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Abstract

It is currently unclear whether mice use their ultrasonic vocalizations (USVs) for communication purposes. It is also
unknown whether mice require previous experience with USVs to understand conspecifics. There is some
evidence that experience changes the perception of juvenile USVs; however, it is unclear whether similar plasticity
also occurs for adult USVs. To examine whether social exposure or deprivation throughout development leads to
changes in USV perception, eleven female CBA/CaJ mice were trained to discriminate between 18 USVs of three
different categories using operant conditioning procedures. Mice were group housed with four females or housed
individually from weaning for the duration of the experiment. Socially housed and isolated mice differed in initial
training times on pure tones, suggesting isolated mice had a more difficult time learning the task. Both groups
completed USV discrimination conditions quicker at the end of the testing phases relative to the beginning. The
overall discrimination of USVs did not differ between the two housing conditions, but a multidimensional scaling
analysis revealed that socially experienced and isolated mice perceive some USVs differently, illustrated by
differences in locations of USVs on the scaling maps from the two groups. Finally, a negative correlation was
found between spectrotemporal similarity and percent discrimination, and analyses support the idea that mice
may show categorical perception of at least two of the three USV categories. Thus, experience with USVs
changes USV perception.
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The present experiment is the first to behaviorally measure changes in perception of ultrasonic vocalizations
(USVs) by mice after different levels of social experience. Electrophysiological experiments showed in-
creases in cortical spiking in maternal females in response to pup calls (Liu and Schreiner, 2007; Cohen
et al.,, 2011), but it is unknown whether changes in neuronal activity are correlated with changes in
perception. Psychophysical measurements of USV perception from awake, behaving mice with different
social experiences are sorely needed. Further, USVs have historically been divided into researcher-defined
categories, and the present experiment is the first to examine whether mice exhibit categorical perception
of adult USVs. It is critical to ascertain the factors that influence auditory perception to further our
kunderstanding of mouse communication. j

ignificance Statement

Introduction (USVs), which differ in spectrotemporal parameters (e.g.,

For vocalizations to be useful for communication, it is  frequency, duration, and intensity). USVs are produced in
critical to perceive and understand the various vocal signals ~ Same- and opposite-sex interactions by both males and
emitted by conspecifics. Mice emit ultrasonic vocalizations ~ females (Sewell, 1972; Scattoni et al., 2011; Hammer-
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schmidt et al., 2012; Neunuebel et al., 2015) and are as-
sumed to facilitate social interactions (Portfors, 2007;
Okanoya and Screven, 2018).

USVs have been divided into categories based on
spectrotemporal parameters (Sewell, 1972; Portfors,
2007; Scattoni et al., 2011; Hammerschmidt et al., 2012),
but it is currently unknown whether these categories are
meaningful to the mice. Due to the spectrotemporal
variability of USVs, individual USVs could possibly have
a situation-specific function in mice, where certain
USVs or sequences communicate information in partic-
ular situations. To determine whether USVs have con-
text specificity, we must first ask whether mice can
discriminate between the various USVs they produce.
When mice are able to discriminate between USVs, the
USVs have the potential to communicate context-
specific information.

Auditory processing is often examined using electro-
physiological methods, such as extracellular recordings
(Portfors et al., 2009). Electrophysiology does not require
training, but it often yields measures that are less infor-
mative than results from awake, behaving mice (Klink
et al.,, 2006; Heffner et al., 2008). It is impossible to
determine whether differences in neural responsivity cor-
respond to actual differences in perception by the animal.
Through operant conditioning, mice are trained to be
“reliable observers” (Heffner and Heffner, 2001, p 19) and
researchers can make more accurate and nuanced mea-
sures of their perceptual abilities (Dent et al., 2018). For
example, Neilans et al. (2014) found that mice could
discriminate between different categories of USVs, with
increased discrimination for spectrotemporally dissimilar
vocalizations. That experiment was the first to show that
mice could discriminate between USVs of different
researcher-defined categories. The findings of that exper-
iment are limited, however, because only one USV from
each researcher-defined category was used. The relation-
ship between discrimination and spectrotemporal similar-
ity could be more complex than was reported by Neilans
et al. (2014).

Perception of USVs may be affected by social experi-
ence. Neilans et al. (2014) used chronically socially iso-
lated mice, and isolation could have led to deficits in
discrimination. Mice may need to be exposed to USVs
through social experience throughout development for
those USVs to have a communicative function (see
Chabout et al., 2015, 2016). The role of social experience
with USVs on the spiking activity of neurons in the mouse
auditory cortex was examined by Liu and Schreiner
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(2007). There were significant increases in cortical spiking
activity in maternal compared to virgin female mice to pup
USV playbacks. Cohen et al. (2011) extended these find-
ings to include pup-experienced virgin females, and
showed similar spiking activity as in maternal females.
This increase in spiking activity arose presumably be-
cause of the behavioral relevance of these USVs to the
pup-experienced virgin and maternal females compared
to pup-naive virgin females. It is unclear from these find-
ings whether there were perceptual differences to pup
calls as a result of differences in spiking activity since no
behavioral measurements were taken.

Social interactions could be critical for mice to discrim-
inate vocalizations emitted by conspecifics. Social expe-
riences of female mice are known to influence the
preference for USVs and olfactory signals (Screven and
Dent, 2018), but not the production of USVs (Screven and
Dent, 2019). Preventing mice from learning the connec-
tions between vocalizations and context could be detri-
mental to their ability to perceive USVs although it does
not change the production of the USVs. To investigate the
effect of social deprivation on USV perception, we com-
pared USV discrimination in socially housed and chroni-
cally isolated mice. We hypothesized that exposure to
conspecifics through social housing would improve USV
discrimination compared to discrimination by isolated
mice. Additionally, we hypothesized that chronic social
isolation would lead to irreversible perceptual deficits.
There was a difference in training time between mice in
the two social housing conditions in early training on pure
tones, but not on later overall USV discrimination abilities,
although a multidimensional analysis revealed differences
in perceptual mapping of the USVs between the two
groups. Finally, we were able to expand on the findings of
Neilans et al. (2014) by examining the role of spectrotem-
poral similarity of USVs on discrimination performance,
and found that the mice perceived at least some of the
USVs in a categorical manner.

Materials and Methods

Animals

Eleven female CBA/CaJ mice were used for this exper-
iment. These mice were divided into two groups: individ-
ually housed and socially housed. All five individually
housed mice were experimentally naive. Two socially
housed female mice (Js and Fr) were experimentally na-
ive; the remaining four (Jo, Ja, Re, and Fa) were previously
tested on a similar experiment investigating USV percep-
tion. That experiment was an exploratory test to examine
whether mice could more easily discriminate between
USVs from a familiar versus an unfamiliar mouse. The two
socially housed mice that were experimentally naive pro-
vided a control for the other mice’s previous experience
with the test stimuli and procedure. The individually
housed mice were separated from their litter at weaning
and lived alone in their home cages (30 X 19 X 13 cm)
with stainless steel covers, bedding, and nesting material
for the duration of the experiment. These mice did not
have any social contact with any other mice, although
they were not acoustically isolated from the rest of the
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Figure 1. Schematic of the operant conditioning chamber. Mice
were trained to nose poke into the observation (obs.) and report
holes to receive reinforcement from the dipper.

colony. The six socially housed mice were housed in two
large home cages (47 X 25.5 X 21.5 cm) with stainless
steel covers, bedding, and nesting material. Socially
housed mice lived in groups of four. Re, Ja, Jo, and Fa
lived together in cage 1 and Fr and Js lived in cage 2,
along with two mice used in other experiments.

Apparatus

The mice were tested in a wire cage (23 X 39 X 15.5
cm) placed in a sound attenuated chamber (53.3 X 54.4 X
57 cm) lined with 4-cm thick Sonex sound attenuating
foam (llibruck, Inc.). The chamber contained an overhead
web camera (Logitech B910 HD) and a small 25-W white
light to monitor mice during test sessions. Signals were
played from an electrostatic speaker (Tucker-Davis Technolo-
gies, Model ES1). The cage also contained two nose-poke
holes surrounded by infrared sensors (Med Associates Model
ENV-254), and a response dipper (Med Associates Model
ENV-302M-UP; Fig. 1).

Test stimuli

Vocalizations were recorded from two female CBA/CaJ
mice (Mouse K and Mouse ) who previously (approxi-
mately six months earlier) lived with the four experimen-
tally experienced mice (two groups of four, one vocalizer
per cage). Three mice lived with one vocalizer (Re, Ja, and
Jo lived with Mouse K), and the remaining mouse lived
with the other (Fa lived with Mouse I). The mice used in
this experiment did not live with the vocalizers at any point
during testing. Vocalizations were recorded using a con-
denser microphone [UltraSoundGate CM16/CMPA, flat
frequency response (+6 dB) between 25 and 140 kHz],
which was attached to the lid of the recording chamber, 8
cm above the cage. Acoustic signals traveled to an HP
Pavilion 500 PC computer through an Avisoft recorder
(BioAcoustics UltraSoundGate 116H, 300-kHz sampling
rate with a 16-bit format). Vocalizations were analyzed
with Adobe Audition CS6 on an HP Pavilion 500 PC.

The stimuli were recorded by placing one female in a
home cage (18.5 X 12.5 X 29.5 cm) that contained dirty
bedding from a cage mate. The cage was placed inside a
recording chamber (46 X 41 X 74 cm). This chamber was
lined with Sonex anechoic foam (4 cm). Vocalizations
were elicited from the mice by putting a cage mate in a
separate home cage 14 cm away, following a 6-h sepa-
ration. Due to the high directionality of the USVs, we were
able to ensure all USVs in the recording were from the
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desired female, as USVs from the other female were much
quieter on the recording.

The recordings were analyzed and we chose USVs from
three categories to use as stimuli in this experiment.
These categories were chevron, complex, and upsweep
(Fig. 2). A total of 18 USVs were used as stimuli: five
chevron, six complex, and seven upsweep USVs. Chev-
ron USVs were characterized by an inverted U-shape in
frequency modulation. They had a mean 20-kHz rise and
13-kHz fall in frequency and a mean duration of 83 ms.
Complex USVs had a minimum of two changes in the
direction of frequency modulation and frequency modu-
lations of at least 5 kHz. These USVs had a mean duration
of 60 ms. Upsweep USVs were characterized by an in-
crease in frequency across the duration of the USV, with
a mean total increase of 20 kHz. Upsweep USVs may
show a slight decrease in frequency at the end of the USV,
but the end frequency of the stimulus must be >7 kHz
from the starting frequency of the stimulus. Therefore,
these upsweep USVs are distinct from chevron USVs.
Additionally, upsweep USVs may show a slight decrease
in frequency at the beginning of the USV. The upsweep
USVs had a mean duration of 51 ms. All USVs were
presented at the same intensity [50-dB SPL, LAFmax
(maximum intensity of a sound rising using the A-scale
and fast time constant)] during the entirety of the experi-
ment.

The stimuli were named, for example, with the nomen-
clature of: “I Chevron B”, where “I” refers to the vocalizer
(I or K), “Chevron” refers to the category of USV (chevron,
complex, or upsweep), and “B” refers to the rendition
(A-D, a random assignment of different vocalizations fit-
ting the category produced by the specific vocalizer).

Experimental design and statistical analyses

Mice were trained using a go/no-go operant condition-
ing procedure on a discrimination task. The mice were
tested once per day for 1 h, 7 d per week. Each mouse
was tested on all 18 USVs unless they became too ill to
complete the experiment. Each USV served as a back-
ground and target stimulus. Every background-target
stimulus combination was tested for each mouse.

Before the mice began testing, they were trained using
strict criteria for both hit rate and false alarm rate on a
pure tone detection task. The training stimulus was a
500-ms 16-kHz pure tone with a 40-ms rise/fall time. Pure
tones were presented two times, separated by 500 ms of
silence, and mice were required to correctly respond to
tones before being tested using USVs. After mice reliably
detected the 16-kHz pure tone, they were transitioned to
USV stimuli. To ensure that the mice understood the
discrimination procedure, they were first trained to detect
high-intensity target USVs while the background USV was
attenuated to 0-dB SPL. When the subjects were able to
detect over 80% of the targets correctly with less than a
20% false alarm rate (criterion performance), the back-
ground attenuation decreased by 5-10 dB until the same
criterion performance was reached again, then the back-
ground was attenuated less, and so on. This continued
until the background USV was presented at the same
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Figure 2. Spectrograms of all USVs used in this experiment. USVs in rows a, ¢, e were produced by Mouse K, while USVs in rows
b, d, f were produced by Mouse |. Chevron vocalizations are depicted in rows a, b. Complex vocalizations are depicted in rows c,
d. Upsweep vocalizations are depicted in rows e, f. A-D are different renditions of each USV.

intensity as the target USVs, at which time the mouse was
considered in the testing phase.

Mice began a trial by nose poking through the left
observation hole, which initiated a variable waiting interval
that ranged from 1 to 4 s. During this time, one of the 18
USVs that served as the background stimulus was pre-
sented repeatedly, with a 200-ms silence interval between
each presentation. Only one background USV was pre-
sented per session. After the waiting interval, one of seven
possible target USVs was presented, alternating with the
background two times. When the mouse was able to
discriminate between the background and the target
USVs, it was required to nose poke through the right
report nose-poke hole within 2 s of the onset of the test
stimulus. In this trial type, a “hit” was recorded when the
mouse responded within the response window and the
mouse received 0.01 ml of Ensure as reinforcement. A
“miss” was recorded when the mouse failed to nose poke
through the report nose-poke hole during the response
interval. In this case, the mouse was able to move on to
the next trial immediately, as no punishment (timeout) was
administered when the mouse missed a target stimulus. A
schematic of the trial structure is shown in Figure 3.

September/October 2019, 6(5) ENEURO.0049-19.2019

Experimental sessions consisted of multiple random
blocks of ten trials each. Within each block of ten, seven
were “go” trials and three were “no-go” trials. The se-
quence of go and no-go trials within each block was
random except for the constraint that no more than two
no-go trials were presented in a row. In the no-go trials,
the repeating background continued to be presented dur-
ing the response phase. These trials were required to
measure false alarm rate to determine whether the mouse
was guessing. When the subject nose poked in the report
poke-hole during the response period, a “false alarm” was
recorded and the mouse was punished with a 5-s timeout
interval, during which another trial could not be initiated.
When the subject continued to nose poke into the obser-
vation hole, a “correct rejection” was recorded and the
mouse continued on to the next trial immediately (no
timeout). In either case, no reinforcement was given. False
alarm rate is a measure of how often mice randomly
responded into the report hole when no target USVs were
presented. Sessions were excluded from analysis when
the mice’s false alarm rate exceeded 20%.

In go trials, seven of the seventeen possible target USV
types were presented randomly throughout the session.
When a mouse completed 20 trials for each of the first
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Figure 3. Schematic of the trial structure of the USV discrimination

seven USV types (200 total trials including the 60 no-go
trials) with a false alarm rate <20%, the mouse remained
on the same background USV and the next seven USV
types were used as target stimuli. Mice were not required
to reach a minimum percent correct of 80% during the
testing phase, as mice were not able to discriminate some
targets from the background during testing. After the
mouse completed 200 trials for the second group of target
stimuli, they were tested on the last three USVs with the
same USV serving as the background as the previous two
conditions and completed 20 trials for each of the remain-
ing 3 USVs (100 total trials, including 30 no-go trials and
10 already tested USV trials). A mouse completed a con-
dition once all 17 target USVs had been discriminated
from the background USV at least 20 times each. All mice
were tested on all background-target USV combinations
in a random order, and a different random order was used
for each subject. Mice completed between 50 and 300
trials per session.

To determine whether there were cognitive deficits in
isolated mice, we conducted a Mood’s median test to
compare the number of training days required by the
isolated and socially housed mice before they could begin
testing. We also conducted a Mood’s median test to
evaluate the relationship between condition number and
number of days required to complete each condition be-
tween socially housed and isolated mice. It is important to
note that condition number refers to the order the mice
ran on each condition, regardless of which USV served as
the background. To correct for multiple comparisons, a
Bonferroni correction was applied such that significant
results are denoted by p < 0.003. Additionally, to deter-
mine whether there were differences in discrimination of
target USVs from background USVs between social and
isolated mice, we conducted a Mann-Whitney U test on
the percent correct for each target USV separately, using
housing condition (social vs isolated) as the factor of
comparison. A Bonferroni post hoc correction was ap-
plied to correct for multiple comparisons, such that
significant differences are denoted by p < 0.008.
Next, we conducted a multidimensional scaling analysis
(PROXSCAL, identity), which used percent discrimination
of every USV versus every other USV to determine the
perceptual maps of the USVs for social and isolated
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female mice. To examine how each mouse contributed to
the multidimensional scaling analyses, we created an in-
dividual weight graph (PROXSCAL, weighted Euclidian).
To determine the relationship between discrimination per-
formance and spectrotemporal similarity of USVs, we
conducted Spearman’s rank-order correlations for social
and isolated mice. Lastly, to examine whether mice dif-
ferentially discriminated USVs within versus between cat-
egories, we conducted three Mann-Whitney U tests on
discrimination performance (percent correct) for all three
background USV categories (within category vs between
categories) for both socially housed and isolated mice. To
correct for multiple comparisons, a Bonferroni correction
was applied such that significant results are denoted by
p < 0.008.

Results

Number of training and testing days per condition

A Mood’s median test revealed significant differences
between socially housed mice and socially isolated mice
with respect to number of days required to train on pure
tone stimuli (y* = 4.412, p = 0.036). Socially housed mice
required a median of 50 d to complete training, signifi-
cantly fewer days than isolated mice, which required 97 d
(Fig. 4). This effect is not the result of the four social mice
(Jo, Ja, Re, and Fa) having experience with another USV
perception task before the beginning of the present ex-
periment, as the training took place before the onset of all
USV discrimination tasks for all mice in both housing
groups. Next, the number of days required to complete
each USV discrimination condition was examined in both
housing groups (Fig. 5). The results of the Mood’s median
test revealed isolated mice required significantly more
days to complete the first condition than socially housed
mice (x> = 11.000, p = 0.0009; regardless of which USV
served as the background). No other condition showed
significant differences between mice in the two housing
conditions. Thus, initially, socially housed mice performed
better on the discrimination task than isolated mice, but
after the first condition both groups required a similar
number of days to complete each condition.
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Figure 4. Number of days required for social (gray bars) and
isolated (white bars) mice to complete pure tone detection train-
ing. Boxes represent upper and lower quartile range, horizontal
lines represent median, error bars represent maximum and min-
imum number of days.

Discrimination of target USVs

The discrimination performance (percent correct) for all
target USVs within a single background USV was com-
pared between mice in the two housing conditions
(means are shown in Fig. 6, separately for mice in each
housing condition). Both groups were generally good at
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Days Per Condition

New Research 6 of 11
discriminating between USVs (high percentage of green
squares). Percent discrimination varied across combina-
tions from 9.6% to 100%. The Mann-Whitney U test
found no significant differences between socially housed
and isolated mice for any USV-USV discrimination com-
bination.

Multidimensional scaling analyses

Individual matrices were created from each mouse’s
percent correct discrimination of every USV target from
every USV background. These matrices were used to
calculate multidimensional maps of USV perception in the
two groups of mice (Fig. 7). Due to the asymmetry of the
matrices (percent corrects were not equal in correspond-
ing cells above and below the diagonals), the maps were
created using a PROXSCAL analysis using the full matrix
from each mouse. The two-dimensional maps accounted
for 91% of dispersion in social mice and 90% of disper-
sion in isolated mice. In general, for mice in both housing
conditions, perceptual maps generally grouped USVs
within categories close together, especially the complex
and upsweep USVs. There are differences between the
two maps, suggesting that overall perception of the USVs
differs between the two groups of mice, although that
difference cannot be quantified using this technique. In-
dividual weight maps depict the similarity of responses
based on mouse identity (Fig. 8). There were no clear
separations of mice from the two housing conditions. That
is, individual subjects from both groups used similar fea-
tures of USVs for discrimination.

Social

o

120
100 f
80 |
60
40
20

Days Per Condition

Condition Number

Figure 5. Number of days required for (a) isolated and (b) socially housed mice to complete each of the 18 background USV

discrimination conditions.
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Figure 6. Mean percent correct discrimination values for every background USV against every target USV for social (@) and isolated
(b) mice. Percent corrects ranging from 0% to 33% are shaded in purple. Percent corrects ranging from 34% to 66% are shaded in
yellow. Percent corrects ranging from 67% to 100% are shaded in green.

Spectrotemporal similarity

Spectrotemporal similarity was computed using Raven
Pro software (v.1.5, Cornell Lab of Ornithology) using the
Batch Correlator function, which computed the similarity
of the 18 USVs against each other (see Raven Pro 1.4
User’'s Manual, pp 221-224 for calculation). Similarity

ranged on a scale from 0 to 1, with 0 being not at all
similar and 1 being identical. The role of spectrotemporal
similarity on discrimination performance was examined
using Spearman’s rank-order correlation (Fig. 9). There
was a significant negative correlation between spectro-
temporal similarity and percent discrimination in both so-
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Figure 7. Multidimensional scaling analysis for (@) social (filled symbols) and (b) isolated mice (open symbols) for chevron (circles),
complex (squares), and upsweep (triangles) USVs. Large circles represent researcher-created categories of USVs in similar perceptual

spaces.
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Figure 8. Map of the individual subject weights of social (filled
symbols) and isolated (open symbols) mice that contributed to
the multidimensional scaling analysis. Subjects close together
used similar attributes when discriminating between USVs.

cially isolated (r.2 = -0.320, p < 0.001) and socially
experienced mice (r,2 = -0.389, p < 0.001).

Categories of USVs

For both socially housed and isolated mice, some USVs
were difficult to discriminate (e.g., KComplexC vs KCom-
plexA), while other USVs were easy to discriminate (e.g.,
KChevronA USV targets vs every other USV background).
No clear pattern emerged in Figure 6 as to which discrim-
inations were difficult and which were easy, except that
discriminations within researcher-defined categories (e.g.,
complex vs complex) were harder than discriminations
across researcher-defined categories (e.g., upsweep vs
chevron). When we compared the mean percent discrim-
ination performance for within versus across categories
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(using the matrices in Fig. 6), this became even more
apparent, at least for two of the three categories (complex
and upsweep; Fig. 10).

The spectrotemporal correlations in the section above
suggest that spectrotemporal similarity plays a role in
discriminating between USVs. In Figure 9, the outline
color of the symbols represents whether that particular
discrimination type was within (purple outlines) or across
(green outlines) researcher-defined USV categories. Al-
though discrimination was generally poorer when spec-
trotemporal similarity was high, Figure 10 shows that this
was not the only factor in discriminating between USVs.
Most of the lowest percent discrimination values in Figure
9 are outlined in purple, across all spectrotemporal simi-
larities, suggesting categorical perception may also be
contributing to performance.

The categorical perception of USVs was further exam-
ined using a Mann-Whitney U test for socially housed and
isolated mice for each of the three USV categories (Fig.
11). Discrimination of USVs within the same category was
significantly worse for socially housed mice for both com-
plex (U = 19,551.500, p < 0.001) and upsweep (U =
27,654.000, p < 0.001) backgrounds. Discrimination was
also worse within the same category than between cate-
gories in isolated mice for complex (U = 19,749.000, p <
0.001) and upsweep (U = 37,322.500, p < 0.001) back-
grounds. The pattern of discrimination reversed for chev-
ron backgrounds for both social (U = 32,317.500, p <
0.001) and isolated mice (U = 17,024.000, p < 0.001),
with mice discriminating targets within the chevron cate-
gory better than they discriminate chevrons versus USVs
from other categories. These results are similar to the
multidimensional scaling analyses results, where the mice
placed the complex and upsweep USVs into separate
perceptual spaces, while the chevrons were located
throughout the maps. Thus, it appears that the chevron
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Figure 9. Percent correct discrimination as a function of spectrotemporal similarity by (a) social and (b) isolated mice. Symbols
represent mean discrimination for each target in all 18 conditions. Each symbol represents a different background USV. Symbol edges
are purple for within category discriminations and green for across category discriminations. Spearman’s rank order correlation

coefficients are shown for each group of mice.
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Figure 10. Mean percent discrimination (a) across categories and (b) within categories, separated by USV (chevron, complex, and
upsweep) and housing condition (socially housed (Soc) and isolated (Isol)). Green portions of the bars represent the best discrimi-
nation abilities (67% to 100%), yellow portions represent medium discrimination abilities (34% to 66%), and pink portions represent
poor discrimination abilities (0-33%).
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USVs were not perceived as a single category, while the
mice may have perceived the complex and upsweep
USVs categorically.

Discussion

The goal of this experiment was to determine whether
the perception of USVs was affected by social isolation in
mice. It is unclear whether social isolation caused deficits
in learning the operant task using simple auditory stimuli
(16-kHz pure tone), but isolated mice required signifi-
cantly more days to learn the task than socially housed
mice. There were early deficits in USV discrimination for
mice in both housing groups, which disappeared after a
few sessions. This deficit was more pronounced in iso-
lated mice, as they required significantly more days to
complete the first USV discrimination condition than
socially housed mice. It is worth investigating further
whether social isolation alters acoustic processing in gen-
eral, or whether it could be limited to natural signals, such
as USVs. If social isolation produces significant stress or
alters motivation levels of the mice, there should be no
difference between natural and synthetic signal percep-
tion, just differences in task learning. However, the effects
of this type of “social buffering” (Sullivan and Perry, 2015)
on auditory perception are largely unknown.

The multidimensional scaling analysis (Fig. 7) showed
that mice grouped USVs into categories that generally
agree with the categories we created for the stimuli in this
experiment. It is important to note that the location of
each USV relative to all the others is the main point of
consideration, and the exact location of the USVs is not
relevant for the interpretation of the maps. The greatest
differences in the perception of USVs between housing
conditions emerged within the chevron category. For both
socially housed and isolated mice, chevron USVs were
not localized as a single group, but were located between
and around the complex and upsweep categories; how-
ever, the location of these USVs within the perceptual
space was not the same for isolated and socially housed
mice. This suggests that isolated and socially housed
mice perceived USVs classified as chevrons a priori much
differently, despite these USVs having similar spectrotem-
poral “shapes.” In contrast, mice in the two housing con-
ditions showed similar patterns of mapping for the
complex and upsweep USVs. The lack of a distinct chev-
ron group in the maps suggests that the criteria used by
researchers to define categories are not always accurate;
mice may attend to characteristics of the USVs that re-
searchers currently do not take into account when creat-
ing categories.

Mice from both housing conditions used similar param-
eters of USVs to discriminate between stimuli. The dimen-
sions of both perceptual maps were compared to the
parameters of the stimuli and general patterns emerged
(exceptions to these patterns may exist, and we have no
way of knowing from these results whether these are the
parameters that the mice are actually using for discrimi-
nation). In socially housed mice, dimension 1 of the per-
ceptual map could correspond to the starting frequency
of the USVs. The negative side of this dimension corre-
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sponds to USVs with higher starting frequencies, and the
positive end contains USVs with lower starting frequencies.
Alternately, dimension 1 could correspond to frequency
modulation. The negative side contains “complex” USVs
with a larger number of changes in frequency direction
within the USV and the positive section contains “simple”
USVs with fewer changes in frequency direction across
the USV. Dimension 2 may be related to the duration of
the stimuli, as USVs with longer durations are generally
aligned with the positive portion of this dimension and
USVs with shorter durations generally aligned with the
negative portion of this dimension. Dimension 1 for iso-
lated mice likely corresponds to the frequency modulation
of the USVs. The negative portion of dimension 1 contains
simple USVs with fewer changes in frequency direction,
whereas the positive portion contains complex USVs with
more changes in frequency direction. Dimension 2 in the
isolated mice’s perceptual map appears to relate to du-
ration, with USVs of shorter durations aligned with the
positive portion and longer durations aligned with the
negative portion of this dimension. There may be other
parameters used by the mice to aid in their discrimination
that could align with these dimensions as well.

The results from the two socially housed mice who were
new to psychophysical testing (Fr, Js) did not differ from
three of the four mice who had previously participated in
a USV discrimination task (Fa, Ja, Jo), as shown in the
individual weight map (Fig. 8). Additionally, the individual
weight map shows that socially housed and isolated mice
generally perceived USVs the same way. The majority of
mice in both groups were clustered together, providing
evidence for similar perceptual patterns for USVs.

This experiment is only the third investigation of USV
discrimination using natural stimuli from adult mice and
behavioral methods. Using similar methods, Holfoth et al.
(2014) found that, in mice, the beginning of the USV was
more important for discrimination than the middle or end
of the USV, paralleling human word recognition. In the
present experiment, the very slight differences in the stim-
ulus presentation rhythm when a background USV was
alternated with the target USVs are unlikely to be noticed,
as the mice in the Holfoth et al. (2014) experiment showed
extremely poor performance (~20% correct) when dis-
criminating a whole USV from the first third of a cropped
USV. This was found to be unique to USVs, as discrimi-
nating between a USV and a short pure tone was easier
(but mice still performed at only 60% correct). Neilans
et al. (2014) found that mice could discriminate between
USVs of five categories. The results from Neilans et al.
(2014) suggested mice relied on spectrotemporal similar-
ity of USVs to aid in their discrimination. When two USVs
were highly spectrotemporally correlated, they were more
difficult to discriminate. The current experiment aimed to
expand on the results of Neilans et al. (2014) by using
multiple USVs per category, as well as to determine
whether social experience changes how mice rely on
spectrotemporal similarity to discriminate between USVs.
Mice in both housing conditions showed a negative cor-
relation between spectrotemporal similarity and USV dis-
crimination, agreeing with the results of Neilans et al.
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(2014). In socially isolated mice, spectrotemporal similar-
ity accounts for 32.0% of the variance observed in
discrimination performance. Similarly, spectrotemporal
similarity accounts for 38.9% of the variance in socially
housed mice’s discrimination ability, slightly more than in
isolated mice. This suggests that mice rely on spectro-
temporal similarity, at least in part, to help discriminate
between USVs.

Finally, this experiment was the first to test whether
mice perceive their USVs in accordance with the
researcher-defined categories that are found throughout
the literature. Categorical perception is characterized by
poor discrimination of within-category stimuli and better
discrimination of across-category stimuli. We investigated
whether mice showed this pattern for discrimination of
researcher-defined USV categories. Mice in both housing
conditions showed increased discrimination performance
when the target and background USVs were in different
categories compared to when both target and back-
ground USVs were within the same category (Figs. 9-11).
Although it has previously been demonstrated that mater-
nal female mice show categorical perception of pup calls
(Ehret and Haack, 1981; Ehret, 1992), this is the first step
in demonstrating that mice may show categorical percep-
tion of adult USVs, providing further evidence that mice
are able to use their USVs to communicate important
information. Although much more investigation is required
to determine how USVs are used in adult communication,
it is clear that mice are able to discriminate between
USVs, even those within the same researcher-defined
categories (e.g., complex vs complex). The results of this
experiment provide evidence that mice could be using
USVs for communication, since the first criterion is dis-
criminating between different USVs. Further, both the
categorical perception analyses and the multidimensional
scaling analyses suggest that some researcher-defined
categories of USVs are better than others. Discriminating
among chevron USVs did not follow the same trend as
discrimination of the other two categories.

The findings of the present experiment demonstrate
how perception of communication signals is and is not
affected by social experience. Socially housed and iso-
lated mice relied, at least in part, on different parameters
of USVs to aid in discrimination. This difference is illus-
trated by dissimilarities between the perceptual maps of
mice from the two housing conditions. The results sug-
gest that socially housed mice are probably more atten-
tive to specific features of USVs (e.g., start frequency)
compared to isolated mice, who attended to more global
features of the targets (e.g., duration, overall frequency
modaulation). The categorical perception analyses suggest
that any differences in the perception of USVs between
housing groups are minor, and do not affect the general
classification of various acoustic signals. The differences
in results between the complex and upsweep USVs
(seemingly accurately defined mouse perceptual catego-
ries) and the chevron USVs (seemingly inaccurately de-
fined mouse perceptual categories) suggest that mice
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may be attending to characteristics present in USVs that
humans are unable to recognize.
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