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Abstract

The laboratory mouse is an emerging model for context-dependent vocal signaling and reception. Mouse ultrasonic
vocalizations are robustly produced in social contexts. In adults, male vocalization during courtship has become a model of
interest for signal-receiver interactions. These vocalizations can be grouped into syllable types that are consistently
produced by different subspecies and strains of mice. Vocalizations are unique to individuals, vary across development, and
depend on social housing conditions. The behavioral significance of different syllable types, including the contexts in which
different vocalizations are made and the responses listeners have to different types of vocalizations, is not well understood.
We examined the effect of female presence and estrous state on male vocalizations by exploring the use of syllable types
and the parameters of syllables during courtship. We also explored correlations between vocalizations and other behaviors.
These experimental manipulations produced four main findings: 1) vocalizations varied among males, 2) the production of
USVs and an increase in the use of a specific syllable type were temporally related to mounting behavior, 3) the frequency
(kHz), bandwidth, and duration of syllables produced by males were influenced by the estrous phase of female partners, and
4) syllable types changed when females were removed. These findings show that mouse ultrasonic courtship vocalizations
are sensitive to changes in female phase and presence, further demonstrating the context-sensitivity of these calls.
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Introduction

Animal vocal communication is a widespread phenomenon that

provides insight into context-dependent signaling and reception

[1–6]. A recent surge of interest has focused on ultrasonic

vocalizations (USVs) of adult laboratory mice as a model for both

production of vocalizations and auditory processing [7,8].

Laboratory mice produce USVs in social contexts, although the

extent to which USVs communicate social information is not well

resolved [9–15]. A more detailed understanding of USVs will

allow better investigation of how behavioral context influences

both signal production and reception. Furthermore, a greater

understanding of how USVs are involved in communication

would benefit research on human disorders of vocal communica-

tion using genetically modified mice [16–18].

The production of vocalizations in mice is broadly context

dependent, occurring to the greatest degree during social

encounters, including mother-pup interactions and adult intersex-

ual and intrasexual interactions, but also in other contexts such as

during physical restraint [10,12,14,15,19]. In adult social ex-

changes, USVs are produced at a high rate during male-female

interactions. Although both sexes produce USVs, the majority of

USVs produced during male-female interactions in the genus Mus

are believed to be from males [9,10,19–21]. This was most

convincingly demonstrated by a study in which devocalizing males

reduced USV production to the level shown by devocalized male-

female pairs, and devocalizing females had no effect on USV

production [19]. Robust vocalizations by males can be triggered

not only by female presence, but also by cues such as female urine

[22,23]. USV production may also correspond to other behaviors

exhibited during courtship. For example, the overall number of

syllables and even particular syllable types produced by males

correspond to particular courtship behaviors such as mounting

and social investigation [24,25]. Females demonstrate interest in

USVs by approaching speakers broadcasting recorded USVs and

by preferring vocalizing males to silent males [26–28]. Females

also prefer novel, non-kin USVs over familiar USVs from siblings

[23]. All of these findings suggest that USVs have an important

role in courtship, potentially facilitating mate attraction or mate

choice. Whether the finer structure of courtship vocalizations is

important to this role, particularly how spectrotemporal features of

syllables correspond to behaviorally important aspects of court-

ship, is not well understood.

Spectrographic analysis of USVs has shown that mouse

vocalizations are highly complex and span a range of spectro-

temporal parameters. Syllables grouped by these parameters occur

in non-random orders [29]. Furthermore, individuals produce

unique vocalizations based on characteristics such as frequency,

and these vary over the course of development [28–30]. Such

observations have been used to propose that the spectrotemporal

structure of mouse USVs communicate information important to

social interactions [28–30]. Using spectrographs to analyze USVs

provides an opportunity to assess the functional and behavioral

significance of mouse vocalizations at a deeper level. In other
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model systems of vocal courtship, changes in the frequency,

duration, or complexity of vocal signals are important for the

signal-receiver interaction [31–35]. Here, we tested whether the

usage or the spectrotemporal parameters of different syllable types

correspond to social information of potential significance to male

mice.

We first analyzed correlations between syllable types and other

behaviors that occur during courtship, making the prediction that

courtship behaviors such as ano-genital sniffing and mounting

would be positively correlated with the rate of production of USVs

as well as the use of specific syllables. Social information

potentially relevant to the courting male was also manipulated in

two ways. One of these was to provide males with female

companions in different estrous phases. Since male courtship

behaviors including the rate of USV production vary across the

estrous cycle of females, we hypothesized that differences in the

characteristics of USVs might also co-occur across the estrous

states [36–38]. In addition to using females varying in estrous

phase, we removed females from males during courtship

sequences, and measured USVs in the female-present and

female-absent ‘‘sub-contexts.’’ We reasoned that female presence

is a highly relevant cue that may vary over the course of courtship

interactions in natural settings [39]. Since courtship USVs show a

high level of sensitivity to cues indicating female proximity, we

predicted that USVs would change rapidly in response to female

removal [22,23].

Methods

Animals
All procedures were approved by the Bloomington Institutional

Animal Care and Use Committee (Indiana University, protocol

09-038). CBA/J mice (Jackson Laboratories) aged 2–7 months

were used. Nine vasectomized males were studied; 14 females were

used as stimulus mice. All mice were housed individually on a

14:10 hour light:dark cycle. Food was provided ad libitum. All

animals participated in 5–10 male-female interactions prior to

experimentation, and only animals displaying mounting behavior

(males) or allowing mounting behavior (females) were subsequently

used in this study. Males and females both interacted with multiple

partners throughout the pre-experiment training process, and

specific male-female pairings were repeated multiple times. Only

pairs of animals that had interacted at least once during pre-

experiment interactions were paired during experiments. Thus, all

experimental interactions were between familiar mice.

Home cages containing male mice were placed in a larger

recording chamber for at least one half hour prior to behavioral

and acoustic recording to allow males to acclimate to the testing

room. Each male was monitored (audio and video recording) for 5

minutes prior to a female being added to the cage. The male-

female interaction took place over 5 minutes, after which the

female was removed. The male mouse was then monitored for an

additional 5 minutes. On experimental days, both males and

females were recorded up to 3 times, but never the same pair on

the same day. The order of male-female interactions were

arranged to avoid having the same female be the first female

each male interacted with on a particular day or across

experimental days. Each animal was allowed to rest for at least

one hour alone in its home cage between trials on the same day.

Females were assessed for estrous phase on the day of

experimentation by vaginal lavage. Smears were stained with

Giemsa and analyzed under a microscope. Phases were deter-

mined by the relative number of cell types visible. Presence of

leukocytes indicated diestrus, presence of only cornified epithelial

cells indicated estrus, and presence of both cornified and nucleated

epithelial cells indicated proestrus [40]. Mice were analyzed for

estrous phase every day, even non-experimental days, because

most did not follow a regular 4 day cycle. Because estrous state

could not be predicted before experimental days, states were

represented randomly in the experimental design, without

experimenter bias. Daily staging also allowed for standardized

handling across individuals in the study. Data from females in the

phases of proestrus, estrus, and diestrus were compared in this

study. Diestrus rodent females are not considered sexually

receptive, whereas females have been deemed behaviorally

receptive in proestrus and estrus, although expression of receptiv-

ity is complex and variable [36,41].

Sound/video Recording
The video camera and microphone were positioned above the

recording cage. Mouse vocalizations were recorded with a

condenser microphone (CM16/CMPA, Avisoft Bioacoustics) and

sound card (250 kHz sample rate, UltraSoundGate 116 Hb,

Avisoft Bioacustics). Video was recorded with a CCD video

camera (30 fps), Q-see 4 channel DVR PCI video capture card,

and SuperDVR software (Q-See, Digital Peripheral Solutions

Inc.). Behaviors were analyzed from video clips at a later time by

an observer blind to mouse identity and female state using ODLog

software (Macropod Software).

Behavior
Behaviors of both male and female mice were measured during

the 5 minute interaction, while only the male was measured in the

5 minutes after interaction. Since in most cases no syllables were

produced before interaction, this segment of time was not

analyzed. Nonsocial male behaviors including locomotion, rear-

ing, digging, and USVs were measured both during interaction

and after (Table 1). Additional male behaviors measured during

the interaction were investigation of the female ano-genital region

and mounting. Female behaviors measured were investigation of

the male ano-genital region and rejection of the male (kicking or

darting away). The amount of time that the male and female spent

face to face was also scored; this occurred most often due to the

male approaching the female. USVs were also analyzed (see next

section).

Ultrasonic Vocalizations
USVs were categorized into syllable types using sound

spectrographs (Avisoft Bioacustics SasLab Pro software). Spectro-

graphs were generated with an FFT length of 512 and a Hamming

style window with 50% overlap. Syllables were sorted into 9 types

based on length, bandwidth, and overall shape, adapted from

previously described methods [17,29] (Fig. 1).

Short syllables were less than 10 ms in duration.

Flat syllables had less than 5 kHz of modulation.

Harmonic syllables contained at least one segment with at least

one harmonic (most of these also had breaks in frequency).

Jump syllables contained at least one break in frequency with no

break in intensity (and no harmonics).

Up syllables increased in frequency (sweep.5 kHz).

Down syllables decreased in frequency (sweep.5 kHz).

Arc syllables increased and then decreased in frequency, with the

highest frequency reaching .5 kHz above the beginning and end

frequencies.

Females Influence Mouse Courtship Vocalizations
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U syllables decreased and then increased in frequency, with the

lowest frequency reaching .5 kHz below the beginning and end

frequencies.

Complex syllables contained two or more directional changes in

frequency and .5 kHz modulation of frequency.

The following are differences between our procedure and two

other studies that used similar categories. The required modula-

tion of 5 kHz for our ‘‘complex,’’ ‘‘up,’’ ‘‘down,’’ ‘‘arc (chevron),’’

and ‘‘U (reverse chevron)’’ syllables is less than the 6 kHz and

6.25 kHz in the other studies, which distributed more syllables

from the ‘‘flat’’ category into other categories in our study. The

5 kHz cut-off for our ‘‘flat’’ syllables was intermediate between the

3 kHz and 6 kHz that were used in the other studies. We did not

observe syllables matching the descriptions of ‘‘noisy syllables’’

from Grimsley et al. and ‘‘harmonics,’’ from Scattoni et al. Instead,

in our harmonic category we included ‘‘composite’’ and

‘‘frequency step’’ syllables, so long as a harmonic was present.

We did observe low frequency harmonic syllables (audible calls);

however, we did not include analysis of these syllable types because

they appeared to be produced exclusively by females [21].

Duration, bandwidth, and multiple other frequency parameters

of each USV syllable were measured. Frequency was measured at

the beginning and end of each syllable. The maximum and

minimum frequencies of each syllable were also recorded, as well

as the dominant frequency (frequency of maximum intensity). For

each 5 minute sub-context segment recorded (5 minutes during

and 5 minutes after each interaction), the number of syllables of

each type was normalized to total number of syllables produced in

order to obtain a measure of proportional syllable usage. Analysis

of USVs was performed blind to female estrous state.

Statistics
USV parameters were not normally distributed, so only non-

parametric tests were used. The number of USVs produced across

trials was highly variable, so percent use of syllable types was

calculated instead of using absolute counts. USVs were analyzed

for differences among males (Kruskal-Wallis). Each male was

Table 1. Behaviors recorded during and after male-female interactions analyzed by video recording.

Behavior Description Context

Locomotion Male mouse ambulates, displacing himself in space During and after interaction

Digging Male mouse visibly moves bedding with forelegs During and after interaction

USVs Ultrasonic syllables visible on spectrograph During and after interaction

Rearing Male mouse lifts forelegs from ground, either into the air or against the cage wall During and after interaction

Male investigation of female ano-genital
region

The male’s nose is in close proximity to the female’s rear During interaction

Female investigation of male ano-genital
region

The female’s nose is in close proximity to the male’s rear During interaction

Male and female nose-to-nose investigation The male and female’s noses are in close proximity to each other, usually as a
result of male advances

During interaction

Female rejection The female kicks, jerks, or rapidly bolts when in close proximity to the male During interaction

Mounting The male places his forelegs on the female’s back, oriented from the rear, while
making pelvic thrusts

During interaction

doi:10.1371/journal.pone.0040782.t001

Figure 1. Representative examples of different syllable types. USV syllables were categorized into 9 syllable types based on spectrograph
parameters.
doi:10.1371/journal.pone.0040782.g001

Females Influence Mouse Courtship Vocalizations
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measured in 4–6 interactions with different females. The average

percent syllable use for each male was compared between sub-

contexts (Wilcoxon signed ranks test). Syllable parameters

(frequency, duration, and bandwidth) were also compared across

males and between sub-contexts (Kruskal-Wallis and Wilcoxon

signed ranks test). Although 5 frequency parameters were

measured, they were highly correlated (PCA, Table 2), so only

dominant frequency was used in our analyses. The relationships

between vocalizations and other behaviors were assessed by

comparing the average duration of behaviors across 5 minute

interactions per male to the average number of syllables of each

type within the same 5 minutes (Spearman’s rank correlation). The

differences in duration, frequency, and bandwidth during and

after interaction were assessed with respect to individual male and

female identity to test whether identity could account for variation

in change in parameters (Kruskal-Wallis). Wilcoxon signed ranks

tests were used to compare the number of syllables occurring in the

10 second time bins before and following mounting. The type and

parameters of syllables uttered by males during interactions with

females of different estrous phases were compared (Kruskal-

Wallis). For each test assessing multiple comparisons, False

discovery rate (FDR) post-hoc corrections were made [42]. Since

multiple recordings per animal were made on a single day, the

number of USVs and percent use of syllable types with respect to

order of experiment were assessed, and there was no effect of

experiment order on USVs (Kruskal-Wallis, all p-values .0.05

significance level). Although data from a range of ages were

collected, correlations between age and syllable use or parameters

were not significant, so the data were pooled (all p-values .0.05

significance level; see Table S1 for exact values).

Results

Characterization of Adult Male CBA/J Mouse USVs and
Individual Variation in Behavior

In order to characterize the vocal repertoire of male CBA/J

mice in a courtship context, the USVs of mice were measured

during and after male-female interactions. A total of 21964

syllables from 9 CBA/J male mice were grouped into categories

based on spectrograph-derived parameters. The most common

syllable produced was ‘‘up,’’ which represented 23.81 percent of

all syllables (Table 3). A large subset of 21528 syllables was

analyzed for parameters of frequency, duration, and bandwidth.

USVs ranged from 26.300 to 124.000 kHz, with a mean dominant

frequency of 74.66260.055 kHz. Different syllable types had

different dominant frequencies, durations, and bandwidths

(Kruskal-Wallis p,0.001; Table 4). The variation in duration

across syllable types was large, with ‘‘short’’ syllables averaging

5.8 ms, and ‘‘harmonic’’ syllables averaging the longest at

51.3 ms. In bandwidth, syllables with frequency jumps and

harmonics had wider bandwidths than all other syllables

(25.2 kHz, 46.9 kHz), but the harmonic category had by far the

largest average bandwidth. Thus, the harmonic type syllables were

longer, wider bandwidth vocalizations than any other category of

syllable (Fig. 1).

Individual males varied significantly in the vocalizations they

produced (Table 5). The total number of vocalizations ranged

widely among interactions, but was not significantly different

across males (Kruskal-Wallis p = 0.095). The variation in percent

use of most syllables was significant across individuals: ‘‘short,’’

‘‘flat,’’ ‘‘harmonic,’’ ‘‘jump,’’ ‘‘up,’’ ‘‘down,’’ ‘‘U,’’ and ‘‘complex’’;

percent use of ‘‘arc’’ was not (Kruskal-Wallis p,0.05 significance

level except ‘‘arc’’; Fig. S1). Duration, dominant frequency, and

bandwidth parameters of total USVs varied across males (Kruskal-

Wallis p,0.001). Finally, parameters of different syllable types

varied across individuals. Dominant frequency and duration

varied significantly for every syllable type across individuals

(Kruskal-Wallis p,0.001). Bandwidth was significantly different

among males for all except ‘‘flat’’ and ‘‘short’’ syllables (Kruskal-

Wallis p-values .0.05 significance level for ‘‘flat’’ and ‘‘short,’’ p-

values ,0.05 significance level for other syllable type bandwidths).

Individual identity of males also had an influence on some non-

vocal behaviors. Males significantly differed in the amount of ano-

genital investigation they performed, as well as in the amount of

ano-genital investigation they received from females (Kruskal-

Wallis p = 0.004, p = 0.005).

USVs are Correlated with other Courtship Behaviors
The production of mouse USVs has been associated in previous

work with male sexual behavior, such as sniffing and mounting of

females [24,36]. To determine whether behaviors performed

during male-female interactions were related to production of

particular syllable types, the percent time males spent performing

behaviors across 5 minutes of interaction with a familiar female

was analyzed. Since USVs were assumed to be from males, trials

were averaged per male to avoid pseudo-replication (n = 9). There

were no significant correlations for average behavior per trial

between any behaviors scored by video and total number of

syllables or percent use of any syllable type after FDR correction

for multiple comparisons.

A striking temporal relationship between USVs and mounting

behavior occurred in some individual trials, with calls increasing in

the 10 seconds prior to mounting (Fig. 2A and B). Across trials, the

total number of syllables in the 10 seconds before mounting was

significantly higher than the number of syllables in the 10 seconds

after mounting (Wilcoxon signed ranks p = 0.001; Fig. 2C).

However, there was no difference between the number of syllables

in the 10 seconds before mounting and the 20–10 seconds before

mounting or between the 10 seconds after mounting and the 10 to

20 seconds after mounting (Wilcoxon signed ranks test p = 0.365,

0.392; Fig. 2C), showing a consistent decrease in vocalizations

after mounting rather than an increase before. Across syllable

types, ‘‘harmonic’’ syllables showed the largest change in use with

respect to mounting. During the 10 seconds before mounting,

‘‘harmonic’’ syllables made up an average per mount of 31% (and

a sum total of 50%) of the USVs, while ‘‘harmonic’’ syllables only

made up an average of 19% per mount (and a sum total of 17%) of

the syllables from the remaining time from the same trials

(Wilcoxon signed ranks p = 0.023; Fig. 3).

Female Estrous State Influences USVs
We assessed whether estrous state was associated with male

sexual behavior and USVs. Interestingly, males mounted females

of all estrous states equally (Kruskal-Wallis p = 0.251). Females of

Table 2. Principle component analysis on frequency
parameters.

Frequency parameter Weight in component 1 (63%of variance)

Frequency at start 0.818

Frequency at end 0.885

Dominant frequency 0.723

Minimum frequency 0.695

Maximum frequency 0.846

doi:10.1371/journal.pone.0040782.t002
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different estrous states received USVs that did not differ in the

number of syllables produced nor percent use of different syllables

types (Kruskal-Wallis all p-values .0.05 significance level).

Syllable parameters, however, varied with respect to female

estrous state (Fig. 4). The syllables produced in trials with

proestrous females were lowest in dominant frequency and highest

in duration and bandwidth, whereas diestrous females received

syllables that averaged highest in dominant frequency and lowest

in duration and bandwidth (Kruskal-Wallis p,0.001). Average

parameters of syllables from trials with estrous phase females were

intermediate for all parameters.

Estrous state also influenced most parameters within syllable

types. The dominant frequency of each syllable type was

influenced by female state such that diestrous females received

syllables with a higher average frequency than proestous females

(Kruskal-Wallis p,0.05 significance level). For duration, ‘‘arc,’’

‘‘complex,’’ ‘‘down,’’ ‘‘flat,’’ ‘‘harmonic,’’ and ‘‘up’’ syllables were

influenced by estrous state (Kruskal-Wallis p,0.05 significance

level). For bandwidth, estrous state influenced ‘‘arc,’’ ‘‘harmonic,’’

‘‘U,’’ and ‘‘up’’ syllables (Kruskal-Wallis p,0.05 significance

level). The differences in duration and bandwidth parameters

between estrous state groups for individual syllable types were

more complex than the overall effect (Table S2).

Female Presence Influences USVs
By manipulating whether or not a courting male could interact

with a female, we analyzed USVs across changes in sub-context

within a courtship setting. We compared USVs from a male

directly interacting with a female and after the female was

removed, leaving the male unable to interact with the female

although cues such as scent could have remained. We predicted

that USVs would respond to changes in sub-context. After

removal of the female from the male’s cage, the average number

of syllables increased for the following 5 minutes (Wilcoxon signed

ranks p = 0.015; Fig. 5A). The average number of syllables during

interaction was 162 (632), while the average after interaction was

311 (641). The percent use of ‘‘up’’ and ‘‘U’’ syllables increased,

while the percent use of ‘‘flat’’ and ‘‘down’’ syllables decreased

(Wilcoxon signed ranks p = 0.008; Fig. 5B). Every male increased

in ‘‘up’’ and decreased in ‘‘flat’’ calls across sub-contexts. Every

male also increased in use of ‘‘U’’ syllables, but these syllables were

rare in both the presence and absence of a female. For other

syllables (‘‘jump,’’ ‘‘harmonic,’’ ‘‘arc,’’ ‘‘short,’’ and ‘‘complex’’

syllables), there was no significant average change in usage from

the presence or absence of a female, potentially because the

changes in usage of these syllables varied so much among males.

Although this variation was observed, for all males, each syllable

type was produced during and after interactions with females.

In addition to syllable usage, the parameters of some syllables

changed depending on whether a female was present or absent

(Fig. 6). For all syllables combined, the dominant frequency

increased after removal of the female (Wilcoxon signed ranks

p = 0.008; Fig. 6A). Some parameters of individual syllable types

changed as well. Dominant frequency increased for ‘‘complex,’’

‘‘down,’’ and ‘‘short’’ syllables (Wilcoxon signed ranks p = 0.011,

p = 0.021, p = 0.021; Fig. 6A). Both ‘‘complex’’ and ‘‘short’’

syllables decreased in duration after females were removed

(Wilcoxon Signed Ranks p = 0.008, 0.015; Fig. 6B). Bandwidth

increased for ‘‘flat’’ and ‘‘short’’ syllables between sub-contexts

(Wilcoxon signed ranks p = 0.008; Fig. 6C). These changes in

parameters were all in the same direction.

Comparing syllable parameters in the presence and absence of

females also provided the opportunity to assess whether USVs

produced by females as opposed to males substantially contributed

to our measurements. If the simple removal of calls produced by

females were responsible for the changes in syllable parameters

that we observed, then the changes in call parameters should

correspond to the identities of female mice, assuming that female

USVs vary individually as do those of males. Contrary to this

hypothesis, the differences in average duration, dominant

Table 3. Overall number of syllables per type and percent use of syllables per 10 minute trial.

Syllable type short flat jump harmonic up down arc U complex

Number 3019 3593 1498 2635 5959 1350 1560 274 2076

Percent 15.29 (61.53) 18.35 (61.21) 5.26 (61.24) 12.03 (61.72) 23.81 (62.05) 6.88 (60.80) 8.11 (60.78) 0.96 (60.17) 9.32 (610.81)

doi:10.1371/journal.pone.0040782.t003

Table 4. Syllable parameters (means 6 SE) from 20985 syllables.

Number Duration (ms) Dominant Frequency (kHz) Bandwidth (kHz)

all syllables 20985 27.5 74.6618 14.6873

short 2983 5.8 (60) 77.1717 (60.1724) 3.5447 (60.0920)

flat 3446 19.0 (62) 72.5386 (60.2120) 3.2346 (60.0315)

jump 1408 33.7 (63) 75.5339 (60.1989) 25.2763 (60.2209)

harmonic 2513 51.3 (65) 71.4694 (60.1850) 46.9210 (60.1510)

up 5556 25.4 (61) 76.8575 (60.0874) 14.2558 (60.0793)

down 1332 29.2 (64) 70.5547 (60.2056) 10.1824 (60.1028)

arc 1491 34.5 (63) 73.4158 (60.1590) 9.9658 (60.1096)

U 257 31.5 (66) 77.9739 (60.5270) 11.3218 (60.3289)

complex 1999 35.4 (64) 75.2012 (60.1705) 12.0179 (60.1755)

doi:10.1371/journal.pone.0040782.t004

Females Influence Mouse Courtship Vocalizations
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frequency, and bandwidth before versus after female removal did

not correspond to female identity, but did correspond to male

identity (Kruskal-Wallis p = 0.694, 0.588, 0.123 females; p = 0.041,

0.019, 0.013 males).

Discussion

Mouse USVs are context sensitive, and vary with previous social

experience, with development, and across individuals [14,28–30].

This study, to our knowledge, is the first to directly demonstrate

that female presence and estrous state influence multiple features

of the usage and parameters of many syllables that male mice use

in courtship. Furthermore, these changes in syllables occur rapidly

in response to short-term changes in salient information within the

courtship context. We found support for all three of our initial

predictions. That is, syllable production rate and usage correlated

with courtship behavior, the estrous state of females influenced

USVs, and USVs also changed following female removal. Here,

we discuss whether the courtship USVs we measured can best be

attributed to males or females, the relationship between USVs and

other courtship behaviors, the importance of female presence and

estrous state on production of courtship USVs, and the

implications of these findings for female responses to courtship

USVs.

Are Changes in USVs Attributable to Males or Females?
Although we presume that the majority of USVs produced

during male-female interactions are from male mice, we cannot

absolutely exclude the possibility that some USVs were produced

by females, because we did not devocalize females in our study.

One general interpretation for our results is therefore that the

changes we observed in syllable use and parameters were

influenced by females producing USVs. Removal of a vocalizing

female could change the average frequency of vocalizations and

percent use of syllable types recorded, since individuals vary in the

parameters of syllables and syllable types used. In addition, since

the removed animal was always female and the remaining was

always male, this alternate interpretation of our results would

suggest sexual dimorphisms in the parameters of USVs in our

Table 5. Syllable parameters (means 6 SE) from 9 males.

Number Duration (ms)
Dominant
Frequency (kHz) Bandwidth (kHz)

1 216 32.028 (60.667) 73.2419 (60.1797) 15.5588 (60.4441)

2 107.83 48.448 (61.106) 68.8672 (60.2527) 22.3969 (60.7726)

3 116.83 44.343 (61.124) 74.1800 (60.3310) 20.2154 (60.7841)

4 215 25.739 (60.339) 78.4541 (60.1805) 12.2036 (60.2786)

5 233.8 21.686 (60.481) 73.5800 (60.1925) 8.59232 (60.3010)

6 63.25 25.960 (60.886) 79.3739 (60.4392) 6.86008 (60.2600)

7 24.25 18.604 (61.696) 71.2854 (61.2506 11.2042 (61.6871)

8 146.25 21.232 (60.657 69.0658 (60.2530) 7.58086 (60.4505)

9 330.75 38.333 (60.689) 67.9877 (60.2364) 21.8323 (60.5717)

doi:10.1371/journal.pone.0040782.t005

Figure 2. Temporal relationship between USVs and mounting. A) Relative (normalized to max) percent number of all syllables and amount of
time spent mounting per 3 second time bin (minor tick marks) for a single 5 minute trial. B) For the same trial, the average number of syllables in the
10 seconds before each mount was higher relative to all other 10 s time bins (bars show SE). C) Across 23 trials with mounting, the number of
syllables in the 10 seconds before mounting was significantly higher than the number of syllables in the 10 seconds after mounting (Wilcoxon signed
ranks test *p = 0.001); however, there was no difference between the number of syllables in the 10 seconds before mounting and the 20–10 seconds
before mounting or the 10 seconds after mounting and the 10 to 20 seconds after mounting.
doi:10.1371/journal.pone.0040782.g002
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population of mice. Likewise, an alternative interpretation for the

variation we observed across estrous state would be that duration,

bandwidth, and dominant frequencies of female USVs change

across the estrous cycle.

Despite these important considerations, we think that it is

unlikely that female USVs recorded in this study strongly

influenced the results for multiple reasons. In previous studies,

females produced an insignificant number of USVs in the presence

of muted males, and vocalizations were unchanged in the presence

of muted females [19,21]. Another study showed that female mice

vocalized when an intruder was introduced, but not when females

were intruders, as they were in this study [10]. In our study, no

general categories of syllables were observed in the presence of

females that were not observed in their absence, suggesting at least

that if females produced USVs, these USVs were not grossly

different from those of males. Moreover, there were no instances of

overlapping USV syllables in our recordings, whereas we have

observed overlapping syllables in male-male interactions of this

strain (unpublished data). Finally, the differences in call param-

eters when females were present versus absent did not correspond

to female identity, but did correspond to male identity. This

finding suggests that calls specific to females did not account for

the differences in USV parameters when females were present

versus absent, but that changes related to specific males did. On

the whole, both previous studies and our own data are therefore

most consistent with the hypothesis that changes in call parameters

by males underlie the context-dependent differences we observed.

USVs Correspond to other Courtship Behaviors
Courtship USVs are related to other behaviors exhibited by

males during courtship. In the present study, significantly fewer

vocalizations were produced in the 10 second window following

mounting. This decrease is consistent with the idea that male mice

vocalize less during a refractory period after mounting, and

supports the general concept that mounting and USV production

are related behaviors [24]. In BALB/c mice, particular syllable

types are also associated with behavior, such that a long duration

(100 ms) syllable only occurs during coitus with proestrous females

[36]. Although no syllables this long were observed in CBA/J mice

in the current study, ‘‘harmonic’’ type calls were longer in duration

than any other type and did increase in use immediately preceding

mounting behavior. Correlations between USVs and other

courtship behaviors could still be explained by a common cause,

such as the level of male arousal. However, in conjunction with

studies showing female responses to male USVs, the relationship

between USVs and behavior suggests a function for vocal behavior

during courtship [23,26,27,43]. For example, longer duration

syllables could potentially encourage receptive behavior by

females, similar to particular types of song in birds such as

canaries and swamp sparrows that can facilitate copulation

solicitation displays [44,45].

One aspect of the USVs produced during courtship that we did

not examine was the temporal relationship among syllables. The

sequence of syllables produced in bouts has been investigated in

CBA/CaJ mice, showing that age-typical sequences occur in non-

random order, but the relationship of call sequences to particular

behaviors during courtship has not been analyzed [29]. It would

be of particular interest to analyze syllable order in the 10 seconds

Figure 3. Harmonic syllables increased proportionally before
mounting. In 23 trials with mounting, ‘‘harmonic’’ syllables made up
an average of 31% (and a total of 50%) of the USVs in the ten seconds
before mounting, while ‘‘harmonic’’ syllables only made up an average
per mount of 19% (and a total of 17%) of the remaining syllables from
the same trials that occurred at times other than 10 seconds before
mounting (Wilcoxon signed ranks test *p = 0.023).
doi:10.1371/journal.pone.0040782.g003

Figure 4. Dominant frequency, duration, and bandwidth of
male USVs change with female estrous state. A total of 7149 USV
syllables were recorded during 45 male-female interactions. A) The
average dominant frequency of USV syllables was lowest during
interactions with proestrous females (n = 16 trials), intermediate with
estrous females (n = 19 trials), and highest with diestrous females (n = 10
trials). B) Average duration and C) bandwidth were highest with
proestrous females, intermediate with estrous females, and lowest with
diestrous females (Kruskal-Wallis *p,0.001). Fourteen females were
used.
doi:10.1371/journal.pone.0040782.g004
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Figure 5. Female removal from male-female interaction changed the number of syllables produced and percent use of syllables
types. A total of 21528 syllables were analyzed. A) The number of syllables increased during the 5 minutes after interaction (Wilcoxon signed ranks
*p = 0.015). B) The percent use of ‘‘up’’ and ‘‘U’’ syllables increased, while the percent use of ‘‘flat’’ and ‘‘down’’ syllables decreased (Wilcoxon signed
ranks test **p = 0.008). For syllables ‘‘jump,’’ ‘‘harmonic,’’ ‘‘arc,’’ ‘‘short,’’ and ‘‘complex’’ there were no significant changes in use between the
presence and absence of a female.
doi:10.1371/journal.pone.0040782.g005

Figure 6. Female removal changed syllable parameters. A) For all syllables combined, the dominant frequency increased after removal of the
female, as did the dominant frequency of ‘‘complex,’’ ‘‘down,’’ and ‘‘short’’ syllables. B) Both ‘‘complex’’ and ‘‘short’’ syllables decreased in duration
after females were removed. C) Bandwidth increased for ‘‘flat’’ and ‘‘short’’ syllables between sub-contexts. With Wilcoxon signed ranks tests, all
comparisons were significant after FDR corrections at the *p,0.05 level.
doi:10.1371/journal.pone.0040782.g006
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preceding mounting, during which a high number of syllables and

the highest proportion of harmonic syllables were produced

relative to the time following mounting.

Females Influence Male Vocal Behavior
Although USVs are a well-described aspect of male mouse

courtship behavior, the influence of female presence and estrous

state on the production of USVs by males have previously been

underappreciated [19,20,23,24,43,46] (but see [36,37]). The

results of the present study demonstrate that the structure of

USVs is influenced by both female presence and estrous state, each

shifting vocal behavior in a different way.

Female presence influenced the percent use of specific syllables,

with some increasing and others decreasing in use. Removing

females from the arena dramatically increased the number of

syllables produced and also increased the dominant frequencies of

those syllables. These effects of sub-context have not been reported

anywhere else, to our knowledge. One potential function for an

increase in call rate following female removal is suggested by

experiments that demonstrate female approach to recorded USVs

[23,26]. An increase in USV production by males could

potentially encourage such approaches, facilitating female prox-

imity. In addition to the rate of USV production, a set of complex

changes occurred in the usage and parameters of some syllables

following female removal. One functional hypothesis to explain

these changes is that they increase the detectability of the USVs for

females at a distance from the males. The increase in bandwidth

for ‘‘flat’’ and ‘‘short’’ syllables would support this hypothesis, since

a signal of wider bandwidth may be more detectable against

background noise [47]. Also supporting an increase in detectabil-

ity, one of the higher-bandwidth syllables, ‘‘up,’’ increased fourfold

in number after female removal. The decreases in the duration of

some syllables and the general increase in dominant frequency that

we observed would tend to decrease the detectability or

propagation of signals, however, as higher frequencies degrade

faster in air [48]. A competing functional hypothesis is that females

find some signals more attractive. Following female removal, males

increased the percent production of ‘‘up’’ and ‘‘U’’ syllables, and

decreased the percent production of ‘‘flat’’ and ‘‘down’’ syllables

(Figs. 1, 6). Whether females find ‘‘up’’ and ‘‘U’’ syllables more

attractive is not known.

Some male birds also show shifts in vocal behavior in response

to whether female listeners are present or not. Juncos and song

sparrows (and many other passerines) produce vocalizations in

specific contexts, usually associated with having a fertile mate

nearby, that are distinctly softer and more complex than louder

broadcast calls [49,50]. Less is known about these short-range

vocalizations, but they make an interesting comparison to mouse

USVs, which are also relatively low in intensity. Male zebra

finches also produce two types of songs characterized by whether a

female is present or not. The songs differ in parameters including

duration, number of motifs, and regularity of syllable sequence,

and females prefer aspects of directed song over those of

undirected song, although early exposure and endocrine state

also influence female preference [51,52]. In mice, whether shifts in

calling by male mice influence female behavior is unknown.

In the present study, female estrous state also influenced USVs.

Instead of changing syllable number or usage, estrous state more

subtly influenced call parameters. Dominant frequencies of

syllables were lowest, durations were longest, and bandwidths

were broadest for stimulus females in proestrus. Previous studies

have found that rodents change vocalization production depend-

ing on female estrous state. Rats vary in the rate of production of

courtship calls in response to females depending on estrous state or

the level of gonadal hormones in females [53–55]. Manipulation of

gonadal hormones in female mice affects the ability of chemical

signals to evoke male USVs [56]. Some mice also differ in the

amount of vocal behavior produced in response to females of

different estrous states, but the number of vocalizations produced

by male CBA/J mice in the current study did not vary across the

estrous cycle of stimulus females [36,37]. Similar to the changes in

the rate of call production close to mounting, one explanation for

the changes we did see in parameters of syllables could be that

males are more aroused by receptive females and changes in USVs

are a by-product of different levels of arousal. A functional

alternative is that males modulate their vocalizations based on the

possibility for reproductive success. This hypothesis generates the

testable prediction that females, particularly those in proestrus,

find calls that are longer, lower in frequency, and of greater

bandwidth to be most attractive.

Females Respond to Male Vocal Behavior
Theories on female preference for variation in male vocal

behavior have been tested in other models of courtship signaling

and reception. In túngara frogs, calls of higher complexity, and

lower fundamental frequency are more attractive to females, but

also make males more conspicuous to predators [31,32]. Longer

duration and more complex calls are considered to be more

energetically expensive in a wide range of animals that use acoustic

signals [57]. In many other species, male variation in auditory

signaling in these parameters is used by females to select mates,

such as in both the Iberian midwife toad and field cricket, in which

females respond better to male calls that are more rapid and lower

in carrier frequency [33,34]. Females of some songbird species

prefer particular directions of song characteristics, such as fast trill

rates [35]. Similarly, in the singing mouse, Scotinomys teguina, given

the tradeoff between call rate and syllable bandwidth, vocaliza-

tions performed near the limit maximizing both parameters are

more attractive to females [58]. Investigating the potential costs of

producing USVs and female preference in variations of male calls

in laboratory mice would increase our understanding of the role of

USVs in communication.

Our findings suggest that variation in USVs, including the usage

of specific syllables, are part of a suite of directed courtship

behaviors. Assessing whether variation in USVs contains commu-

nicative significance, however, depends on understanding whether

and how females respond behaviorally to such variation. Female

mice discriminate among males using olfactory cues, but also

demonstrate interest in male USVs and prefer playbacks of

vocalizations of unfamiliar individuals over familiar kin

[23,26,27,43,59]. Because individual males vary in vocal behavior

(using unique combinations of syllable types and parameters of

those syllables), the potential for discrimination between individ-

uals based on auditory information exists [23,28,60]. There is also

evidence for the genetic basis of variation in USVs, which means

that female preference in male vocal behavior could influence the

vocal behavior of her offspring [61,62]. While some female

behaviors were measured in the present study, we did not find any

correlations between female behavior and USV parameters.

However, our experiments were designed to manipulate informa-

tion relevant to males and not specifically designed to measure

female preference for male USV parameters. Testing the relative

attractivity of vocalizations with controlled manipulation of

frequency and duration parameters using paradigms that ade-

quately measure female discrimination and preference, including

post-copulatory mechanisms, would be extremely useful in

establishing the significance of the USV variation we have

observed.
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Female preferences are influenced by sensory biases in

processing of signals. Evolution of male courtship signals and

matching sensitivity of auditory responses in females are found in a

variety of species [63–65]. In addition to testing behavioral

preferences, measuring neural responses to USVs would improve

our understanding of how these signals are received [66]. In other

species, sensitivity of female auditory systems varies with seasonal

receptivity [67–70]. Although social vocalizations have been used

to study auditory processing in some mammals, including mice,

the influence of female estrous state on processing of courtship

vocalizations has not yet been addressed [8,71,72].

Summary
We have found that male mice change the characteristics of the

USVs that they produce during courtship in response to changes

in relevant social information. This emphasizes the view of such

signals as potentially containing context-sensitive information

arising from behavioral interactions between signaler and receiver.

Our results fit with other studies showing that USVs vary across

individuals, across development, and with social experience and

suggest that male USVs could carry information about individual

identity, age, or behavioral state of the males producing them

[14,28–30]. Considerable variation in USVs across species and

strain highlights the need to characterize USVs from particular

strains of interest [62,73]. We have begun to characterize the

USVs of CBA/J mice because this strain maintains good hearing

well into adulthood, an important factor during auditory

communication [74]. Our findings increase the usefulness of

mouse USVs for understanding context-dependence of both signal

production and auditory processing, and consequently for the

study of communication disorders.
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16. Wöhr M, Roullet FI, Crawley JN (2011) Reduced scent marking and ultrasonic
vocalizations in the btbr t+tf/j mouse model of autism. Genes, Brain and

Behavior 10: 35–43.

17. Scattoni ML, Gandhy SU, Ricceri L, Crawley JN (2008) Unusual repertoire of

vocalizations in the btbr t plus tf/j mouse model of autism. PLoS One 3.

18. Menuet C, Cazals Y, Gestreau C, Borghgraef P, Gielis L, et al. (2011) Age-

related impairment of ultrasonic vocalization in tau.P301l mice: Possible
implication for progressive language disorders. PLoS One 6.

19. White NR, Prasad M, Barfield RJ, Nyby JG (1998) 40- and 70-khz vocalizations

of mice (Mus musculus) during copulation. Physiology & Behavior 63: 467–473.

20. Whitney G, Coble JR, Stockton MD, Tilson EF (1973) Ultrasonic emissions - do

they facilitate courtship of mice. Journal of Comparative and Physiological

Psychology 84: 445–452.

21. Wang HR, Liang SY, Burgdorf J, Wess J, Yeomans J (2008) Ultrasonic
vocalizations induced by sex and amphetamine in m2, m4, m5 muscarinic and

d2 dopamine receptor knockout mice. PLoS One 3.

22. Whitney G, Nyby J (1979) Cues that elicit ultrasounds from adult male mice.

American Zoologist 19: 457–464.

23. Musolf K, Hoffmann F, Penn DJ (2010) Ultrasonic courtship vocalizations in

wild house mice, Mus musculus musculus. Animal Behaviour 79: 757–764.

24. Nyby J (1983) Ultrasonic vocalizations during sex behavior of male house mice

(us-musculus) - a description. Behavioral and Neural Biology 39: 128–134.

25. Sales GD (1972) Ultrasound and mating behavior in rodents with some
observations on other behavioral situations. Journal of Zoology (London) 168:

149–164.

26. Hammerschmidt K, Radyushkin K, Ehrenreich H, Fischer J (2009) Female mice

respond to male ultrasonic ‘songs’ with approach behaviour. Biol Lett 5: 589–

592.

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

28. Holy TE, Guo ZS (2005) Ultrasonic songs of male mice. Plos Biology 3: 2177–
2186.

29. Grimsley JMS, Monaghan JJM, Wenstrup JJ (2011) Development of social
vocalizations in mice. PLoS One 6.

30. Hoffmann F, Musolf K, Penn DJ (2012) Spectrographic analyses reveal signals of

individuality and kinship in the ultrasonic courtship vocalizations of wild house

mice. Physiology & Behavior 105: 766–771.

Females Influence Mouse Courtship Vocalizations

PLoS ONE | www.plosone.org 10 July 2012 | Volume 7 | Issue 7 | e40782



31. Ryan MJ, Rand AS (2003) Mate recognition in tungara frogs: A review of some

studies of brain, behavior, and evolution. Acta Zoologica Sinica 49: 713–726.
32. Ryan MJ (1980) Female mate choice in a neotropical frog. Science 209: 523–

525.

33. Bosch J (2001) Female reciprocal calling in the iberian midwife toad (Alytes

cisternasii) varies with male call rate and dominant frequency: Implications for

sexual selection. Naturwissenschaften 88: 434–437.
34. Scheuber H, Jacot A, Brinkhof MWG (2004) Female preference for multiple

conditiondependent components of a sexually selected signal. Proceedings:

Biological Sciences 271: 2453–2457.
35. Draganoiu TI, Nagle L, Kreutzer M (2002) Directional female preference for an

exaggerated male trait in canary (serinus canaria) song. Proceedings of the Royal
Society B-Biological Sciences 269: 2525–2531.

36. Barthelemy M, Gourbal BEF, Gabrion C, Petit G (2004) Influence of the female
sexual cycle on balb/c mouse calling behaviour during mating. Naturwis-

senschaften 91: 135–138.

37. Nyby J, Wysocki CJ, Whitney G, Dizinno G, Schneider J (1979) Elicitation of
male-mouse (mus-musculus) ultrasonic vocalizations.1. Urinary cues. Journal of

Comparative and Physiological Psychology 93: 957–975.
38. Bean NJ, Nyby J, Kerchner M, Dahinden Z (1986) Hormonal-regulation of

chemosignal-stimulated precopulatory behaviors in male housemice (Mus-

musculus). Hormones and Behavior 20: 390–404.
39. Johansen JA, Clemens LG, Nunez AA (2008) Characterization of copulatory

behavior in female mice: Evidence for paced mating. Physiology & Behavior 95:
425–429.

40. Goldman JM, Murr AS, Cooper RL (2007) The rodent estrous cycle:
Characterization of vaginal cytology and its utility in toxicological studies. Birth

Defects Research Part B: Developmental and Reproductive Toxicology 80: 84–

97.
41. Blaustein JD (2008) Neuroendocrine regulation of feminine sexual behavior:

Lessons from rodent models and thoughts about humans. Annual Review of
Psychology 59: 93–118.

42. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A practical

and powerful approach to multiple testing. Journal of the Royal Statistical
Society Series B (Methodological) 57: 289–300.

43. Pomerantz SM, Nunez AA, Jay Bean N (1983) Female behavior is affected by
male ultrasonic vocalizations in house mice. Physiology & Behavior 31: 91–96.

44. Vallet E, Kreutzer M (1995) Female canaries are sexually responsive to special
song phrases. Animal Behaviour 49: 1603–1610.

45. Ballentine B, Hyman J, Nowicki S (2004) Vocal performance influences female

response to male bird song: An experimental test. Behavioral Ecology 15: 163–
168.

46. Nunez AA, Tan DT (1984) Courtship ultrasonic vocalizations in male swiss-
webster mice - effects of hormones and sexual experience. Physiology &

Behavior 32: 717–721.

47. Lohr B, Wright TF, Dooling RJ (2003) Detection and discrimination of natural
calls in masking noise by birds: Estimating the active space of a signal. Animal

Behaviour 65: 763–777.
48. Bennet-Clark HC (1998) Size and scale effects as constraints in insect sound

communication. Philosophical Transactions of the Royal Society of London
Series B-Biological Sciences 353: 407–419.

49. Titus RC (1998) Short-range and long-range songs: Use of two acoustically

distinct song classes by dark-eyed juncos. Auk 115: 386–393.
50. Anderson RC, Searcy WA, Peters S, Nowicki S (2008) Soft song in song

sparrows: Acoustic structure and implications for signal function. Ethology 114:
662–676.

51. Sossinka R, Bohner J (1980) Song types in the zebra finch Poephila-guttata-

castanotis. Zeitschrift Fur Tierpsychologie-Journal of Comparative Ethology 53:
123–132.

52. Woolley SC, Doupe AJ (2008) Social context - induced song variation affects
female behavior and gene expression. Plos Biology 6: 525–537.

53. Geyer LA, Barfield RJ, Mcintosh TK (1978) Influence of gonadal hormones and

sexual-behavior on ultrasonic vocalization in rats.2. Treatment of males. Journal

of Comparative and Physiological Psychology 92: 447–456.

54. Bialy M, Rydz M, Kaczmarek L (2000) Precontact 50-khz vocalizations in male

rats during acquisition of sexual experience. Behavioral Neuroscience 114: 983–

990.

55. McGinnis MY, Vakulenko M (2003) Characterization of 50-khz ultrasonic

vocalizations in male and female rats. Physiology & Behavior 80: 81–88.

56. Byatt S, Nyby J (1986) Hormonal-regulation of chemosignals of female mice that

elicit ultrasonic vocalizations from males. Hormones and Behavior 20: 60–72.

57. Prestwich KN (1994) The energetics of acoustic signaling in anurans and insects.

American Zoologist 34: 625–643.

58. Pasch B, George AS, Campbell P, Phelps SM (2011) Androgen-dependent male

vocal performance influences female preference in neotropical singing mice.

Animal Behaviour 82: 177–183.

59. Bowers JM, Alexande.Bk (1967) Mice - individual recognition by olfactory cues.

Science 158: 1208-&.

60. Hoffmann F, Musolf K, Penn D (2012) Ultrasonic courtship vocalizations in wild

house mice: Spectrographic analyses. Journal of Ethology: 1–8.

61. Choi H, Park S, Kim D (2011) Two genetic loci control syllable sequences of

ultrasonic courtship vocalizations in inbred mice. Bmc Neuroscience 12.

62. Panksepp JB, Jochman KA, Kim JU, Koy JJ, Wilson ED, et al. (2007) Affiliative

behavior, ultrasonic communication and social reward are influenced by genetic

variation in adolescent mice. PLoS One 2.

63. White TD, Schmitz B, Narins PM (1992) Directional dependence of auditory-

sensitivity and frequency-selectivity in the leopard frog. Journal of the Acoustical

Society of America 92: 1953–1961.

64. Meenderink SWF, Kits M, Narins PM (2010) Frequency matching of

vocalizations to inner-ear sensitivity along an altitudinal gradient in the coqui

frog. Biology Letters 6: 278–281.

65. Vyas A, Harding C, Borg L, Bogdan D (2009) Acoustic characteristics, early

experience, and endocrine status interact to modulate female zebra finches’

behavioral responses to songs. Hormones and Behavior 55: 50–59.

66. Portfors CV, Roberts PD, Jonson K (2009) Over-representation of species-

specific vocalizations in the awake mouse inferior colliculus. Neuroscience 162:

486–500.

67. Goense JBM, Feng AS (2005) Seasonal changes in frequency tuning and

temporal processing in single neurons in the frog auditory midbrain. Journal of

Neurobiology 65: 22–36.

68. Sisneros JA, Bass AH (2003) Seasonal plasticity of peripheral auditory frequency

sensitivity. Journal of Neuroscience 23: 1049–1058.

69. Lucas JR, Freeberg TM, Krishnan A, Long GR (2002) A comparative study of

avian auditory brainstem responses: Correlations with phylogeny and vocal

complexity, and seasonal effects. Journal of Comparative Physiology a-

Neuroethology Sensory Neural and Behavioral Physiology 188: 981–992.

70. Terleph TA, Lu K, Vicario DS (2008) Response properties of the auditory

telencephalon in songbirds change with recent experience and season. PLoS

One 3.

71. Holmstrom L, Roberts PD, Portfors CV (2007) Responses to social vocalizations

in the inferior colliculus of the mustached bat are influenced by secondary tuning

curves. J Neurophysiol 98: 3461–3472.

72. Hurley LM, Pollak GD (2005) Serotonin modulates responses to species-specific

vocalizations in the inferior colliculus. Journal of Comparative Physiology a-

Neuroethology Sensory Neural and Behavioral Physiology 191: 535–546.

73. Sugimoto H, Okabe S, Kato M, Koshida N, Shiroishi T, et al. (2011) A role for

strain differences in waveforms of ultrasonic vocalizations during male-female

interaction. PLoS One 6.

74. Zheng QY, Johnson KR, Erway LC (1999) Assessment of hearing in 80 inbred

strains of mice by abr threshold analyses. Hearing Research 130: 94–107.

Females Influence Mouse Courtship Vocalizations

PLoS ONE | www.plosone.org 11 July 2012 | Volume 7 | Issue 7 | e40782


