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Abstract 

Animals display various behaviors during social interactions. Social behaviors have been 

proposed to be driven by the internal states of the animals, reflecting their emotional or 

motivational states. However, the internal states that drive social behaviors are complex and 

difficult to interpret. Many animals, including mice, use vocalizations for communication in 

various social contexts. This review provides an overview of current understandings of mouse 

vocal communications, its underlying neural circuitry, and the potential to use vocal 

communications as a readout for the animal’s internal states during social interactions.  
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1. Introduction – Vocal communication in laboratory mice 

Many animals living in social environments communicate with each other to establish social 

structures and ensure the species’ survival. Communication can occur in many forms - vision, 

olfactory, and touch - yet acoustic communication is one of the most ubiquitous and important 

across animal species. Acoustic communication conveys important information about animals’ 

physical and social status, location, and identity, as well as the presence of predators or food.  

Studies in rodent vocal communications have begun around the 1950s to 1960s in two 

major contexts – during pup-mother interactions and adult male-female interaction during 

courtship (Anderson, 1954; Noirot, 1966; Sewell, 1967; Zippelius and Schleidt, 1956). Rodents 

vocalize in both below and above the ultrasonic range (ultrasonic vocalizations or USVs, >20kHz, 

which is above the audible range for humans). In this review, mouse vocal communications in 

general will be referred to as USVs unless it is specified. USVs in rodents range between 50 to 

100kHz (mice) and 20 to 80kHz (rats) (Portfors, 2007), and are usually comprised of individual 

utterances of 5 -200 ms in duration. The genetic background of mice and rats affects the 
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frequency, waveform, duration, and number of calls (Kikusui et al., 2011; Portfors, 2007; Sales, 

1979; Sugimoto et al., 2011; Wöhr et al., 2008). Various studies have shown that mouse USVs 

are specified by innate and genetic mechanisms, not by vocal learning, unlike songbirds and 

humans, as deaf mice produce normal USVs (Kurt Hammerschmidt et al., 2012; 

Hammerschmidt et al., 2015; Mahrt et al., 2013) and the mice raised by a different strain of 

mice produce USV repertoires expected by their own genotype (Kikusui et al., 2011). While 

laboratory mice may not be a suitable model to study vocal learning and language, due to the 

advantage of genetic accessibility, however, mice USVs have been broadly used as a model to 

study social communications and the mechanisms of speech.  

Animal behaviors, especially social behaviors are driven by the internal states of animals’ 

arousal and motivations. Understanding the internal states underlying social behaviors is 

sometimes challenging, given the limited information we can collect from the animals. The 

internal states underlying USVs are well studied in rats. Decades of studies have shown that rats 

emit vocalizations in two functional categories that have distinct spectral properties (Knutson et 

al., 2002), and both are observed in social and non-social contexts. One is the vocalizations 

typically referred to as ‘22kHz vocalizations’ (frequencies between 18 to 32 kH) or ‘distress call’ 

and emitted in a number of aversive behavioral context including exposure to predators 

(Blanchard et al., 1991; Brudzynski and Ociepa, 1992), foot shocks (Borta et al., 2006), and 

social defeat (Vivian and Miczek, 1993). The other is so-called ‘50-kHz vocalizations’ 

(frequencies between 32 to 96 kHz) under non-aversive conditions, rather associated with 

positive experiences, such as social interactions (Blanchard et al., 1993), sexual behaviors 

(McIntosh et al., 1978; G. D. Sales, 1972), and juvenile play (Knutson et al., 1998; Panksepp, 
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1981). In mice, unlike in rat, there are no known clear features that separate positive and 

negative valence in USVs.  In this review, I will focus on how internal states, especially the 

psychological states of the animals affect their USVs and how we can utilize USVs to decode 

animals’ internal states in mice. I will summarize current knowledge around vocal 

communications in mice, explore the possibility to use vocal communication as a readout to 

understand internal states of animals, and discuss potential challenges and future perspectives. 

 

2. Neural circuit  

In rodents, USVs are produced in larynx, when the rapid airflow impinges on the larynx 

wall, causing its vibration (Håkansson et al., 2022; Johnson et al., 2010; Mahrt et al., 2016; 

Riede, 2011). Vocalization is tightly coupled to the respiratory system and requires precise 

coordination between the motor systems controlling the muscles in the larynx and lung. In this 

paper, I will not focus on the motor control of these muscles themselves, rather, the focus will 

be on the forebrain and midbrain inputs to the motor pathway that modulate USVs. For 

detailed motor control of vocalization and breathing, please see the following reviews (Jürgens, 

2002, 2009; Jürgens and Hage, 2007; Nieder and Mooney, 2020). 

 

The midbrain periaqueductal gray 

The midbrain periaqueductal gray (PAG) has been suggested to play a vital role in 

mammalian vocalizations (Jürgens, 1994, 2002, 2009). Electrical or pharmacological activation 

of the PAG can elicit vocalizations with acoustic features that are typical to the species (Bandler 

and Carrive, 1988; Jürgens and Ploog, 1970; Kyuhou and Gemba, 1998; Lu and Jürgens, 1993; 
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Martin, 1976). Various forebrain regions have also been suggested to be involved in the control 

of vocalizations. Activation of forebrain regions, including the cortex, amygdala, and 

hypothalamus, trigger vocalizations (Bennett et al., 2019; Gao et al., 2019; Green et al., 2018; 

Jürgens, 1982; Kyuhou and Gemba, 1998; Ma and Kanwal, 2014; Manteuffel et al., 2007). 

Interestingly, the effect of forebrain stimulation on vocalization was lost when PAG was 

inactivated (Jürgens, 2009; Jürgens and Pratt, 1979; Siebert and Jürgens, 2003), suggesting that 

PAG is functionally downstream of forebrain structures. 

Studies identifying the forebrain-PAG neural circuit controlling USVs have been 

conducted in the regulation of courtship USVs in male mice. To identify specific population of 

neurons involved in vocalization in PAG, Tschida and colleagues used an activity-dependent 

labeling method (Sakurai et al., 2016) to label PAG neurons that were active in male mice 

producing USVs (PAG-USV neurons) (Tschida et al., 2019). Silencing of PAG-USV neurons 

prevented males to vocalize to females without suppressing other aspects of male courtship 

behaviors. Conversely, optogenetic and chemogenetic activation of PAG-USV neurons triggered 

USVs without the presence of female or female cues, and the acoustic features of evoked USVs 

were similar to the ones toward females. Both tonic and pulsed optogenetic stimulation evoked 

similar pattern of USVs, suggesting that not the pattern of PAG-USV activity defines the 

vocalizations, rather sustained activity in PAG-USV neurons triggers USVs. Furthermore, the 

timing of evoked USVs is not exactly coupled with the onset of laser activation of PAG-USV 

neurons, but rather expiration phase of ongoing respiratory cycle.  These data suggest that the 

PAG serve as a ‘gate’ to control the activity of downstream vocal controlling networks, rather 

than directly generating vocal patterns in rodents. Specific genetic markers for the PAG-USV 
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neurons are still unknown, however, they appear to be excitatory neurons (Tschida et al., 2019). 

The PAG-USV neurons heavily project to the nucleus retroambiguus (RAm) in hindbrain, which 

contains premotor neurons that project to laryngeal (Holstege, 1989; Jürgens, 2002; 

VanderHorst et al., 2001; Wild et al., 2009). Specific activation of RAm projecting PAG neurons 

evoked USVs in both males and females, suggesting that the PAG-RAm pathway is an important 

midbrain-hindbrain node for vocal control (Fig. 1).  

 

Forebrain control on vocalization 

Several forebrain regions have been identified to evoke vocalizations by electric 

stimulation studies in mammals. To identify the forebrain inputs for vocal control, Michael and 

colleagues used monosynaptic rabies virus tracing to label direct upstream neurons to the PAG-

USV neurons and inhibitory PAG (PAG-vGAT) neurons, which are likely to provide potent local 

inhibition onto excitatory PAG-USV neurons (Tovote et al., 2016) . This approach revealed a 

wide range of inputs from forebrain areas, including from the prefrontal cortex, hypothalamus, 

bed nucleus of striatum (BNST), and amygdala, many of which are implicated in the regulation 

of cognitive, emotional, and homeostatic control. This result suggests that a wide variety of 

social, environmental, and interoceptive information may be integrated to vocalization circuit 

through the inputs to PAG-USV neurons and regulate USVs in a context dependent manner. 

Among the various inputs, the preoptic area (POA) particularly strongly inputs to PAG-

vGAT neurons. The POA plays a crucial role in male sexual behaviors (Balthazart and Ball, 2007; 

Gao et al., 2019; Karigo et al., 2021; McKinsey et al., 2018). Optogenetic stimulation of PAG-

projecting POA neurons robustly promoted USVs without the presence of social cues. At the 
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same time, other groups also reported the USV promoting effect of POA. Optogenetic 

activation of inhibitory neurons (Gao et al., 2019) or estrogen receptor 1 (Esr1) neurons (Chen 

et al., 2021; Karigo et al., 2021) robustly trigger USVs in male and female mice, and this USV 

promoting effect was evoked through POA-PAG projection (Chen et al., 2021). Majority of POA 

Esr1 neurons are inhibitory (~80%; (Moffitt et al., 2018; Wei et al., 2018)), and specific 

activation of inhibitory Esr1 neurons in POA (POA-Esr1∩vGAT) evoked more USVs than POA-

Esr1 neurons stimulation (Unpublished observation). Importantly, optogenetic activation of 

POA-Esr1∩vGAT neurons not only promoted USVs, but also promoted investigation and 

mounting toward male conspecifics, which is seldomly observed without optogenetic 

manipulation. Slice patch clamp recording revealed that optogenetic activation of POA-vGAT 

neuron terminals in PAG induce IPSC in PAG-vGAT neurons, and local optogenetic activation of 

PAG-vGAT neurons induced EPSC in PAG-USV neurons (Chen et al., 2021; Michael et al., 2020). 

These data suggest that POA-PAG pathway evoke USVs through a di-synaptic disinhibition of 

PAG-USV neurons mediated by local PAG-vGAT interneurons (Fig. 1).  

 Micheal et al has shown that inhibitory neurons in the central-medial boundary zone of 

the amygdala (AmgC/M) directly input to PAG-USV neurons and suppress naturally occurring 

female-directed courtship USVs (Michael et al., 2020) (Fig. 1). Since medial amygdala contribute 

to the sensory processing and social behavior regulation (Dulac and Torello, 2003; Hong et al., 

2014; Newman, 1999; Unger et al., 2015; Zufall and Leinders-Zufall, 2007), the AmgC/M-PAG 

pathway might provide rapid suppression on USVs upon detecting sensory cues that imply 

nonideal circumstance for courtship, such as predator cues (Michael et al., 2020). Another 

example of forebrain-evoked USV inhibition is not through directly projection to PAG. The 
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ventromedial ventrolateral hypothalamus (VMHvl) is known as a hypothalamic region 

controlling inter-male aggression (Lee et al., 2014; Lin et al., 2011; Yang et al., 2013). 

Optogenetic stimulation of VMHvl-Esr1 neurons evoke aggression toward both male and 

female opponents (Lee et al., 2014), and activation of same population inhibited female or 

female urine evoked USVs (Karigo et al., 2021). This inhibitory effect was excreted through the 

projections from VMHvl to POA. Optogenetic stimulation of VMHvl-Esr1 terminals in POA 

inhibited USVs toward female urine, as well as mounting toward females but did not triggered 

aggression. These results suggest that stimulation of VMHvl promoted aggressive internal 

states and inhibited reproductive internal states through the projection to POA (Fig. 1). 

Interestingly, both PAG and POA stimulation evoke USVs, but the timing at which USVs 

are triggered differ. USVs triggered by optogenetic activation of PAG-USV neurons start right 

after the laser onset and end at the laser offset (Tschida et al. 2019; Chen et al. 2021). In 

contrast, onset of USVs triggered by activation of POA-Esr1∩vGAT neurons delays several 

seconds from laser onset and USVs continue until up to ~ 30 seconds from the laser offset 

(Chen et al. 2021; Michael et al. 2020). Furthermore, the acoustic features of POA-evoked USVs 

depending on the stimulation intensity. When stimulation frequency was increased from 5 to 

50Hz, latency for USV onset became shorter, USVs persist longer after the laser offset, and the 

number of loud and long syllables increased. However, such variability was absent in PAG-

evoked USVs (Chen et al. 2021). Activation of PAG-USV ‘gating’ neurons evokes stereotypic 

USVs, however, when reproductive internal state, such as sexual motivation or arousal, input 

into PAG-USV gating neurons, and it alters acoustic features of USVs depending on the activity 
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level in POA, suggesting that forebrain input can flexibly modulate USVs depending on the 

internal states. 

The neural circuit studies in courtship USVs revealed that forebrain inputs modulate 

courtship USVs in the internal state-dependent manner. These modulations are likely not 

limited on male courtship USVs, but other type of USVs reflecting different internal states. 

Investigation of the direct inputs to PAG-USV neurons would be a great starting point to further 

investigate the neural mechanisms of context-dependent vocal modulation.  

    

3. Social context-dependent vocal communications  

Through decades of studies, it is well documented that rodents emit a diverse repertoire of 

USVs in different contexts. A large body of studies have investigated vocalizations during the 

social context, especially in pup-to-mother USVs and male-to-female USVs during mating. 

However, USVs are also emitted in other contexts, social or non-social, by both males and 

females, and the functions and features of these vocalizations are not well understood. Here I 

will summarize the current knowledge of context-dependent vocal communication in mice and 

potential information we may decode from USVs as internal states of the animals. 

 

a. Pups 

Mouse pups are highly vocal (Review (Lingle et al., 2012; Portfors, 2007)). Pups vocalize 

when they are separated from their mothers or are exposed to uncomfortable stimuli (Noirot, 

1966). The number of USVs peaks around postnatal P5-9 and diminish around P14 when pups 

are large enough to wiggle around the nest on their own (Elwood and Keeling, 1982; Noirot, 
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1966). Acoustic features of pup USVs and adult male USVs differ in their duration, frequency 

range and inter-syllable interval (Castellucci et al., 2018; Grimsley et al., 2011), suggesting that 

they likely belong to different perceptual categories and serve different functions.  

Pup USVs are understood as distress calls to gain the attention from the mother when 

the pups are isolated from the nest. As Pups lack fur and subcutaneous fat, they lose body heat 

rapidly and can easily become hypothermic, thus they need to be quickly retrieved to the nest 

by the mother. Upon hearing pup USVs, the mother retrieves distressed pups back to the nest 

(Ehret and Haack, 1981, 1982, 1984). Female mice respond to pup USVs differently depending 

on their physiological states. In playback experiments, virgin females preferred male USVs over 

pup USVs (Hammerschmidt et al., 2009). However, in lactating females, pup USVs elicits rapid 

search and retrieval behavior(Ehret et al., 1987). These behavioral difference between mothers 

and virgin females corresponds to activity differences in the auditory cortex, suggesting that 

physiological states of the female alter the perception of pup USVs (Galindo-Leon et al., 2009; 

Liu and Schreiner, 2007; Schiavo et al., 2020).  

While the functions of pup USVs are accepted as triggering parenting behaviors in 

females, there have been arguments whether pup USVs are a simple reflex or may reflect the 

underlying internal states. Work by Blumberg and collegues suggests that pup USVs are an 

acoustic by-product of laryngeal braking, which is caused by an abdominal compression 

reaction in response to the cold that helps return venous blood to the heart. Therefore, pup 

USVs are reflexes and do not reflect internal state of the pups (eg. motivation to communicate 

with the mother) (Blumberg and Alberts, 1990; Blumberg and Sokoloff, 2001). However, several 

lines of evidence suggest that pup USVs are not simply a physiological reflex but are responses 
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that reflect pups’ internal states. Pup USVs are emitted as responses to generally stressful 

environments such as heat (Shair et al., 2003), intense tactile stimulation (Okon, 1970), and 

odor of unfamiliar male adult mice (Branchiet al. 1998). Spectral analysis of pup USVs show 

pups exposed to different environmental conditions emit USVs that are acoustically different 

(Branchiet al. 1998). Pharmacological studies show that anxiolytic drugs, such as 

benzodiazepines and GABA receptor agonists, reduce the production of pup USVs (Benton and 

Nastiti, 1988; Fish et al., 2000; Nastiti et al., 1991; Takahashi et al., 2009). Furthermore, pups of 

the mice population selectively bred for high anxiety-related behavior emit more USVs than less 

anxious mice when they are separated from the mothers (Kessler et al., 2011; Krömer et al., 

2005). Oxytocin is a peptidergic hormone involved in social bonding (Bosch and Young, 2018; 

Froemke and Young, 2021; Young and Wang, 2004). Studies conducted using oxytocin knock 

out mice show that transgenic pups lacking oxytocin emit fewer USVs when separated from 

their mothers compared to their wild type littermates (Winslow et al., 2000). These results 

suggest that pup USVs are influenced by the internal states of them, likely reflecting negative 

affective states.  

 

b. Male-female interactions 

USVs emitted during male-female interactions were generally understood as a 

component of courtship behavior. USVs are mainly observed when male mice are sniffing or 

mounting female mice (Nyby, 1983; G. D. Sales, 1972; Sewell, 1967; White et al., 1998). Studies 

conducted using anesthetized or surgically devocalized conspecifics show that during male-

female interactions, USVs are mainly emitted by males (Maggio and Whitney, 1985; Neunuebel 

Jo
ur

na
l P

re
-p

ro
of



12 
 

et al., 2015; White et al., 1998; Whitney et al., 1973). Numerous studies have suggested that 

these USVs reflect the sexual motivation of male mice. Male mice emit USVs to females or 

female urine, but not to males or male urine (Nyby et al., 1977; Sewell, 1967). The number of 

USVs dramatically decreases as sexual motivation of the male is lost, such as after ejaculation, 

or in castrated males (Nunez et al., 1978; Nyby, 1983; Nyby et al., 1992; Nyby and Simon, 1987; 

Sipos and Nyby, 1996, 1998; Warburton et al., 1989). Furthermore, females respond to male 

USVs. Females spend more time with vocalizing males than with surgically devocalized males 

(Asaba et al., 2017; Pomerantz et al., 1983). In playback experiments, females preferred male 

USVs over ultrasonic sweeps or white noise (Hammerschmidt et al., 2009; Shepard and Liu, 

2011). It remains unclear if male USVs play any role in the enhancement of female receptivity. 

While Asaba showed that number of successful copulations and the number of male USVs 

during courtship are positively correlated (Asaba et al., 2017), no direct evidence exist. 

Interestingly, several studies have shown that the USV syllable types differs depending on the 

phase of male-female interactions. In the early phase interactions, the male mainly emits short 

and simple USVs syllables while he sniffs the female. As the male proceeds to mounting and 

intromission, the ratio of long and complex syllables increases (Hanson and Hurley, 2012; 

Matsumoto and Okanoya, 2016). Additionally, females prefer songs with complex syllables over 

simple songs in playback experiment (Chabout et al., 2015). These results suggest that different 

syllable type may reflect different motivational states and have distinct functional value to the 

females. 

While USVs are predominantly emitted by males during male-female interactions, 

females also emit USVs. Recent studies using multiple USV microphone arrays capable of 
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identifying USV emitters during male-female interactions revealed that female USVs are 

temporally coordinated with male USVs. Females vocalize toward male urine or male 

pheromone, darcin, which attract female mice and promote their urinary scent marking (Demir 

et al., 2020; Roberts et al., 2010, 2012, 2014), suggesting that female USVs during male-female 

interactions may also reflect female’s sexual motivation. 

 

c. Female-female interactions 

USVs between female mice was first described in 1970s (Sewell, 1970), similar time 

when pup USVs and male courtship USV were found. Since then, some studies reported USVs 

during female-female social interactions (D’Udine et al., 1982; Maggio and Whitney, 1985). 

Interestingly, even though some papers report that the number of USVs during female-female 

interactions are higher or similar to those during male-female interactions (K. Hammerschmidt 

et al., 2012; Maggio and Whitney, 1985), female-female USVs have not been vigorously 

investigated.  

In the resident-intruder paradigm, USVs are mainly emitted by the resident female, as 

demonstrated by the experiments conducted using either anesthetized resident or intruder 

(D’Udine et al., 1982; Maggio and Whitney, 1985). Acoustic features of the male-to-female and 

female-to-female USVs are overall similar with only minor differences (Ey et al., 2013; K. 

Hammerschmidt et al., 2012). Recently, several groups finally started to investigate female-

female USVs by comparing the USVs in different conditions. Female-female USVs are strongly 

modulated by the physiological and housing conditions of the emitter female. Sexually 

receptive females (proestrus or estrous) emit more USVs than non-receptive females 
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(metaestrous and diestrous) (Moles et al., 2007). Pregnant and lactating females emit less USVs 

than non-pregnant/lactating females (Liu et al., 2022; Moles et al., 2007). Aged (1-year-old) 

females emit less USVs compared to younger adult females (Moles et al., 2007). Furthermore, 

3-days socially isolated females emit more USVs than group-housed females (Zhao et al., 2021). 

Importantly, the number USVs and the time spent by the resident investigating the intruder are 

positively correlated in all these physiological and housing conditions, suggesting the number of 

USVs reflects the social motivation of the emitters. Social motivation can be affiliative or 

agonistic. Some have speculated that female USVs are expression of dominance and could 

contribute to establish social hierarchies (Maggio and Whitney, 1985). However, lactating 

mothers emit less USVs toward the intruder while they are more aggressive than non-lactating 

females (Liu et al., 2022), suggesting that female-female USVs may not simply reflect 

dominance or aggressiveness. Internal states related to female-female USVs are still largely 

unknown.  

 

d. Male-male interactions 

Male mice emit USVs during male-male social encounter, especially during sniffing the 

opponent male (K. Hammerschmidt et al., 2012; Gillian D. Sales, 1972; Scattoni et al., 2011; 

Zhao et al., 2021), but not during aggressive encounter (Karigo et al., 2021; Gillian D. Sales, 

1972; Whitney et al., 1973). The acoustic features of male-to-female and male-to-male USVs 

are similar, but the number of USVs during male-male encounter is smaller than male-female 

interactions (K. Hammerschmidt et al., 2012; Zhao et al., 2021). The internal state behind USVs 

during male-male interactions are still not clear.  
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Several lines of studies suggest that male-male USVs are driven by the internal state 

similar to male-female interaction, which is courtship, and it might be due to misidentification 

of the intruder sex. The number of USVs and the percentage of males show USVs and mounting 

toward males are higher in sexually naïve males than in experienced males (Karigo et al., 2021). 

Recent studies using in vivo calcium imaging in single-neuron resolution have shown that neural 

representations of male or female are not clearly separated in sexually naïve males compared 

sexually experienced males in the subcortical areas (Li et al., 2017; Remedios et al., 2017), 

suggesting naïve males may not be able to distinguish between male vs female intruder well 

compared to sexually experienced males. Furthermore, males show sexual behaviors toward 

males when they cannot sense sex specific pheromones. TrpC2 is non-selective cation channel 

mainly expressing in the pheromone-sensing neurons in the vomeronasal organ. TrpC2 

knockout male mice display USVs and mounting toward both female and male intruders 

indiscriminately (Leypold et al., 2002; Stowers et al., 2002). A recent study conducted in vivo 

neural activity recording in hypothalamic areas showed that neural activity pattern in the 

hypothalamic areas when the male mount another male with USVs resembles that of during 

male-female mating behavior, suggesting that male mice do show courtship behavior toward 

male intruder (Karigo et al., 2021). This will be further discussed in the next chapter. 

Male-male USVs may not always reflect sexual motivations. The fact sexually 

experienced males, who can distinguish male vs female well, sometimes still display some 

amount of USVs during male-male interactions suggest that males vocalize to a male not just 

because they misidentify the opponent as a female. Since male mice mainly vocalize during 
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sniffing but not during aggression, perhaps male-male USVs may occur when the social 

hierarchy between two males are not determined.  

 

4. Understanding internal states through USVs – Example  

 Past studies suggest that mouse USVs likely reflect various internal states of the animals. 

Understanding animal behaviors necessitates the understanding of the underlying neural circuit 

and internal states. Since animals could display similar behaviors with different intents, and it is 

difficult for us to distinguish them by just looking at the behaviors themselves. Our recent study 

demonstrated that USVs can be used as a tool to interpret the internal state of the animals 

(Karigo et al., 2021).  

Mounting (mating) behavior typically occurs during interactions between a male and a 

female, but also occurs between two males. Male-male mounting behavior is widespread in the 

animal kingdom (Bailey and Zuk, 2009), but it is unclear whether the internal states of these 

behaviors are similar to or different from male-female mounting behavior. Detailed behavior 

analysis using deep-learning based animal pose tracking (Segalin et al., 2021) revealed that 

male-male and male-female mounting behaviors are indeed motorically similar in mice. 

However, male mouse emits USVs only during female-directed mounting, but not during male-

directed mounting. Furthermore, male-male mounting is typically followed by aggressive 

behaviors such as fighting and biting, but male-female mount is not, suggesting that male-

female and male-male mounting behavior are motivated by different internal states. This was 

further supported by the neural activity recording during the behaviors. The hypothalamic 

regions, MPOA and VMHvl, have been suggested to be involved in social behavior regulations. 

Jo
ur

na
l P

re
-p

ro
of



17 
 

Simultaneous neural activity recordings from Esr1 neurons in MPOA and VMHvl during social 

interactions show that during female-directed USV+ mounting, MPOA-Esr1 neurons were 

strongly activated than VMHvl-Esr1 neurons. However, during male-directed USV- mounting, 

VMHvl-Esr1 neurons were activated stronger than MPOA-Esr1 neurons. Similar relationship 

between the neural activity in MPOA and VMHvl was observed during inter-male aggression. 

These results suggest that female-directed and male-directed mounting are different behaviors 

driven by distinct internal states, reproductive and aggressive states, respectively. Although 

most of male-directed mounting behaviors were USV-, in rare cases, animals that exhibited 

USV+ male-male mounting were observed. USV+ male-male mounting behaviors tend to be 

observed more often when the resident males are relatively less sexually and socially 

experienced. Neural activity pattern in those animals during USV+ male-male mounting was 

higher in MPOA than VMHvl, similar to the typical activity pattern exhibited towards female 

intruders, suggesting that USV+ male-male mounting behavior is likely driven by reproductive 

but not aggressive motivations. Further neural circuit analysis revealed that USV+ reproductive 

mounting is evoked by the activation of MPOA-Esr1∩vGAT neurons and USV- aggressive 

mounting is evoked by the activation of VMHvl-Esr1 neurons. MPOA and VMHvl-Esr1 neurons 

send dense projections each other (Lo et al., 2019), and the reciprocal projections between 

MPOA and VMHvl inhibit opposing internal states (Fig. 2). This study has shown that USVs can 

be used as a marker to distinguish the underlying internal states of two visually similar 

behaviors. The use of USVs made it possible to distinguish reproductive and aggressive 

mounting behaviors and identify the neural circuit motif that controls reproductive and 

aggressive states. 
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5. Challenges and future perspective 

Mouse USVs have been used as a model to study genetic and neural mechanisms of 

speech and social communications. Especially in last 15 years, with the advantages of genetic 

accessibility, mouse USVs have drawn attention as a model to study neurodevelopmental and 

neuropsychiatric disorders involving social deficits, especially autism spectrum disorders (ASD) 

(Levy et al., 2009) (Reviews (Ey et al., 2013; Fischer and Hammerschmidt, 2011; Konopka and 

Roberts, 2016; Wohr, 2014; Wöhr and Schwarting, 2010)). Recent studies have demonstrated 

that USVs are an excellent conduit for understanding internal states of animals. However, the 

meaning of mouse USVs - the motivation behind different types of USVs, and the information 

they convey to the receiver – are still largely ambiguous. Here, I will discuss the challenges and 

future directions to decode animals internal state through mouse USVs. 

 A major challenge for decoding internal states from USVs concerns with how USVs are 

typically analyzed. The Internal states of the animals affect behavior expressions, systemic 

responses, and neural activities of the animal (Anderson and Adolphs, 2014). Correlating USVs 

with these measurements will give us better understanding of the internal states, as shown in 

our previous study (Karigo et al., 2021). However, when mouse USVs are used in analysis, they 

are often dissociated from other measures. During analysis, each syllable is segmented from 

spectrograms and categorized into certain types based on their acoustic features and shape 

(upward, flat, and harmonic etc). The final data will be summarized into the several parameters, 

such as the total number of USVs or the ratio of syllable types during entire behavior testing 

session and end up losing the temporal information and relationship between other parameters, 
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eg. what behavior animal shows at the exact moment of certain USVs or how neural activity in 

the brain looks like during vocalization. Correlating behaviors, neural activity, and USVs in a 

time locked manner and analyzing them all together will give us better understanding on the 

internal state of the animals. Several studies have shown that male USV syllable types differ 

depending on the phase during courtship, suggesting different syllable types may reflect 

different motivational states (Hanson and Hurley, 2012; Matsumoto and Okanoya, 2016). 

However, all kind of syllables are found during different phases of courtship, despite the ratio of 

each type was different depending on the phase, suggesting that not just individual syllable 

type but the sequences with multiple types of syllables as a whole, may contain more 

information. Analyzing USVs not as individual syllables but as a sequence (or phrase) may give 

us better understanding of internal state of the animal.  

Recent advances in automated USV syllable detection methods (Arriaga et al., 2012; 

Holy and Guo, 2005; Tachibana et al., 2020) and machine learning-assisted USV syllable 

classification methods (Burkett et al., 2015; Coffey et al., 2019; Fonseca et al., 2021; Sangiamo 

et al., 2020; Van Segbroeck et al., 2017), either supervised or unsupervised, will greatly 

facilitate further analysis of USVs and may allow us to understand grammatical structures of 

USVs in the future. However, it needs to be considered that the definition of USV classes is not 

consistent across the studies from different groups, which make it difficult to compare 

biological meaning of USVs across studies. Furthermore, the accuracy of these 

detection/classification methods depends on the experimental conditions, such as vocalization 

volume and background noise. It is especially challenging during social interactions, where 

vocalization volume greatly varies and have relatively high background noise.  
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Recent studies raise a question that classifying USV syllables into certain ‘types’ based 

on just a few acoustic features may not be an adequate way to analyze highly variable mouse 

vocalizations. These studies used the variational autoencoder (VAE), an unsupervised learning 

method, to learn features directly from data and quantify the vocalization without using 

objectively picked features (Goffinet et al., 2021; Sainburg et al., 2020). Interestingly, when 

each syllable is mapped based on the learned features in a low-deletional space, the latent 

space of mouse USVs did not cluster, but they clump together in a single quasi-continuous mass, 

in contrast to songbird vocalization, which exhibits well-delineated clusters corresponding to 

song syllables. This result suggests that mouse USVs do not have well-defined stereotypic 

syllable types as it was suggested before (Holy and Guo, 2005), but they are more like 

composed with smooth acoustic variations (Goffinet et al., 2021; Sainburg et al., 2020). 

Conventional clustering (categorizing) approach will force syllables fall into certain syllable 

types with low dimensional hand-picked features and may cause missing important dimensions 

of variability and information. Utilizing unsupervised learning approaches may give us better 

understanding in high-dimensional, complex, and variable mouse USVs. 

Recent studies using multiple USV microphone array enabled to spatially assign USVs to 

individual animal during social interactions and revealed that mice have richer and more 

complex vocal communications than expected before (Heckman et al., 2017; Neunuebel et al., 

2015; Sangiamo et al., 2020; Warren et al., 2018, 2020). For example, during male-female 

interactions, USVs are not male-to-female one-way communication, but rather they exchange 

USVs during interactions – like conversations (Warren et al., 2020). When the animal (the 

emitter) displays a social behavior, the behavior will affect the target animal (the receiver). 
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Analyzing the USVs and behaviors from the receiver may help us to understand the internal 

state of the emitter, through evaluating communicative value of the behavior to the receiver. 

In this review, I illustrated an overview of current knowledge around vocal 

communications in mice and explored the possibility to use USVs as a readout of the animal’s 

internal states during social interactions. In the future, with combining multimodal information, 

vocalization, behaviors, neural activity, and peripheral physiological responses, from both the 

emitter and receiver, we would be able to better correlate the internal state underlying social 

behaviors.  

  

Figure legends 

Figure 1. Model of the forebrain neural circuit controlling courtship vocalization in male 

mouse.  

Inhibitory POA neurons (4) input to inhibitory local interneurons in the PAG (2), which input to 

PAG-USV neurons (1). Activation of inhibitory POA neurons (4) promotes USVs through di-

synaptic disinhibition of RAm-projecting PAG-USV neurons (1). Inhibitory Amy neurons (5) 

directly provide inhibitory input to PAG-USV neurons (1) to inhibit USVs. Activation of excitatory 

VMHvl neurons (6) inhibits USVs by inhibiting PAG-projecting inhibitory POA neurons (3) 

through putative di-synaptic input via inhibitory local interneurons in POA (4). Circles indicate 

neural populations in each brain region. Purple, inhibitory neurons; Orange, excitatory neurons. 

Amg, amygdala; POA, preoptic area; PAG, periaqueductal gray; RAm, nucleus retroambiguus; 

VMHvl, ventrolateral ventromedial hypothalamus. 
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Figure 2. Two types of male mounting behavior are distinguished by presence or absence of 

USVs. 

Male mounting behaviors are driven by two distinct internal states. USV+ mounting behavior 

reflect reproductive internal state and promoted through activation of MPOA Esr1 neurons. 

USV- mounting behavior reflect aggressive internal state and promoted through activation of 

VMHvl Esr1 neurons. Reciprocal projections between MPOA and VMHvl inhibit opposing 

internal states. 
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Highlights 

 Mice display vocalizations during various social interactions. 

 The neural inputs from the forebrain to the periaqueductal gray control vocalizations. 

 Vocal communications can be used as a tool to understand the internal state of the 

animal. 
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