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Abstract
In neonatal mice ultrasonic vocalizations have been studied both as an early communicative behavior
of the pup-mother dyad and as a sign of an aversive affective state. Adult mice of both sexes produce
complex ultrasonic vocalization patterns in different experimental/social contexts. All these
vocalizations are becoming an increasingly valuable assay for behavioral phenotyping throughout
the mouse life-span and alterations of the ultrasound patterns have been reported in several mouse
models of neurodevelopmental disorders. Here we also show that the modulation of vocalizations
by maternal cues (maternal potentiation paradigm) – originally identified and investigated in rats -
can be measured in C57Bl/6 mouse pups with appropriate modifications of the rat protocol and can
likely be applied to mouse behavioral phenotyping. In addition we suggest that a detailed qualitative
evaluation of neonatal calls together with analysis of adult mouse vocalization patterns in both sexes
in social settings, may lead to a greater understanding of the communication value of vocalizations
in mice. Importantly, both neonatal and adult USV altered patterns can be determined during the
behavioural phenotyping of mouse models of human neurodevelopmental and neuropsychiatric
disorders, starting from those in which deficits in communication are a primary symptom.
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1. Introduction
In the neonatal house mouse Mus musculus, isolation-induced ultrasonic vocalizations (USVs)
are whistle-like sounds with a single component at frequencies between 30 kHz and 90 kHz
(Branchi et al., 2001. The rate of calling follows a clear ontogenetic profile, peaking around
the eighth day after birth and decreasing to zero when outbred pups are two weeks old {Noirot,
1969#30; Elwood and Keeling, 1982). Considerable differences have been found among strains
(Roubertoux et al., 1996).with C57Bl/6 showing lower calling rate and earlier profile peak
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[around postnatal day (PND) 3] than other inbred mice (BALB/c, DBA, A/J (Hennessy et al.,
1980; Roubertoux et al., 1996; Sewell, 1970; Thornton et al., 2005).

Since their first description, neonatal USVs were interpreted as a communicative behavior
(Zippelius and Schleidt, 1956). Functional significance of such vocalizations have then been
extensively debated. It has been postulated that these sounds are the incidental by-product of
a physiological response to a thermal challenge, e.g. the reflexive abdominal compression
reaction that helps return venous blood to the heart (Blumberg and Alberts, 1990; Blumberg
and Sokoloff, 2001).

However, it is a sound ethological evidence that pup vocalizations elicit maternal orientation/
approach and retrieval (Cohen-Salmon et al., 1985; Ehret and Bernecker, 1992; Noirot,
1972; Smotherman et al., 1974) and reduce attacks or rough manipulation by the dam (Ihnat
et al., 1995; Noirot, 1966). Focussing on the USV receiver, the dam, Farrell and Alberts showed
that rat mothers approach and maintain orientation to a vocalizing pup far more than virgin
females, such orientation appears immediately after delivery, increase during the first week of
life of the offspring and decline by the time of weaning, being regulated, at least partially by
maternal hormones (Farrell and Alberts, 2002a; Farrell and Alberts, 2002b). A dynamic
relationship between maternal responsiveness and pup calling rate has been shown in mice by
comparing maternal responsiveness to USVs in two different strains. Using a three-
compartment cage test where the mother, to reach the pups, had to cross the central part of the
cage containing olfactory cues from a potentially infanticidal male, authors showed that C57Bl/
6 mothers scored higher in maternal responsiveness than BALB/c females, and their pups
emitted fewer calls than BALB/c pups and suggested that maternal responsiveness, (i.e. mother
promptness to respond to pups’ needs) might be a key factor tuning the rate of ultrasonic
emission of the offspring (D’Amato et al., 2005).

USVs can be quantitatively analysed, can be elicited by measurable stimuli, and can be analysed
with limited handling of the pup. In addition, neonatal USVs could also map onto later
development of adult anxiety profiles (Dichter et al., 1996). The present review underscores
the reliability of the evaluation of the mouse USVs as a behavioural endpoint targeting the
communicative competencies of this species. This issue appears extremely relevant for the
construction of validated experimental models of developmental and psychiatric disorders
characterised by communication deficits among the pathological signs, e.g autism spectrum
disorders. Indeed, whereas USVs have been studied extensively in a rodent ethological
perspective in the last decades, only very recently they are systematically becoming a core
feature (and an effective tool) in behavioural phenotyping of both adult and neonatal mutant
mice modelling several neuropsychiatric and neurodevelopmental disorders, starting from
those associated with communicative/social deficits (Moy and Nadler, 2008).

2. Measuring USV in mouse pups: the role of neurotransmitters
Several pharmacological studies have been conducted to evaluate the role of different
neurotransmitter systems on the regulation of USV signalling in rodents and this information
has been previously reviewed (Branchi et al., 2001; Hofer, 1996). Here we reported USV data
from mouse lines with genetic manipulations of neurotransmitter receptor subtypes, and
reduced or elevated synaptic levels of a targeted neurotransmitter; only those pharmacological
studies that have formed the background information for a subsequent analysis of USVs in
transgenic mice are also mentioned.

Serotonin (5HT)
Pharmacological studies have shown that serotoninergic drugs affect USV of mouse pups, often
through a mechanism associated with sedative or thermoregulatory actions (Nastiti et al.,
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1991). Ultrasonic calling has therefore been included in behavioural phenotyping studies
focused on lines of mice with targeted mutations in the 5HT1a and 5HT1b receptor genes.
Knockout (KO) mice for the 5HT1b receptor emitted fewer vocalizations after neonatal social
isolation than control wildtype (WT) littermates (Brunner et al., 1999). Interestingly the same
authors showed that mutant 5HT1b dams spent significantly more time outside the nest as
compared to WT mothers, despite no differences in latency to retrieve their pups (Brunner et
al., 1999). When the role played by the maternal environment on the USV profile emitted by
infants was analysed in greater detail, interesting result were found (Weller et al., 2003). In the
neonatal isolation paradigm, both 5HT1a and 5HT1b KO mice vocalized less than WT
littermates, thus confirming previous results. Genotype of dams, however, had a dramatic effect
on heterozygous 5HT1a pups. Heterozygous offspring of 5HT1a KO dams unexpectedly
emitted more USVs than genetically identical pups reared by WT dams (Weller et al., 2003).

From a methodological viewpoint these results also highlight the importance of maternal
factors that appear to shape the neonatal and adult behavioural phenotype of the offspring.
Brunner, Weller, and coworkers recommend a breeding procedure of heterozygous crossings,
to minimize variation of the maternal environment and provide within-litter controls.

Cannabinoids (CBs)
Pharmacological studies had indicated that CBs modulate USV production by mechanisms
entirely independent from hypothermia in rats (McGregor et al., 1996). More recently, prenatal
exposure to the cannabinoid CB1 receptor agonist WIN 55,212-2 was shown to decrease the
rate of separation-induced USV in 10-day-old rats (Antonelli et al., 2005). Behavioural analysis
of CB-1 KO mice thus included USV among the endpoints, reporting a total lack of the
characteristic developmental peak in separation induced USV (Fride et al., 2005).

GABA
GABA B (1a or 1b) KO mice have been behaviourally characterised (Jacobson et al., 2006),
but despite clear evidence from pharmacological studies in which baclofen or benzodiazepines
had anxiolytic effects decreasing isolation induced neonatal USVs (Cirulli et al., 1994; Nastiti
et al., 1991), but so far no data are available about USVs in GABA B KO pups.

Opioid
Opioid modulation of isolation induced USV in neonatal rats has been reported by several
authors (Carden et al., 1991; Kehoe and Blass, 1986; Nelson and Panksepp, 1998).
Pharmacological studies showed a reduction in vocalization after treatment with μ opioid
receptor agonists (Carden et al., 1991). Early behavioural phenotyping of mice lacking μ opioid
receptors found decreased USV, interpreted as a sign of decreased responsiveness to maternal
separation (Moles et al., 2004). Interestingly these mouse pups failed to show higher USV
production on the second consecutive isolation from the mother (the maternal potentiation
paradigm, described below): these results were interpreted as a decreased social bonding in
neonatal mice lacking μ opioid receptor (Moles et al., 2004).

Oxytocin
In 9–10-day-old rats, exogenous administration of oxytocin reduced the rate of USV emitted
by neonatal rats that had been socially isolated (Insel and Winslow, 1991). Treatment with an
oxytocin antagonist, however, did not have the opposite effect, leaving USV unchanged (Insel
and Winslow, 1991). Null mutant mouse pups lacking oxytocin displayed fewer USVs than
their wildtype controls (Winslow et al., 2000). This counterintuitive finding (given that
exogenous oxytocin also decreased calling) has been interpreted as evidence that in the absence
of oxytocin social separation is not perceived as a distress and does not induce USV (Winslow
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et al., 2000; Winslow and Insel, 2002). In addition, data from male KO mouse pups lacking
the oxytocin receptor showed fewer USVs in 7-day-old knockout mice (Takayanagi et al.,
2005), consistent with the hypothesis that oxytocin neurotransmission is necessary for the
perception of social separation and the subsequent USV response.

Vasopressin
The first experiments to evaluate the possible role of the peptide arginine vasopressin (AVP)
on the modulation of ultrasonic vocalizations found that in rats exogenous administration of
vasopressin decreased ultrasonic vocalizations (Winslow and Insel, 1993). Using the
antagonists available at that time, i.e. AVP1 vs AVP2 antagonists, the effects of exogenously
administered vasopressin appeared to be regulated primarily by AVP1 receptors (Winslow and
Insel, 1993). Recent pharmacological studies provided evidence for the AVP1b receptor
subtype in the regulation of USV in neonatal rats. The recently developed selective AVP1b
antagonist (SSR 149-451) significantly decreased neonatal USV in rats (Hodgson et al.,
2007).

Neonatal USVs of AVP1b receptor KO mouse pups have been recently measured (Scattoni et
al., 2008). Despite the large pharmacological evidence for a role of AVP1b receptors in the
modulation of neonatal USV during social isolation, no evidence of genotype differences were
detected in baseline levels of emission. AVP1b null mutant pups did show a deficit in USVs
in the neonatal maternal potentiation USV paradigm, and also in USVs emitted by adult females
during social interaction with an unfamiliar female partner (see Figure 1) (Scattoni et al.,
2008). Differences between pharmacological evidence and the behavioural phenotype of
mutant mice are likely due to: i) developmental effects of genetic modification, both prenatally
and postnatally; ii) intrinsic species-specific regional patterns of expression for neuropeptide
receptors. The regional distribution of AVP1a receptors in praire and montane voles differs
from the neuroanatomical distributions in rats and mice, providing a paradigmatic example of
the limitations in predicting mouse behavioural phenotypes that are primarily based on
pharmacological data gathered in another rodent species, e.g. rat (Young et al., 1997).

Other Neuropeptides
In agreement with the proposed physiological roles for the substance P-neurokinin 1(NK1)
receptor system in regulating stress responses in humans and rodents (Holmes et al., 2003),
genetic deletion of the substance P receptor NK1 significantly reduced USVs on PND 8 and 9
(Rupniak et al., 2000). No information is available on adult USV patterns in these mice which
are characterised at adulthood by reduced aggression and by decreased emotionality in the
plus-maze (Santarelli et al., 2001).

3. Investigating USVs in mouse models of neurodevelopmental disorders
Recently, USV analysis has been applied to studies of mouse models of neurodevelopmental
disorders (Branchi and Ricceri, 2002; Ricceri et al., 2007b). USV pattern was analysed in a
mouse model of Down syndrome (Ts65Dn) carrying a partial trisomy of the chromosome 16
that includes the region homologous to the human chromosome 21. In these mice, the
ontogenetic profile of USV emissions is delayed by 4 days, with Ts65Dn mice showing a peak
of emission on pnd 9 whereas the peak was evident on pnd 5 in the WT controls (Holtzman et
al., 1996).

Jimpy is a shortened life-span (pnd 30) murine mutant line showing recessive sex-linked
inheritance. The genetic defect consists of a point mutation in the proteolipid protein (PLP)
gene and produces a severe CNS myelin deficiency that is associated with a variety of complex
abnormalities affecting all glial populations (Vela et al., 1998). Jimpy males produced fewer

Scattoni et al. Page 4

Neurosci Biobehav Rev. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



USV than their normal male littermates, beginning at postnatal day 2 and persisting throughout
the first postnatal week (Bolivar and Brown, 1994). As observed in Ts65Dn mice, the USV
deficit is accompanied by a delay in acquiring developmental milestones and by a reduced
body weight gain and reduced locomotor activity. The reduced vocalization rate had no
consequences on maternal retrieval behaviour (Bolivar and Brown, 1995).

Reeler mice, with a mutation in the gene for reelin, an extracellular-matrix protein involved in
plasticity of dendritic spines and synaptic transmission, showed alterations in USV patterns
with a clear gene-dose dependency (Laviola et al., 2006). Null mutant reeler mice emitted fewer
calls than WT controls, and heterozygotes emitted USV at an intermediate level (Laviola et
al., 2006). These reductions in USV calls were, however, associated with body weight
decreases, and were reversed by epigenetic factors including prenatal exposure to an
organophosphate, suggesting that increased availability of acetylcholine early in development
could have played a sort of compensatory role (Laviola et al., 2006). Furthermore, the deficient
profile of null mutant reeler pups was counteracted by repeated maternal separations, which
are known to stimulate hypothalamic-pitituary axis activation and release of corticosteroid
hormone (Ognibene et al., 2007).

One of the most intriguing USV patterns is seen in neonatal Foxp2 mutant mice (Shu et al.,
2005). The FOXP2 gene codes for a transcription factor (forkhead box transcription factor)
which has been identified in humans as the gene responsible for verbal dyspraxia, dysphasia,
and other severe language and speech disorders affecting the KE family (Vargha-Khadem et
al., 2005). Heterozygous and homozygous FoxP2 KO pups showed a selective decrease in
USV vocalization emitted after neonatal isolation on postnatal days 6 and 10 (Shu et al.,
2005). These results were interpreted as supporting the role of Foxp2 in regulating neural
development and social communication.

Somatic growth, somatosensory reflexes and USVs have been examined in Mecp21lox mutant
mice, a mouse model of Rett Syndrome (Picker et al., 2006). Somatic development increases
steadily and appears similar to WT controls in both Mecp2 null male and Mecp2 heterozygous
female mice. However, beginning at postnatal day 5, both Mecp2 null males and heterozygous
females exhibited dramatic increases in USV in response to social isolation (Picker et al.,
2006) This is the earliest and most prominent sign detected in MECP2 mutant mice. Elevated
USV levels might indicate either an altered response to social isolation or alteration of
respiratory function, an issue that is receiving increasing attention in mouse models of Rett
syndrome in the last years (Ogier et al., 2007; Viemari et al., 2005). Further testing should
clarify the contributions of each of these factors in the altered behavioural response.
Interestingly, USV are increased in infancy after cholinergic blockade (Kehoe et al., 2001) and
cholinergic deficits have been reported for Rett individuals (Wenk and Hauss-Wegrzyniak,
1999). These data have translational significance, because they suggest that the early deficits
noted in Rett individuals may be mimicked in the mouse models, and candidate USV as a
neonatal behavioral response that can be used as an assay at early ages to evaluate therapeutic
interventions.

Finally, analysis of the behavioural phenotype of Fibroblast growth Factor 17 (Fgf17) KO mice
- a putative mouse model of selected aspects of schizophrenia - revealed selective alterations
in the social domain, including a general deficit in USVs and decreased reactivity to social
novelty in a social recognition task associated with a reduced frontal cortex activation (Scearce-
Levie et al., 2007). Fgf17 is a trophic factor involved in neural embryonic development and
regional organization of cortical layers in cerebellum, inferior colliculus and frontal cortex in
rodents (Cholfin and Rubenstein, 2007). Fgf17 gene lies within the 8p22-21 chromosomal
linkage region for schizophrenia and two different genes coding for Fgf ligands are also within
schizophrenia linkage sites.
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These latter data thus suggests that USVs can be analysed fruitfully also in behavioural
phenotyping of mouse models of complex human neuropsychiatric diseases.

4. Maternal potentiation procedure as a model for USV modulation: mouse
pups are not little rat pups

In socially isolated rat pups, the rate of USV emission is dramatically increased during the
second consecutive separation, i.e. a 5 minute separation, followed by 5 minutes of contact
with the mother, followed immediately by a second 5 minute separation (Shair et al., 2005).
This phenomenon, called “maternal potentiation,” has been extensively characterised during
the second postnatal week in the rat species (for a detailed review see (Shair, 2007)). Maternal
potentiation of USV has been reported in rat pups after a 5 minute reunion with a passive
anesthetised dam, as well as with an active anaesthetised, behaviourally active dam (Hofer et
al., 1996; Kraebel et al., 2002). USV potentiation during the second separation can also occur
after a brief contact with the sire, provided that pups are reared with their sire in the home cage
(Brunelli et al., 1998). A more detailed analysis conducted in 10-day-old neonatal rats showed
that maternal reunion not only increases the subsequent calling rate but also induces qualitative
changes in ultrasonic emission, namely increased average amplitude and average bout size (i.e.
number of USV/bout) (Myers et al., 2004).

In rat pups, the maternal potentiation of USV is a robust phenomenon occurring in different
experimental settings, independent of thermal cues, and resilient to adverse early experiences
such as hypoxia at birth (Venerosi et al., 2006) and selective cholinergic lesions of the
cholinergic basal forebrain (Ricceri et al., 2007a). Maternal potentiation is not species-specific
for rats, since it also occurs in 15-day-old guinea pigs (Hennessy et al., 2006). In this species,
however, potentiation of USV response after a brief reunion with the dam is evident not as an
increase of USV response, rather number of USV did not differ between first and second
isolations whereas control pups not exposed to the brief maternal reunion showed a significant
reduction of calls from the first to second isolation.

Early findings in mice indicate that maternal potentiation of USV is not as robust, and may
depend on the mouse strain. Total lack of maternal potentiation has been reported in the CD-1
Swiss derived albino outbred strain (Branchi et al., 2004). By contrast, some recent maternal
potentiation data collected in C57Bl/6J 8-day-old pups indicate that maternal potentiation of
USV can be detected using an experimental protocol modified from the rat one, with reunion
occurring in the home cage with both mother and littermates (see figure 2 for details). Indeed,
in such a condition, time spent by the dam in contact with the experimental pups is significantly
increased. This enhances the contrast experienced by the pups between maternal reunion and
second isolation and results in potentiation of USV response.

In addition to such evidence of maternal potentiation in pups of the inbred strain C57Bl/6J,
maternal potentiation was also evident at postnatal day 12 in WT controls, but significantly
reduced in pups with a null mutation in the mu opioid receptor, (Moles et al., 2004). Similarly,
maternal potentiation was detectable in a line of AVP1b receptor knockout mice with a mixed
C57Bl/6J and 129/SvJ genetic background, in which USV patterns have been analysed in
greater detail (Scattoni et al., 2008). In 9-day-old WT control pups, maternal potentiation was
found both in terms of number and duration of calls. Duration appeared to be a more sensitive
parameter than number of calls, and call amplitude was not affected by the dam reunion
(Scattoni et al., 2008).

It must be also noted; however, that maternal potentiation of the USV response has not been
found in another mutant mouse line with C57Bl/6 background, the Fgf17 knockout line
(Cholfin and Rubenstein, 2007). Such a discrepancy might be due to procedural differences
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such as age of testing or dam reunion modality (dam in the experimental cage vs pup back in
the home cage with mother and littermates). Detailed analysis of differential reunion
procedures and age-related differences upon maternal potentiation phenomenon in C57Bl/6
inbred mouse pups merits further investigation.

AV1b receptor knockout data illustrate the additional informative value of the maternal
potentiation USV response. This mouse line represents the only targeted gene mutation so far
in which baseline USV did not differ in the three genotypes analysed (+/+, +/− and −/−), while
genotype emerged when the maternal potentiation paradigm was applied. In contrast, in the
Mecp2, Oxytocin and Foxp2 mutants, only baseline USV differed between genotypes (Picker
et al., 2006; Shu et al., 2005; Winslow et al., 2000), while in the mu opiate receptor mutants,
both baseline and maternal potentiation deficits were detected (Moles et al., 2004). These
findings thus suggest that the maternal potentiation response could be a useful additional
endpoint in early behavioural phenotyping of mouse lines in which the neonatal responsiveness
to maternal cues represents the target interest.

5. Recent advances in USV analysis: from quantity to quality
The development of sound spectrographic analysis allows additional insights into both
environmental and genetic factors shaping USV response. This advance in instrument
technology provided user-friendly hardware and software to characterize and measure acoustic
signals, adding a qualitative analysis to the more common quantitative measures as shown by
(Branchi et al., 1998). These authors were the first to demonstrate that USVs emitted by
neonatal laboratory mice were differently shaped when recorded under different ecologically
relevant conditions (odor from the nest, social isolation, low temperature-isolation, tactile
stimulation, or odor from a conspecific adult unfamiliar male).

Analysis of sonograph patterns also revealed significant effects of prenatal malnutrition on
USV response that were not evident in terms of call rates (Tonkiss et al., 2003). Detailed
sonographic analysis showed that the reduction of the number of USV following neonatal
ethanol exposure is not a general reduction of all wave-types, but rather a selective reduction
of certain waveforms (rising frequency, u-shaped and 3 sweeps calls) (Barron and Gilbertson,
2005). Further analyses using playback approaches could clarify whether these selective
changes have a specific impact on dam responses. Detailed analysis of acoustic parameters of
the neonatal USV has also offered the opportunity to evaluate the auditory cortical response
of the dam to such USVs (Liu et al., 2006). This methodological approach has indicated that
auditory cortical encoding of the same playback USV may differ between mothers and naïve
females (Liu and Schreiner, 2007). Cortical responses for USV detection and discrimination
were seen in mothers responding the natural pup vocalizations, but not observed when non-
communicative artificial sound ensembles were presented (Liu and Schreiner, 2007).

6. Adult mouse vocalizations: a still unexploited tool in mouse behavioural
phenotyping?
Males

The USV emission of adult mice has been primarily reported in reproductive contexts (Nyby,
2001), with males being responsible of most of the calls (Maggio et al., 1983; Whitney and
Nyby, 1979). At variance with rats, adult mice USV are not detectable during agonistic
encounters in laboratory settings (Nyby, 2001). Only recently, however, mouse USV have been
detected in adolescent C57Bl/6J and Balb/cJ mice of both sexes during social interaction
undergoing since weaning a repeated schedule (four days) of social housing followed by one-
day social isolation (Panksepp et al., 2007). Interestingly, a detailed qualitative analysis showed
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significant strain differences in frequency distribution of waveforms with prevalence of
downwards and complex sonograms in C57Bl/6J mice and prevalence of upwards and inverted
U-shaped sonograms in Balb/cJ mice (Panksepp et al., 2007).

The exposure to a female partner or to the urine induces a clear USV response in adult male
mice with previous reproductive experience (Holy and Guo, 2005; Maggio et al., 1983; Nyby,
2001; Whitney and Nyby, 1979). The quantitative analysis performed by Holy and Guo
illustrated for the first time that the male vocalizations are characterised by temporal sequences
that are specific for each individual (Holy and Guo, 2005).

Very recently the female-induced male vocalization response has been used in the behavioural
phenotyping of cholinergic (muscarinic) and dopamine receptor knockout mice focused on the
reward mechanisms underlying male/female recognition and sexual reward. These data,
although still preliminary, point to a decreased USV response in M2 or M5 receptor knockout
male mice, whereas the same response is unchanged in M4 and D2 knockout mice (Wang et
al., 2008).

Females
The production of USV during female-female mouse encounters is a sound phenomenon
discovered by Maggio and Whitney in 1985 (Maggio and Whitney, 1985), even though
sporadic reports of ultrasonic emissions by female mice appeared also previously (D’Udine et
al., 1982). Maggio and Whitney systematically investigated the USV emitted during female-
female interaction in mice showing that female mice during encounters with other females emit
a large number of USV, at absolute rates comparable to those of the male-female interaction.
When the female-female encounter occurs within a resident/intruder experimental paradigm,
the resident female emits a great number of ultrasonic calls (Moles and D’Amato F, 2000) as
demonstrated by anesthetizing alternatively the members of the pair.

Such female resident-intruder paradigm has been recently used to analyse social behaviour of
mice lacking the AVP1b receptor gene (Scattoni et al., 2008). Null mutation of the Avpr1b
gene resulted in reduced UVs emission by adult females during the resident-intruder test, while
social sniffing levels were unaltered. While some authors have questioned the role of the female
mouse vocalization in naturalistic conditions (Nyby, 2001), USV during resident-intruder
interactions in laboratory conditions has been interpreted as a main factor contributing to the
establishment of female social dominance hierarchies (Maggio and Whitney, 1985). These
calls may serve as communication signals, enhancing physical proximity and enabling social
information gathering (Maggio and Whitney, 1985; Moles et al., 2007). Since the Avpr1b −/
− showed social sniffing responses (i.e. physical proximity with the intruder) that were not
significantly different from WT controls, these data lend support to the role of USVs emitted
by the resident female in other forms of communication, e.g. the establishment of hierarchical
ranks (Scattoni et al., 2008).

The growing literature on USV in mice suggests that this behavioural response is likely to be
useful to i) characterize basal profiles and selected qualitative aspects of mother-pup interaction
and ii) investigate additional adult social responsiveness in different inbred strains.
Importantly, both neonatal and adult USV deviant patterns can be determined in investigations
of behavioural phenotypes in several mouse models of human neurodevelopmental and
neuropsychiatric disorders, starting from those in which deficits in communication are a
primary symptom.
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Figure 1.
Ultrasonic vocalizations (USVs) in Avpr1b mice. A) Number of USV on postnatal day (pnd)
3, 6, 9 and 12 in response to social separation during a five minute session. No consistent
genotype differences were detected across the four ages tested. B) Number of USVs emitted
on pnd 9 during the maternal potentiation test by pups during the second five min separation
session, following a five min reunion. Before: first period of five min isolation from the mother
and siblings. After: second period of isolation, following five min of reunion with the mother
and entire litter. Avpr1b +/+ mice emitted more calls (*p< .05) during the second separation
after reunion, displaying the expected maternal potentiation. Avpr1b +/− and Avpr1b −/− mice
failed to show an effect of the reunion with their mother and siblings on number of calls emitted
during the second separation. C) Number of USVs emitted by resident female mice (four
months of age) when exposed to a C57Bl/6J adult female intruder during the Resident-Intruder
test. Avpr1b −/− emitted significantly fewer USVs in comparison to Avpr1b +/+ (*p<.05). D)
Avpr1b −/− emitted calls with lower peak frequencies than Avpr1b +/+ (**p <.01) during the
Resident-Intruder test. Data for number of USVs (panel C) are expressed as square root mean
± SEM. In the graphs A, C and D, data are expressed as mean ± SEM. Panel A and B
Avpr1b +/+ (n = 9); Avpr1b +/− (n = 31); Avpr1b −/− (n = 17). Panel C and D Avpr1b +/+ (n
= 10); Avpr1b +/− (n = 11); Avpr1b −/− (n = 11). Modified from (Scattoni et al., 2008).
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Figure 2.
Effects of two maternal potentiation protocols in 8-day-old C57Bl/6J mice: in the first method,
shown in the left column, maternal reunion between first and second isolation consisted in
returning the pup to dam only, following the standard protocol for rats. In the second protocol,
shown in the right column, maternal reunion consisted of returning the pup to the home cage
with the dam and the littermates. Data are mean + sem, n = 10 litters per protocol [methods for
the USV recording and statistical analysis are as described in Scattoni et al. 2007]. Upper panel:
number of USV per min emitted by the experimental pup (black pup in the diagram) during
the first and second isolation periods, ** p< 0.01 after Tukey HSD posthoc comparison
performed on the interaction protocol x maternal potentiation factor F (1, 18) =23.6, p<0.01.
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Middle panel: mean duration of USV emitted by the experimental pup (black pup in the
diagram) during the first and second isolation periods; protocol x maternal potentiation factor
F (1, 18) =4.5, p<0.05, Tukey HSD posthoc comparison performed on this interaction just
missed statistical significance. Lower panel: time spent by the dam in active contact with the
experimental pup (black pup in the diagram) during maternal reunion, ** main effect of
protocol F (1, 18) =48.9, p<0.01.
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Table 1
Representative vocalization studies in mutant mouse models

Mouse model Ultrasonic vocalizations Age range Description References

FOXP2 knock out
mice

Decreased emission rate PND 6 Decrease emission rate in (−/
+) mice, no emission in(−/−)
mice. Both whistles and clicks
are reduced in (−/+) mice

Shu et al, 2005

Ts65Dn (Down
syndrome mouse

model)

Delayed ontogenetic profile PNDs 3 - 13 Ultrasonic vocalization profile
was delayed by 4 days. Peak
expression of USVs was
observed on PND 9 in Ts65Dn
mice, on PND 5 in 2n control
mice

Holtzman et al.
1996

MeCP2 (Rett
syndrome mouse

model)

Increased emission rate PNDs 3 -12 Increased emission rate since
PND 5 in hemizygous null
male mice, since PND 7 in
heterozygous females

Pickers et al.
2006

Reelin Decreased emission rate PNDs 3 - 9 Decreased emission rate
throughout the first postnatal
week.

Laviola et al.
2006; Ognibene

et al. 2007

FGF17 Decreased emission rate PND 8 Decreased emission rate
during two repeated isolation
periods

Scearce-Levie et
al. 2007

AVP1b receptor
Knock out mice

Lack of maternal potentiation
effect in knockout and

heterozygous

PND 9 Increased emission rate
(maternal potentiation) after a
brief reunion with the mother
in wt controls, not in
heterozygous and knockout;
increased call duration in all
groups (wt, heterozygous and
knockout).

Scattoni et al.
2008
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