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Ultrasonic vocalizations in mice: relevance for ethologic 
and neurodevelopmental disorders studies 

Marika Premoli*, Maurizio Memo, Sara Anna Bonini

Abstract  
Mice use ultrasonic vocalizations (USVs) to communicate each other and to convey their 
emotional state. USVs have been greatly characterized in specific life phases and contexts, 
such as mother isolation-induced USVs for pups or female-induced USVs for male mice 
during courtship. USVs can be acquired by means of specific tools and later analyzed on 
the base of both quantitative and qualitative parameters. Indeed, different ultrasonic 
call categories exist and have already been defined. The understanding of different calls 
meaning is still missing, and it will represent an essential step forward in the field of USVs. 
They have long been studied in the ethological context, but recently they emerged as a 
precious instrument to study pathologies characterized by deficits in communication, in 
particular neurodevelopmental disorders (NDDs), such as autism spectrum disorders. This 
review covers the topics of USVs characteristics in mice, contexts for USVs emission and 
factors that modulate their expression. A particular focus will be devoted to mouse USVs 
in the context of NDDs. Indeed, several NDDs murine models exist and an intense study 
of USVs is currently in progress, with the aim of both performing an early diagnosis and to 
find a pharmacological/behavioral intervention to improve patients’ quality of life. 
Key Words: autism spectrum disorders; behavioral phenotyping; emotional 
state; environmental modulation; maternal immune activation; mouse models; 
neurodevelopmental disorders; social context; ultrasonic communication; vocalizations 
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Introduction 
Mouse communication occurs both in the audible and 
ultrasonic range of sound frequencies (Ehret and Bernecker, 
1986; Zippelius and Schleidt, 1956). Mice predominantly 
communicate using the ultrasonic vocalizations (USVs) with 
a frequency from 30 to 110 kHz (Holy and Guo, 2005). Three 
types of USVs have been largely studied in laboratory mice: 
- isolation-induced USVs in pups, - interaction-induced USVs 
in juvenile mice and - interaction-induced USVs in adult mice 
(Figure 1). For the first time, Zippelius and Schleidt described 
USVs emitted by pups during separation from the mother 
and the littermates and they referred to USVs as “whistles 
of loneliness” able to elicit mother retrieval (Zippelius and 
Schleidt, 1956). Pups USVs represent an early communicative 
behavior of the mother-pup dyad; indeed USVs trigger 
maternal care and facilitate communication between mother 
and offspring (D’Amato et al., 2005; Hernandez-Miranda et 
al., 2017). In addition, alterations in the pups USVs features 
reveal modifications in emotional states of pups and therefore 
in arousal states of mother (D’Amato et al., 2005; Lahvis et 
al., 2011). Indeed, different types of calls are produced in 
response to particular conditions such as the presence of odor 
of an unfamiliar, potentially infanticidal, adult male (Branchi 
et al., 1998). Moreover, experiments using mice with alleles 
linked to social bonding and separation distress, like oxytocin or 
mu-opioid receptor, demonstrated that isolation-induced USVs 
are emitted in response to affective variations (Winslow et 
al., 2000; Moles et al., 2004). In addition, it is also interesting 
the idea that emotional state and responsiveness of mother 

influence the emission of pups USVs. D’Amato and colleagues 
reported an increased number of isolation calls in pups born 
from mothers with a lower maternal responsiveness such as 
BALB/c females in comparison with C57BL/6 mothers (D’Amato 
et al., 2005). The second type of USVs concerns vocalizations 
of juvenile mice during social interactions and it is correlated 
with social bonding and motivational level of mice (Panskepp 
et al., 2007; Peleh et al., 2019). Also adult mice produce USVs 
in different situations such as courtship, mating and social 
interaction. The most characterized adult mice USVs are those 
emitted during male-female interactions and/or in presence 
of female odor cues/urine. This type of calls is primarily 
attributed to males to attract females and has an important 
role in social/sexual behaviors (Egnor and Seagraves, 2016). 
Using devocalizing males, no USVs were detected during 
male-female interactions and this supports the idea that is 
male mice that emitted vocalizations (Sugimoto et al., 2011). 
However, other authors do not exclude the possibility of USVs 
production by female mice because during interaction it is 
not easy to distinguish the animal that produces vocalizations. 
With the use of new technologies such as a microphone array 
system and sound source localization method, it is possible 
to localize and assign USVs to individual mice during a social 
context (Neunuebel et al., 2015; Heckman et al., 2017; 
Warren et al., 2018a). This permitted to demonstrate that 
also female mice vocalize during interaction with male mice, 
even if further research is needed in this field. Finally, USVs 
can be detected during male-male and female-female social 
interactions. Different authors proposed some functions for 
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these vocalizations such as to mediate competition over social 
status for male (Nyby et al., 1976; D’Amato, 1991; Zala et al., 
2017) and to have affiliative purposes for female (Maggio and 
Withney, 1985; Moles et al., 2007; Zala et al., 2017). 

The nature of mice USVs is another interesting theme 
in this area of research that is still under investigation. 
Are vocalizations innate or learned? This is a debate yet 
ongoing. Supporting innate nature of vocalizations there 
is the fact that mouse pups when born are deaf and theirs 
hearing starts to develop after ten days of pups life (Ehret, 
1975). Therefore, mice cannot be vocal learners during 
their infancy. Nevertheless, Holy and Guo suggested that 
USVs produced by adult male mice have features similar to 
songs of birds that are vocal learners (Holy and Guo, 2005). 
This has opened the debate on the idea that mice can be a 
model for vocal learning. Imitation of another species calls is 
essential to demonstrate vocal learning. Kikusui et al. (2011) 
demonstrated the incapacity of mice to imitate USVs of other 
strains during cross-fostering experiments. This is another 
evidence for innate nature of USVs. In addition, auditory 
experience during development is not necessary to produce 
normal vocalizations in mice (Hammerschmidt et al., 2012). 
Indeed, USVs of hearing and deaf mice were qualitatively 
similar (Mahrt et al., 2013). For these reasons, USVs seems 
to be innate and not learned. Other recent studies reported 
limited vocal plasticity in mice linked to the absence or limited 
presence of a forebrain pathway that it is very developed in 
vocal learners such as birds and humans (Arriaga and Jarvis, 
2013). On the contrary, to demonstrate vocal learning in mice, 
several experiments focused on acoustic changes of USVs 
in different contexts were done. In particular, recent studies 
found evidences for learned nature of murine USVs due to 
modifications of USVs features during development (Grimsley 
et al., 2011), after isolation (Chabout et al., 2012) and in a 
competitive social condition (Arriaga et al., 2012). Therefore, 
the argument about the innate or learned nature of USVs is 
still totally open and under study.

Regarding specific features that describe mice USVs types, 
there are several temporal spectral components such as 
vocalization rate, frequency and duration that depend from 
different factors including age and genetic background 
of mice. In particular, the USVs rate induced by maternal 
isolation increases during the first week of pup life, reaching 
a peak that depends from genetic strain of mice, and it 
decreases until the end of the second week of pup life (Elwood 
and Keeling, 1982). Then, the emission of USVs from mouse 
pups is interrupted for a period that corresponds to the 
insurgence of social stimuli aging as trigger for USVs. Later, 
vocalizations rate increases again during social interactions 
especially between males and females (Warburton et al., 
1989). Furthermore, the vocal repertoire concerning different 
types of vocalizations (as the syllable vocabulary) is unvaried 
by age of mice. Indeed, both pups and adults are able to 
emit all types of USVs except noisy syllables (Grimsley et al., 
2011). Nevertheless, the proportion of USVs different types 
changes by age and also the other acoustic features, such 
as the duration and the frequency of USVs types, decrease 
with mice advancing age (Heckman et al., 2016; Peleh et 
al., 2019). In particular, with the increase of age, pups emit 
calls with more complex features. This pattern continues in 
juvenile mice with a decreased number and duration of calls 
(Peleh et al., 2019). Pups produce many calls with a frequency 
above 100 kHz unlike adult mice that emit calls with a lower 
frequency. Other differences in calls features concern duration 
of intervals between syllables with a longer inter-syllable 
intervals in younger than adult mice (Grimsley et al., 2011). 
All these features of vocalizations together with others, such 
as amplitude and bandwidth (i.e., the range of frequencies 
that a signal spanned), can be detected recording USVs with 
an ultrasound sensitive microphone and can be quantitatively 

analyzed by specific software (e.g., Avisoft Bioacoustics, 
Metris Sonotrack and Noldus UltraVox XT). Each vocalization 
can be also qualitatively classified into different categories 
based on several criteria. One of the most used classifications 
for mice is described by Scattoni et al. (2008) including 10 
categories that are: complex, harmonics, two-syllable, upward, 
downward, chevron, short, composite, frequency steps and 
flat calls. Examples of spectrograms of these 10 different 
calls typologies emitted by mice are reported in Figure 2. In 
addition, also other qualitative classification methods exist in 
the literature (Holy and Guo, 2005; Gaub et al., 2016; Grimsley 
et al., 2016). To date, specific meaning of calls categories is still 
unknown and it will be very interesting to find out more on 
this topic in the future. Finally, some automated systems can 
be used to deeply analyze USVs of rodents with standardized 
methods of machine learning (van Segbroeck et al., 2017; 
Coffey et al., 2019; Vogel et al., 2019).

Data Source
Studies cited in this review were found on the PubMed 
database, between April and August 2020, using the 
following keywords: ultrasonic communication in mice, 
neurodevelopmental disorders, autism spectrum disorders, 
mouse models, environmental modulation, drug, immune 
system and various combinations of the above terms.

Relevance of Ultrasonic Vocalizations Study 
Mice produce USVs to convey information related to 
positive or negative emotional states and to mediate social 
interactions. Communication is intensely linked to social 
behavior and for these reasons, USVs study has become 
a valid assay in behavioral readout and monitoring in this 
context (Granon et al., 2018). For several decades, USVs 
have been extensively analyzed from an ethological point 
of view but in recent times the USVs study has acquired 
large importance in the field of psychiatric and neurological 
disorders, starting from those characterized by communication 
and social interaction deficits such as neurodevelopmental 
disorders (NDDs) and in particular autism spectrum disorders 
(ASD) (Moy and Nadler, 2008; Scattoni et al., 2009; Fischer 
and Hammerschmidt, 2011; Simola and Granon, 2018). 
Quantitative and qualitative alterations in USVs are reported 
in numerous mouse models of NDDs and ASD. USVs produced 
from several genetic strains of mice are different, being 
influenced by genetic background of animal (Sugimoto et al., 
2011). In particular, variations in number, duration, frequency 
and other quantitative parameters have been found. In 
addition, also qualitative differences in calls typology were 
detected between control and NDDs/ASD mouse models 
(Roy et al., 2012; Hodges et al., 2017; Premoli et al., 2019). 
It is very interesting to analyze USVs from a qualitative point 
of view because it permits to investigate the meaning and 
potential functions of vocalizations in order to use them as a 
valid tool in NDDs and ASD field. Regarding this, experiments 
were performed to assign specific USV calls to different 
behaviors during social interactions (Warren et al., 2018b). 
In addition, Sangiamo and colleagues demonstrated that 
distinct ultrasonic vocalizations are associated with different 
types of murine social behavior highlighting important role 
of communication in social contexts (Sangiamo et al., 2020). 
Furthermore, since communication impairment is one of 
the core symptoms of ASD, altered calling patterns in mice 
can offer a useful assay for the diagnosis of ASD and to study 
the effects of pharmacological/behavioral interventions. 
Therefore, mouse ultrasonic communication analysis is 
a fundamental tool to investigate the mechanisms at the 
basis of these brain disorders and to test the efficacy of 
pharmacological treatments for these pathologies.

This review provides an overview of different contexts in which 
it is important to study mouse ultrasonic communication 
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and highlights the relevance of USVs use in NDDs and ASD 
paradigms.  

Ultrasonic Vocalizations and Environmental 
Modulation  
Between factors that can induce USV modifications, in 
addition to genetic background of mice, several stimuli can 
be grouped as “environmental stimuli”. Since mice emit USVs 
to communicate their emotional state or to coordinate social 
interaction (Simola and Granon, 2018), these environmental 
stimuli affect these fields. They can be split in two main 
categories:  social context, and  immunity.

Ultrasonic vocalizations and social context
Social context can constitute a positive stimulus for mice 
emotional state, such as social enrichment, or negative, such 
as social stress or segregation. All these situations significantly 
affect mice vocalizations (Table 1). 

In pups, besides developmental factors, social odors play an 
important role in modulating USVs emission (Branchi et al., 
1998). This is particularly relevant for ASD mouse models, 
as ASD is characterized by deficits in the processing of social 
context information (American Psychiatric Association, 2013). 
In the context of maternal separation, mouse pups emit 
fewer USVs when exposed to nest odor than to clean bedding 
(D’Amato and Cabib, 1987; Moles et al., 2004; Wöhr, 2015). 
Typically, the presence of odors from mothers and littermates 
produce a calming response of the isolated mouse pup, and 
hence to a reduction in isolation-induced USVs emission 
(Moles et al., 2004; Zanettini et al., 2010). Interestingly, in 
BTBR mice, a mouse model of ASD, it was observed that this 
social context produces a reduction in isolation-induced USVs, 
but, contrary to the control wild-type (WT) pups, that emitted 
USV with shorter call durations and lower levels of frequency 
modulation, it had no effect on acoustic call features (Wöhr, 
2015). Furthermore, the exposure to pheromones of an adult 
male induces a significant increase in pups USVs emission, 
as a result of anxiety related behavior (Kessler et al., 2011). 
In another model of ASD, Shank1 knock-out (KO) pups, this 
adverse social context (adult male odor) caused a significant 
reduction in USVs emission, compared to WT pups, so 
exacerbating communication deficits in the ASD mice (Sungur 
et al., 2016).

Early social enrichment, in particular housing pups until 
weaning with the mother and an additional female, resulted 
to decrease both number and duration of USVs emitted 

A
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Figure 1 ｜ Examples of isolation-induced USVs emitted by B6;129PF2 pups 
(A), male-female interaction-induced USVs produced by juveniles (B) and 
adult B6;129PF2 mice (C). 
In y axis is reported frequency expressed in kHz and in x axis time expressed in 
seconds (s). The figures were created exporting images from software Avisoft 
Bioacoustics. USVs: Ultrasonic vocalizations.

Figure 2 ｜ Examples of spectrograms of different USVs categories emitted 
by B6;129PF2 mice. 
In y axis is reported frequency expressed in kHz and in x axis is time interval 
expressed in milliseconds (ms). The figures were created exporting images 
from software Avisoft Bioacoustics. USVs: Ultrasonic vocalizations.

during maternal separation in postnatal day (PND) 8 pups 
(Oddi et al., 2015). This effect was observed both in WT and in 
a murine model of ASD, Fmr1 KO mice with FVB background 
and suggests a weaker emotional response to maternal 
separation. In another study, communal nesting was used as 
procedure to induce early social enrichment and it provoked 
decreased USVs emission rate in the social recognition test in 
adult female offspring (Gracceva et al., 2009).

Another important stimulus for pup vocalizations is early 
life stress. It was demonstrated that mice, both Balb/c and 
C57BL/6, emit significantly more isolation-induced USVs in 
the first PNDs after infant maternal separation (a common 
stressful stimulus) compared to standard-facility reared pups 
(Feifel et al., 2017).

In adult mice, social context is a key factor for USVs emission 
and regulation. Mice emit the highest number of calls with 
the largest diversity of call types during social interaction. In 
particular, it has been proven that mice of both sexes emit 
vocalizations at a higher rate and higher frequencies during 
opposite-sex compared to same-sex interaction and that male 
mice emit USVs with higher amplitude in presence of a male 
mouse compared to a female mouse stimulus, thus suggesting 
an USVs modulation depending on the gender of potential 
receiver (Zala et al., 2017). 

Furthermore, housing conditions (isolation or grouped), that 
act as a modulator factor for social motivation, significantly 
influence vocal behavior during social interaction (Chabout 
et al., 2012). In addition, Burke and colleagues demonstrated 
that prior social experiences deeply influence USVs production 
(Burke et al., 2018). They found significant differences in USVs 
number and call types that isolated mice (CBA/CaJ strain, 
both genders) produce across exposure conditions (following 
period of isolation or an exposure of a same- or opposite-sex 
mouse). 

Also, a complex social environment such as the presence of 
additional listeners (male mice) during male-female mice 
courtship, alters vocal behavior (Seagraves et al., 2016). 
In particular, Seagraves et al. (2016) demonstrated the 
existence of an “audience effect” in mice: male vocal behavior 
elicited by female odor is affected by the presence of a male 
audience, with changes in vocalizations count, acoustic 
structure and syllable complexity. This effect requests multiple 
cues, indeed a single sensory cue (odor or vocalizations), 
indicating the presence of a male audience, was not sufficient 
to elicit an effect; probably there is the need for an audience 
to be apparent. Moreover, a socially safe environment (in 
the experiment consisting in the three chamber apparatus, 
without physical threat) dramatically reduces communication 
between two adult mice competing for a natural reward, 
compared to a more uncertain environment ( in the 
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experiment consisting in two mice freely interacting in a large 
and novel cage) (Chabout et al., 2013). A relevant factor for 
male mice vocalization is also social status; indeed, Nyby and 
colleagues (1976) demonstrated that when interacting with 
a female, dominant males produce more USVs compared to 
subordinate males. Dominant males also emit wider vocal 
repertoire than mice avoiding social interactions (Sangiamo et 
al., 2020).

Finally, adult mice emit USVs also in non-social context, such 
as exploration of a novel environment and restrain stress, 
also if much less compared to social context, and only during 
exploration task social motivation has been demonstrated to 
significantly modulate vocal behavior (Chabout et al., 2012).

Stress is another key factor modulating USVs in adult mice. 
A commonly used behavioral paradigm to induce stress 
is restrain (immobilization in a small container for few 
minutes), as it causes anxiety-like behavior and increase in 
corticosterone levels. Lefebvre and colleagues demonstrated 
that restrain induces low-frequency USVs (≤ 60 kHz) in mice 
and these calls emission is increased by both a previous 
period of social isolation and the presence during restrain of 
a social congener (Lefebvre et al., 2020). Free exploration of a 
novel environment is also considered a stressful situation, as 
it induces anxiety. This behavioral task induced low-frequency 
USVs that resulted to be quantitatively decreased by a 
previous period of social isolation (Lefebvre et al., 2020).

Ultrasonic vocalizations and maternal immune activation 
Most of studies that found a robust effect of immune system 

status on USVs in mice were performed in maternal immune 
activation (MIA) models. Indeed, stimulation of immune 
system of pregnant dams, by means of both bacterial or viral 
agents, causes significant changes in offspring vocalizations 
(Jouda et al., 2019). Final effect of infection on USVs differs 
between different experiments due to the stimulus used, the 
dose, gestational time, offspring gender and frequency of 
injection. Activation of the maternal immune system during 
pregnancy causes profound behavioral alterations in the 
offspring, resembling behavioral deficits typical of certain 
neuropsychiatric disorders, including a significant impairment 
in ultrasonic communication (Malkova et al., 2012; Carlezon 
et al., 2019). In brief, injection of poly I:C, a viral stimulus, in 
C57BL/6J female mice at 10.5, 12.5 and 14.5 gestational days 
caused a reduction of isolation-induced USVs in pups from 
PND 8, and qualitatively differences in comparison with USVs 
of pups born from saline-injected mothers (fewer harmonics, 
more complex and short syllables). Adult male offspring also 
presented altered vocalizations, with fewer USVs in response 
to social encounters (Malkova et al., 2012). Carlezon and 
colleagues (2019) studied both the effect of MIA (by poly I:C 
injection at gestational day 12.5) and the effect of early life 
immune system activation (EIA, by the injection of a bacterial 
agent named lipopolysaccharide, LPS, in the offspring at 
PND 9) on C57BL/6J mice communication. They found that 
MIA significantly reduced maternal separation-induced USVs 
compared to vehicle at PND 10, specifically in male pups, 
whereas EIA led to an increase in USVs in both males (at 
PND 14) and females (at PND 12); furthermore the two-hits 
(MIA+EIA) induced a significant increase in USVs compared 
to vehicle-treated pups in both female and male pups at PND 

Table 1 ｜ Environmental modulation effect on ultrasonic communication

Effect of 
environmental 
modulation on 
USVs USVs features Strains References

Social context
Pups ↓ Number when exposed to adult male odor Shank1 KO Sungur et al. (2016)

↓ Number when exposed to nest odor vs. clean bedding WT, µ-opioid receptor KO, 
serotonin receptor 1A KO

D’Amato and Cabib (1987); Moles et al. 
(2004); Zanettini et al. (2010)

↓ Number and duration when exposed to soiled vs. clean bedding WT and BTBR Wöhr (2015)
↑ Number when exposed to pheromones of adult male WT Kessler et al. (2011)
↓ Number when exposed to maternal enrichment WT and Fmr1 KO Oddi et al. (2015)
↑ Number when separated from mother vs. standard-facility reared Balb/c and  WT Feifel et al. (2017)

Adults Gender effect on number, frequency and amplitude WT Zala et al. (2017)
↓ Number when exposed to communal nesting vs. standard nesting WT Gracceva et al. (2009)
↓ Number when grouped vs. isolated WT Chabout et al. (2012)
↓ Number when isolated vs. exposed to other mice CBA/CaJ Burke et al. (2018)
Male audience effect on number and acoustic features SWR/J Seagraves et al. (2016)
↓ Number in socially safe environment WT and neuronal nicotinic 

acetylcholine receptor KO
Chabout et al. (2013)

↑ Number when emitted by dominant male vs. subordinate male 
mice

DBA/2J Nyby et al. (1976)

↑ Number of restrain-induced USVs by isolation and presence 
of a social congener; ↑ Number of free moving-induced USVs by 
isolation

WT Lefebvre et al. (2020)

MIA context MIA vs. vehicle group
Pups ↑ Or ↓ number LPS and Poly I:C models Jouda et al. (2019)

↓ Number and duration on PND 8, 10 and 12 Poly I:C model Malkova et al. (2012)
↑ Number on PND 8 in BTBR and ↑ number on PND 10 in BTBR 
and WT

Poly I:C model Schwartzer et al. (2013)

↓ Or ↑ number Poly I:C model; LPS model Carlezon et al. (2019)
↑ Number Poly I:C model Choi et al. (2016); Kim et al. (2017)
↓ Number LPS model Schaafsma et al. (2017)
↑ Number and duration LPS model Aria et al. (2020) 

Adults ↓ Number Poly I:C models Malkova et al. (2012); Jouda et al. (2019)

KO: Knock-out; MIA: maternal immune activation; USVs: ultrasonic vocalizations; WT: wild-type. 
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12, 14 and 16. Concerning USVs quality, they found that at 
PND 12, EIA and two-hits induced in both genders an increase 
in calls under 75 hertz frequency compared to vehicle pups 
vocalizations (Carlezon et al., 2019). In another study, a single 
poly I:C injection at embryonic day 12.5 caused no significant 
changes in maternal isolation-induced USVs number at 
PND 8 in C57BL/6J strain pups, but only in the BTBR strain 
pups; instead, calls emitted at PND 10 resulted significantly 
increased in pups of both strains compared to control pups 
(Schwarzer et al., 2013). Also Choi and colleagues recorded 
increased isolation-induced USVs number in pups at PND 9 
in the same MIA model, demonstrating a direct link with the 
pro-inflammatory interleukin 17 (Choi et al., 2016; Kim et 
al., 2017). In addition, in a study published in 2016, Cntnap2 
mice were prenatally exposed to LPS (0.3 mg/kg at embryonic 
day 7) and this provoked a significant decrease in maternal 
separation-induced vocalizations at PND 3. Furthermore, the 
MIA dependent effect on USVs resulted to be the strongest hit, 
when compared to other two hits: genotype (KO versus WT) 
and sex (male versus female) (Schaafsma et al., 2017). Finally, 
Aria and colleagues also used LPS as MIA inducing stimulus (0.3 
mg/kg chronic administration during pregnancy) in B6;129PF2 
mice, and this caused a significant increase in both number 
and duration of isolation-induced ultrasonic calls in pups from 
PND 4 to 8 (Aria et al., 2020). Therefore, perturbation of the 
immune system during brain development, both in the pre-
natal and the post-natal periods, causes dramatic and long-
lasting effects on mice communication, with some specific 
differences between genders, that sometimes exacerbate the 
mice social behavior impairment.

Ultrasonic Vocalizations and Murine Models of 
Neurodevelopmental Disorders
NDDs are a heterogeneous group of neurobehavioral disorders 
with an early onset during development characterized by 
alterations in social interactions, communication, cognition 
and motor behaviors (Homberg JR et al., 2016; Silverman 
and Ellegood, 2018; Mossa and Manzini, 2019). Several 
genes have been associated with increased risk for NDDs, 
and rodent models are very useful for research in this field. 
Murine models with a high construct and face validity are 
able to reproduce molecular and behavioral modifications 
typical of human pathologies (Foxe et al., 2018; Vogel et al., 
2019). In NDDs mouse models, it is possible to test social 
communication deficits recording and analyzing USVs. In this 
review, analysis of ultrasonic communication in some models 
of NDDs and in particular in ASD models will be discussed.

Fmr1 knock-out mice
Fragile X syndrome (FXS) is a NDD caused by the expansion 
of a CGG triplet in the X-linked fragile X mental retardation 
gene (FMR1) resulting in the absence of the FMR protein 
(FMRP) (Pieretti et al., 1991) that modulates mRNA trafficking, 
dendritic maturation and synaptic plasticity (Greenough et al., 
2001). FXS is the most common inherited form of intellectual 
disability and monogenic cause of ASD (Rogers et al., 2001). 
Models of Fmr1 KO mice were generated and they are very 
useful to study both FXS and autistic disorders. Indeed, Fmr1 
KO mice display many of the symptoms typical of FXS and ASD 
patients, including cognitive deficits, altered social interaction 
and communication, repetitive behaviors, seizures and also 
cortical cytoarchitecture deficits (Gaudissard et al., 2017; 
Hodges et al., 2017; Sarè et al., 2019). Regarding ultrasonic 
communication, several authors have studied USVs in Fmr1 KO 
mice (Table 2). Lai and colleagues (2014) investigated features 
of USV spectrograms emitted by Fmr1 KO pups with FVB/NJ 
background, and they found an increased number of calls, 
especially frequency jump calls on PND 7 in comparison with 
WT pups. In addition, a shift in USVs temporal distribution was 
found in Fmr1 KO pups (Lai et al., 2014). Another analysis of 
ultrasonic communication has been performed by Reynolds 
and colleagues (2016), showing a reduction in frequency 
and duration of USVs in Fmr1 KO with FVB/NJ background in 
comparison with WT pups from PND 9 to 14. Furthermore, 
gender differences were found in calling pattern of this model 
(Reynolds et al., 2016). On the contrary, no quantitative 
differences in number or duration of USVs, but only a 
decreased proportion of downward calls, were detected in 
Fmr1 KO with B6 background on PND 8 from Roy’s study 
(Roy et al., 2012). Finally, in a study on Fmr1 KO pups with 
B6 background it emerged that they emitted a similar USVs 
rate, but with longer duration than WT pups (Gaudissard et 
al., 2017). USVs analysis has revealed more calls emitted by 
adolescent than adult mice but without genotype differences 
(Gaudissard et al., 2017). Other papers described the study 
of ultrasonic communication in Fmr1 KO adult mice. For 
example, Rotschafer reported a reduced rate of USVs in 
Fmr1 KO with FVB background compared to WT adult male 
during mating behavior (Rotschafer et al., 2012). Instead, no 
differences in USVs number but only a different proportion of 
calls typologies were recorded in another courtship paradigm 
including high level of upward syllables for KO with B6 
background and harmonics calls for WT adult males (Belagodu 
et al., 2016). Lastly, the effect of exposition to female urine on 
USVs features was evaluated, resulting in higher frequency, 
lower amplitude and duration of vocalizations in Fmr1 KO 

Table 2 ｜ Altered ultrasonic communication in Fmr1 KO mice

Mouse model of 
ASD

USVs features vs. WT mice

ReferencesQuantitative parameters Qualitative parameters

Fmr1 KO (FVB 
background)

Pups ↑ Number on PND 7 ↑ Frequency steps calls on PND 7 Lai et al. (2014)
↓ Number and duration on PND 9–14 Reynolds et al. (2016)

Adults ↓ Duration and amplitude, ↑ peak frequency ↑ Complex, chevron and flat; ↓ composite and 
frequency steps calls

Hodges et al. (2017)

↓ Number Rotschafer et al. (2012)
Fmr1 KO (B6 
background)

Pups No differences in number but ↑ duration on PND 4, 
6, 8, 10 and 12

Gaudissard et al. (2017)

No differences in number and duration on PND 8 ↓ Downward calls on PND 8 Roy et al. (2012)
Adolescents No differences in number and duration Gaudissard et al. (2017)
Adults No differences in number and duration ↑ Upward calls Belagodu et al. (2016); 

Gaudissard et al. (2017) 

ASD: Autism spectrum disorders; KO: knock-out; PND: postnatal day; USVs: ultrasonic vocalizations; WT: wild-type. 
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adult male with FVB background in comparison with control 
mice as well as a different USVs repertoire (Hodges et al., 
2017). 

BTBR mice
The BTBR T+tf/J (BTBR) mouse strain was bred for insulin 
resistance studies, diabetes-induced nephropathy and 
phenylketonuria (Clee et al., 2005) but recently, it has been 
associated also to ASD.  Indeed, it is one of the most known 
idiopathic models of ASD because it displays core symptoms 
typical of ASD patients such as social deficit, impaired 
communication and repetitive stereotype behaviors as well as 
neuroanatomical abnormalities (Meyza and Blanchard, 2017; 
Faraji et al., 2018). Analyses of ultrasonic communication 
in this model (Table 3) have revealed a higher number of 
isolation-induced USVs with a longer duration than WT pups. 
BTBR pups emitted louder USVs with a lower frequency in 
comparison with WT pups on PND 6 and 8. From a qualitative 
point of view, specific alterations of calls typologies were 
found such as high level of harmonics, two-syllable and 
composite calls on PND 8 (Scattoni et al., 2008). This unusual 
calling pattern in BTBR pups suggests the translational value 
of pups USVs with human babies cry in ASD context (Esposito 
et al., 2017). 

Communication deficit continues during adolescence and 
adulthood with a decreased USVs number in BTBR than 
control mice (Scattoni et al., 2011, 2013). Indeed, reduced 
USVs rate was detected in BTBR adult mice during male-
male, female-female and male-female social interactions. In 
particular, BTBR males emitted fewer chevron, two-syllable 
and frequency steps in presence of other males. Females 
displayed a narrow repertoire of USVs that included upward 
and short calls when they interacted with other females with 
a reduction of complex, chevron and frequency steps calls. 
Instead, during male-female interactions, BTBR mice emitted 
fewer short and frequency steps calls than control mice 
(Scattoni et al., 2011). Furthermore, Yang et al. (2013) studied 
interaction-induced USVs, founding a distinct calling scheme 
of BTBR males after the removal of females (Yang et al., 2013). 
Finally, ultrasonic communication deficit was found in BTBR 
adult male mice also in presence of female mice urine (Wöhr 
et al., 2011a).

Cntnap2  knock-out mice and Nlgn mutant mice
Mutations in genes coding for synaptic cell adhesion 
molecules, such as neuroligins, neurexins and contacting-
associated proteins have been associated to NDDs and ASD 
(Penagarikano et al., 2012; El-kordi et al., 2013). Contactin 
associated protein-like 2 (Cntnap2) KO mice display a reduced 
ultrasonic communication (Table 4) as well as other ASD 
core behavioral features and neurophysiological alterations 
(Penagarikano et al., 2011; 2015, Mohrle et al., 2020). In 
particular, Cntnap2 KO pups emit less USVs than WT pups 
when they are isolated from the mother (Penagarikano et 
al., 2011). USVs production remains altered in this model 
also during adulthood in presence of female mice urine 
(Brunner et al., 2015). Also in another model of ASD, the 
neuroligins (Nlgn) mutant mouse, ultrasonic communication 

was analyzed. Reduced isolation-induced USVs were found 
in Nlgn2 KO pups but without differences in other USVs 
parameters in comparison with their control pups (Wöhr 
et al., 2013). Conflicting results were detected in Nlgn4 KO 
mice. Indeed, a reduction of USVs number was reported 
in female juvenile mice of this model (Ju et al., 2014) and 
during interaction of adult males with adult females (Jamain 
et al., 2008). On the contrary, Ey and colleagues did not find 
alterations in USVs pattern in pups and adults of this model (Ey 
et al., 2012).

Shank models
SHANK proteins are a family of scaffolding proteins that 
connect the actin cytoskeleton of the dendritic spine with 
proteins of the postsynaptic membrane, promoting synapse 
formation and spine maturation (Monteiro and Feng, 
2017). Several studies have reported a correlation between 
mutations in SHANK genes and autism (Sato et al, 2012; 
Bai et al, 2018). Three Shank mouse models for ASD have 
been generated and all of them have some characteristic 
abnormalities of this neurodevelopmental disorder (for 
Shank1: Sungur et al., 2016, 2017, 2018; for Shank2: Eltokhi et 
al, 2018; for Shank3: Wang et al., 2011; Balaan et al., 2019). 

Shank1 knock-out 
Four studies on ultrasonic communication analysis in this 
model have been conducted (Table 5). At first, Wöhr and 
colleagues (2011) reported that Shank1 KO pups emitted 
less USV induced by maternal separation and spent less time 
calling in comparison with WT pups on PND 8. Furthermore, 
their USVs peak frequency was higher and frequency 
modulation was lower than those of WT pups. This calling 
pattern was present only in females and not in males pups 
(Wöhr et al., 2011b). Wöhr found two groups of USVs (e.g. 
the first between 50 and 80 kHz and the second between 80 
and 100 kHz) present in both genotypes but with a different 
distribution. Indeed, the majority of WT USVs belonged to the 
first group, whereas Shank1 KO USVs were distributed similarly 
between the two groups. Comparing the two genotypes, 
reduced number of KO USVs was related to the first group 
of vocalizations (Wöhr, 2014). Other authors have confirmed 
reduced USVs in Shank1 KO pups extending analysis of USVs 
to several days of pups development and evidenced the fact 
that ultrasonic communication deficits were more marked in 
presence of a social odor (Sungur et al., 2016). 

Regarding interaction induced USVs in juveniles, no genotype 
differences were detected (Sungur et al., 2017). At adulthood, 
the number of USVs produced by males during female 
urine exposition did not vary between genotypes. However, 
calling pattern of WT changed on the basis of their previous 
exposure to female but not in Shank1 KO male mice (Wöhr et 
al., 2011b).

Shank2 knock-out 
Shank2  KO models display alterations in ultrasonic 
communication (Table 5). Schmeisser and colleagues 
observed increased number of USVs in female, and not in 
male, Shank2 KO pups with deletion of exon 7 on PND 4 and 

Table 3 ｜ Altered ultrasonic communication in BTBR mice

Mouse model 
of ASD (BTBR)

USVs features vs. WT mice

ReferencesQuantitative parameters Qualitative parameters

Pups ↑ Number, duration and peak amplitude; ↓ peak 
frequency on PND 8

↑ Harmonics, two-syllable and composite calls on 
PND 8

Scattoni et al. (2008)

Adolescents ↓ Number Scattoni et al. (2013)
Adults ↓ Number Different USVs repertoire on basis of different social 

interaction test
Scattoni et al. (2011); Wöhr et al. 
(2011a); Yang et al. (2013) 

ASD: Autism spectrum disorders; PND: postnatal day; USVs: ultrasonic vocalizations; WT: wild-type.



1164  ｜NEURAL REGENERATION RESEARCH｜Vol 16｜No.6｜June 2021

10 (Schmeisser et al., 2012). Another study was conducted on 
this model but no differences between male and female mice 
were detected (Ey et al., 2013). In addition, Shank2 KO pups 
lost their typical inverted U-shape developmental pattern 
with calls peak on PND 6, leading to a reduced number of 
calls in this day (Ey et al., 2013). During female-female social 
interaction test, ultrasonic vocalizations were recorded 
obtaining a reduced calls rate in Shank2 KO adult female 
mice (Schmeisser et al., 2012; Ey et al., 2013). Longer latency 
to emit the first USV during male-female social interactions 
was found in Shank2 KO in comparison with WT adult mice 
but no change in number of calls was noticed (Schmeisser 
et al., 2012; Ey et al., 2013). In other Shank2 KO model (with 
deletion of exon 6 and 7), Won and colleagues reported a 
reduced emission of USVs in adult male mice in presence of a 
female (Won et al., 2012).

Table 5 ｜ Altered ultrasonic communication in Shank models 

Mouse model 
of ASD

USVs features vs. WT mice

ReferencesQuantitative parameters Qualitative parameters

Shank1 KO
Pups ↓ Number and frequency modulation, ↑ peak frequency Different distribution of USVs in two groups 

(50–80 kHz and 80–100 kHz) on PND 8
Wöhr (2014); Wöhr et al. (2011b); 
Sungur et al. (2016)  

Adolescents No differences in number Sungur et al. (2017)
Adults No differences in number Wöhr et al. (2011b)

Shank2 KO 
(exon 7)

Pups ↑ Number in female on PND 4 and 10 Schmeisser et al. (2012)
↓ Number on PND 6 Ey et al. (2013)

Adults ↓ Number in female-female social interaction test; no 
differences in number in male-female interaction social test

Schmeisser et al. (2012); Ey et al. 
(2013) 

Shank2 KO  
(exon 6–7)

Adults ↓ Number Won et al. (2012)
Shank3 
heterozygous

Adults ↓ Number and ↑ latency to call Bozdagi et al. (2010)
Shank3 KO

Pups No differences in number and duration Yang et al. (2012); Balaan et al. 
(2019)  

Adults ↓ Number, duration and frequency modulation in female-
female social interaction test; ↑ number, ↓ duration and 
frequency modulation in male-female social interaction test

Wang et al. (2011)

No differences in number in presence of female urine Yang et al. (2012)

ASD: Autism spectrum disorders; KO: knock-out; PND: postnatal day; USVs: ultrasonic vocalizations; WT: wild-type.

Table 4 ｜ Altered ultrasonic communication in Cntnap2 KO mice and Nlgn 
mutant mice

Mouse model 
of ASD

USVs features vs. WT mice

ReferencesQuantitative parameters

Cntnap2 KO
Pups ↓ Number on PND 3, 6 and 9 Peñagarikano et al. (2015)

Adults ↓ Number Brunner et al. (2015)
Nlgn2 KO

Pups ↓ Number and total calling time 
on PND 7 

Wöhr et al. (2013)

Nlgn4 KO
Pups No differences in number and 

duration
Ey et al. (2012)

Adolescents ↓ Number and duration and ↑ 
latency to first call

Ju et al. (2014)

Adults ↓ Number Jamain et al. (2008)
No differences in number and 
duration

Ey et al. (2012)

ASD: Autism spectrum disorders; KO: knock-out; PND: postnatal day; USVs: 
ultrasonic vocalizations; WT: wild-type.

Shank3 knock-out 
Analysis of ultrasonic communication in Shank3 KO pups 
(Table 5) did not reveal genotype effects on calling rate and 
duration of USVs (Yang et al., 2012; Balaan et al., 2019).  On 
the contrary, adult Shank3 KO females emitted fewer calls but 
they produced more calls with a shorter duration than those 
of WT mice during social interaction with female. Also their 
USVs frequency modulation was decreased in comparison 
with WT mice (Wang et al., 2011). Opposite results were 
obtained in Shank3 KO male mice, including an increased USVs 
rate compared to WT mice in one study (Wang et al., 2011) 
and no genotype change in USV emission founded in another 
study (Yang et al., 2012). Finally, reduced USVs emission 
pattern with an increased latency to call was detected in adult 
heterozygous males during social interaction with females 
(Bozdagi et al., 2010). 

p50 knock-out mice 
p50 KO mice have a deletion of the NFκB1 gene coding for 
the NF-κB p50 subunit. Nuclear factor-κB (NF-κB) pathway 
is involved in many processes such as neuron plasticity, 
neurogenesis, cell proliferation, apoptosis and immune 
system regulation (Kaltschmidt and Kaltschidt, 2009; Gutierrez 
and Davies, 2011). p50 KO mice display immune responses 
defects, hyperactivity, reduced anxiety behavior and altered 
hippocampal neurogenesis associated with cognitive deficit 
in spatial short-term memory (Sha et al., 1995; Kassed and 
Herkenham, 2004; Denis Donini et al., 2008). Recently, they 
have been characterized as a model of NDDs because they 
have cortical structural abnormalities and some behavioral 
alterations typical of neurodevelopmental disorders, such 
as social interaction deficit and ultrasonic vocalizations 
communication impairment (Bonini et al., 2016; Mastinu et 
al., 2018; Premoli et al., 2019). Our research group analyzed 
ultrasonic communication in this model, founding a higher 
number and duration of maternal isolation-induced USVs 
compared to WT pups. On the contrary, during adulthood, 
p50 KO emitted less USVs than WT adult males in presence 
of adult females. A detailed qualitative analysis has revealed 
specific changes in calling pattern involving only two USVs 
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categories, such as two-syllable and frequency steps, that are 
altered both during infancy and adulthood in p50 KO mice 
(Premoli et al., 2019; Table 6).   

Pharmacological/Behavioral Ultrasonic 
Vocalizations Modulation 
M o u s e  v o c a l i za t i o n s  c a n  b e  m o d u l a t e d  b y  b o t h 
pharmacological and behavioural interventions (Table 7). 
One example of the pharmacological treatment that resulted 
effective in USVs modulation is minocycline. Rotschafer and 
colleagues (2012) demonstrated that a 4-week minocycline 
treatment (from PND 0 to PND 28) was able to reverse Fmr1 
KO mice (FVB background) vocalization deficits (in terms of 
calling rate) during mating. In another study, the effect of 
several anxiolytics (citalopram, escitalopram, R-citalopram, 
paroxetine, fluoxetine and venlafaxine) were tested on 
Carworth Farms Webster mouse pups (7 days old) and 
maternal-separation USVs were recorded; acute treatment (45 
minutes before USVs recording) with all these drugs induced a 
reduction in USVs emission compared to vehicle treated pups 
(Fish et al., 2004). Veronesi and colleagues (2017) studied the 
effect of an anti-inflammatory drug (dypirone) administered 
to dams during lactation; they found that it induced increase 
number of USVs in male pups, but not females, compared to 
vehicle pups, suggesting a greater vulnerability of male pups 
to anti-inflammatory treatment during lactation. An interesting 
toxicological study concerned the impact of dioxin exposure 
on USVs emission in infant mice born to dams treated with 
2,3,7,8-tetrachlorodibenzo-p-dioxin on gestational day 12.5. 
Total USVs and mean call durations in infant mice exposed to 
3 μg/kg dioxin were shorter than those in the control mice. 
In addition, the percentages of complicated call types (i.e., 
chevron and wave) in dioxin-exposed mice were decreased 
compared to control mice (Kimura and Tohyama, 2018). 

An example of behavioral intervention able to act on mice 
vocalizations is early social enrichment; a maternal social 
enrichment on Fmr1 KO pups resulted in a weaker emotional 
response to maternal separation. Indeed, enriched-KO pups 
at PND 8 emitted less USVs compared to KO pups during 
maternal separation (Oddi et al., 2015).

Hence, USVs analysis is a useful behavioral endpoint in 
developmental, pharmacological and toxicological assessment.

Conclusions and Future Perspectives
In recent years, the relevance of USVs has been consolidated 
as a valid tool for behavioral analysis of mice, both in the 
context of ethological studies and in the context of medical/
pathological studies, especially in NDDs field. Altered 
ultrasonic communication is found in several mouse models of 
NDDs and currently it is emerged the evidence that the study 
of USVs can provide additional value to NDDs models.

Different open questions on the communicative function and 
the meaning of USVs in mice are still under investigation. 
An important role is exerted by the emotional state and the 
motivation that can influence social communication in mice 
and modulate some specific USVs features such as number 
and typology (Granon et al., 2018). So, one of the main 
challenge for the future will be to better understand the 
meaning of USVs different categories emitted by mice and/
or to associate the type of USV to a proper emotional state 
of the animal. As soon as this key topic will be unravelled, the 
study of ultrasonic communication will become even more 
important also in order to modulate, both pharmacologically 
and with behavioral therapies, the state of health of mice, and 
so the translational value of USVs will dramatically increase.
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