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Mouse  ultrasonic  vocalizations  (USV)  exhibit  a high  degree  of  complexity  as  demonstrated  in recent
years.  A  multitude  of factors  have  been  identified  to influence  USVs  on  the  spectrotemporal  as  well  as
structural  – e.g.  syntactic  – level.  A  synthesis  of  the  various  studies  that  attributes  semantics  to  USV
properties  or  sequences  is still lacking.  Presently,  we  address  the  factors  modulating  the  composition  of
USVs,  specifically  age,  gender,  genetic  background  (including  the  targeted  FoxP2  mutagenesis),  behav-
ioral state  and  individuality.  It emerges  that  the  different  factors  share  a set  of common  influences,  e.g.
vocalization  rate and  frequency  range  are  universally  modulated  across  independent  variables  described;
ocalization
sv
ehavioral modulation
enetic background
evelopment
ender

however,  distinct  influences  exist  for sequential  structure  (different  effects  for age,  behavioral  state  and
genetic  background)  or vocal  repertoire  (age).  Recently,  USV  research  has  seen  important  advances  based
on the  quantitative  maturation  of  methods  on multiple  levels  of  vocalization.  Adoption  of  these  meth-
ods  to  address  the  natural  statistics  of USV will  ultimately  benefit  several  related  research  areas,  e.g.
neurolinguistics,  neurodevelopmental  disorders,  multisensory  and  sensorimotor  research.
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. Introduction

From the chirrups of a male cricket, stridulating its wings, and
he mimicking sounds of a lyrebird to the impressive territorial
alls of a howler monkey, evolution has provided animals with a
ide repertoire of acoustic means of communication. One of the

tural properties of these vocalizations allows them to stand out
from other acoustical sources in the environment (Brenowitz, 1986;
Marten and Marler, 1977; Morton, 1975), and thus renders them
effective for transmitting information between individuals, best
exemplified by human vocal communication and language.

Vocalizations have been intensely studied both in humans and
a variety of non-human species, such as birds (Balaban, 1988;
ost common techniques in vertebral animals is the vocalization.
ocalizations, as opposed to environmental sounds, are typically
haracterized by harmonic and relatively long sounds (Lewicki,
002), often originating from the larynx. Evolution of the struc-

∗ Corresponding author.
E-mail address: jesse.heckman@gmail.com (J. Heckman).

ttp://dx.doi.org/10.1016/j.neubiorev.2016.03.029
149-7634/© 2016 Elsevier Ltd. All rights reserved.
Okanoya, 2004; Berwick et al., 2011), monkeys (Baldwin and
Baldwin, 1976; Seyfarth et al., 1980), frogs (Emerson and Boyd,
1999; Velásquez et al., 2014), cows (Padilla de la Torre et al., 2015),
and mice (Miller and Engstrom, 2010; Portfors and Perkel, 2014).
While vocalizations differ in their detailed properties, structure and

complexity across different species, they typically play important
roles in a variety of animal behaviors. Ranging from simple warn-
ing calls to the highly complex mating songs as displayed by many

dx.doi.org/10.1016/j.neubiorev.2016.03.029
http://www.sciencedirect.com/science/journal/01497634
http://www.elsevier.com/locate/neubiorev
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2016.03.029&domain=pdf
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pecies of birds (Marler and Slabbekoorn, 2004). An understand-
ng of the information contained in a given vocalization, however,
equires a detailed knowledge of the structure and repertoire of
ocalizations as well as the factors that modulate their occurrence
Hanson and Hurley, 2012; Chabout et al., 2015).

With mice becoming the dominant and most versatile exper-
mental model, mouse vocalizations have started to take a more
mportant role for behavioral readout and monitoring (Scattoni
t al., 2009; Fischer and Hammerschmidt, 2011). While vibris-
ae exhibit potentially detectable responses in the low frequency
ange, their resonance properties make it highly unlikely that they
ontribute to the perception of USVs, which is why USV research
as to focus on the auditory system (Neimark et al., 2003; Schatz
nd Christensen, 2008).

Mice exhibit a wide repertoire of vocalizations (Whitney, 1970),
hich spans more than 5 octaves (∼3–110 kHz) and is influenced by

 multitude of developmental, environmental and genetic factors.
ere we focus on the upper two octaves of this range. Vocaliza-

ions in this range are known as ultrasonic vocalizations (USVs,
0–110 kHz), since they lie above the human hearing range. While
SVs have been known to exist for many decades (Zippelius and
chleidt, Zippelius and Schleidt, 1956; Whitney, 1970; Nyby et al.,
976; Nyby et al., 1977a; Nyby et al., 1977b; Warburton et al.,
989), the seminal work by Holy and Guo (2005) sparked a new
ave of research into USVs due to their high degree of complexity.
n a coarse level, USVs are utilized by mice to indicate separation

rom the nest in pups (termed as “Pfeifen des Verlassenseins”, Ger-
an  for “whistles of loneliness”, in the early literature (Zippelius

nd Schleidt, 1956; Bell et al., 1972)), and adult calls mediating
ourtship behavior. These early reports have utilized rather ele-
entary methods, such as counting the number of vocalizations.
hile early studies of USVs documented mostly the circumstances

f their occurrence, the more recent work is applying sophisticated
nalytical techniques to analyze the structure of vocalizations and
elate them to their behavioral context.

Only recently it has been suggested that the complexity of
ouse vocalizations requires more sophisticated analysis and that

hey structurally resemble courtship calls seen in birds (Holy and
uo, 2005), despite the overall agreement in studies that learning

s much more limited than in the avian case (Arriaga, 2012). Mice
ocalize in accordance with Broughton’s sensu stricto-or perhaps
ven his sensu strictissimo-definition of “song” (Broughton, 1963;
oly and Guo, 2005). This means that mouse USVs are organized in

everal “phrases” (sometimes referred to as bouts), accommodat-
ng a multisyllabic repertoire. Transitions across “syllables” within
hese phrases do not occur randomly (Holy and Guo, 2005). Fur-
hermore, mice adapt their syllable prevalence to appropriately

atch the ongoing behavior (Liu et al., 2003; Chabout et al., 2012;
habout et al., 2015), and are able to discriminate between differ-
nt types of vocalizations (Haack et al., 1983; Ehret et al., 1987; Liu
nd Schreiner, 2007; Hammerschmidt et al., 2009; Chabout et al.,
012). These observations suggest that mouse USVs could convey
ignificant information in their structure.

USVs also exhibit dependence on the genetic background of the
nimal, i.e. across species and strains. USVs have been reported
n both wild mice (Kalcounis-Rueppell et al., 2006; Miller and
ngstrom, 2010; Hoffmann et al., 2012a; Kalcounis-Rueppell and
etric, 2013), as well as in various laboratory strains of mice (Wöhr
t al., 2008; Sugimoto et al., 2011). Although USVs are mostly
tereotypical within a given strain (Holy and Guo, 2005), spectro-
raphic analyses of USVs suggest a role for individuality (Hoffmann
t al., 2012a).
Due to these findings, the scientific relevance of mouse USVs
ontinues to grow as a model system for vocal communication
n general and also as a probe for normal animal behavior and

ell-being. For example, mouse USVs are currently being used as
avioral Reviews 65 (2016) 313–325

a model for speech and language (Fischer and Hammerschmidt,
2011; Fischer and Vernes, 2015) and as a tool for behavioral phe-
notyping of neurodevelopmental disorders (Scattoni et al., 2009).
It has also been suggested that mice vocalize more often dur-
ing potentially painful procedures. However due to only a minor
increase in vocalization rate, it is important to note here, that a
lack of vocalizations thus may  not be interpreted as a lack of pain
or distress (Williams et al., 2008). Furthermore, the molecular back-
ground of vocalizations, involving proteins such as FOXP2 and TBR1,
is also being studied extensively (Lai et al., 2001; Vernes et al., 2006;
Enard et al., 2009; Deriziotis et al., 2014). All of these fields may
benefit from a quantitative evaluation of mouse vocalizations and
repertoire.

To the best of our knowledge, no systematic and comprehen-
sive overview of the factors modulating mouse USVs has so far been
provided, especially in the light of recent approaches to analyze the
vocalizations in greater sophistication. Presently, we  provide such
an overview addressing the most important and common determi-
nants of the set of factors influencing the structure of mouse USVs,
namely age, gender, genetic background and behavioral state. As a
result we highlight the relative influence of these factors, as well as
indicate the ‘white spots’ on the map  of USV research. Finally, due
to the flourishing interest of the past years in the Foxp2 gene and
its role in vocalizations and language, we provide an overview of
the Foxp2 literature in Appendix A.

2. Decomposing the structure of mouse USVs

As stated earlier, mouse vocal behavior occurs both in the sonic
as well as the ultrasonic domain (Haack et al., 1983; Whitney and
Nyby, 1983; Ehret and Bernecker, 1986; Ehret, 1989). Well-studied
call types of the first domain are: e.g. the wriggling calls, but also the
distress calls in pups are largely sonic. Similarly adults are also capa-
ble of producing audible calls: e.g. the defensive and distress calls
seen in females reach into the low frequency range. However, in the
current review we will limit ourselves, from here on, by addressing
the modulation of ultrasonic calls only. In order to do so we will
first describe how the structure of USVs can be decomposed.

In the early literature, the vocalization rate has been one of
the most important and well-studied parameters of ultrasonic
vocal behavior (Elwood and Keeling, 1982). However, current
spectrographic and machine learning methods allow for a more
comprehensive evaluation of mouse USVs and their structure
(Branchi et al., 1998; Holy and Guo, 2005). For this purpose, vocal-
izations are usually analyzed in the spectrotemporal domain, also
referred to as the spectrogram or sonogram, in which sounds are
represented by their frequency content at each point in time. This
method allows for relative ease in the identification of impor-
tant features of USVs. The wide repertoire of vocalizations has
demanded for a quantitative analysis on multiple levels. As a
prerequisite to precise quantification, one needs to address the
question of what the basic structural components and features of
mouse vocalizations are. In accordance with the literature, we  here
adopt Broughton’s song terminology (1963). Starting on the largest
structural units, mouse USVs – also sometimes referred to as a song
– are thus built up from a multitude of phrases (Fig. 1C), that are in
turn built up from syllables (Fig. 1A and B). A syllable is the biggest
continuous unit of vocal sound that is not interrupted by periods
of silence, and can come in many forms.

On a coarse quantitative level, each syllable can be categorized,
based on a certain set of properties or parameters, i.e. frequency

content, durations, amplitudes, and general shape (Figs. 1 and 2
for definitions see Dictionary Box 1). For instance, one can quickly
deduce that the starting frequency of the first syllable in Fig. 1A lies
around 75–80 kHz. Other properties often used in USV syllables are
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Fig. 1. The spectral properties and features of vocalizations. (A) Example syllable sonogram, featuring indication of syllable duration, and various properties regarding the
frequency (F), i.e. Fmax, Fmin, Fmean, Fstart, Fend, and bandwidth. The red continuous lines indicate the duration of individual syllables. Green continuous lines indicate the
duration of the inter-syllable intervals (ISI). The black dashed vertical lines indicate the start and ending of a syllable/phrase. (B) This sonogram depicts a phrase. Duration
and  frequency properties of syllables are indicated. (C) Sonogram of a song that consists o
continuous lines indicate the duration of each phrase, while the green double continuou
to  colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Mouse syllable definitions adopted from Scattoni et al. (2008) and Grimsley et al.
(2011). See Fig. 2 for characteristic examples.

Syllable type Description

Complex syllables (c.s.) 1-note syllables that contain two or more
directional changes in frequency of at least 7 kHz.

1  Frequency step syllables
(1-f.s.s.)

2-notes syllables, in which the second note is
differing at least 10 kHz from the initial note.

2 Frequency step syllables
(2-f.s.s.)

3-notes syllables, in which the second note is
differing at least 10 kHz from the initial note and
the third note is differing at least 10 kHz from the
second note.

Up-FM syllables (u.f.m.s.) Upward frequency modulated syllables with an
overall change in frequency of at least 6 kHz.

Down-FM syllables (d.f.m.s.)Downward frequency modulated syllables with an
overall change in frequency of at least 6 kHz.

Flat syllables (f.s.) Syllables with a change in frequency of no more
than 5 kHz.

Short syllables (s.s.) Syllables with a maximum duration of 5 ms.
Chevron syllables (ch.s.) Inverted U-shaped syllables, in which the peak

frequency is at least 6 kHz greater than the starting
and ending frequency.

Reverse chevron syllables
(r-ch.s.)

U-shaped syllables, in which the bottom frequency
is  at least 6 kHz lesser than the starting and ending
frequency.

Noisy syllables (n.s.) Warbled, noisy harmonic syllables and are able to
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span the entire mouse ultrasonic vocal frequency
range (10–120 kHz).

ean frequency, maximum frequency, minimum frequency, band-
idth, end frequency, duration, spectral purity (i.e. the number of
otes a syllable is composed from), and loudness. A multitude of
roperties have been used to approximate the shape, such as the
pectral range, the rate of frequency change, the general shape (e.g.
nverted-u, flat, monotonic). Other vocal features of interest are
he duration of phrases, inter-syllable intervals (ISI), inter-phrase
ntervals (IPI), and the number of syllables within a phrase or song
Fig. 1B).

On this coarse level of analysis, syllables can still be classified
nto relatively distinct subsets (Sales and Smith, 1978; Holy and
uo, 2005; Scattoni et al., 2008, 2011; Grimsley et al., 2011). How-
ver, no universally accepted classification or method has emerged

o far. In order to address syllable types in this review, we adopt
he classification method from Scattoni et al. (2008) and (Grimsley
t al., 2011 Table 1; Fig. 2), with the exception of the Low Frequency
armonic syllables, as they are (for the most part) not ultrasonic.
f 2 phrases. Nsyll indicates the number of syllables in each phrase. The red double
s line indicates the inter-phrase interval (IPI). (For interpretation of the references

USVs exhibit complex structure both on the macro and on the
micro level, which require more advanced analysis techniques.
On the macro level, the sequence of syllables depends on many
aspects, including behavioral state and age of the animal (see
below). An analysis of the temporal sequences can be performed
using time series analysis techniques, such as sequential recurrence
plots (Holy and Guo, 2005) or by calculating transition probabilities
between different syllable types (Chabout et al., 2015). On the micro
level, the morphology of individual syllables exhibits a wide range
of varieties in shape, ranging from gross shape to very local, vibrato-
like frequency modulations (as in complex syllables, i.e. c.s. listed
in Table 1). An analysis of these differences aims for a fine-grained,
yet systematic classification of syllables into different types, beyond
the coarse classification on the basis of overall shape. Early work
on this has been performed by Holy and Guo (2005), using dimen-
sionality reduction techniques (such as ISOMAP, Multidimensional
Scaling, or Principal Component Analysis (PCA)) with subsequent
clustering to identify classes of vocalizations. For example, Holy and
Guo (2005) used the ISOMAP transform to look at short temporal
intervals within syllables for differences in frequency content (i.e.
pitch jumps). These pitch jumps can be categorized as high, low, and
downward or upward. They found that the absence of a low jump
matched one of their isomap clusters, and therefore suggest the use
of pitch jumps for grouping and nomenclature of syllables. A more
detailed analysis of vocal substructures, such as these pitch jumps,
with the contextual data during which these vocalizations occur
should provide a better understanding of the putative information
held within mouse USVs.

3. Age influences vocalization rate, syntax and variation in
frequency and duration

Although both pups and adult mice vocalize (Zippelius and
Schleidt, 1956; Dizzino et al., 1978; Ehret and Bernecker, 1986),
different contexts underlie/elicit the USV at different ages. While
pup vocalizations are emitted as a response to a stressor and elicit
maternal care (Haack et al., 1983; Koch and Ehret, 1989; Branchi

et al., 1998; Ehret, 2005; Hahn and Lavooy, 2005), adult USVs,
triggered by various stimuli, such as awake or anesthetized con-
specifics and their urine (Holy and Guo, 2005; Moles et al., 2007;
Hoffmann et al., 2009; Chabout et al., 2015; Neunuebel et al., 2015),
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Fig. 2. Mouse syllable subset adopted from Scattoni et al. (2008) and Grimsley et al. (2011). (A) Complex syllable. (B) 1-Frequency step syllable. (C) 2-Frequency step syllable.
(D)  Up-FM syllable. (E) Down-FM syllable. (F) Flat syllable. (G) Short syllable. (H) Chevron syllable. (I) Reverse chevron syllable. (J) Noisy syllable.

Fig. 3. Development of syllabic properties across age (A+B) Development of mean duration for all syllables types across age. On average syllable lengths decrease in duration
during the first two weeks of postnatal development, with the exception of 2-f.s.s., ch.s. and u-f.m.s. (C) Probability of all syllable types across age. The most significant
change over age can be seen in the relative decrease of 1.f.s.s. and increase of 2.f.s.s. frequency. (D+E+F) Development of mean frequency for all syllable types across age.
A ever, t
b hange
s eral. F

m
p

a
l
p
a
a
b
f

l

ge  dependent frequency modulation is variable for different syllable types. How
y  difference in behavioral state, rather than age only. Furthermore, the depicted c
tudies in other strains are required before these findings should be considered gen

ediate social behavior related to e.g. courtship or territorial dis-
utes (Musolf and Penn, 2012; Portfors and Perkel, 2014).

In this section, we will address the effects of age on mouse USVs
nd indicate how the individual structural properties are modu-
ated. Overall, vocalization rate varies during the different stages of
ostpartum development. Prevalence of syllable types changes as

 function of age, although vocal repertoire stays constant across
ge. Further, the properties of individual syllables are modulated
y age, for example becoming more stereotyped in duration and

requency.

Vocalization rate is one of the most important age modu-
ated parameters. During early development, vocalization rates in
he difference between pup and adult features and probability are also influenced
s in syllabic properties were measured in only 3 litters of CBA/CaJ mice. Additional
igure modified from Grimsley et al. (2011).

response to isolation from the nest increase from postnatal day
(P)0 up to P7, peaking at roughly 80 calls per minute, and then
decrease with a steepness similar to its initial rise (Elwood and
Keeling, 1982; Haack et al., 1983). While the number of phrases
pups emit per minute increases for the first days of development,
peaking between P5 and P11, and decrease again at P13 (Elwood
and Keeling, 1982), mean phrase length (i.e. the number of syl-
lables per bout) decreases continuously as a function of age for
pups (see below). Consistently, the prevalence of single calls also

increases over time during development until P16 (Elwood and
Keeling, 1982).
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Dictionary Box 1: Quantifying Syllable Properties.
For investigating the influence of the various factors below,
we especially distinguish between several types of syllable
properties, listed here explicitly for reference.

• Syllable acoustics:
• Frequency: Tonal frequency (e.g. mean, or initial) of sylla-

bles
• Duration: Duration of individual syllables
• Amplitude: Acoustic level of the vocalization

• Vocalization rate: Number of syllables per unit time
• Syntax: Rules for the sequential occurrence of different syl-

lables
• Semantics: Meaning of individual or sequences of syllables
• Prevalence: Usage frequency for across different syllables
• Vocal repertoire: Total set of syllables used, i.e. the syllable

vocabulary

It needs to be cautioned that vocal repertoire here is based on
the various classifications used in different studies; the use of
non-complimentary feature classifiers across studies limits the
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Fig. 4. Relation of the most probably syllable in reaction to the relative position
within a phrase (from 1 to 10) and age. Both the most frequently used syllable across
the  entire phrase changes, as well as their position in the phrase. The only conserved
property across all ages is the flat starting syllable. Also, the most frequently used
syllable increase in complexity with age, starting as flat, and transitioning to fre-

On the molecular level, mouse USVs are influenced by neural
comparability of the results.

Mouse pups interrupt their USV production after P14-16 (Nyby
t al., 1976; Haack et al., 1983; Grimsley et al., 2011) for less than a
eek (see below), which coincides with the social stimuli starting

o act as a trigger for USVs. While the qualitative age-dependence is
enerally retained, the exact days and vocalization rates depend on
enetic background (Bell et al., 1972; Sales and Smith, 1978; Hahn
nd Schanz, 2002; Wöhr et al., 2008), behavioral state (Sales and
mith, 1978; Hahn and Schanz, 2002), but also maternal respon-
iveness (D’Amato et al., 2005).

The non-monotonic shape of the vocalization rate dependence
n age has been explained as a combination of effects. The initially
ow vocalization rates are counterintuitive, as the pups require a lot
f care during early postnatal development, however, their compe-
ence to vocalize rapidly may  not be fully developed at this point
Haack et al., 1983). On the other hand, the following decrease has
een linked to their improved competence in thermoregulation
transition from poikilothermy to homoiothermy) and the corre-
ated reduction in the required amount of maternal care (De Ghett,
974).

After the non-vocal period mice slowly start to vocalize again,
hich is considered to be the start of adulthood. Between P19 to

42 the number of emitted vocalization rate gradually increases
uring social interactions in response to an adult female ‘stimu-

us’ mouse, independent of whether the tested animal is a male
r a female (Warburton et al., 1989). To our knowledge, there is
o data available on the frequency of male–male interactions as

 function of postnatal age. Since the onset of puberty occurs in
ale mice anywhere from p30–p38 (Silver, 1995; and slightly ear-

ier in females), and this vocal behavior initiates just prior to the
tart of sexual maturity, it seems that these vocalizations may  be
onsidered as preparatory for sexual communication. Also it seems
hat the number of syllables per phrase increases again, as adults
ocalize a greater number of syllables per phrase than pups. Dur-
ng adulthood, mice are reported to have vocalization rates of up
o 230 calls per minute (Hammerschmidt et al., 2012b). However,
he actual rate of vocalization is only determined by taking genetic
ackground, behavioral state, and gender into account (see follow-

ng Sections).
Vocal repertoire, i.e. the use of different syllable types, remains
lmost unaffected by age. With the exception of the noisy syllables
hat are exclusively found in later stages, mouse pups are already
ble to emit all ultrasonic syllable types found in the adult. Yet, the
quency steps and complex syllables and eventually FM-syllables. See Table 1 for the
description of syllables, and Fig. 2 for their visual representations. Depicted data
based on Grimsley et al. (2011).

prevalence of different syllables changes throughout development
(Grimsley et al., 2011), which is in addition modulated by the other
determinants, e.g. the behavioral state of the animal.

Despite the common syllabic repertoire across pup and adult
mice, spectrotemporal properties of individual syllables continu-
ously develop during maturation (Sales and Smith, 1978; Grimsley
et al., 2011). Pups emit vocalizations that exhibit a wider range both
in duration and frequency. On average, these parameters decrease
with age, however, variation in this pattern can be found for indi-
vidual syllable types (Grimsley et al., 2011). On the contrary, a
study using wild mouse pups shows that maximum and minimum
frequencies within a syllable increase over the first 15 days of post-
natal development, whereas bandwidth first decreases and then
increases again (Sales and Smith, 1978). Hence, genetic background
has an effect on the age dependent modulation of syllable features.

While the vocal repertoire stays similar across development,
the composition and structure of typical phrases varies dramat-
ically already over the first postnatal days (Fig. 3), reproduced
from Grimsley et al., 2011). Although the criteria used for sylla-
bles classification were coarse, it is evident that both the relative
frequency of different syllable types (Fig. 3C) as well as their loca-
tion in the sequence changes with age. It is important to note that
these changes in sequence structural may  in addition depend on
strain, however, only few studies have collected a sufficiently large
set of vocalizations and performed the analysis required to track
the evolution of these properties across multiple stages age. While
the results from Grimsley et al. (2011) originate from only 3 litters
of a single strain (CBA/CaJ), changes in syllable-specific parame-
ters (i.e. frequency, duration and slope) are also found in other
studies (Hammerschmidt et al., 2012a). However, sequential struc-
ture remains unaddressed in most studies to the above mentioned
requirements.

One anatomical explanation why pup and adult call types differ,
may  include developmental changes of the vocal tract, the hearing
organ, and the brain (Ehret, 1983; Arriaga, 2012), i.e. differences
in behavioral response can partly be explained by the discrepancy
between the receiver’s auditory cortical representations to these
calls (Liu and Schreiner, 2007). Playback studies have confirmed
that pup isolation calls induce searching behavior in maternal mice
(Uematsu et al., 2007), while virgin females exposed to pup isola-
tion calls do not exhibit this behavior (Koch and Ehret, 1989).
circuits in the limbic system underlying motivational modulation
(Ehret, 2005). Neurotransmitters affecting USV production in pups
are e.g. serotonin, dopamine, opioids and cholecystokinin (Ehret,
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Fig. 5. Gender differences on vocal repertoire emerge mostly in certain social contexts Gender differences can hardly be studied without reference to a social context.
Pairing  same gender animals avoids misattribution of vocalizations although it introduces a biased representation of gender specific vocalizations. (A) An example sonogram,
duration: 1 s, recorded during social interaction. Both animals are in CBA background (Heckman et al., in preparation). (B) A snapshot of the multisensory social interaction
between the two  animals during which the sequence in A was  produced by the male animal (right). (C+D) Gender differences on the syllable level are found to be small,
using a range of syllable properties (Hammerschmidt et al., 2012b). Eight different properties were analyzed (schematized in the left panels), of which none was  found
to  vary significantly (Data from Hammerschmidt et al., 2012b; Tables 4 and 5). (E+F) Comparing across gender contexts, i.e. pairing of same or different, and awake or
anesthetized animals, the most substantial differences in syllable type use are found for male/female courtship behavior in comparison to the other combinations especially
to  female/anesthetized female, the latter characterized by a particularly simple syllable vocabulary. Top panel shows the condition-by-condition total difference between
the  use of type 1, 2, and 3 syllables (see Hammerschmidt et al., 2012b, Table 1 and 3 for details), bottom panel shows the column average of the figure above.

F e prob
a to et a
a ate in 

2
t
s
e
i
r
a
f
p
m
r
i
t

h
a
1

ig. 6. Mouse syllable prevalence and properties across strains. (A) Relative syllabl
cross  strains are indicated in the legend with an asterisk. Figure taken from Sugimo
re  modified and/or created from the data in Sugimoto et al. (2011). The CBA estim

005; Scattoni et al., 2009; Musolf and Penn, 2012). It is well known
hat adult vocalizations, e.g. those during courtship behavior, are
trongly affected by hormones (Dizzino and Whitney, 1977; Nyby
t al., 1977a,b; Warburton et al., 1989). However, molecular control
n adult USVs remains largely unstudied (Musolf and Penn, 2012). A
ecent study suggests a role for the neurotransmitters acetylcholine
nd dopamine in adult USV production as well, since knockout mice
or both receptors exhibited various substantial changes in USV
roduction, ranging from reductions in vocalization rate (M2, M5
uscarinic) and duration (D2 dopamine, Wang et al., 2008). Further

esearch, specifically involving adult USV production, are required
n order to truly understand the neural basis for the motivational
ransition from pup to adult calls.
Whether these changes in vocalization are learned or innate
as been a question of intense research. Mouse pups are born deaf
nd develop hearing starting from P10 (‘hearing onset’) only (Ehret,
975; Romand and Ehret, 1990). As such it seems unlikely that mice
ability across different strains. Significant changes in proportional use of syllables
l. (2011). (B) Boxplot representation of syllable features across strains. These figures
duration was taken from Grimsley et al. (2011).

are vocal learners during early postnatal development, and that age
dependent vocal development is stereotypical, and not necessarily
learned from maternal examples (Fig. 4).

Yet, age dependent hearing loss in different strains of mice
(Zheng et al., 1999; Ison et al., 2007), may  ultimately influence
USV production. That is, the lack of auditory feedback control has
been shown to affect vocal behavior in several species, e.g. birds
(Nordeen and Nordeen, 1992), cats (Hubka et al., 2014) and bats
(Rübsamen and Schäfer, 1990), and thus may  have a similar effect
in mice. However, recent studies have shown that male mice do
not need this feedback (Hammerschmidt et al., 2012a; Mahrt et al.,
2013). Courtship calls from adult mice that have been deafened
before hearing onset, do not differ significantly from those of their

normal-hearing counterparts, suggesting that mice do not require
auditory experience during development in order to produce typi-
cal adult vocalizations (Mahrt et al., 2013). In agreement with this
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Fig. 7. Schematic overview of the relation of modulational strength between vocalization properties and influencing factors. The shape of a parameter, its position relative
to  the center of the figure, and its size indicate the effect between properties and influencing factors (i.e. the number of influential contributors, the determinants and
their  relative strength). For instance, vocalization rate is most widely modulated (i.e. by all influencing factors), whereas amplitude seems to be specifically modulated by
behavioral state only. From the perspective of the influencing factors, gender is easily visible as one of the least influential factors, while the effect of age and behavioral state
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ost  strongly influence the vocal parameters. It is worth mentioning that this figur
owards well-studied parameters and influences (e.g. the study of female USVs is st
o  be small, the effect of gender may  be underestimated).

easoning, it seems the general development of mouse songs are
ndeed innate and mostly experience independent.

Also, during cross-foster experiments, no direct evidence was
hown that mice are vocal learners (Kikusui et al., 2011). However,
here is evidence for some learned features of song as well, which
s most evident in the gradual vocal imitation on the frequency
evel during sexually competitive social housing of 2 male animals
f different strains (Arriaga, 2012). A resolution of these conflicting
esults will likely depend on the level of the analysis methods used,
ith learned properties of vocalization only appearing at a deeper

evel of analysis.
More generally, the resolution of the quantitative analysis of

SVs will be a strong determinant for the level of the findings.
uanced changes of individual syllables as well as the emergence
f syntactical structures will only be revealed with more advanced
echniques, going beyond previous approaches (Holy and Guo
005; Chabout et al., 2015). To overcome the confounders of strain
nd individual, the analysis should ideally be conducted on the level
f individual mice, whose vocalizations are followed longitudinally.

. Gender influences vocalization rate
In mice, both the male (buck) and the female (doe) vocalize
uring social encounters, although male vocalizations have been
iscovered earlier and have received more attention in research.
sed on the current overview of the literature, and as a consequence my  have a bias
atively young, and even though difference between male and female USVs appears

For a considerable time it was  even concluded that only male mice
vocalize (Whitney et al., 1973; White et al., 1998). In this section,
the focus lies on the vocal modulation by gender. We  will discuss
how vocalization rates for males and females differ in relation to
behavioral state, which is non-trivial to dissociate from gender.
During courtship, males display higher calling rates, while females
have higher calling rates during non-courtship interactions. Fur-
thermore, it becomes clear that both structure and repertoire are
not strongly affected by gender, and appears to remain similar in
both sexes (at least on the level of more traditional analysis of
vocalizations).

Vocalization rate is affected by gender. In general male USVs
have been studied most extensively during courtship behavior, in
which males vocalize more than females (Whitney et al., 1973).
However, the social status of the male plays an important role in
determining the number of vocalizations as well. Dominant males
are known to be more vocal than subordinate males (Nyby et al.,
1976). Furthermore, castrated males have a lower vocal activity
than sham-operated or healthy males (Dizzino and Whitney, 1977;
Nyby et al., 1977a,b; Warburton et al., 1989). When castrated males
were treated with androgen this effect vanished (Nunez et al.,

1978), implying a hormonal role in the rate of male vocalization.
Only recently it has been shown that females do vocalize during
these events, albeit to a lesser extent, and perhaps underlie a sig-
nificant role within this interaction (Wang et al., 2008; Neunuebel
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t al., 2015). However, during territorial behavior, females emit
ore USVs than males in response to both awake and anesthetized
ale and female intruders (Hammerschmidt et al., 2012b).
Gender has little effect on mouse ultrasonic call types and

heir prevalence during social interactions. When male and female
ice are presented with an intruding conspecific of the same

ex, they emit similar syllable types, i.e. mostly 1-f.s.s. and 2-f.s.s
Hammerschmidt et al., 2012b;).

Moreover, individual syllable acoustics, such as duration, peak
requency and amplitude, do not differ significantly between gen-
ers (Fig. 5C and D; Hammerschmidt et al., 2012b). Among the
ifferent gender combinations, the cases of courtship behavior
gain emerge as special among the pairings tested (all genders, as
ell as one gender anesthetized, Fig. 5F and E; Hammerschmidt

t al., 2012b). However, it is important to note that Hammerschmidt
t al. (2012b) used a clustering method that only identified 3 differ-
nt call types. Therefore it is possible that gender based differences
xist on a finer resolution − e.g. the 10 call types defined above
emain invisible due to grouping at this level of analysis. Further-
ore, both male and female mice vocalize together during social

nteraction; i.e. calls have the highest probability of being emitted
t the same time the interaction partner vocalizes (Neunuebel et al.,
015).

Importantly, the goals of male and female mice may  differ during
ourtship behavior. This may  be reflected in the observed dif-
erences in call structure (Chabout et al., 2015). Where the male
ocalizations serve as an indicator of fitness to the female (Zahavi,
975), the female vocalizations may  serve more as an indication of
illingness to mate. Finally due to the similarity in calls seen across

enders during social interaction (Neunuebel et al., 2015), it is of
reat importance to separate the animals more precisely during an
nteraction.

. Genetic background influences vocalization rate, syntax,
nd frequency and duration

Throughout medical research and neuroscience many differ-
nt mouse strains and species are used for different purposes.
ost of these mice, both laboratory and wild derived, emit USVs

Kalcounis-Rueppell et al., 2006; Sugimoto et al., 2011; Hoffmann
t al., 2012b). As vocalizing behavior is highly susceptible to genet-
cs (Lai et al., 2001; Vernes et al., 2006; Enard et al., 2009; Deriziotis
t al., 2014), one may  expect strain differences to affect vocal behav-
or and USV structure (Sugimoto et al., 2011). Main differences
n vocal modulation due to the genetic background involve the
ocalization rate, syllable frequency and duration as well as syl-
able occurrence probability. The recent work on influences of USV
y the human-language inspired FoxP2-mouse-mutants is treated
eparately in Appendix A.

For vocalization rate a high amount of variability has been found
ased on the individual strains (Sugimoto et al., 2011), ranging
rom high vocal strains such as BALB and C57BL/6 to less vocal

ouse strains, like NJL mice. Pure inbred strains vocalize less than
ybrid strains (Maggio and Whitney, 1986; Hahn et al., 1997;
ahn et al., 1998). Also, the fraction of males that vocalize in

esponse to a female interaction changes across strains (Scattoni
t al., 2011). Laboratory strains vocalize more often and longer than
ild-derived mice when presented with a MCH  (i.e. a Multi-Cross
ybrid strain) female mouse, e.g. BALB and C57BL/6 male mice
ll vocalize in the presence of a presumably non-vocal MCH  doe,
hile only ∼15% of NJL males vocalize under comparable conditions
Sugimoto et al., 2011). It seems that this percentage of active vocal-
zers is negatively correlated with vocalization latency (Sugimoto
t al., 2011). Importantly, despite a devocalization-control, it is
nly assumed in this study that female MCH  mice did not emit
avioral Reviews 65 (2016) 313–325

USVs. During same-sex interactions vocalization rate and activity
are affected by strain (Scattoni et al., 2011). However, the total vocal
activity of pups seems to be less modulated by strain, but more so
by the dyadic pup-mother interaction (Wöhr et al., 2008). Further-
more, the time when pups stopped vocalizing differs strongly.

Individual syllable acoustics change as a function of genetic
background (Scattoni et al., 2008; Fig. 6B), with frequency and dura-
tion showing the biggest diversity across various mouse strains
(Scattoni et al., 2008; Wöhr et al., 2008; Sugimoto et al., 2011).
For example, most FVB pups have longer syllable durations than
C57BL/6 or 129 × 1 pups (Scattoni et al., 2008). Modulation of the
acoustic properties of pup USVs primarily depends on the genotype
of the individual (i.e. genetic background), as shown in an embryo
transfer study by Wöhr et al. (2008). Call amplitude forms the only
exceptions here, which seems to depend on the maternal geno-
type, suggesting that certain features of the USVs might be learned
during development.

Prevalence of individual syllable types is highly dependent on
strain (Scattoni et al., 2011, Fig. 6A). The prevalence of f.s., c.s. and
r.ch.s. seems to be constant throughout strains, while prevalence
of 1-f.s.s. and 2-f.s.s.,  s.s., u.f.m.s. and d.f.m.s. significantly differs
for male–female interaction (Sugimoto et al., 2011; Scattoni et al.,
2011). When comparing C57BL/6 mice with BTBR T mice (strain
often used as a model to study symptoms of autism), several syllable
probabilities varied significantly during male–female and same-
sex interactions, best illustrated by the abundant prevalence of the
unstructured calls in these BTBR T mice (Scattoni et al., 2011). On
the other hand, it seems that vocal repertoire is mostly unmodu-
lated by strain (Scattoni et al., 2008, 2011; Sugimoto et al., 2011).

In summary, when it comes to choosing a good mouse model, it
is critical to take a few things into consideration. For USV research
it is of course important to choose a strain with high vocalization
rates, e.g. BALB or C57BL/6 (Sugimoto et al., 2011). However, despite
that C57BL/6 mice are very vocal, they also develop early onset deaf-
ness (∼3 months, Ison et al., 2007), and therefore may  not be ideal
in adult social interaction experiments. Since the hearing deficits
in C57BL/6 mice progress from high to low frequencies with age
(Ison et al., 2007), mother-pup communication is primarily going
to be affected in the ultrasonic range, although it may  also affect
lower frequency communication, if female mice have pups at a
later age. Furthermore, it is important to keep in mind that, due
to the large variability in vocal behavior between strains, caution
is required when comparing result between studies using differ-
ent strains. Studies investigating gender differences between mice
are less limited by strain, as the relation between gender and vocal
behavior for different behavioral states appears consistent across
strains (Hammerschmidt et al., 2012b).

6. Behavioral state influences syntax, vocalization rate and
the repertoire of spectral features

The study of the dependence of vocalization repertoire on social
and behavioral state can provide insights towards the relation
between acoustics and semantics of mouse USVs. Mice are known
to vocalize in response to social and internal cues, which in turn
determine the behavioral state of the corresponding vocalizations.
In order to prompt the intended response during social interac-
tions, proper vocal performance is of high importance. The most
studied behavioral state in mouse USVs is male courtship behav-
ior, which can be coarsely subdivided into sniffing, chasing, and
mounting behavior. Other examples of behavioral states that elicit

vocal behavior in mice are various stressors, including pup isola-
tion, and territorial behavior. Typical inducing stimuli present in
some of these behavioral states of vocal research are e.g. low body
temperature and female urine, female saliva, and other odors (Nyby
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t al., 1981; Guo and Holy, 2007). Overall, behavioral state strongly
odulates vocal communication in mice, in particular the syntax.
dditionally, the vocalization rate as well as structural features of
ouse USVs change, e.g. duration, frequency and amplitude.
Mice adapt their vocal repertoire to match specific behaviors

Chabout et al., 2012). For instance, males emit different syllables in
esponse to female urine (i.e. mostly 1-f.s.s. and 2-f.s.s., see Table 1)
r the actual presence of a female mouse (i.e. mostly single note syl-
ables (Hanson and Hurley, 2012; Chabout et al., 2015)). It seems
hat male USVs become more “costly” during male–female inter-
ction, i.e. vocalization rate, bandwidth and durations increase in
he presence of a female, specifically during the (pre)estrus state
Hanson and Hurley, 2012), making these calls both more suscep-
ible to eavesdropping, but also easier to be localized by potential
redators (Yost et al., 2014). This trend seems to be in harmony
ith Zahavi’s handicap principle (Zahavi, 1975), suggesting that
ale mouse sexual communication is under pressure of compli-

ated negative selection mechanisms.
During same-sex interactions syntax of syllable types dif-

ers from male–female interactions (Scattoni et al., 2011;
ammerschmidt et al., 2012b), suggesting that mouse vocaliza-

ions not only function as courtship calls, but possibly in territorial
ominance behavior as well. The number of multi-component syl-

ables during this interaction also decreases when compared to
ale–female interaction (Hammerschmidt et al., 2012b). Mice are

urther able to discriminate between intruder arousal, thus iden-
ifying different behavioral and/or social relevance. During cage
ntrusion of an awake or anesthetized conspecific, the vocalization
ate of the resident animal changes (Hammerschmidt et al., 2012b).

Vocalization rates are strongly dependent on the modulation
f behavioral state. For instance, during painful procedures mice
ocalize at higher rates than during sham-procedures (Williams
t al., 2008). Also, the duration of vocal activity differs between
ale–female, and female–female communication (Maggio and
hitney, 1986), showing a decrease in vocal activity for the latter.

ocalization rates for pups differ depending on the experimental
ondition, i.e. cold or rotation (Hahn and Schanz, 2002). Moreover,
up experience with the responsive behavior of the mother seems
o negatively affect the number of isolation calls (D’Amato et al.,
005).

Similarly, syllable acoustics are affected by behavioral state as
ell (Chabout et al., 2012; Chabout et al., 2015). During courtship

ehavior male USVs are altered by a female’s presence and specif-
cally by their estrous state (Nyby et al., 1977a; White et al., 1998;
anson and Hurley, 2012), i.e. the dominant frequency decreases
uring a female’s presence, while their duration increases. Specifi-
ally, spectrotemporal properties of male USVs amid male-female
nteraction change from proestrus, estrus to diestrus, i.e. the dom-
nant frequency increases and syllable duration decreases (Hanson
nd Hurley, 2012). Amplitudes of male USVs in response to female
rine are significantly higher than in an actual female’s presence,
uggesting that they possibly function as long-distance calling
ehavior for females in the neighborhood (Chabout et al., 2015). Pup
ocalizations have an average peak amplitude of ∼60–70 dB sound
ressure level (SPL). Amplitude modulation of pup vocalization,
owever, mostly depend on the genetic background of the foster-

ng mother, rather than the pup’s own genetics (Wöhr et al., 2008),
uggesting that behavioral interaction is involved in the modula-
ion of amplitude to relevantly adapt a call’s loudness to a specific
ituation.

Behavioral interactions provide a possibility to study the
thologically valid consequences of modifications in vocaliza-

ion properties. During mate selection, females use male USVs as
nformation about an individual’s fitness (Sugimoto et al., 2011).
layback studies show that female mice prefer to spend more
ime in a compartment that plays these complex syllable types
avioral Reviews 65 (2016) 313–325 321

(Chabout et al., 2015). Consequently, mice are able to discriminate
between these courtship calls. It further suggests that multi-
component and more complex syllables induce approach behavior
in female mice, whereas simple syllables may perhaps be involved
in courtship behavior during direct male-female contact. During
courtship behavior, specifically the chases, females also emit USVs
that are similar to those of males (Neunuebel et al., 2015). More-
over, a correlation has been found between female vocalizations
during courtship and refraining from escaping from the male, sug-
gesting that these calls serve as an indicator of willingness to
copulate (Neunuebel et al., 2015). Furthermore, a recent study
showed that when female mice leave the social interaction area,
male syntax adapts (Yang et al., 2013). This change in vocal behavior
does not seem to differ across strains (Yang et al., 2013). Impor-
tantly, behavioral modulation is not only affected by the current
behavioral state, but also by earlier experience. For instance, prior
isolation and social environments (Chabout et al., 2012), but also
practice alter mouse vocal behavior (Guo and Holy, 2007).

On a more fine-grained level it may  be important for mice to
adapt vocalizations to the interaction partner’s (sexual/mating)
state. For example, male courtship vocalizations elicit different
responses in virgin females than maternal females, where the lat-
ter prefer pup isolation calls in a two-alternative forced choice
paradigm (Liu and Schreiner, 2007; Hammerschmidt et al., 2009;
see also Haack et al., 1983; Ehret et al., 1987). Hence, in a
male–female interaction, male vocalization behavior could in addi-
tion be modulated by the female’s internal state. As mentioned
above, influences on vocalization properties have already been
found as a function of the estrous state of the female.

7. Conclusions

Ultrasonic vocalizations take a variety of roles in mouse commu-
nication, ranging from pup isolation calls, to territorial disputes and
courtship behaviors in adult mice (Koch and Ehret, 1989; Uematsu
et al., 2007; Portfors and Perkel, 2014). The research to date indi-
cates that USVs are modulated on different levels, e.g. song, phrase,
syllables, and syllable features, by a variety of factors, including age,
gender, genetic background and/or behavioral state. As presently
summarized, various vocal parameters (i.e. vocalization rate, reper-
toire, syntax, and syllable features such as amplitude, frequency
and duration) are indicators of this modulation, the meaning of
which remains elusive at this point (with maybe the exception of
courtship calls, based on the estimated distance to the female). It
seems likely that mice use these modulational changes to discrim-
inate between social context and relevance, and are able to exhibit
different responsive behavior as a consequence of these modifica-
tions in vocal behavior (Haack et al., 1983; Ehret et al., 1987; Liu
and Schreiner, 2007; Hammerschmidt et al., 2009), implying that
a proper performance of vocal behavior is essential in a mouse’s
life. In the next paragraphs we summarize the modulators by their
targets, and their strength of modulation (see Fig. 7 for a graphi-
cal overview of the relation between vocalizations and the studied
factors).

Vocalization rate seems highly affected by all investigated
determinants, thus becoming one of the most important levels of
modulation. All determinants have states with high or low numbers
of vocalizations being emitted.

Repertoire seems – surprisingly – to be one of the least affected
levels of vocal production. The effect of modulation by age and
genetic background appears rather small, but throughout the lit-

erature, modulation by gender and behavioral state are even less
apparent.

Frequency is widely modulated by the presently investigated
determinants, of which the strongest determinants appear to be
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ge, genetic background and behavioral state, while gender seems
o not affect frequency.

Duration has a similar modulation pattern as frequency. The
trongest determinants are again age, genetic background, and
ehavioral state.

Amplitude is mostly modulated by behavioral state, and not sig-
ificantly by other determinants investigated here. As such it seems
hat amplitude is the least modulated parameter on the syllable
eature level.

Syntax seems to be a level of modulation that is fairly strongly
ffected by our investigated determinants. Most of the modulation
s driven by behavioral state and genetic background, and also age,
owever, to only a lesser degree by gender.

It seems that genetic background and behavioral state are the
trongest modulators for vocalizations, i.e. these determinants
how the widest variety on different levels of vocal modulation.
ge appears to also have a big influence on mouse vocalizations.
ender appears to be of lesser influence than thought previously.
owever, it is important to note here, that little research has been
one so far on female vocalizations and that during male–female

nteraction, it has been generally assumed that vocalizations are
mitted by males only.

This highlights the necessity for more individualized research,
n particular to the USVs produced by the female. One recent study
howed that females vocalize during male-female social interaction
nd that they have been previously been missed due to their sim-
larity with the male USVs (Neunuebel et al., 2015). Consequently,
ata from several published studies may  require reanalysis, which
ould be enabled by the presence of two or more microphones. For

uture studies the accuracy of determining the origin of USVs will
e of key importance. For instance, during facial interaction a very
ne localization resolution is required in order to properly esti-
ate which mouse emitted each USV. Hence, future studies would

reatly benefit from a more fine scaled spatial resolution sound
ocalization. Regarding spectrographic analyses more in depth and
omprehensive analyses could deepen the understanding of puta-
ive information conveyed by USVs. While focusing on frequency
umps, Holy and Guo (2005) have demonstrated that mouse USVs
re complex and non-random. Yet, other spectrographic syllable
odulations are currently left unexplored, like a typical vibrato-

ike frequency modulation. An approach that combines contextual
nformation with these substructures allows for better understand-
ng and identification of putative meaning and relevance of mouse
ocal behavior.

One of the next interesting steps in mouse USV research is the
ole it could play in multimodal sensory integration. Due to the
atural co-occurrence of USVs during social interaction behavior,
SVs bestow as proper naturally relevant stimuli to study the effect
f multimodal sensory integration across different sensory modal-
ties. In rats it has already been shown that facial whisker touch

odulates auditory cortical activity for vocalizations (Bobrov et al.,
014; Rao et al., 2014; Lenschow and Brecht, 2015). Similarly in
ice, one could study how vocal stimulation interacts with other

ensory modalities, e.g. audio-tactile, -visual, -chemosensory inte-
ration, to gain better understanding of how the brain functions in
ts natural environment (Barlow, 1961; Smith and Lewicki, 2006;
odríguez et al., 2010).

Finally, it is important to emphasize that due to the high inter-
ndividual variability (Hoffmann et al., 2012a), and the number of
ontributing factors (i.e. also considering those outside the scope of
his review) that affect mouse vocal parameters, there is difficulty in
eproducibility. Therefore we conjecture that USV research would

enefit greatly from more standardized methods and protocols for
tudying USVs. For instance, the development of standardized tools
sed to localize, analyze, and annotate/classify USVs, will make
uture research more reproducible and comparable. As such, appli-
avioral Reviews 65 (2016) 313–325

cations like mouseTube (https://mouseTube.pasteur.fr), or recent
efforts for automatic behavioral tracking (de Chaumont et al., 2012;
Giancardo et al., 2013; Patel et al., 2014) are interesting develop-
ments in the field, and may  ultimately strengthen the quality of USV
research. Another avenue of future research is the genetic basis of
USV structure, one of the recent topics being the influence of Foxp2
on vocal production, as discussed in the appendix.
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Appendix A. Influence of FOXP2 on USVs

The genetic determinants of mouse vocalizations cannot be
studied only on the basis of laboratory strains. Genetics modifica-
tions are required in order to study the influence particular genes
have on the structure and development of USVs in mice. FOXP2 is a
gene that has been linked to speech and language development in
humans. Various mutations in this gene lead to a disruption of the
normal development and function of speech production (Lai et al.,
2001; Shu et al., 2005; Fujita et al., 2008). Orthologues of FOXP2
occur also in other species, among them mice, where it is referred
to as Foxp2. Due to the growing interest in the genetic basis of
mouse vocalizations, and particular the role of Foxp2, an overview
of the current state of research is provided below. Since most of the
Foxp2 mutations do not survive up to adulthood, the bulk of exist-
ing work has focused on pup vocalizations, while only one study
was able to investigate adult vocalizations.

Overall, four lines of mice with different modifications of Foxp2
have been generated. There are two mutation lines, R552H and
S321X, which mimic  the mutations in the human families with
FOXP2-related language disorders. Next, there is one full knock-
out (FOXP2-KO), and one humanized line (FOXP2-hum), where the
human FOXP2 replaces the mouse Foxp2 gene. An overview of the
existing lines, literature and effects of vocalization behavior is given
in Table 2. As with the literature on the unmodified mice, not all
studies addressed the same vocalization properties (if data was
unavailable the field is hashed to indicate the lack of information).

Before describing the overall effects on vocalization, it should
be noted that hearing ability can be affected, if Foxp2 structure or
expression is altered. As shown by Kurt et al. (2009), both S321X and
to a larger degree R552H show impairments in hearing thresholds
and ABR (auditory brainstem response) waveform, which could be
an indicator for impaired synaptic transmission in the brainstem
(Kurt et al., 2009). Hence, potential deficits in vocalization devel-
opment could be rooted in a hearing disability, if auditory exposure
were required for certain aspects of mouse USVs.

Vocalization rate was affected in all genetic lines, except for the
Foxp2-hum. For the other lines a decrease in vocalization rate is
generally observed (see Table 2; Shu et al., 2005; Groszer et al.,
2008; Fujita et al., 2008; Gaub et al., 2010). Heterozygous animals
show no to only a minor loss in vocalization rate compared to wild
type for ultrasonic distress calls (USD), while the effect on ultra-
sonic isolation calls (USI) is larger. Homozygous animals show a

major loss in vocalization rate for USDs (Groszer et al., 2008; Gaub
et al., 2010), and seize to vocalize at all during isolation (Groszer
et al., 2008; Fujita et al., 2008; Gaub et al., 2010). Interestingly, no
difference in vocalization rate has been found between human and

http://https://mouseTube.pasteur.fr
http://https://mouseTube.pasteur.fr
http://https://mouseTube.pasteur.fr
http://https://mouseTube.pasteur.fr
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Table  2
Overview of the literature on the modulation of ultrasonic vocalizations by Foxp2. Results are grouped in 4 clusters (i.e. Knock-out, R552H, S321X and Human Foxp2), for
which  we  list the vocal and contextual parameters. Results of both heterozygous and homozygous lines are displayed relative to the wild type. One  arrow indicates a mild
change in gain (upward) or loss (downward), while two  arrows indicate a major change. 3 downward arrows indicate a complete loss of a parameter. A zero indicates a
studied parameter with no significant change, whereas a blank arced field demonstrates that a parameter was or could not be reported on.
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ild type Foxp2 mice, neither at the pup or adult stage (Enard et al.,
009; Hammerschmidt et al., 2015).

Duration and amplitudes of USV syllables were not widely influ-
nced by the genetic modifications, with the exception of the
omozygous R552H animals, which exhibit a loss in both of the
roperties (Groszer et al., 2008; Gaub et al., 2010; Fujita-Jimbo and
omoi, 2014). Interestingly, this effect can be undone with specific

oxp2 expression in the cerebellum.
Frequency and slope of USVs were modulated in pups of FOXP2-

um (Enard et al., 2009), an effect that, however, did not survive
nto adulthood (Hammerschmidt et al., 2015), where the Foxp2-
um did not show differences compared to the wildtype. Hence,
he effect of introducing the human Foxp2 into mice may  be less
ignificant than previously assumed. While informative, this dis-
overy is reducing previous hopes connected to the study of Foxp2
n the mouse.

In summary, different Foxp2 mutations have identifiable effects
n pups. However, the large variability across strains together with
he heterogeneity in the analysis makes it difficult to attribute a
nique function to the Foxp2 mutation. To achieve this, future stud-

es should focus on fewer strains, and on the strains that reach
dulthood.
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