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A B S T R A C T

Chemosensation via olfaction is a critical process underlying social interactions in many different species. Past 
studies of olfaction in mammals often have focused on its mechanisms in isolation from other systems, limiting 
the generalizability of findings from olfactory research to perceptual processes in other modalities. Studies of 
chemical communication, in particular, have progressed independently of research on vocal behavior and 
acoustic communication. Those bioacousticians who have considered how sound production and reception might 
interact with olfaction often portray odors as cues to the kinds of vocalizations that might be functionally useful. 
In the olfaction literature, vocalizations are rarely mentioned. Here, we propose that ultrasonic vocalizations 
may affect what rodents smell by altering the deposition of inhaled particles and that rodents coordinate active 
sniffing with sound production specifically to enhance reception of pheromones. In this scenario, rodent vo-
calizations may contribute to a unique mode of active olfactory sensing, in addition to whatever roles they serve 
as social signals. Consideration of this hypothesis highlights the perceptual advantages that parallel coordination 
of multiple sensorimotor processes may provide to individuals exploring novel situations and environments, 
especially those involving dynamic social interactions.

Sensory processing in most species involves selective sampling of 
internal and external inputs through dynamic movements of end organs. 
Integrating across successive samples makes perception possible, guid-
ing ongoing actions that lead to further selective sampling. Information 
seeking actions create stable states of perception-action coupling that 
drive much of the structure observed in both behavior and its neural 
correlates (Ahissar and Assa, 2016; Gibson, 1979; Warren, 2006). 
Following from Gibson’s (1979) astute observation that, “We must 
perceive in order to move, but we must also move in order to perceive,” 

one might add that we must select in order to perceive.
In most sensory modalities, this selection process is somewhat hid-

den. An individual might orient their head in the direction of a salient 
event or reach out their hand to pick up an interesting object, but the 
selective processes that initiated these overt actions (auditory and visual 
novelty detection and spatial localization) are not directly observable. 
There are some species, however, that behave in ways that more directly 
reveal their sensory sampling strategies. For instance, echolocating bats 
and dolphins (e.g., Simmons et al., 2014), and electrolocating fish (e.g., 
Carlson et al., 2019; Pedraja et al., 2020), reveal aspects of their 

sampling efforts through the timing and directionality of the fields they 
produce. Studies of animals that produce overt indications of sampling 
strategies can potentially clarify general principles of selective attention 
and perception-action coupling (Crimaldi et al., 2022; Jacobs, 2023; 
Roitblat et al., 1990; Schroeder et al., 2010; Wachowiak, 2011).

The most extensive studies of sensory sampling to date have been 
conducted with rodents2 (e.g., Deschênes et al., 2012), and humans (e. 
g., Driver, 2001; S. C.-H. Yang et al., 2016). Initial interest in psycho-
logical experiments with rodents stemmed from the ease with which 
their actions could be manipulated and measured in behavioral tests 
(Hunter, 1935; Husband, 1929; Small, 1900). Their value as models of 
sensory processing was recognized later, primarily through studies of 
somatosensation (e.g., Gustafson and Felbain-Keramidas, 1977), and 
olfaction (e.g., Eayrs and Moulton, 1960). Rodents are particularly 
useful for investigations of perception-action coupling because of how 
they engage multiple sensory modalities during exploratory actions. 
Specifically, rodents show phasic relationships between sniffing, head 
movements, and whisking (Deschênes et al., 2012; Findley et al., 2021; 
Ranade et al., 2013; Welker, 1964), suggestive of highly orchestrated 

* Correspondence to: Department of Psychology, Park Hall, Buffalo, NY 14260, USA
E-mail address: emiii@buffalo.edu (E. Mercado). 

1 orcid.org/ 0000–0001-9153–7599
2 Throughout this paper, the term “rodents” refers primarily to various species and strains of mice and rats.

Contents lists available at ScienceDirect

Neuroscience and Biobehavioral Reviews
journal homepage: www.elsevier.com/locate/neubiorev

https://doi.org/10.1016/j.neubiorev.2024.105908
Received 26 June 2024; Received in revised form 9 September 2024; Accepted 24 September 2024  

Neuroscience and Biobehavioral Reviews 167 (2024) 105908 

Available online 27 September 2024 
0149-7634/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:emiii@buffalo.edu
www.sciencedirect.com/science/journal/01497634
https://www.elsevier.com/locate/neubiorev
https://doi.org/10.1016/j.neubiorev.2024.105908


neural interactions across visual, tactile, olfactory, and motor systems 
(Courtiol and Wilson, 2017; Kay, 2005; Kepecs et al., 2006, 2007), all of 
which can be related to selective sampling of odorants and inspection of 
surfaces within the surrounding environment (Kleinfeld et al., 2023; 
Schroeder et al., 2010). Coordination between whisking, head move-
ments, and sniffing is not obligatory, because these actions can occur 
alone and in patterns that are temporally decoupled (Fonio et al., 2015; 
Laplagne and Elías Costa, 2016). Understanding how the synchroniza-
tion of sensorimotor processes in rodents facilitates or accommodates 
situation-specific sampling of inputs can potentially provide new in-
sights into the exploratory, information-seeking, and communicative 
actions of many different species.

The sensations that rodents generate from actively whisking and 
sniffing provide complementary percepts relevant for finding food, 
forming social relationships, avoiding predators, and navigating. Ol-
factory processing, in particular, enables rodents to monitor territorial 
boundaries, recognize familiar individuals, detect potential predators, 
and assess the reproductive status of potential mates (Egnor and Sea-
graves, 2016; Jacobs, 2023; Stevenson, 2010). Studies of rodent olfac-
tion have provided insights into general principles of sensory encoding 
(Mainen, 2006; Wesson et al., 2008), selective attention during explo-
ration (Carlson et al., 2018; Ranade et al., 2013), the neural represen-
tation of stimuli (Leon and Johnson, 2003; Schaefer and Margrie, 2007), 
and memory formation (Aqrabawi and Kim, 2020; Eichenbaum, 1998), 
and have direct implications for human health, as shared molecular and 
neural pathways underlie olfaction across mammals (Lyons-Warren 
et al., 2021; Möhrle et al., 2020).

For rodents, olfaction involves active sampling of odorants via sniffs, 
as well as parallel processing of pheromones - biochemicals that are 
crucial for various social and reproductive behaviors. Although sniffing 
might seem like a less selective sensory sampling mechanism than 
environmental inspection via echolocation or visual saccades, sniffs 
enable rodents to modulate the duration, timing, location, and intensity 
of sampled olfactory inputs and are critical to olfactory perception 
(Kepecs et al., 2006; Mainland and Sobel, 2006; Wachowiak, 2011). 
How sniffing contributes to pheromonal processing in mammals remains 
unclear. Some researchers suggest that physical contact is necessary for 
pheromones to be sensed or completely processed (Cheetham et al., 
2007; Luo et al., 2003). Additionally, most mammals have a duct be-
tween the mouth and nose through which they can sample pheromones 
without inhaling them. The only known way that rats and mice sample 
pheromones, however, is through their nostrils, suggesting that they 
might rely less on physical contact or ingestion than do other mammals.

Here, we review behavioral, neural, and physical evidence suggest-
ing that rodents may have evolved a novel mechanism for selectively 
sampling pheromones through sniffs. The proposed mechanism involves 
acoustically manipulating pheromonal molecules in ways that affect 
how and where pheromones are deposited within the nasal cavity. In 
this way, rodents can potentially shift between sniffs that facilitate 
detection and discrimination of one class of odorants, and sniffs that 
facilitate the reception of pheromones. We first review the role that 
sniffs play in olfactory perception more generally before considering the 
roles they may play in pheromonal processing. Then, we present evi-
dence from physical experiments and simulation studies showing that 
ultrasonic sound waves are well suited for manipulating nanoparticles. 
Finally, we review behavioral and neural findings suggesting that ro-
dents can potentially enhance their reception of pheromones by using 
ultrasound to redistribute these organic compounds prior to inhalation. 
Ultimately, understanding how rodents combine and coordinate vocal 
actions with chemoreception may shed light on the origins of 
perception-action coupling and can clarify how mechanisms of selective 
attention contribute to social interactions.

1. Sniffs as snapshots

Smelling is a combination of chemoreception, perception, and 

recognition. Stimuli for the sense of smell include a wide range of 
chemical compounds, each with its own molecular signature. After 
inhalation, chemical particles can either pass through the nasal cavities 
and down into the lungs or may be deposited along the inner surfaces of 
the nose. Deposited chemicals may then bind to specialized receptor 
cells, initiating various signaling cascades that generate nerve impulses. 
In rodents, there are two main regions within the nasal cavities where 
such receptors are concentrated (Fig. 1), with millions present in the 
olfactory epithelium and vomeronasal organ (VNO). The diversity of 
olfactory receptors enables rodents and other mammals to detect and 
discriminate a vast array of different chemicals. Many receptors in the 
VNO are specialized for detecting pheromones (Døving and Trotier, 
1998; Jacobs, 2023; Keverne, 1999).

Sniffing can occur reflexively during investigatory behavior 
(Ferdenzi et al., 2015; Mainland and Sobel, 2006; Schoenfeld and Cle-
land, 2006), and in response to the expectation of a reward (Deschênes 
et al., 2012). Sniffing also can be deliberately controlled (Bensafi et al., 
2004; Deschênes et al., 2012), as when someone asks you to smell milk 
that has gone bad. In rodents, sniffing typically occurs in repetitive 
bouts, with the rate of sniffs varying depending on the context 
(Wachowiak, 2011; Welker, 1964; Wesson et al., 2009; Youngentob 
et al., 1987). During exploration, rodents position their heads strategi-
cally while sniffing (e.g., by rearing), thereby actively sampling the 
spatial distribution of airborne particles. Olfaction via sniffing is a 
closed-loop process (Ahissar and Assa, 2016) in that the detection of 
odors can trigger sniffing and sniffing can lead to the detection of odors. 
Rodents rapidly adjust the duration and intensity of their sniffs based on 
their recognition of smells and perception of odorant concentration, 
which may lead to olfactory constancy and/or reduced sensory adap-
tation (Mainland and Sobel, 2006).

The act of sniffing may enhance olfactory sensitivity and discrimi-
nation, as it facilitates the sampling of a larger number of odorants 
present in the environment (Courtiol et al., 2014). Sniff rate may 
modulate airflow to match the specific absorption rate of certain odor-
ants (Mainland and Sobel, 2006; Schoenfeld and Cleland, 2006), thereby 
facilitating the perception of odorants. The possibility that sniffs 
modulate how odorants are processed is referred to as the sorption or 
zonation hypothesis (Wachowiak, 2011). Whether such flow-modulated 
optimization of reception actually happens, however, remains unclear 
(Coppola, 2022). Variations in sniff duration, rate, and intensity influ-
ence where and when odorants are deposited within the nasal cavities 
(Oka et al., 2009; Schoenfeld and Cleland, 2006; G. C. Yang et al., 2007; 
Zhao et al., 2006). Consequently, by adjusting sniffs in real-time, based 

Fig. 1. Regions in the Rodent’s Nasal Cavities Where Airborne Particles are 
Collected, Note. Microscopic openings near a rodent’s nostrils lead to small, 
mucus filled tubes that deliver fluid-entrapped particles to receptors within the 
vomeronasal organ, while airborne particles are directly deposited onto the 
olfactory epithelium as air passes over this region.

E. Mercado III and J. Zhuo                                                                                                                                                                                                                   Neuroscience and Biobehavioral Reviews 167 (2024) 105908 

2 



on recently detected odorants or on learned associations, rodents may 
selectively refine olfactory percepts based on their current circum-
stances and informational needs.

Sniffs determine not only when and how airborne particles register at 
olfactory receptors, but also the responses of tactile receptors to airflow 
within nasal cavities. These somatosensory responses to airflow turn out 
to be critical for olfactory perception. When airflow is absent, in-
dividuals are less likely to report detecting any odor (Kepecs et al., 2007; 
Youngentob et al., 1987), and when air puffs occur in the absence of 
odorant reception, individuals are more likely to perceive illusory odors 
(Gottfried, 2006). Somatosensation of moving air within the nose thus 
appears to be both necessary and sufficient for smell percepts to form.

The increased airflow associated with sniffs can also increase the 
number of odorant molecules that bind to olfactory receptors. Repetitive 
nostril movements in rodents can entrain surrounding air movements, 
creating currents toward the nose that further expand the sampling 
range (Kepecs et al., 2006). Often, sniffing is necessary for odorants to 
even reach the olfactory epithelium, the regions in the nasal cavity 
where most olfactory receptor cells are located (Fig. 1). Thus, sniffs play 
a key role in initiating the neural signals involved in olfaction.

Many past discussions of olfaction describe olfactory transduction at 
receptors in the epithelium as the starting point for smell percepts. Given 
that most olfactory transduction (at least in exploratory contexts) will 
occur only after a sniff, this portrayal would only be accurate in cases 
where initial detection of an odor was incidental to a rodent’s ongoing 
actions. When rodents are actively sampling odors, the starting points 
for percepts are the actions individuals make in seeking out odorants 
rather than the transduction of successfully obtained samples. In other 
words, when rodents detect novelty, feel uncertainty, or experience 
curiosity about their current context, they often sniff to actively explore 
and refine their perception of the surrounding smellscape, attempting to 
fill gaps in their knowledge rather than simply waiting for receptor 
activation to trigger olfactory processing.

Olfactory processing likely benefits from temporal linkages between 
sniffs and other ongoing motor and neural activity (Kepecs et al., 2007; 
Rosero and Aylwin, 2011; Schoenfeld and Cleland, 2006; Wachowiak, 
2011; Wesson et al., 2008, 2009). For instance, rhythmic patterns of 
sniffing are often synchronized with whisking movements and hippo-
campal theta rhythms (Kepecs et al., 2007; Ranade et al., 2013). Addi-
tionally, detection of airflow in nasal cavities (i.e., somatosensation) 
generates theta waves in olfactory cortex (Kepecs et al., 2006), which 
may further facilitate multimodal synchronization of neural activity. It 
remains unclear what exactly the benefits of crossmodal coupling are, 
but one possibility is that synchronization of the olfactomotor system 
with other information seeking actions (e.g., whisking and visual in-
spection) facilitates multimodal integration of inputs within a common 
temporal (Kepecs et al., 2006; Komisaruk, 1970), or spatial framework 
(Jacobs, 2012). Every individual sniff performed by a rodent provides a 
stroboscopic sample of transduced odorants - an odor snapshot tagged to 
a specific time and place (Crimaldi et al., 2022) - somewhat like the 
echoic returns produced by a single cry from a bat echolocating while in 
flight. Sniffing is not merely a mechanical vacuuming process. Sniffing is 
a sampling effort intertwined with ongoing neural interactions within 
and outside of the olfactory system, influencing the timing and syn-
chronization of activity in brain regions that contribute to the percep-
tually distinctive qualities of smell (Sharma et al., 2019).

In summary, sensorimotor control of sniffing plays a key role in 
olfaction. Sniffing involves coordinated motor actions driven by multi-
ple sensory inputs and internal states. Rodents vary sniffing patterns 
based on the characteristics of detected odors, adjusting the frequency, 
duration, and intensity of inhalations to optimize scent detection and 
discrimination. Olfactory information is combined with somatosensa-
tion, allowing for more rich and comprehensive perception of the 
environment that enables rodents to make informed decisions while 
exploring, foraging, navigating, socializing, or avoiding potential 
threats (Deschênes et al., 2012; Findley et al., 2021; Jacobs, 2012; 

Schroeder et al., 2010).

2. Mechanisms for sampling pheromones

Rodent olfaction requires parallel processing across multiple sensory 
subsystems. Many studies of olfaction focus on describing mechanisms 
of chemoreception in the olfactory epithelium and/or in the VNO. These 
two subsystems are functionally, structurally, and spatially divergent, 
containing different receptor cell types, different mechanisms for col-
lecting airborne particles, and projecting to different brain regions. 
Vomeronasal processing enables rodents to identify the species, gender, 
and identity of other animals from pheromones (Brennan, 2001; 
Brennan and Kendrick, 2006; Tirindelli, 2021; Wyatt, 2010), suggesting 
that the VNO provides information analogous to that used for face or 
voice recognition in humans.

While all mammals use sniffs to sample airborne particles, some 
mammals have evolved other sampling mechanisms more specifically 
linked to sensing pheromones. For instance, flehmen is an action that 
several mammals (e.g., goats, sheep, and lions) perform with their heads 
and mouths when collecting chemical samples associated with the 
reproductive status of conspecifics (e.g., from urine or genital secre-
tions).3 During flehmen, an individual typically adopts a stereotyped 
head posture, curls its upper lip, and moves its tongue along the roof of 
its mouth. These actions are thought to promote transfer of pheromones 
from the mouth to the VNO. Males flehmen after smelling the anogenital 
area or fresh urine of a female. Females also perform flehmen responses 
when investigating the urine of other females, but less frequently than is 
seen in males (Hart, 1983; Ladewig and Hart, 1980). Flehmen frequency 
also varies with seasonal fluctuations in hormones (Hart, 1983). 
Although this mode of pheromone sampling is most prevalent during 
sexual interactions, it also occurs in all-male groups and when females 
are investigating fluids produced during birth. Flehmen appears to be an 
analogue of sniffing directed specifically at enhancing chemosensation 
of pheromones within the VNO (Hart, 1983; Petrulis et al., 1999). 
Generally, the flehmen response is preceded by an olfactory investiga-
tion (Hart, 1983), suggesting that detection of specific odorants triggers 
the response. The specific role the flehmen response plays in olfactory 
perception is not entirely clear, but it is presumed to supplement or 
refine the information that animals might gain through sniffing alone.

Rodents release pheromones into the environment in much the same 
way as other mammals - through gland secretions and urine - and for 
many of the same reasons, including marking territories and commu-
nicating with conspecifics in reproductive contexts. As one might 
expect, sniffing features prominently when rodents are investigating 
fresh urine and the reproductive status of individuals they encounter 
(Hurst, 2009). Rats and mice do not show a flehmen response and do not 
appear to transmit pheromones to the VNO through their mouths 
(Hamacher et al., 2024; Hart, 1983). The fact that rodents do not fleh-
men suggests three possible scenarios: (1) mammals that flehmen have 
enhanced pheromonal reception relative to rodents; (2) the specific 
anatomical features of rodents’ nasal cavities in some way achieves 
similar outcomes as a flehmen response with respect to pheromone 
collection and deposition; or (3) rodents have evolved alternative 
mechanisms for enhancing pheromone reception. Here, we evaluate the 
third possibility.

If rodents have evolved an alternative mechanism for increasing the 
amount or quality of pheromones that reach the VNO, then it is likely 
that they would engage this mechanism in contexts where flehmen is 
prevalent in other mammals, namely during social interactions with 
conspecifics and during the inspection of excreted fluids. Additionally, 
this mechanism would likely be triggered by the detection of specific 

3 Some dogs chatter their teeth when inspecting urine from a conspecific; 
whether this reaction contributes functionally to processing of pheromones is 
unclear.
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odorants produced by conspecifics (Ben-Shaul et al., 2010; Brennan, 
2001; Tirindelli et al., 2009), or by stimuli that have become associated 
with such odors (Brennan, 2001; Brennan and Kendrick, 2006; Tir-
indelli, 2021), and thus should be linked with sniffing. In short, if ro-
dents have any means of selectively increasing their ability to transduce 
pheromones (i.e., if their olfactomotor systems can “fixate” in ways that 
increase or refine the activation of pheromonal receptors), then rodents 
should engage these mechanisms in situations where obtaining the in-
formation available from pheromones is most functionally relevant. 
Rodents reliably produce ultrasonic vocalizations (USVs) when 
encountering conspecifics (Knutson et al., 2002; Okanoya and Screven, 
2018), and when inspecting urine (Musolf et al., 2010; Roullet et al., 
2011), thereby fulfilling all these criteria.

Observational studies of rats and mice implanted with pressure 
sensors revealed that rodents vocalized most often when they were 
actively sniffing, producing ultrasonic chirps (~50 kHz) at specific 
phases of the sniff cycle (Sirotin et al., 2014). Specifically, USVs were 
initiated immediately after inhalation and ended prior to the subsequent 
sniff (i.e., leading to alternating sniffs and USVs). In this way, the sniff 
cycle naturally segments sound production into bouts of discrete calls 
and the rate of sniffing determines the rate of calling. Both sniffing and 
vocal production in rodents often occur at theta frequencies (~5–10 Hz) 
(Kepecs et al., 2006; Perrodin et al., 2023; Vanderwolf and Szechtman, 
1987). USV production does not appear to be a byproduct of sniffing, 
because rodents produce many sniffs with comparable pressure changes 
without producing any USVs (Sirotin et al., 2014).

The functional significance of tight coupling between vocal pro-
duction and sniffing in rodents remains unclear. These interlocking 
processes could arise due to evolutionary constraints on the develop-
ment of orofacial motor programs (Schoenfeld and Cleland, 2006; 
Sirotin et al., 2014). There might also be reproductive advantages to 
rapidly communicating information that is being obtained or sought, 
with respiratory and sniffing patterns simply constraining how rapidly 
that information can be transmitted. Given that activity and arousal 
levels strongly affect respiratory patterns, linking USV production rate 
to sniff rate might also provide listening conspecifics with indictors of a 
sniffing rodent’s current physiological state (Sirotin et al., 2014). In all 
these scenarios, interleaved sniffing and vocalizing enables rodents to 
both collect information about conspecifics (through sniffs) and to 
provide information to conspecifics (through USVs) in parallel. Because 
rodents often produce 50 kHz vocalizations during social interactions 
(or in reaction to discovering urine), the transmitted information is 
thought mainly to facilitate reproductive behavior (Egnor and Sea-
graves, 2016; Willadsen et al., 2014), and/or to indicate that the 
vocalizer is in a positive state (Brudzynski, 2007, 2021; Burgdorf and 
Moskal, 2010).

Conspecifics hearing a sniffing rodent vocalize can gain behaviorally 
relevant information about the vocalizer. Importantly, predators with 
the capacity to hear ultrasound can also potentially benefit from this 
information, at a high cost to the vocalizer. The fact that 50 kHz vo-
calizations provide information about the vocalizer does not imply that 
this is their primary function (Blumberg, 1992; Blumberg and Alberts, 
1992). In principle, these vocalizations could be inadvertent, like grunts 
(Blumberg and Alberts, 1992), or might provide the vocalizer with in-
formation about its environment, as occurs during echolocation 
(Gleason et al., 2023; Simmons et al., 2014). In the context of explor-
atory sniffing, a third possibility is that production of USVs may facili-
tate or enhance a rodent’s ability to smell. In this scenario, 50 kHz 
vocalizations are tightly linked to sniffing because, like sniffing, they 
increase an individual’s ability to selectively sample air-borne mole-
cules, particularly pheromones.

How might ultrasonic vocalizations enhance olfaction? Sniffing in-
creases the intake of molecules, thereby increasing opportunities for 
receptors to bind to those molecules. This allows for more effective and 
selective sampling of the molecules present at a particular location. 
Sniffing also imposes a rhythmic temporal pattern onto collected 

samples that can potentially affect how receptor activation influences 
neural processing (Courtiol et al., 2011; Schoenfeld and Cleland, 2006; 
Wesson et al., 2008), thereby increasing sensitivity to odors (Kepecs 
et al., 2007; Mainland and Sobel, 2006). When a rodent sniffs, the 
functional outcome is a boost to chemoreception beyond some modal 
baseline, much like visual fixations can selectively enhance the 
perception of elements within a visual scene. If vocal sniffs (Sirotin et al., 
2014) are advantageous for olfaction, then presumably this is because 
they in some way further enhance reception or processing of 
biologically-relevant molecules. We hypothesize that the ultrasonic vi-
brations produced by vocalizing rodents cause small airborne particles 
to collide and stick together, a process called agglomeration. Agglom-
eration can lead to the formation of larger clusters of particles, thereby 
altering the size distribution of particles in the air. As discussed below, 
the size of inhaled particles affects where in a rodent’s nasal cavities 
those particles will come to rest. By changing the size distribution of 
incoming particles, a rodent could potentially shift the location(s) where 
the particles settle, thereby selectively boosting registration of those 
particles at specific locations within the nasal cavities (Fig. 2). Hereafter, 
we refer to this hypothesis as the Ultrasonic Sieving (US) hypothesis. 
According to this hypothesis, rodents produce USVs to selectively 
enhance or modulate chemoreception of a subset of incoming molecules, 
specifically pheromones. In the following sections, we evaluate more 
closely the possibility that USV production enhances rodents’ olfactory 
processing of pheromones.

3. Evaluating the ultrasonic sieving hypothesis

Pheromonal reception is an important aspect of rodents’ daily lives. 
There is clear behavioral evidence that rodents are motivated to sample 
pheromones both directly from other individuals and indirectly from 
environmental sources such as urine (Baum, 2012; Bigiani et al., 2005; 
Johnston, 2003; Tirindelli et al., 2009). The main issues that need to be 
considered when comparing the US hypothesis to other proposed ex-
planations for USV production in association with sniffing are: (1) Do 
USVs physically affect behaviorally-relevant organic molecules inhaled 
during sniffs? (2) Are any USV-related changes to such molecules 
conducive to enhanced chemoreception within a rodent’s nasal cavities? 
and (3) Are rodents’ actions during vocal sniffs consistent with active 
sensory processing? In the following, we review available evidence 
relevant to answering each of these questions, highlighting gaps in 
current knowledge that need to be filled to definitively test this 
hypothesis.

3.1. How ultrasonic vibrations affect airborne particles

When a rodent produces a USV, the resulting oscillations will 
necessarily affect the movements of any airborne nanoparticles around 
the rodent’s head. This outcome is guaranteed by the physics of sound 
wave propagation in air (Nummela and Thewissen, 2008). A key 
assumption underlying the US hypothesis is that the USV-associated 
vibrations of airborne molecules around a rodent’s nose will lead to 
interactions between those molecules that will change their configura-
tions and distribution. Studies of particle agglomeration in 
non-biological contexts provide direct evidence of such effects (Čereška 
et al., 2016; T. L. Hoffmann and Koopmann, 1996; Khmelyov et al., 
2023; Lilliehorn et al., 2005; Liu et al., 2009; Riera et al., 2006; Wang 
and Hu, 2015).

The mechanisms through which airborne, ultrasonic vibrations can 
cause tiny particles to agglomerate have been studied most extensively 
in filtration systems (Eggersdorfer and Pratsinis, 2014; Trujillo et al., 
2014). For example, 50 kHz signals have been used to remove fine 
droplets from air (Wang and Hu, 2015), and 24 kHz signals have been 
used to agglomerate sand dust particles between 3–10 micrometers in 
diameter (Čereška et al., 2016). In the fields of sonochemistry and 
vibroengineering, the process of agglomerating particles by subjecting 
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them to ultrasound is called acoustic agglomeration (Song et al., 1994; 
Zhang et al., 2020; Zhou et al., 2016). Various theoretical models and 
simulations suggest that sound can promote agglomeration of small 
particles through multiple mechanisms, including collisions, dynamic 
flow interactions (e.g., when a particle is sucked into the wake of a 
nearby moving particle), and interacting molecular forces (Bantz et al., 
2014; Eggersdorfer and Pratsinis, 2014; Khmelyov et al., 2023; Vollath, 
2023). Experimental studies have shown that as the frequency of vi-
bration increases, the agglomerating effects on particles smaller than 
one micrometer increase (Liu et al., 2009), and that higher amplitude 
vibrations lead to more agglomeration (Gallego-Juárez et al., 1999).

Past studies of acoustic agglomeration have focused on understand-
ing how sound aggregates inorganic particles and on identifying how 
sonic and ultrasonic agglomeration can be used to remove pollutants 
from exhaust gases. While it is likely that organic molecules suspended 
in air are affected by sound fields in similar ways, such phenomena have 
so far been understudied. Experiments that examine the effects of 
ultrasonification on gaseous and fluid mixtures that a rodent might 
inhale during a sniff are needed to identify which particles are most 
likely to become agglomerated in the presence or absence of sound 
waves. For the purposes of this paper, we assume that at least some 
organic molecules will agglomerate when exposed to ultrasound in the 
same manner as inorganic molecules and leave this as an untested pre-
diction of the US hypothesis.

USVs produced by rodents could potentially cause nearby nano-
particles to agglomerate while having no effect at all on olfactory pro-
cesses. Agglomeration would not determine which airborne particles are 
available for detection and should not affect the number or density of 
particles within the volume of air available for sampling. The main 
difference between a sample of organic molecules that has been 
agglomerated versus one that has not is that the distribution of particle 
sizes changes. There are no existing measures of the distribution of 
particle sizes within samples of air near a urine deposit or near a rodents’ 

genitals, head, or skin. There are, however, measures of the sizes of 
volatile odorant molecules and various pheromones that are present 
within and around such sources of organic compounds.

The behaviorally-relevant molecules that a sniffing rodent is likely to 
inhale are structurally diverse, but universally miniscule. On average, 
odorants are smaller than pheromones, though the distribution of sizes is 
overlapping and continuous. The larger pheromones include complex 
molecules like proteins and peptides. These molecules (e.g., major uri-
nary proteins) have molecular weights of ~18–20 kDa (Liberles, 2014), 
corresponding to a radius on the order of two nanometers. Experimental 
and computational studies of particle deposition within the nasal 

cavities of rodents (Dong et al., 2018, 2022; Kelly et al., 2001; Shang 
et al., 2015), and humans (Tian et al., 2019), indicate that particle size 
strongly affects where particles are deposited within nasal cavities 
during inhalation. Simulations of the deposition of nanoparticles in the 
nasal cavities of rodents show complex, size-dependent variations in 
deposition patterns (Dong et al., 2022; Jiang and Zhao, 2010; Tian et al., 
2019). For example, particles 2 nm or smaller (which would include all 
odorant and pheromone molecules) were less likely than 10 nm particles 
to reach receptors in the olfactory epithelium. Simulations of nano-
particle deposition also revealed that increasing flow rate increased the 
efficiency with which nanoparticles of a subset of sizes were captured 
within olfactory regions (Dong et al., 2018; Tian et al., 2019). The effect 
was most pronounced for particle sizes larger than any isolated phero-
mone molecules or other odorants. These findings suggest that if USVs 
agglomerate behaviorally-relevant airborne molecules, then this effect 
may be most advantageous when the resulting agglomerations fall 
within a restricted range of sizes.

There are significant gaps in what is currently known about the 
biophysics of chemoreception via inhalation in any mammal, largely 
due to methodological constraints. Increasing interest in nanotechnol-
ogies and the health effects of inhaled nanoparticles are rapidly 
removing many of these constraints, however. The US hypothesis makes 
several novel predictions about what happens during a vocal sniff that 
are not made by any alternative hypotheses, including: (1) self- 
generated ultrasonic sound fields around a rodent’s head will rapidly 
change the distribution of particle sizes present; (2) the particles affected 
will include behaviorally-relevant molecules, such as pheromones and 
possibly other odorants, that rodents are sampling; (3) acoustic 
agglomeration will affect the distribution of particle sizes in ways that 
modify where behaviorally-relevant particles are deposited within a 
rodent’s nasal cavities; and (4) the agglomeration-related changes in 
particle deposition within nasal cavities will increase the number of 
behaviorally-relevant particles that are sensed in specific regions.

Predicting what will happen to nanoparticles positioned near an 
ultrasonic source is nontrivial. Such predictions are further complicated 
when the source is moving (as rodents typically are when sniffing), and 
when the distribution and heterogeneity of particles within inhalation 
range is not well described. Detailed measurements of the acoustic field 
surrounding a vocalizing rodent’s head are unavailable. Properties of 
ultrasonic fields surrounding the heads of bats (Jakobsen et al., 2013), 
and dolphins (Au et al., 1986, 1999), have been measured and modeled, 
however. In both groups, projected ultrasonic sound waves are highly 
directional, with most energy focused in a narrow beam aligned in the 
direction the animal is facing. USV production by rodents typically 

Fig. 2. Hypothesized Effect of Ultrasonic Vocalizations on Airborne Particles, Note. (a) A typical sniff produced without any vocalization will deposit airborne particles in 
different locations within a rodent’s nasal cavity depending on the sizes of those particles. (b) The ultrasonic sieving hypothesis proposes that when a rodent produces 
an ultrasonic vocalization immediately prior to sniffing, this causes nanoparticles near the rodent’s nostrils to agglomerate into larger particle clusters, thereby 
increasing the probability that those larger clusters of particles will be deposited near the opening of the vomeronasal organ.
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occurs close to at least one solid boundary, which will influence the 
properties of the acoustic fields generated and which could affect how 
nanoparticles agglomerate. Because USVs are rhythmically produced, 
the associated acoustic fields will be analogous to a strobing light, which 
is also the case for echolocating bats and dolphins. Given that bats 
vocalize at similar frequencies for comparable durations in air, acoustic 
radiation from their heads approximates how air likely vibrates around 
the head of a vocalizing rodent. Bat vocalizations have evolved in ways 
that increase their effective propagation over long distances, however, 
whereas rodent behavior and habitats suggest that their vocalizations 
are not propagating as far. For example, rodents often vocalize with 
their mouths closed or barely open and with their head close to the 
genitals or body of another animal, positions that are likely to reduce the 
range of sound transmission.

Describing the acoustic field around a vocalizing rodent’s head is 
technically challenging, especially in the regions near a rodent’s nose 
that would be relevant in relation to inhalation. Introduction of 
recording devices at such close ranges could potentially change the form 
and effects of the emitted field. However, knowing the nature of the 
ultrasonic field around a rodent’s head is particularly relevant to 
assessing whether a primary function of USVs is to redistribute to-be- 
inhaled particles, because the acoustic fields that are maximally useful 
for communicating with conspecifics should differ significantly from 
those that are best suited for agglomerating nanoparticles prior to 
inhalation. Vocalizations that evolved to enhance chemoreception 
should be conducive to vibrating near-nose air in ways that promote 
particle agglomeration, as opposed to reliably propagating to conspe-
cifics that are out of visual range.

The predictions summarized above do not specify which particles 
inhaled by rodents are most likely to be affected by ultrasonification. 
The fact that not all sniffs are vocal sniffs implies that if rodents are using 
USVs to enhance olfaction, then they are doing so selectively. The 
following sections provide evidence suggesting that USVs may selec-
tively enhance the collection and processing of pheromones.

3.2. Dispersion, collection, and processing of odorants and pheromones

Part of the challenge of olfaction is that there are many particles that 
an animal might inhale that are either functionally irrelevant or dele-
terious. Sniffing is not simply an act of particle collection. It is the bio-
logical equivalent of separating the wheat from the chaff. Collecting, 
detecting, and decoding chemical signals from conspecifics is especially 
crucial for communication and environmental responses, particularly in 
contexts such as mate selection and territorial interactions, driving the 
evolution of mechanisms that can enhance pheromonal reception (e.g., 
flehmen), including in the glands that secrete pheromones.

Glands that release pheromones in rodents are found near the geni-
tals, behind the eyes, in the skin, and near the mammary glands. Sniffs 
directed toward these regions (or their fluid products) can be viewed as 
selective attempts by individuals to collect and sense pheromones. 
Pheromones are often categorized based on their volatility – how likely a 
substance is to vaporize – which is correlated with their size (i.e., smaller 
molecules tend to be more volatile). Some of the largest, non-volatile 
pheromones are thought to only be transferred through direct nose-to- 
gland contact (He et al., 2010; Luo et al., 2003), or nose-to-urine con-
tact (Cheetham et al., 2007). However, vaporization is not the only way 
that organic molecules can become airborne (e.g., consider 
sneeze-launched ejecta), and the specific biophysical mechanisms that 
enable rodents to sample pheromones have yet to be identified.

Pheromone-rich urine provides critical information about repro-
ductive status, genetic compatibility, and social hierarchy between ro-
dents (Francia et al., 2014; Keverne, 1999; Tirindelli, 2021). As urine 
evaporates, volatile components are released into the air, initiating the 
dissemination of pheromone cues within the surrounding environment 
(He et al., 2010). Aerosolization mechanisms may also contribute to the 
spread of pheromones from urine (Beynon and Hurst, 2003). These 

aerosols, consisting of minuscule liquid droplets carrying pheromones, 
may become suspended in the air, allowing for increased persistence of 
pheromone concentration due to the slow diffusion of aerosols (Jami 
et al., 2020). Airborne pheromones will be more dispersed than phero-
mones located near glands or in fluids released by those glands, leading 
to large variations in the concentration of organic molecules available 
for sampling.

Sniffing rodents collect series of air and possibly fluid samples by 
creating suction at locations where pheromones or other relevant odors 
may be present. Rodents have evolved elaborate convolutions within 
their nostrils and nasal cavities that likely facilitate filtration of bio-
logically irrelevant particles (Dong et al., 2022)(Fig. 3). As noted earlier, 
the two major classes of inputs transduced by olfactory receptors – 

general odorants and pheromones – are processed in spatially segregated 
regions of the nasal cavities (Breer et al., 2006; Mori and Sakano, 2021) 
(Fig. 1). The entryways to the VNO consist of two tiny openings posi-
tioned laterally within pit-like depressions on the floor of the nasal 
cavity near the nostrils (Hamacher et al., 2024)(Fig. 3). Most olfactory 
receptors line the olfactory epithelium at the opposite corner of a ro-
dent’s nasal cavities, making up the main olfactory system (Halpern, 
1987; Keverne, 1999; Tirindelli et al., 2009).

The mechanisms for transmitting particles to receptors within these 
two catty-cornered regions differ significantly. The VNO appears to 
convey solubilized molecules to receptors via two, thin, mucus-filled 
tubes that operate in ways loosely analogous to the digestive systems 
of conjoined earthworms (Hamacher et al., 2024; Meredith, 1994; 
Torres et al., 2023). Reception along the olfactory epithelium involves 
processes more akin to how a sundew entraps prey (Morrison and Cos-
tanzo, 1992). Transfer of particles from the microscopic entrances to the 
vomeronasal ducts to receptors within the VNO involves repetitive 
dilation and constriction of blood vessels, and/or surrounding muscles, 
leading to suctioning of fluid (Hamacher et al., 2024; Iwanaga and 
Nio-Kobayashi, 2020; Meredith et al., 1980; Yoles-Frenkel et al., 2017). 
Consequently, particles that settle within fluid-filled pits on the floor of a 
rodent’s nasal cavities close to the nostrils are more likely to be suc-
tioned into and transduced by the VNO (Breipohl et al., 1979; Hamacher 
et al., 2024; Naguro and Breipohl, 1982; Stowers and Spehr, 2015), and 
particles swept along airborne into the upper reaches of the nasal cav-
ities are more likely to be transduced by the olfactory epithelium (Figs. 2 
and 3).

According to the US hypothesis, the proportion of pheromones 

Fig. 3. Schematic of the Nasal Vestibule in Relation to the Vomeronasal Duct 
Openings, Note. Particles entering a rodent’s nostrils travel through a looping 
path within the nasal vestibule before emerging into the nasal cavity. Once 
particles enter the nasal cavity, they may continue travelling airborne or may 
be deposited on the floor of the cavity. The suction produced by pumping 
mechanisms in the VNO pulls in fluid located within small recesses near the 
entrances to the nasal cavity, such that only a subset of inhaled particles will be 
sensed by this organ. Structural properties of this schematic were constructed 
based on anatomical studies of rats (Dong et al., 2022; Hamacher et al., 2024).
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deposited near VNO entrances will increase when rodents agglomerate 
inhaled pheromones using USVs. Larger particles are generally less 
likely to be deposited within the upper regions of the nasal cavities 
(Schroeter et al., 2012). Any process that redistributes the sizes of 
incoming nanoparticles thus can potentially affect which receptors bind 
to inhaled particles. Organic molecules will be solubilized before 
becoming bound to receptors in both the olfactory epithelium and in the 
VNO. Furthermore, the kinds of odorants processed by the VNO and 
olfactory epithelium overlap in that some receptors in the olfactory 
epithelium can detect peptides and some receptors within the VNO can 
detect volatiles (Liberles, 2014; Spehr et al., 2006). A shift in the dis-
tribution of receptor activation would not preclude processing of pher-
omones by the olfactory epithelium, but could affect how olfactory 
inputs are perceived and interpreted. By analogy, redirecting one’s gaze 
can shift reception of light by rods and cones in the retinal periphery to 
reception by densely packed cones in the fovea, thereby increasing 
resolution of colors.

The dendritic terminals of receptor neurons within the VNO form 
knobs with a few hundred microvilli immersed in the mucus of the 
cavity (Tirindelli, 2021). The microvilli project into the VNO lumen and 
are believed to be the subcellular sites of VNO receptor cells that interact 
with incoming VNO-targeted pheromones (Baxi et al., 2006; Estes, 1972; 
Menco et al., 2001). At the apical half of the VNO, neurons express the 
V1R family of receptors, while the basal half expresses V2R receptors, 
indicating specializations for detecting different types of pheromones 
(Trinh and Storm, 2004). V1R receptors respond to volatile molecules 
and steroids, in contrast to V2R receptors, which differentiate peptides 
and proteins (Dulac and Torello, 2003; Tirindelli, 2021; Touhara and 
Vosshall, 2009). Reception of pheromones within the VNO triggers 
neural responses that influence mate selection, territorial marking, and 
alterations in reproductive and social interactions (He et al., 2010; 
Liberles, 2014; Shorey, 2013).

VNO anatomy, coupled with the specificity of the receptors it houses, 
equips the VNO with sensitive pheromonal detection and discrimination 
abilities, facilitating the transmission of messages that encompass 
crucial information about an individual’s reproductive status, genetic 
compatibility, and social hierarchy (Francia et al., 2014). Pheromonal 
activation of VNO neurons is highly specific since their receptors are not 
activated by additional ligands even at high concentrations 
(Leinders-Zufall et al., 2000). Such specializations are only functionally 
relevant, however, if there is adequate deposition of pheromones at 
highly localized regions within a rodent’s nasal cavities (i.e., near the 
openings to the VNO).

Vomeronasal receptors project to the accessory olfactory bulb, which 
relays information to amygdalar and hypothalamic nuclei (Stowers and 
Logan, 2010). Unlike activity in the main olfactory bulb, firing patterns 
within the accessory olfactory bulb do not appear to entrain to the 
sniffing cycle (Tsitoura et al., 2020). These firing patterns are also un-
likely to entrain to pumping rhythms within the VNO. There is not yet 
evidence of any functional coupling of pumping mechanisms with sniffs, 
vocal sniffs, or production of USVs. Nevertheless, there are multiple sites 
of convergence between the main olfactory system and the vomeronasal 
system that could mediate coordinated interactions between these sys-
tems (Baum and Larriva-Sahd, 2014). Furthermore, single neurons that 
encode both sound and smell have been identified in regions known to 
be major drivers of motivation (Varga and Wesson, 2013; Wesson, 2020; 
Wesson and Wilson, 2010, 2011), which could further facilitate the 
coordination of ultrasound production with olfactory processes and 
pheromonal reception.

The advantages that rodents could gain from adaptations that 
enhance pheromonal reception are clear. For one, the VNO plays a key 
role in facilitating precise mate selection, allowing rodents to discern 
subtle variations in pheromonal cues related to genetic compatibility 
and reproductive fitness (Goldey and van Anders, 2015; Witt and 
Wozniak, 2006). By increasing or refining the inputs processed by the 
VNO, rodents may better find potential mates or detect threats, thereby 

enhancing their reproductive success. Another way rodents could 
benefit from selective boosting of VNO reception is through territorial 
marking, a common behavior among rodents. The VNO is instrumental 
in decoding and responding to pheromonal signals associated with ter-
ritorial boundaries (Arakawa et al., 2008; Isogai et al., 2011), and se-
lective enhancement of VNO processing would allow for more effective 
marking and interpretation of these chemical cues, reducing the likeli-
hood of territorial disputes. Increasing pheromonal transduction by the 
VNO may also enable rodents to make rapid adjustments to alterations 
in their environment (e.g., variations in population density, habitat 
availability, or shifts in the overall ecological landscape). Because the 
VNO plays such an important role in rodents’ social interactions, ad-
aptations that enhance processing within the VNO could greatly 
improve rodents’ evolutionary success and ecological adaptability by 
increasing their capacity to navigate complex social dynamics, repro-
duce, and respond adaptively to environmental challenges.

The proportion of investigatory sniffs during physical social in-
teractions that are vocal sniffs has not been closely monitored, but the 
tendency of rodents to produce USVs when their nostrils are close to a 
conspecifics’ glands or urine is well known (John et al., 2023; Sangiamo 
et al., 2020; Wesson, 2013). In fact, presenting urine so reliably evokes 
USVs that this technique is often used to collect recordings of USVs from 
lone rodents (e.g., Chabout et al., 2015; F. Hoffmann et al., 2009). The 
US hypothesis predicts that rodents will predominantly produce vocal 
sniffs when they have either detected cues predictive of the presence of 
pheromones (i.e., after smelling associated odorants), or are directly 
engaged in attempts to collect information from detected pheromones 
(e.g., when closely interacting with a conspecific). The following section 
considers more closely whether past behavioral observations support 
these predictions.

3.3. Ultrasound production and concomitant behavior

Interest in the vocal behaviors of rodents has increased dramatically 
over the last fifty years, largely because of their increasing importance as 
animal models of various disorders (reviewed by Caruso et al., 2020; 
Schwarting, 2023; Yao et al., 2023). Consequently, sophisticated tech-
nologies are now available not only for rapidly and objectively charac-
terizing the sounds rodents make (de Chaumont et al., 2021; e.g., 
Fonseca et al., 2021; Goussha et al., 2022; Stoumpou et al., 2023), but 
also for correlating the vocalizations of individuals with actions per-
formed in a broad array of social contexts (e.g., Heckman et al., 2017; 
Sangiamo et al., 2020), and for relating sound production and percep-
tion to neural activity. Most of this work focuses on vocalizations pro-
duced by laboratory animals, with only a few studies characterizing the 
vocal behavior of rodents in more naturalistic settings (Briggs and 
Kalcounis-Rueppell, 2011; Chen et al., 2023; Musolf et al., 2010). 
Several authors have recently reviewed findings from studies of USVs in 
rodents (e.g., Brudzynski, 2021; Fernández-Vargas et al., 2022; Heck-
man et al., 2016; Premoli et al., 2023; Simola and Granon, 2019), and no 
attempt will be made here to replicate those efforts. There is wide 
consensus among researchers studying rodent vocalizations that USVs 
are primarily communicative signals that rodents use during social in-
teractions and/or to express emotional states. Most papers that note 
alternative possibilities (e.g., that USVs are produced as a byproduct of 
other mechanisms or might be used as echolocation) often do so briefly 
and mainly to discount those alternatives.

The current paper focuses on a subset of USVs – those containing the 
highest frequencies – that are known to be phase-locked with sniffing in 
rats and mice (sometimes referred to as 50 kHz USVs). These higher- 
frequency USVs are associated with courtship in mice (e.g., Matsu-
moto and Okanoya, 2016; White et al., 1998; Zala et al., 2020), and with 
positive affective states in rats (e.g., Burgdorf and Moskal, 2010; Knut-
son et al., 2002; Yuki and Okanoya, 2014). Other USVs that have not 
been linked to sniffing behavior, such as the USVs produced by pups 
when separated from their mothers (Heckman et al., 2017), or by adults 
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in reaction to the detection of predators (Blanchard et al., 1990), are not 
directly addressed or explained by the US hypothesis.

Correlations between USV production and a broad range of social 
and asocial contexts have been reported (Chabout et al., 2015; Hurley 
and Kalcounis-Rueppell, 2018; Sangiamo et al., 2020; M. R. Warren 
et al., 2020). There are some discrepancies across reports, however, 
regarding when males versus females vocalize and with respect to the 
influences that USVs have on social interactions between rodents. For 
instance, early reports suggested that male mice use USVs to gain 
reproductive access to females (Holy and Guo, 2005). These functions 
were inferred from observations of male mice producing USVs in the 
presence of females (or when exposed to urine from females). The rate 
and types of USVs that mice produce vary as a function of the context 
and sex of the vocalizer (e.g., Marconi et al., 2020; Zala et al., 2020), 
consistent with the idea that these vocalizations are serving a social 
function.

Observations of mice vocalizing in the wild (Hammerschmidt et al., 
2012; Petric and Kalcounis-Rueppell, 2013), and continuously over 
multiple days (Ey et al., 2020), painted a somewhat different picture, 
however. Female and male mice were found to vocalize at comparable 
rates and in similar contexts, producing acoustically comparable USVs 
(Petric and Kalcounis-Rueppell, 2013). Only female-to-female vocal 
interactions exceeded what would be expected based on vocalization 
rates when mice were alone (i.e., USVs did not increase during social 
encounters). These findings are not what one would expect if USVs are 
primarily courtship signals that male mice use to entice females: males 
courting females should vocalize more when with females than when 
alone and should use USVs that are in some way distinctive from those 
used by females interacting with females. Observations of correlations 
between USV production and social contexts cannot definitively estab-
lish how mice are using USVs, even in situations where those correla-
tions are consistent between laboratory and field studies. Mismatches in 
observed correlations across laboratories, methodological approaches, 
and contexts further weakens the functional inferences one can draw 
from such correlational studies.

Experimental studies of USV production and reception in rodents 
potentially could allow researchers to form more firm conclusions about 
how rodents use USVs. For example, playbacks of USVs can potentially 
provide evidence that USVs produced by male rats attract conspecifics 
(Seffer et al., 2014; Willadsen et al., 2014; Wöhr and Schwarting, 2007). 
Playback experiments have produced mixed results, however (Snoeren 
and Ågmo, 2014). Removing a rat’s ability to vocalize might decrease 
their capacity to interact socially (e.g., Asaba et al., 2017; Musolf et al., 
2010), but there is also compelling evidence that devocalized rats are as 
socially capable as intact rats (Ågmo and Snoeren, 2015; Kisko et al., 
2015; Thomas et al., 1981; White et al., 1991). Devocalized rats also 
show typical exploratory behavior in novel social and asocial contexts 
(Heinla et al., 2021). Such evidence suggests that if USVs play an 
important social function for rodents, then there must be alternative 
communication channels that rapidly compensate for an individual’s 
inability to vocalize.

Overall, the roles that various USVs play in rodents’ social lives 
remain mysterious. Importantly, if rodents’ use USVs to socially 
communicate, this in no way precludes the possibility that a primary 
function of at least some USVs is to enhance olfactory reception. Many 
bird and insect species use wing coloration and complex wing move-
ments to communicate socially relevant information, including their 
reproductive fitness, but this does not prevent them from using their 
wings to fly.

A basic underlying premise of the US hypothesis is that high- 
frequency USVs can enhance a rodent’s olfactory reception of phero-
mones, communicative chemical signals well established as critical 
mediators of social interactions. In this respect, the US hypothesis is fully 
consistent with USV production being associated with contexts where 
the collection of social information is adaptive. This hypothesis is also 
consistent with devocalization having minimal effects on social 

interactions, because removing USVs would not prevent rodents from 
detecting or processing pheromones. From the perspective of the US 
hypothesis, removing a rodent’s ability to produce USVs is analogous to 
making a human nearsighted – individuals with moderately degraded 
sensory resolution should exhibit few social impairments compared to 
individuals who have lost the ability to vocally communicate critical 
social information.

Some researchers hypothesize that rodents produce USVs in reaction 
to shifts in emotional states (e.g., Blanchard et al., 1993; Brudzynski, 
2021; Knutson et al., 2002; Okabe and Kanno, 2023), with the higher 
frequency, 50 kHz USVs being indicative of a pleasurable (appetitive) 
state. The underlying function of USVs in this scenario is to modify the 
conditions that led to the state or to make it known to others. Some 
researchers have drawn comparisons between 50 kHz vocalizations and 
laughter in humans because of associations between these vocalizations 
and tactile stimulation (Hinchcliffe et al., 2020; Panksepp and Burgdorf, 
2003), and because of their occurrence during juvenile play behavior (e. 
g., Burke et al., 2017). Often, the USVs were found to occur before a 
positive event, however, suggesting they signaled when a vocalizer 
anticipated a rewarding stimulus (Burgdorf et al., 2000; Burke et al., 
2021). Rats produce USVs as an unconditioned response to various drugs 
(e.g., cocaine, amphetamines, and apomorphine4) and as conditioned 
responses to contexts associated with rewards (Ahrens et al., 2009; 
Sangarapillai et al., 2021; Simola and Costa, 2018; Tripi et al., 2017).

Individual variations in the propensities of rodents to produce USVs 
in reaction to cocaine have been linked to differences in learning profiles 
(Meyer and Tripi, 2018), suggesting that unconditioned vocal reactions 
to drugs may reveal subjective differences in cocaine-induced pleasure 
that map onto more global variations in emotional reactions to uncon-
ditioned stimuli. Interestingly, the rats that produced the most USVs in 
reaction to cocaine were more likely to be “sign-trackers,” meaning that 
they were disproportionately attentive to external stimuli during 
Pavlovian conditioning (see also Sangarapillai et al., 2021). The adap-
tive advantage of externally revealing internal feelings of pleasure or the 
anticipation of pleasure is non-obvious, but some have suggested that 
evoking positive feelings in potential listeners (through emotional 
contagion) might be beneficial (Hernandez-Lallement et al., 2022; Saito 
et al., 2016).

Although most past research has focused on the potential commu-
nicative value of USVs, a few studies have examined their use in more 
asocial contexts, such as during exploration of a new environment. 
While mice generate more USVs during social interactions, they also 
commonly produce them when alone and exploring (Chabout et al., 
2012; Mun et al., 2015; Scattoni et al., 2008). Notably, mice produced 
more USVs when exploring a novel environment than when exploring a 
familiar environment (Mun et al., 2015). Mice often were walking or 
rearing when they produced USVs while exploring. This association 
between USV production and locomotion is also present in rats (Alves 
et al., 2016). Blumberg (1992) argued that links between walking and 
USV production occur because USVs are a biomechanical byproduct of 
respiration during locomotion. 50 kHz USV production is synchronized 
with stepping, consistent with this possibility (Laplagne and Elías Costa, 
2016). However, rats often start vocalizing before initiating the first 
step, showing that a physical impact is not necessary for USV production 
(Alves et al., 2016; Laplagne and Elías Costa, 2016).

When rats walk faster, they produce USVs at a faster rate, probably 
because USV emission is tightly linked to the respiratory cycle 
(Boulanger-Bertolus and Mouly, 2021). In the one study showing that 
rats synchronize locomotion and USV production, researchers described 
the rats as engaging in exploratory behavior (in both social and asocial 

4 Apomorphine also increases sniffing in rats and abnormal responses to ol-
factory stimuli (Vanderwolf and Szechtman, 1987); whether these drug-induced 
increases in USV and sniff production are temporally coordinated has yet to be 
investigated.

E. Mercado III and J. Zhuo                                                                                                                                                                                                                   Neuroscience and Biobehavioral Reviews 167 (2024) 105908 

8 



contexts), alternating between progressing and lingering (Laplagne and 
Elías Costa, 2016). During both phases, rats produced USVs, though at a 
somewhat higher rate when locomoting. These recent studies establish 
that: (1) rodents produce USVs during exploration; (2) they vocalize in 
ways that are precisely timed relative to their locomotion during 
exploration; and (3) they vocalize when both moving and stationary, but 
at a faster rate when moving.

Interestingly, the acoustic form of USVs appears to be correlated with 
a rat’s speed of locomotion and/or gait (Laplagne and Elías Costa, 2016). 
Specifically, rats were more likely to produce USVs with nonlinear 
features when locomoting at high speeds. Researchers have classified 
high-frequency USVs into different types (e.g., “flat” and “trill”) based 
on their frequency-modulation profiles (e.g., Coffey et al., 2019; San-
giamo et al., 2020; Wright et al., 2010). Variations in USV features 
produced by mice are correlated with specific types of actions during 
social interactions (e.g., chasing vs. being chased, Sangiamo et al., 
2020), further suggesting that what rodents do while vocalizing may 
affect USV properties. Such variations could indicate social communi-
cation and/or constraints on sound production related to a vocalizer’s 
head position, respiration, and laryngeal movements (Riede, 2013). The 
US hypothesis makes no specific predictions about how the modulation 
of ultrasonic frequencies might affect nearby nanoparticles and thus 
does not explain why some USVs are more frequency modulated than 
others.5

Individual rats and mice can differ substantially with respect to the 
diversity, rate, and number of USVs they produce (e.g., Ahrens et al., 
2013; Laplagne and Elías Costa, 2016; Sundarakrishnan and Clarke, 
2022). Such individual differences are commonly attributed to varia-
tions in the behavior or emotional state of the vocalizer (e.g., Sangiamo 
et al., 2020). The US hypothesis similarly assumes that individuals will 
vary their production of 50 kHz USVs based on their tendency to be bold 
and exploratory (Frynta et al., 2024; Žampachová et al., 2017), and on 
the specific interactions they engage in that might lead them to seek out 
information available from pheromones. Consistent with this assump-
tion, removal of the VNO dramatically decreases USV production in 
social contexts (Bean, 1982; Johnston, 1992).

Generally, the US hypothesis predicts tight coupling between 50 kHz 
USV production and sniffing, such that individual- and context- 
dependent variations in sniffing (e.g., Wesson, 2013) should be linked 
to variations in USV production. Sniffing is closely associated with 
locomotion during exploration and with rearing (Kuga et al., 2019), 
consistent with behavioral correlates of USV production in asocial 
contexts (Heinla et al., 2021). Sniffing is also a prominent feature of 
rodent social interactions (e.g., Nadler et al., 2004). Concurrent mea-
sures of USV production and sniffing show that these two processes are 
tightly linked in rats and mice (John et al., 2023; Sirotin et al., 2014). 
Rats typically produce USVs during fast sniffing with emission being 
restricted to specific phases of a sniff cycle (Sirotin et al., 2014). Within 
social contexts, combined sniffing and USV production occurs most 
often when rats are less than five centimeters apart, specifically when 
they are nose-to-nose or nose-to-tail (John et al., 2023). These 
close-proximity interactions correspond to situations in which rodents 
are thought to sample pheromones by direct contact (Luo et al., 2003).

Overall, the US hypothesis is consistent with the diversity of contexts 
within which male and female rodents produce USVs, the minimal 
behavioral effects of devocalization on social interactions, rodents’ use 
of USVs during exploratory actions – especially when they are alone, and 
the tight coupling between sniffing, USV production, and locomotion. 
Current behavioral data are insufficient to evaluate whether USVs affect 
what rodents smell, but they can at least clarify relationships between 

exploration, sniffing, and USV production. Carefully designed experi-
ments are needed to determine whether USV emissions influence what 
happens in a rodent’s nose and brain during olfactory reception, 
perception, and exploration.

4. Conclusions, limitations, and future directions

Rodents, particularly rats and mice, are generalists that show 
exquisite adaptations for exploring and exploiting a wide variety of 
habitats, including those constructed by humans. They engage multiple 
modes of active sensing when navigating both space and social sce-
narios. They whisk, scan, and sniff, rapidly and selectively differenti-
ating the novel from the familiar. In parallel with these investigatory 
actions, they produce a variety of ultrasonic vocalizations. Researchers 
have debated the functions of rodent USVs since their first discovery and 
much remains unclear about their costs and benefits. Based on the evi-
dence summarized above, we hypothesize that rodents have evolved a 
unique way of using sound to selectively amplify their reception of 
pheromones. This mode of active sensing would complement rodents’ 

already formidable arsenal of information seeking strategies.
Researchers around the world are increasingly relying on rodent 

models of human psychological disorders, with USV production widely 
regarded as an index of social behavior and communication, stress and 
anxiety, and the rewarding or aversive consequences of drugs of abuse. 
Consequently, understanding how USV production in rodents relates to 
active sensing can have important implications for interpreting rodent 
behavior, as well as for developing treatments of multiple psychological 
disorders. For example, numerous studies have linked the effects of drug 
administration and neurostimulation to rodents’ production of USVs. 
None have monitored sniffing behavior in parallel. It thus remains 
possible that increases in USVs in these experiments are concomitant 
with motivational shifts toward information seeking. In other words, if 
drugs increase a rodent’s motivation to smell its surroundings, then this 
could lead to increases in USVs regardless of whether USVs serve to 
communicate information about the rat’s emotional state. By analogy, 
cocaine can lead to increased arousal and alertness in human users, as 
well as increased exploratory actions, which may lead to an increase in 
rapid eye movements (as well as euphoria). In this case, the cocaine 
user’s darting eyes are not expressing their subjective feelings of 
euphoria, even if their eye movements are highly correlated with those 
feelings. Similarly, USV production by rodents in past experiments 
involving drug effects may be less about expressing emotions and more 
about information seeking.

No experiments explicitly testing the predictions of the US hypoth-
esis have been conducted to date. Most of the evidence consistent with 
this hypothesis was found serendipitously in studies designed to estab-
lish the social communicative functions of USVs. The hypothesis does 
not account for the wide variety of 50 kHz USVs produced by rats and 
mice or for the production of lower-frequency USVs in response to 
predator scents (e.g., Blanchard et al., 1990). In its current form, the US 
hypothesis does not specify how olfactory percepts generated by vocal 
sniffs will differ from those triggered by regular sniffs, or which particles 
will be most affected by USVs. Pheromone collection by other mammals 
often involves oral sampling, and transmission of non-volatile phero-
mones in rodents seems to require direct physical contact, suggesting 
that rodents may nasally suction fluids containing pheromones directly 
from glands during close social interactions. If non-volatile pheromones 
are never airborne while being inhaled, then it is unclear whether ul-
trasound would affect how those pheromones are deposited within a 
rodent’s nasal cavities.

The US hypothesis leads to several testable predictions about the 
nature of acoustic, neural, and behavioral phenomena associated with 
vocal sniffs. In the domain of acoustics, the hypothesis predicts that 
50 kHz USVs will agglomerate organic molecules in ways that change 
the distribution of particle sizes entering a rodent’s nasal cavities and 
that the acoustic fields generated by rodents producing vocal sniffs will 

5 Recent technologies for manipulating particles include the use of dynamic 
sound fields (Andrade et al., 2016), as would be generated by rapid frequency 
modulation, so in principle “trills” might affect the movements of organic 
molecules in ways that are functionally distinctive from “flat” USVs.
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be focused near the nostrils. Neurally, the US hypothesis predicts that 
variations in neural activity driven by receptors within the VNO will be 
correlated with USV production, that initiation of VNO pumping will be 
correlated with vocal sniffing, and that patterns of VNO receptor acti-
vation in devocalized rodents will differ from what is seen in intact ro-
dents in contexts where the rodents are inhaling pheromones. In relation 
to behavior, the US hypothesis predicts that psychophysical tests of 
thresholds for recognizing individuals from their pheromones would 
reveal that devocalizing rats raises their thresholds for recognition (i.e., 
more sniffs or higher concentrations would be required before the sniffer 
recognizes a familiar individual), that individual variations in sniffing 
and exploratory behavior would be correlated with individual differ-
ences in USV production, and that vocal sniffs would be more prevalent 
in contexts where rodents are likely to be seeking information about 
conspecifics. Through future experiments, interactions between vocali-
zation and olfaction in rodents can be systematically assessed and the 
multimodal processes that rodents use to interrogate the world around 
them can be more fully revealed.

Just as echolocating dolphins and bats externalize their auditory 
attentional efforts by broadcasting ultrasonic waves out into the world, 
vocalizing rodents may reveal their olfactory interests through vocal 
sniffs. Because sniffs intuitively seem less motorically and cognitively 
sophisticated than whisks, saccades, or vocal shifts in sonar signals, 
researchers have been slow to recognize that smelling may involve 
active sensory sampling akin to what occurs during touching, seeing, 
and listening (Wachowiak, 2011; S. C.-H. Yang et al., 2016). If rodents 
are sonically sorting scents, however, then the relative sophistication of 
olfactory sampling relative to other sensory systems may need to be 
re-assessed. Either way, the close neural and behavioral coordination of 
sniffs, vocalization, whisking, and locomotion during exploratory in-
vestigations begs for an explanation of how and why rodents evolved 
such interleaved processes of information seeking, as well as what 
perceptual advantages such parallel orchestration of multiple sensori-
motor processing provides.

Understanding how rodents coordinate olfaction in the context of 
multiple parallel sensory inputs can potentially provide new insights 
into how mammalian brains construct representations through selective 
sampling and cross-modal integration of sensorimotor inputs (Jacobs, 
2012, 2023). Studies of rodent olfaction are clarifying not only how 
olfactory processes work, but also how basic mechanisms of sensory 
integration and learning operate (Crimaldi et al., 2022; Schroeder et al., 
2010; Wachowiak, 2011). Scientists are investigating how experience 
shapes the neural representation of new odors (Coppola and Reisert, 
2023; Wilson et al., 2006), how rodents distinguish between and 
generalize across similar odors (Kouremenou et al., 2020; Uchida and 
Mainen, 2003), and how they encode and recall sensory episodes (K. S. 
Carlson et al., 2018; Shakhawat et al., 2014; Sheridan et al., 2024). 
Olfaction in rodents rarely happens in isolation, but instead is integrated 
with visual, auditory, and tactile inputs to provide a multimodal view of 
ongoing events (Lipton et al., 1999; McRae et al., 2023; Pardasani et al., 
2021). In social contexts, rodents perform a variety of odor-specific 
actions, including reactions to odors indicative of specific individuals 
or sexes (Johnston, 2003). Rodents rapidly learn to associate specific 
odors with positive or negative outcomes, enabling researchers to test 
basic principles of learning (e.g., Davis, 2004; Wilson and Stevenson, 
2003), decision-making (reviewed by Mori and Sakano, 2021), and 
emotional processes (Kontaris et al., 2020; Sterley and Bains, 2021; 
Sullivan et al., 2015).

Collectively, past studies have revealed the flexibility with which 
rodents can adapt to changing environments, offering valuable insights 
into how mammalian perceptual and cognitive processes function. One 
might question whether knowing why rodents squeak at smelly excre-
tions is of any practical or psychological relevance. Although we cannot 
know in advance which clues will be the ones that unlock the mysteries 
of how human perception and cognition work, there is mounting evi-
dence that respiratory processes, and olfaction in particular, may 

provide a foundation for understanding how integrated memory, 
perception, emotion, and action systems initially emerged (Jacobs, 
2021, 2023).
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Deschênes, M., Moore, J., Kleinfeld, D., 2012. Sniffing and whisking in rodents. Curr. 
Opin. Neurobiol. 22 (2), 243–250. https://doi.org/10.1016/j.conb.2011.11.013.

Dong, J., Shang, Y., Tian, L., Inthavong, K., Tu, J., 2018. Detailed deposition analysis of 
inertial and diffusive particles in a rat nasal passage. Inhal. Toxicol. 30 (1), 29–39. 
https://doi.org/10.1080/08958378.2018.1439549.

Dong, J., Shang, Y., Tian, L., Tu, J., 2022. Uniqueness of inspiratory airflow patterns in a 
realistic rat nasal cavity. Comput. Biol. Med. 141, 105129. https://doi.org/10.1016/ 
j.compbiomed.2021.105129.

Døving, K.B., Trotier, D., 1998. Structure and function of the vomeronasal organ. J. Exp. 
Biol. 201 (21), 2913–2925. https://doi.org/10.1242/jeb.201.21.2913.

Driver, J., 2001. A selective review of selective attention research from the past century. 
Br. J. Psychol. 92 (1), 53–78. https://doi.org/10.1348/000712601162103.

Dulac, C., Torello, A.T., 2003. Molecular detection of pheromone signals in mammals: 
From genes to behaviour. Nat. Rev. Neurosci. 4 (7), 551–562. https://doi.org/ 
10.1038/nrn1140.

Eayrs, J.T., Moulton, D.G., 1960. Studies in olfactory acuity. I: Measurement of olfactory 
thresholds in the rat. Q. J. Exp. Psychol. 12 (2), 90–98. https://doi.org/10.1080/ 
17470216008416708.

Eggersdorfer, M.L., Pratsinis, S.E., 2014. Agglomerates and aggregates of nanoparticles 
made in the gas phase. Adv. Powder Technol. 25 (1), 71–90. https://doi.org/ 
10.1016/j.apt.2013.10.010.

Egnor, S.R., Seagraves, K.M., 2016. The contribution of ultrasonic vocalizations to mouse 
courtship. Curr. Opin. Neurobiol. 38, 1–5. https://doi.org/10.1016/j. 
conb.2015.12.009.

Eichenbaum, H., 1998. Using olfaction to study memory. Ann. N. Y. Acad. Sci. 855 (1), 
657–669. https://doi.org/10.1111/j.1749-6632.1998.tb10642.x.

Estes, R.D., 1972. The role of the vomeronasal organ in mammalian reproduction. 
Mammalia 36 (3), 315–341. https://doi.org/10.1515/mamm.1972.36.3.315.

Ey, E., Chaumont, F. de, & Bourgeron, T. (2020). Spontaneous social communication in 
laboratory mice—Placing ultrasonic vocalizations in their behavioral context. 
bioRxiv, 2020–07. https://doi.org/10.1101/2020.07.09.195362.
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Sangarapillai, N., Ellenberger, M., Wöhr, M., Schwarting, R.K.W., 2021. Ultrasonic 
vocalizations and individual differences in rats performing a Pavlovian conditioned 
approach task. Behav. Brain Res. 398, 112926. https://doi.org/10.1016/j. 
bbr.2020.112926.

Sangiamo, D.T., Warren, M.R., Neunuebel, J.P., 2020. Ultrasonic signals associated with 
different types of social behavior of mice. Article 3. Nat. Neurosci. 23 (3). https:// 
doi.org/10.1038/s41593-020-0584-z.

Scattoni, M.L., Gandhy, S.U., Ricceri, L., Crawley, J.N., 2008. Unusual repertoire of 
vocalizations in the BTBR T+tf/J mouse wodel of autism. PLOS ONE 3 (8), e3067. 
https://doi.org/10.1371/journal.pone.0003067.

Schaefer, A.T., Margrie, T.W., 2007. Spatiotemporal representations in the olfactory 
system. Trends Neurosci. 30 (3), 92–100. https://doi.org/10.1016/j. 
tins.2007.01.001.

Schoenfeld, T.A., Cleland, T.A., 2006. Anatomical contributions to odorant sampling and 
representation in rodents: Zoning in on sniffing behavior. Chem. Senses 31 (2), 
131–144. https://doi.org/10.1093/chemse/bjj015.

Schroeder, C.E., Wilson, D.A., Radman, T., Scharfman, H., Lakatos, P., 2010. Dynamics of 
active sensing and perceptual selection. Curr. Opin. Neurobiol. 20 (2), 172–176. 
https://doi.org/10.1016/j.conb.2010.02.010.

Schroeter, J.D., Kimbell, J.S., Asgharian, B., Tewksbury, E.W., Singal, M., 2012. 
Computational fluid dynamics simulations of submicrometer and micrometer 
particle deposition in the nasal passages of a Sprague-Dawley rat. J. Aerosol Sci. 43 
(1), 31–44. https://doi.org/10.1016/j.jaerosci.2011.08.008.

Schwarting, R.K.W., 2023. Behavioral analysis in laboratory rats: challenges and 
usefulness of 50-kHz ultrasonic vocalizations. Neurosci. Biobehav. Rev. 152, 
105260. https://doi.org/10.1016/j.neubiorev.2023.105260.
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