%), frequency steps (24%), and upward calls
(21%). CD-1 emitted predominantly a type of nine call categories,
showing 63% of complex calls, with a small number of upward (16%)
and two-component (10%) calls.

During adult female-female interaction, B6 preferred emitting
two-component (35%) and complex (23%) calls, with a reduced pro-
portion of short (16%), frequency steps (11%) and upward (8%) calls.
FVB produced a consistent number of frequency steps (43%), along
with a similar proportion of complex (18%), two-component (16%)
and upward (18%) calls. CD-1 emitted predominantly two types of call
categories: 49% of complex and 28% of frequency-steps calls.

When analyzing each USV category separately (see Figure 5), the
probability of producing defined call categories differed across strains

and social contexts (neonatal stage, adult male-female and female-
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FIGURE 3 Female-female social interaction. A 3-min session measured parameters of interaction of a resident female (n = 12 for each strain)

with an unfamiliar female of the same strain. USV rate (A) and duration (B), sniffing frequency (C), and sniffing duration (D). Significant differences
between B6 and FVB (p < 0.05*, p < 0.01**); B6 and CD-1 (p < 0.05%, p < 0.01*#); FVB and CD-1 (p < 0.05%, p < 0.01%%). Data are expressed as

median + 1st and 3rd interquartile.

female interaction). Analysis revealed: 1) a main effect of strain on the
proportion of eight call categories (complex, two-components, down-
ward, chevron, short, composite, frequency steps, and flat); 2) a main
effect of social context on the proportion of seven call categories
(complex, upward, downward, chevron, composite, frequency steps,
and flat; 3) a significant strain x social context interaction on the pro-
portion of eight call categories (complex, two-components, down-
ward, chevron, short, composite, frequency steps, and flat).

Detailed statistical analysis are reported in Table 3. Call differ-
ences between strains are also described in the Supporting Informa-
tion, Table S1.

As for individual data variability across inbred and outbred strains,
our analyses of absolute values of differences from mean group values
identify significant differences only within the female-female social inter-
action test (Kruskal-Wallis test: H = 6.164, p < 0.0459), namely CD-1
female data show higher variability than B6 data (Mann-Whitney test:

U = 16, p = 0.0037) whereas no evidence of significant difference in var-

iability was detected within the other groups (Figure S1).

4 | DISCUSSION

Our findings corroborated results from previous studies showing that
strain or genetic background, age, sex, as well as responsiveness to
the environmental stimuli (i.e., body temperature) influence the social
mouse behaviors, specifically how mice communicate and socially
interact with conspecifics.224447=>1 |n the current study, differences
among three strains emerged both in the USV rate and vocal reper-
toire (according to spectrographic features of each call), as well as in
social performances.

We initially focused on vocal differences among strains at neona-

tal stages. This assessment is crucial considering that USV analysis is
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one of the few assays that can be performed during the first postnatal
weeks of life to define developmental trajectories. It also has high
value from a translational perspective, since developmental trajecto-
ries are investigated in several mouse models of neurodevelopmental
disorders, often generated on different genetic background.>*%°% We
chose to analyze five time points rather than one single postnatal day,
to verify potential strain differences in USV profile across the entire
neonatal period. Testing a pup for a brief period (3 min session at each
time point) could not be considered a stressful event, if compared
with prolonged periods of maternal isolation (from 15 to 45 min/
day).‘r""56 Thus, in the absence of stressful conditions, it can be
assumed that repeated assessments of pups did not substantially
affect their USV performance during development. Our analyses

O  Unstructured

detected differences already at early stages for both USV rate and
duration: CD-1 pups emitted a higher number, while B6 pups a
lower number of calls compared with the other two strains, in line
with previous studies.2%4357-6% \When looking at the mean dura-
tion of calls, both FVB and CD-1 calls were longer than Bé. Thus,
Bé6 pups significantly produced a reduced number of calls and those

1,4344 as also con-

emitted were also shorter than FVB and CD-
firmed by the analysis of sonographic structure (see below). In com-
parison to Bé, FVB pups produced longer USVs, in line with
previous data collected on those strains.2¢ The ontogenetic profile
of USV rate also showed strain differences: B6 pups had a peak in
the calling rate earlier, around postnatal day 4, while CD-1 and FVB

pups around pnd 6-8.23257757:61 Ag Figure 1C depicted, the large
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degree of differences in USV rate emission at pnd 4, 6, and 8 is
because of the outbred CD-1 pups. In response to social isolation
and with the aim to activate maternal care, the increased USV emis-
sion of CD-1 pups could be considered as an index of more
anxiety-like behavior in comparison to “low anxiety” profile of
inbred B6 and FVB pups.®? Several factors could be seen as “con-
founders™ in ultrasonic emission, such as body temperature and
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weight.®® In our analysis, strain differences in rate and duration of
vocalizations were somehow paralleled by differences in tempera-
ture and weight. However, analyses of co-variance, with either
temperature or body weight as covariates, indicated that strain dif-
ferences were still well detectable, ruling out the possibility that
the different patterns shown by Bé pups was substantially because
of lower values of body weight and temperatures.
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Production of calls across strains. Probability of producing calls from each of the nine categories of USVs at pnd 8 (pups), during
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Significant differences between Bé and FVB (p < 0.05*, p < 0.01**); B6 and CD-1 (p < 0.01*#); FVB and CD-1 (p < 0.05$, p< 0.01$$)
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TABLE 3 Statistical analysis of call categories across strains and social contexts (neonatal stage, adult male-female and female-female

interaction)

Main effect of strain
F(2,88) = 36.48, p < 0.01
Two-components F(2, 88) = 35.35,p < 0.01
Upward F(2,88) = 45.11, NS
F(2,88) = 52.21,p<0.01
Chevron F(2, 88) = 6.46,p <0.01
Short F(2,88) = 39.40,p < 0.01
F(2,88) = 6.16, p < 0.01
Frequency steps F(2, 88) = 37.49,p < 0.01
Flat F(2,88) = 15.34,p < 0.01

Complex

Downward

Composite

Abbreviation: NS, not statistically significant.

Main effect of social context

F(2,88) =17.81,p<0.01
F(2, 88) = 45.70, NS

F(2, 88) = 40.67, p < 0.01
F(2,88) =22.70,p < 0.01
F(2,88) = 73.20, p < 0.01
F(2, 88) = 86.55, NS
F(2,88) = 17.65, p<0.01
F(2,88) = 12.35,p < 0.01
F(2,88) = 5.09,p < 0.01

Interaction of strain x social context
F(4,88) = 6.58,p < 0.01

F(4, 88) = 10.40, p < 0.01

F(4,88) = 11.74,p < 0.01

F(4, 88) = 13.22, NS

F(4,88) = 3.12, p < 0.05

F(4,88) = 4.67,p<0.01

F(4,88) =7.17,p<0.01

F(4,88) = 6.92,p < 0.01

F(4,88) =2.37,p =0.05

Our second investigation targeted the adult vocal profile, in asso-
ciation to social behavior. We found that FVB males vocalized more
and for longer time than Bé6 in presence of a sexually receptive female,
as pups did at neonatal age for activating maternal care. The increased
USV emission of FVB males was associated with increased social

investigation (both frequency and duration) of the female partner,

focusing on the anogenital area. In a similar manner, FVB females
expressed high levels of social behavioral responses, since they vocal-
ized more than B6 and CD-1, displayed more frequent and longer
anogenital and body area sniffing than B6, as well as longer anogenital
sniffing than CD-1. As for B6 strain, both males and females, as com-

pared with FVB and CD-1 mice, conserved a low vocal and social
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profile, differently from previous data found in adult male-male inter-
actions.®* Noteworthy, B6 has been extensively applied as genetic
background to generate mutant mouse lines and used as “control”
strain in several experiments, for example, in comparison with inbred
strains with low social responsiveness.>%® It has been also considered
as a suitable candidate for behavioral studies since episodes of aggres-
sive attacks rarely occur during social interaction.?847¢4¢7 Present
data indicate that B6 is the strain that has lower USV emission rate as
neonate and adults (both sexes), and emit simpler and shorter calls.
Thus, it might not be the preferential strain to choose in experimental
settings and conditions that are hypothesized to reduce USVs and
social responses. Our data also evidenced that CD-1 males had a
lower production of USVs and a reduced interest to investigate the
partner than FVB, and CD-1 females showed an intermediate profile
for levels of USV emission and social investigation of the female part-
ner when compared with both B6 and FVB strains.

The analysis of variability in the number of calls emitted by the
three strains showed comparable levels of variability around mean
values for each strain. This result substantially confirms and extends
recent data showing that outbred CD-1 calls are not more variable
than inbred FVB ones.>®> Such a convergence on comparable degree
of variability in inbred and outbred USVs, using different methodolog-
ical approaches and targeting different USV parameters (fairly coun-
terintuitive on the basis of heterogeneity of genetic background), is
worth of further comparisons of behavioral traits, not necessarily lim-
ited to vocalization patterns.®® Nevertheless, present CD-1 USV pro-
file suggests that this outbred strain can be suitable for both neonatal
and adult studies focused on modulation (by different conditions or
agents) of the vocal repertoire.

Further, we investigated more in detail both neonatal and adult
vocal repertoires, classifying them into nine categories based on spec-
trographic appearance. For neonatal repertoire, we focused on post-
natal day 8 to be consistent with previous data.®2#3#* Differently
from the other two strains, B6 pups (both sexes) emitted a significant
portion of calls with a simple sonographic structure (short and down-
ward) and also as adults maintained the highest percentage of short
calls among the three strains. In addition, B6 pups (both sexes) also
showed a remarkable percentage of two components (as CD-1 pups),
and maintain this feature also in the adult vocal repertoire, whereas
the same call category is no longer so prevalent in adult FVB and
CD-1 mice. These features are in full agreement with our previous
data.**4¢*” The vocal repertoire of FVB mice depicted a different
sonographic pattern: they emitted more composite calls (on postnatal
day 8) and frequency steps calls (across social contexts) than the other
strains, as also previously observed during both infancy and adoles-
cence.®**® Similarly to FVB, CD-1 strain displayed a complex and
modulated vocal repertoire in both neonatal and adult social contexts:
CD-1 mice produced more two-component and frequency-step calls
during neonatal age, while more complex and fewer frequency-step
calls during adult social encounters. Branchi and colleagues already
reported that 8-day-old CD-1 mice emitted a higher percentage of
frequency steps and complex calls, along with low numbers of flat and
short calls, although the spectrum of USVs was classified into five

categories only (flat, complex, frequency steps, short, and compos-
ite).22 In the current study, upward call represented the only call cate-
gory that did not vary among strains at adulthood: B6, FVB and CD-1
mice emitted this type of call in a similar manner in both male-female
and female-female social interaction, suggesting that upward calls
production is a stable element of adult social interaction. These results
are supported by a similar acoustic signature with a high proportion of
upward calls in B6 adult mice,®® and in wild-derived male house mice
following urine exposure,?® during male-female direct social
interaction,?! and after sexual priming.2® All together, these findings
highlight that inbred B6 mice produce simpler syllables with fewer
internal changes and shorter duration, inbred FVB mice produce sylla-
bles with repeated internal changes (i.e.. more frequency-step and
complex calls), while outbred CD-1 mice seem to have an intermedi-
ate profile.

Following mice from early age to the adulthood, it can be
detected that pups displayed a wider vocal profile, based on six or
more types of calls (i.e.: complex, two-component, frequency steps,
composite, downward and short), while adults preferred to emit pri-
marily four types of call categories (i.e., upward, complex, two-
component and frequency steps). Mouse pups thus have a less
defined vocal signature during early development and tend to define
it with age, supporting the idea of a progressive change towards adult
acoustic features and syllable composition.’?”° At adulthood, a differ-
ent prevalence of call categories is observed in each strain. Such
strain-dependent patterns of call categories could affect mate-choice
and/or probability to interact with a conspecific. Additional studies
are needed to better understand the role and characteristics of vocal
communication during social interactions (e.g., differences between
courtship and mating or USV production) across strains, since few
studies have detailed this aspect so far.”*”2

It is worth highlighting that USVs are a useful tool for evaluating
emotion and motivation in rodents.”>”# In juvenile and adult rats, call
categories have been extensively used as measures of emotional/
affective state. Flat 22-kHz USVs indicate a negative affective state,
while frequency 50-kHz USVs indicate a positive affective state.”>”¢
To our knowledge, the meaning of each call category is not well-
established in mice, although a main hypothesis is that the
spectrotemporal call complexity may reflect motivational and emo-
tional states. For example, the presence of complex and harmonic calls
has been considered as a valuable index of positive emotions in
mice.”” Crucially, emotional and motivational aspects play a role in
modulating the number of USVs and the type of call in several mouse
models of psychiatric disorders, as autism spectrum disorders, schizo-
phrenia, and stress-related disorders.”® Comparing the use of call
types by different strains, B6 mice disproportionally emitted higher
pitch and more downward modulated calls than BALB mice during
vigorous social approaches.!! In our study, we supposed that more
complex and modulated vocal repertoires depicted in FVB and CD-1
mice, in comparison to Bé ones, were functionally related to the
strain-dependent differences in behavioral responses to social stimuli
and environmental factors, as well as it appeared in other emotional

behaviors (i.e., anxiety, stress).””8°
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A first limitation to the current study is the difficulty to distinguish
which mouse of the dyad vocalized during the adult social interaction
with current available protocols and most common analysis tools. Previ-
ous investigations dealt with the issue to determine whether the source
of call production is exclusively the mouse test.*¢®! We suppose that
in our experimental setting, given the protocol we applied to record
USVs, the test mouse (male, in the male-female interaction; resident
female in the female-female interaction) is the primary vocal emitter.
However, we cannot rule out that also the female partner vocalized
during the social encounter. Indeed, it has been recently demonstrated,
through a multiple-microphone array system that allows to identify the
vocalizer of a group of mice, that during male-female interactions also
female mice vocalize, to interact with the male and transfer social and
receptive information'®; even in these more naturalistic settings, how-
ever, greater proportion of vocalizations are produced by males. During
our qualitative analysis carried out by visual inspection of spectrograms,
we did not detect overlapping of signals; although we cannot exclude
that it sporadically occurred, we can rule out that it systematically
affected our measurements. A novel insight comes from a recent deep
learning approach evidencing the differences between male and female
USVs through the investigation of spectrotemporal properties. The full
spectrogram characteristics were informative about the emitter's sex, at
least during analysis of female-male social interaction.®? Future and
in-depth investigations including the use of multiple-microphones,
source localization methods and machine learning approaches are
needed to determine the location of the sound and identify the mice
vocalizing in the dyadic social interaction.

A second limitation consists in the limited number (three) of
strains and types of social contexts/age (pups during maternal isola-
tion, adult males and females during social encounters) used. Future
studies are needed to expand such specific vocal evaluation to other
mouse strains and additional settings, possibly synchronizing USV
recordings and social behavior in adult mouse.®®

As a third limitation, we did not evaluate potential strain-related
differences in mother's behavior after reunion and their effects on
subsequent USV neonatal emission. Data from literature indicated
that increased maternal responsiveness may lead to a reduction in
“isolation-induced USVs.”1® C57BL/6 mothers exhibited higher levels
of maternal responsiveness in comparison to BALB/c ones, which in
turn were associated to a lower number of neonatal USVs.° Thus, in
our study it is possible the dams belonging to different strains recog-
nized distinct signals (i.e., olfactory) from a pup placed in the nest fol-
lowing the experimental session and they activated differently

maternal care and maternal responsiveness.

5 | CONCLUSION

Our data fit with other investigations emphasizing that USVs carry rel-
evant social information about species, strain, sex and individuals, and
potentially vary in response to mouse internal state, social experience

and behavioral interactions with conspecifics.!?->281:84:85

and Behavior

Present USV quantitative and qualitative results demonstrate that
there is a large degree of variance among B6, FVB and CD-1 mouse
strains across age and social contexts. We conclude that the number
of USVs, as well as their acoustic features and sound shapes, may be
influenced by strain, age and social context of assessment. In associa-
tion with USV detection, analyzing behavioral social responses during
two types of adult encounters represent an additional item that cap-
ture more defined mouse social profiles.

Our findings illustrate the importance of considering strain, as
well as age and social/environmental conditions of mice, prior to set
up USV experimental paradigms. Also background strain of genetically
modified lines should be taken into account when dealing with previ-
ous findings or planning pharmacological/toxicological experiments.
The intermediate profile of the outbred CD-1 strain, compared with
inbred B6 and FVB strains, should be considered when dealing with
the choice of inbred and outbred strains appropriate to different con-

texts or experimental settings.
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