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Abstract

Ultrasonic vocalizations (USV) of mice are increasingly recognized as informative dependent variables in studies using
mouse models of human diseases. While pup vocalizations primarily serve to re-establish contact with the mother, adult
male “songs” were considered to be courtship signals. Alternatively, mouse USVs may generally function as territorial
signals. To distinguish between these two hypotheses, we compared the structure and usage of adult male and female
USVs in staged resident-intruder encounters. If calls function primarily as courtship signals, males should respond stronger
than females, specifically when presented with a female intruder. Refuting this hypothesis, we found that in response to
female intruders, females called more than males (22832 calls/min vs. 71£15 calls/min), and males called more to female
than to male intruders (14=7.5 calls/min). There were no significant differences in the acoustic characteristics of the calls
given by females and males. To control for the influence of the intruder’s behavior on calling, we repeated the experiments
using anaesthetized intruders. Again, females produced more calls to female than male intruders (17317 calls/min vs.
71215 calls/min), while males called more in response to female than male intruders (3917 calls/min), and there were no
acoustic differences in female and male calls. The vocal activity did not differ significantly with regard to intruder state
(awake or anaesthetized), while the acoustic structure exhibited significant differences. Taken together, our findings support
the view that calls do not mainly function as courtship signals, although they might serve both a territorial (sex-
independent) and a courtship function. The comparison of responses to awake vs. anaesthetized intruders suggests that the
latter are sufficient to elicit vocal activity. The subtle acoustic differences, however, indicate that the subject differentiates
between intruder states.
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Introduction replicated by Maggio and Whitney [18]. Recent studies using the
resident-intruder paradigm, where a subject in its “home cage” is
confronted with an intruding individual, showed that resident
females emitted a comparable amount of USVs during these
encounters as males [19]. In this design, the ‘resident’ animal was
kept for one or more days in a ‘home’ cage. During the test, the
‘intruder’ was placed in the cage of the resident animal. The
number of calls emitted by the resident seemed to be modulated by
the motivational state of the caller. For instance, sexually receptive
females emitted fewer ultrasonic vocalizations than non-receptive
ones in the presence of a female intruder. In general, the results
suggested that USVs emitted during such social interactions can be
used as an indicator of social recognition. Scattoni and colleagues
[1,20] also found that USVs produced during resident-intruder
tests could be used to characterize the social relationships between
different females or to establish social dominance hierarchies [18].

In the present study, we aimed to shed more light on the
function of adult mouse USVs by comparing both the usage and

In the last years, mouse ultrasonic vocalizations (USV) have
received increasing attention, specifically as behavioral read-outs
in genetic mouse models of human psychiatric disorders (e.g., [1—-
3]; reviewed in [4]), but also in studies of the genetic foundations of
speech [5]. Studies targeted two general categories of calls: pup
isolation calls and adult “songs”. Mouse pups emit isolation calls
when removed from the mother, and in response to dropping body
temperature, handling, or specific smells. In general, these calls are
considered to be signals of need addressed to mothers [6-8]. Pup
calls show some developmental modification, but auditory
experience does not influence the structure of pup or adult calls
later in life [9].

Fewer studies have examined the biological function of adult
calls. Brudzynski [10] suggested that USVs evolved as an anti-
predator adaptation that now serves to facilitate or inhibit social
interaction [11,12]. In contrast, Holy and Guo [13,14] proposed
that adult male songs function as courtship signals, but this
interpretation has been questioned [15,16]. The view that calls
may serve a territorial function — that is to repel intruders or
facilitate interaction and assessment — is supported by studies that
examined female vocal behavior. Sales [17] reported that females
emit USVs when paired with other females, a finding later

structure of calls given by males and females in resident-intruder
encounters. If calls primarily serve as courtship signals, males
should produce more calls than females when presented with a
female intruder, and their calls should be more elaborate than
females’ calls. Moreover, males should produce more calls — and
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more elaborate ones — in response to female than male intruders.
In case that calls mainly serve a territorial function or to establish
social hierarchies, we would predict that females should respond in
a similar way as males to female intruders. In terms of the acoustic
structure, this hypothesis does not predict strong structural
differences between the sexes. We measured the number of calls
and latency to call; in addition, we characterized the call usage by
performing a cluster analysis to identify call types and then
calculated call type usage based on this objective classification of
calls. Finally, we measured a suite of acoustic parameters to
compare male and female vocalizations.

Results and Discussion

Experiment 1

In response to female intruders, female mice called significantly
more than males (t-test, t= —5.1, N =28, P=<0.001), and overall
produced the highest number of calls. Males called significantly
more in response to female than male intruders (paired t-test:
t=—4.5, N=20, P=<0.001; Figure 1A). In response to female
mntruders, both females and males revealed a short latency until
they began calling (t=—0.1, N=24, P=0.909), while the latency
was significantly longer in males confronted with male intruders
than with female intruders (t = 5.4, N = 20, P= <0.001; Figure 1B).

With the aid of a two-step cluster analysis, we identified three
clusters corresponding to three different call types. The first cluster
(CT1: 43.2% of calls) contained short calls (19.6 3.3 ms; mean =
SEM) mainly with increasing peak frequency and without major
frequency jumps (9.2%0.25 kHz). The second cluster (CT2:
39.8%) consisted of calls of medium duration (40.1%0.7 ms),
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more or less decreasing peak frequency, and medium frequency
jumps (14.8%£0.54 kHz). The third cluster (CT3: 17%) contained
calls with a long duration (95.3%1.6 ms) and high frequency
jumps (28%+0.54 kHz; Figure 2). A post-hoc discriminant function
analysis correctly assigned 93.9% of the calls to the correct call
category (cross validated: 93.9%, chance level: 33%). All three call
types were used by females and males in all conditions (Table 1).
However, males and females used calls from the CT'1 category in
significantly different proportions (Table 1). In terms of acoustic
differences between male and female encounters, we found no
significant differences in call duration, maximum peak frequency
or any other of the tested variables (Table 2).

The results revealed that females responded more strongly than
males and showed the same acoustic structure, refuting the
assumption that these songs primarily serve as courtship signals.
However, it might be the case that the calling behavior is also
affected by the behavior of the intruder. Although an inspection of
the spectrograms did not indicate that two animals were calling at
the same time, as there were no overlapping calls (data not shown),
we aimed to control for these possibly confounding effects by
repeating the experiment, using anaesthetized ‘intruders’. We
expected that resident female and male mice produce a similar
number of USVs in response to vivid and anaesthetized intruders,
as males were previously shown to respond to urinary samples of
females with calling behavior [14].

Experiment 2

The responses to anaesthetized intruders followed a similar
pattern as the responses to vivid intruders. In response to female
intruders, female mice called significantly more than males (t-test,
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Figure 1. Number of calls and latency to call. A: Number of calls given in response to vivid intruder. B: Latency to call in response to vivid
intruder. C: Number of calls given in response to anaesthetized intruder. D: Latency to call in response to anaesthetized intruder. Experimental
conditions: RM =resident male, IM=intruder male, IF =intruder female, RF =resident female. Showa are mean and SEM. Significant differences: *

<0.5, ** <0.01, <= ***,
doi:10.1371/journal.pone.0041133.g001
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Figure 2. Spectrographic examples of different vocal types found by two-step cluster analysis (CA).

doi:10.1371/journal.pone.0041133.g002

t=-—3.5, N=37, P=0.001), and overall produced the highest
number of calls. In addition, males called more in response to
anaesthetized female than male intruders (paired t-test, t= —2.5,
N =19, P=0.022; Figure 1C). Resident males tended to reveal a
shorter latency in response to intruding females than males (paired

Table 1. Percentage of call types usage (Mean +— SEM).

Male/vivid Male/vivid Fem/vivid

Male Fem Fem P-values
CT1 (%) 29.6*6.5 19.1+1.7 33.4+4.3 0.018
CT2 (%) 52974 50*3.2 42.8*4 0.578
CT3 (%) 17.4%*8 30.6+4.3 23.9%5.5 0.578

P-values showed the results of the LMM with resident-intruder design as fixed
factor and subject as random factor. Post hoc comparison was done with the
least significant difference method (LSD). P-values of different call types were
corrected for multiple testing (Simes correction). Significant differences are
marked bold.

doi:10.1371/journal.pone.0041133.t001
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t-test: t=2.2, N=9, P=0.064; Figure 1D). In terms of the call
structure given by male residents to anaesthetized male or female
intruders and female residents to anaesthetized female intruders
we did not find any significant differences in call type usage
(Table 3) or in acoustic variables (Table 4).

We found no significant differences in the number of calls given
to vivid or anaesthetized intruders (LMM: I, 46 =0.83, p =0.366),
and marginally significant differences in the latency to start calling
(LMM: F, 95=3.8, p=0.063). In contrast, we found significant
differences in the structure of calls given in response to vivid
compared to anaesthetized intruders (Table 3 last column, Table 4
last column). In response to vivid intruders, male and female
residents used fewer short calls with ascending frequency (C'T'1),
and instead more long calls with frequency jumps (CT3; Table 1,
3). Accordingly, we found significantly longer calls with higher
frequency jumps in response to vivid intruders. In addition, calls
given in response to vivid intruders showed a significantly lower
maximum peak frequency, an earlier location of the maximum,
and the slope was generally more negative (Table 2, 4).
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Table 2. Acoustic differences in relation to resident-intruder design (Mean +— SEM).

Male/vivid Male Male/vivid Fem Fem/vivid Fem P-values

Duration [ms] 40.9+7.7 613*6.4 54.5+5.9 0.557
Amplitude gap [%] 55*0.6 7.1x0.7 7.2%1 0.756
PF start [kHz] 752%1.1 735+1.2 754%+0.8 0.557
PF max [kHz] 87.5*+3 85.2+1.2 86.8*+1 0372
PF max loc [1/duration) * loc] 0.37%0.05 0.340.01 0.42+0.03 0.36

PF jump [kHz] 18.6+4.7 19.4x19 13.1%+1.2 0.372
PF jump loc [1/duration) * loc] 0.39+0.04 0.37%+0.01 0.43%+0.03 0.372
Slope of trend —0.14+0.07 —0.07+0.02 0.04+0.03 0.557

correction).
doi:10.1371/journal.pone.0041133.t002

Despite the fact that we found significant differences in a
number of acoustic parameters, we did not found condition
specific call types. A discriminant function analysis with all eight
acoustic parameters used in the analysis had difficulties to assign
the calls reliably to the experimental conditions (correct assign-
ment: 50.7%; cross validated: 50.1%, chance level: 33.3%). For
male calls given to vivid female intruder (courtship vocalization)
we found a correct assignment of 43.9%. The assignment of
female calls given to vivid female intruder did not get a better
result (correct assignment: 49.8%). Only male calls given to
anaesthetized female intruder reached a marginal better result
(60.3%). Figure 3 illustrates the overall similarity of calls given by
males and females, and in response to vivid and anaesthetized
intruders.

The results indicate that the use of anaesthetized intruders is
sufficient to elicit calling behavior from both females and males.
The subtle differences in the acoustic structure indicates that
subjects perceived the situations differently, perhaps as less
arousing, as the calls given in response to anaesthetized intruders
were shorter and exhibited fewer frequency jumps. These results
support earlier findings that quantity and quality of emitted USV
can be a useful marker to distinguish different contextual and
motivational states [1,19,20,21].

General discussion

The findings that females responded generally most strongly,
and that there were no significant acoustic differences in the
acoustic  structure of female and male calls questions the
assumption that songs should primarily be considered as “male
courtship signals™ [13,16]. Studies of wild animals also reported
that males and females have a similar vocal behavior; California
mice (Peromyscus californicus) produced USVs in the same contexts
[22]. However, these mice have a different social system and a

Table 3. Percentage of call types usage (Mean +— SEM).

P-values showed the results of the LMM with resident-intruder design as fixed factor and subject as random factor. P-values were corrected for multiple testing (Simes

very simple structure in their USVs in comparison to the complex
USVs of the mouse strain we used in this study. Although we
refute the assumption that all calls are “courtship songs”, we
cannot exclude the possibility that mouse songs have a variety of
different and partly overlapping functions. This is not unusual.
Bird song, for instance, typically functions to mark a male’s
territory and to attract females [23], while male baboon loud calls
are used as displays of fighting ability as well as alarm calls [24].
The idea that mouse songs may serve different functions is
compatible with the findings that the hormonal status of males has
a crucial influence on whether the male starts to call [25] in
response to females and that such call sequences can be elicited by
female sex pheromones alone [26,27]. It appears unlikely though
that this is the sole function of these calls. This view is also
supported by playback experiments [15,28] showing strong
habituation of female towards male songs, which is an untypical
response for advertisement calls [29].

The view that female and male USVs given during these social
encounters function as territorial signals is bolstered by two
observations. Firstly, in studies with anesthetized residents,
intruders produced only few or no vocalizations [30,31], while
several studies demonstrated that during social encounter the
USVs are predominantly given by the resident animal [30-33].
Secondly, females in our study were only motivated to call when
they were placed alone for more than one day in their “home
cage”. During our pilot studies, we found that females which were
only briefly moved to a new cage typically remained silent in
response to “intruders”. This may also be the reason why we were
unable to replicate the finding by Maggio and colleagues [18], who
reported that female residents fail to call in response to
anaesthetized male intruders.

The use of anaesthetized intruders appears to be a viable
alternative to the use of vivid intruders. Because mice mostly do

Male/anaesth. Male Male/anaesth. Fem Fem/anaesth. Fem P-values P-values vivid-anaesth.
CT1 (%) 35.6+£5.44 3744 47*4.6 0.681 <0.001
CT2 (%) 56.5*+5.1 49.8+4.7 41.7£3 0.681 0.166
CT3 (%) 7.9+23 12.9+26 11.4%29 0.681 0.003

correction). Significant differences are marked bold.
doi:10.1371/journal.pone.0041133.t003
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P-values showed the results of the LMM with resident-intruder design as fixed factor and subject as random factor. P-values were corrected for multiple testing (Simes
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Table 4. Acoustic differences in relation to resident-intruder design (Mean +— SEM).

Acoustic parameters Male/anaesth. Male Male/anaesth. Fem Fem/anaesth. Fem P-values P-values vivid-anaesth.
Duration [ms] 30724 34.8+33 349*44 0.741 <0.001

Amplitude gap [%] 52*+0.6 5.7+0.9 74+0.8 0.741 0.337

PF start [kHz] 754*14 73.8+0.8 73%+1.2 0.741 0.978

PF max [kHz] 90.6+3.2 90.2+23 89.3+1.1 0.741 0.004

PF max loc [1/duration) * loc] 0.42+0.05 0.48+0.06 0.62+0.03 0.741 <0.001

PF jump [kHz] 17x2.1 153%1.2 10.8%1 0.741 0.03

PF jump loc [1/duration) * loc] 0.37%+0.03 0.4+0.03 0.43+0.02 0.741 0.978

Slope of trend 0.040.07 0.17%0.11 0.27+0.05 0.741 <0.001

P-values showed the results of the LMM with resident-intruder design as fixed factor
correction).
doi:10.1371/journal.pone.0041133.t004

not show any overt signs when they produce calls, it is difficult to
ascertain the identity of the caller. In animals, which communicate
at larger distances it is possible to recognize the emitter by using
the phase differences of the signal [34]. However, resident-intruder
encounters happen at short distances and most USVs are given in
close body contact. Therefore, it is not possible to use the phase
differences to recognize the caller. With the use of anaesthetized
intruders, the calls can be unambiguously assigned to the subject.
The generally similar response of resident to vivid and anaesthe-
tized intruders makes this approach a valuable tool for studies in
which it is necessary to ascertain the identity of the caller, and is
thus encouraged, although it should be clear that motivational or
arousal changes do occur, which affect details of the acoustic
structure of calls.

In sum, our results revealed more similarities than differences in
the acoustic structure of male and female mouse call sequences,
suggesting that these calls are generally social signals used by
resident animals in response to intruders, and perhaps to regulate
dominance relationships. At the same time, males may use these

and subject as random factor. P-values were corrected for multiple testing (Simes

calls to attract females [15], although this is clearly not their sole
function.

Methods

Animals, housing condition and ethic statement
C57BL/6NCrl female and male mice (Charles River, Sulzfeld,
Germany), 8 weeks old upon arrival, were housed in groups of five
in standard (Type II long) plastic cages, with food and water ad
libitum. The temperature in the colony room was maintained at
20-22°C, the light-dark cycle at 12 h (light on at 08:00). After
7 days of acclimatizing to the new environment, mice of a given
cage were assigned randomly to either the group of residents or
intruders. We used the same 20 males for all four male resident
encounters; one male however became sick and did not participate
in the experiment with the anaesthetized intruder. There was a
seven-day interval between the different conditions, and the order
of conditions was balanced. We used 20 resident females; 17 in the
encounter with an anaesthetized female intruder, five of which also

took part in the encounter with the vivid female intruder. The
A: male resident/ vivid female intruder B: male resident/ anaesthetized C: female resident/ vivid female intruder
(courtship vocalization) female intruder
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Figure 3. Examples of call sequences. Examples demonstrating the similar complexity of mouse call bouts. A: male resident/ vivid female
intruder (courtship vocalization), B: male resident/ anaesthetized female intruder, C: female resident/ vivid female intruder.

doi:10.1371/journal.pone.0041133.g003
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Table 5. Description of call parameter used in the analysis.
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Acoustic parameters

Description

Duration [ms]

Amplitude gap [ms]*

PF start [Hz]

PF max [Hz]

PF max loc [(1/duration) * loc]
PF jump [Hz]

PF jump loc [(1/duration) * loc]

Slope of trend

Time between onset and offset of call

Duration of breaks in amplitude within call

Start frequency of peak frequency

Maximum peak frequency

Location of PF max in relation to total call duration

Maximum difference of peak frequency between successive bins
Location of maximum PF jump in relation to total call duration

Factor of linear trend of peak frequency

doi:10.1371/journal.pone.0041133.t005

three remaining females participated in the encounter with the
vivid female intruder only. Anaesthetized intruders were used
three to four times in succession; vivid intruders were used three to
four times but were exchanged after every single encounter.
Resident mice were separated and housed individually in Type II
standard cages for 7 days. The housing of intruder mice was not
changed. All experiments were performed with permission of the
local authorities (Bezirksregierung Braunschweig) in accordance
with the German Animal Protection Law.

Experimental procedure

We used the following conditions: females were confronted with
vivid and anaesthetized female intruders, while males were
confronted with both vivid and anaesthetized male and female
intruders. Because males were expected to call more than females,
we omitted the vivid male intruder condition. Because there was
no condition to compare to, we also refrained from incorporating
the experiment with anaesthetized males.

At the day of recording, intruder mice (males and females) were
divided into two groups: “Vivid intruders” and “anaesthetized
intruders”. Intruder mice were anaesthetized with an intraperito-
neal (i.p.) injection of 0.25% tribromoethanol (Sigma-Aldrich,
Munich, Germany) in the dose 0.125 mg/g of body weight. Vivid
mtruders were not treated. The estrus cycle phase of the female
mice used In our current experiments was not investigated. Ten
minutes before initiation of recording both residents and vivid
intruder mice were woken up and kept awake by gentle shaking of
the home cage in order to achieve a similar arousing level.

For the recording, resident mice (males and females) were first
habituated to the room: Mice in their own home cage were placed
on the desk in the recording room for 60 seconds. Subsequently,
an unfamiliar intruder mouse was placed into the home cage of
resident, and the vocalization behavior was recorded for 3 min
using AVISOFT RECORDER 4.1. We recorded ultrasonic
vocalizations of male and female mice at a sampling frequency
of 300 kHz. The microphone (UltraSoundGate CM16) was
connected to a preamplifier (UltraSoundGate 116), which was
connected to a computer (all sound recording hardware and
software was from Avisoft Bioacoustics, Berlin, Germany).

Acoustic analysis

We counted the number of calls per recording session with
AVISOFT Recorder 4.1. To separate USVs from other sound of
the recording we used the whistles detection algorithm of
AVISOFT Recorder with following selection criteria: Possible
changes per step =4 (4687 Hz), minimal continuity =8 ms,

@ PLoS ONE | www.plosone.org

*In comparison between resident-intruder designs measured as percentage of call duration.

possible frequency range =35 to 150 kHz. These criteria were
compared with former analysis of male mouse vocalizations
[2,3,5]. In addition, we visually inspected 5 percent of the
recordings to ensure that the automated sampling routine selected
only mouse USV and no other sounds such as toe clicking or
sniffing. The AVISOFT recorder software stores the selected
sounds in separate wave files, and, in addition logs the time of call
onset.

From the stored calls, we calculated spectrograms (frequency
range: 150 kHz, frequency resolution: 293 Hz, time resolution:
0.21 ms). We submitted the resulting spectrograms to the custom
software program LMA 2011 to extract a set of characteristic
acoustic parameters. As mice typically concentrate the energy of
their USV in one small frequency band, so-called ‘pure tone-like
sounds’ or ‘whistles’, we focused on peak frequency of USV, i.e.
the loudest frequency of a respective time frame. Mice produce
often soft sounds and just small head movements can lead to strong
amplitude fluctuations in USVs. Therefore, we visually controlled
the estimation of acoustic parameters and excluded incorrect
estimated calls from the analysis. For each call we determined the
duration of a call and the duration of amplitude gaps within a call.
We defined the start of a call when the sound energy of a time
segment is above 10% of the mean maximum amplitude of this
call. An amplitude gap is defined if the sound energy of a certain
time segment goes below 10%. To determine the end of a call we
used a threshold of 15% of the mean maximum amplitude of a
call. Furthermore, we determined start, maximum peak frequency,
as well as the greatest difference in peak frequency between two
consecutive 0.21 ms bins (so-called frequency jumps). In addition,
we calculated the location of the maximum frequency and the
location of peak frequency jump within the call. To describe the
call modulation we calculated the slope of a linear trend through
the peak frequencies of consecutive 0.21 ms bins. A detailed
description of the estimated acoustic parameters is given in table 5.
In total we analyzed 5278 calls, ranging from 4 (male vivid male
encounters) to 96 calls per encounter, with a mean of 71.3.

Statistics

Despite the jumps in peak frequency, all other acoustic
parameters showed more or less continuous distributions. There-
fore, we used a two-step cluster analysis (CA, PASW 18) to try to
establish vocal categories. We calculated the clusters with all calls
of all six encounters. We used the log-likelihood distance measure
and Schwarzsches Bayes criteria (BIC) to find the best number of
cluster. We used the eight acoustic parameters described above to
calculate the CA. A higher number of parameters would have no

July 2012 | Volume 7 | Issue 7 | e41133



advantages, because highly correlating acoustic parameters make
it difficult to find appropriate cluster centers. In addition, they shift
the result in the direction of correlating parameters. We conducted
a discriminant function analysis (DFA, PASW 18) to confirm the
cluster solution and estimated how the eight acoustic parameters
contributed to the classification. We used the same DFA to assign
the calls to the experimental conditions. Because we had the same
resident males in the experiments we used a linear mixed model
with experimental conditions as fixed factor and subject as random
factor (PASW 18). We conducted separate tests for the three
different call types (table 1 and 3) and for the eight different

References

1. Scattoni ML, Crawley J, Ricceri L (2009) Ultrasonic vocalizations: A tool for
behavioural phenotyping of mouse models of neurodevelopmental disorders.
Neurosci Biobehav R 33: 508-515.

2. Jamain S, Radyushkin K, Hammerschmidt K, Granon S, Boretius S, et al.
(2008) Reduced social interaction and ultrasonic communication in a mouse
model of monogenic heritable autism. Proc Natl Acad Sci USA 105: 1710-1715.

3. Radyushkin K, Hammerschmidt K, Boretius S, Varoqueaux F, El-Kordi A, et
al. (2009) Neuroligin-3-deficient mice: model of a monogenic heritable form of
autism with an olfactory deficit. Genes Brain Behav 8: 416-425.

4. Fischer J, Hammerschmidt K (2011) Ultrasonic vocalizations in mouse models
for speech and socio-cognitive disorders: insights into the evolution of vocal
communication. Genes Brain Behav 10: 17-27.

5. Enard W, Gehre S, Hammerschmidt K, Holter SM, Blass T, et al. 2009 A
Humanized Version of Foxp2 Affects Cortico-Basal Ganglia Circuits in Mice.
Cell 137: 961-971.

6. Sales GD, Smith JC (1978) Comparative studies of the ultrasonic calls of infant
murid rodents. Devolopmental Psychobiology 11: 595-619.

7. Hahn EM, Schanz N (2005) The effects of cold, rotation, and genotype on the
production of ultrasonic calls in infant mice. Behav Genet 32: 267-273.

8. Ehret G (2005) Infant rodent ultrasounds — a gate to the understanding of sound
communication. Behav Genet 35: 19-29.

9. Hammerschmidt K, Reisinger E, Westekdmper L, Ehrenreich L, Strenzke N, et
al. (2012) Mice do not require auditory input for the normal development of
their ultrasonic vocalizations. BMC Neurosci 13: 40.

10. Brudzynski SM (2005) Principles of rat communication: quantitative parameters
of ultrasonic calls in rats. Behav Genet 35: 85-92.

11. Portfors CV (2007) Types and functions of ultrasonic vocalizations in laboratory
rats and mice. J] Am Assoc Lab Anim Sci 46: 28-34.

12. Lahvis GP, Alleva E, Scattoni ML (2011) Translating mouse vocalizations:
prosody and frequency modulation. Genes Brain and Behav 10: 4-16.

13. Holy T, Guo Z (2005) Ultrasonic songs of male mice. PloS Biol 3: 2177-2186.

14. Guo Z, Holy T E (2007) Sex selectivity of mouse ultrasonic songs. Chem Senses
32: 463-473.

15. Hammerschmidt K, Radyushkin K, Ehrenreich H, Fischer J (2009) Female mice
respond to male ultrasonic ‘songs’ with approach behaviour. Biol Letters 5: 589—
592.

16. Musolf K, Hoffmann F, Penn DJ (2010) Ultrasonic courtship vocalizations in
wild house mice, Mus musculus musculus. Anim Behav 79: 757-764.

17. Sales GD (1972) Ultrasound and mating behaviour in rodents with some
observations on other behavioural situations. J. Zool. Lond., 168: 149-164.

18. Maggio JC, Whitney G (1985) Ultrasonic vocalizing by adult female mice (Mus
musculus). J Comp Psychol 99: 420-436.

@ PLoS ONE | www.plosone.org

Ultrasonic Vocalizations of Female and Male Mice

acoustic parameters (table 2 and 4). We corrected all p-values for
multiple testing using Simes correction. Because of the ambivalent
experience with the reliability of p-values in linear mixed model
tests, we run a T-test in cases in which it was not necessary to use a
mixed model.

Author Contributions

Conceived and designed the experiments: KH KR JF. Performed the
experiments: KH KR. Analyzed the data: KH. Contributed reagents/
materials/analysis tools: KH KR HE. Wrote the paper: KH KR HE JF.

19. Moles A, Costantini F, Garbugino L, Zanettini C, D’Arnato FR (2007)
Ultrasonic vocalizations emitted during dyadic interactions in female mice: A
possible index of sociability? Behav Brain Res 182: 223-230.

20. Scattoni ML, McFarlane HG, Zhodzishsky V, Caldwell HK, Young WS, et al.
(2008) Reduced ultrasonic vocalizations in vasopressin 1b knockout mice. Behav
Brain Res 187: 371-378.

21. Chabout J, Serreau P, Ey E, Bellier L, Auin T, et al. (2012) Adult male mice emit
context-specific ultrasonic vocalizations that are modulated by prior isolation or
group rearing environment. PloS Biol 7(1): €29401.

22. Briggs JR, Kalcounis-Ruppell MC' (2011) Similar acoustic structure and
behavioural context of vocalizations produced by male and female California
mice in the wild. Anim Behav 82: 1263-1273.

23. Nowicki S, Searcy W (2004) Song Function and the Evolution of Female
Preferences: Why birds sing, why brains matter. Ann NY Acad Sci: 704-723.

24. Tischer J, Kitchen DM,-Seyfarth RM, Cheney DL (2004) Baboon loud calls
advertise male quality: acoustic features and their relation to rank, age, and
exhaustion. Behav Ecol Sociobiol 56: 140-148.

25. Nunez AA, Tan DT (1984) Courtship ultrasonic vocalizations in male Swiss-
Webster mice: Effects of hormones and sexual experience. Physiol Behav 32:
717-721.

26. Nyby J, Wysocki CJ, Whithey G, Dizinno G (1977) Pheromonal regulation of
male mouse ultrasonic courtship (Mus musculus). Anim Behav 25: 3-341.

27. Dizinno G, Whitney G, Nyby J (1978) Ultrasonic vocalizations by male mice
(Mus-Musculus) to female sex-pheromone — experiential determinants. Behav
Biol 22: 104-113.

28. Shepard KN, Liu RC (2011) Experience restores innate female preference for
male ultrasonic vocalizations. Genes, Brain and Behav 10: 28-34.

29. Byers BE, Kroodsma DE (2009) Female mate choice and songbird song
repertoires. Anim Behav 77: 13-22.

30. D’Amato FR, Moles A (2001) Ultrasonic vocalizations as an index of social
memory in female mice. Behav Neurosci 115: 834-40.

31. Gourbal BEF, Barthelemy M, Petit G, Gabrion C (2004). Spectrographic
analysis of the ultrasonic vocalisations of adult male and female BALB/c mice.
Naturwissenschaften 91: 381-385.

32. Nyby J, Dizinno G, Whitney G (1976) Social status and ultrasonic vocalizations
of male mice. Behav Biol 18: 285-289.

33. Nyby JG (2001) Auditory communication among adults. In: Williott JF.
Handbook of Mouse Auditory Research: From Behavior to Molecular Biology.
CRC Press, Boca Raton, FL, 3-18.

34. Janik V (2000) Whistle matching in wild bootlenose dolphins (Tursiops
truncates). Science 289: 1355-1357.

July 2012 | Volume 7 | Issue 7 | e41133



