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Abstract

Parental care is crucial for the survival of all mammalian species. Given the evolution-
ary importance of parenting, this behavioral repertoire must be supported by circuitry
that is innate but also capable of learning and flexibility - adjusting to changing envi-
ronmental demands. In rodents, parental care is triggered by the perception of cues
emitted by a pup. Caregiver-pup interactions are often composed of multimodal sen-
sory stimuli that require caregivers to integrate across sensory modalities. In this
review, we focus on two sensory modalities essential for the parental experience:
smell and hearing. We examine how smell and hearing are combined with other
senses to identify offspring in need of care. Understanding how multimodal stimuli
are integrated in the caregiver brain to inform parental behavior is an important step
in understanding the circuitry that underlies this complex and crucial behavioral rep-
ertoire. In this review, we will discuss recent advances in the field of rodent parental
behavior, highlighting studies that have begun to disentangle the neural circuitry that
processes the multisensory cues that are involved in caregiver-offspring interactions.
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In this review, we aim to highlight recent advances in the field of

The ability of a caregiver to provide appropriate parental care is cru-
cial for the success of a species. This requires the caregiver to per-
ceive relevant cues from their environment and respond accordingly
to optimize offspring well-being. The cues that engage parental
behavior circuits are composed of multimodal sensory stimuli, span-
ning olfactory, auditory, visual, somatosensory, and gustatory modali-
ties (Figure 1). In this review we ask: how do different sensory
systems work together to facilitate successful caregiving? If different
sensory systems work conjunctively, how and where does this multi-
sensory processing occur in the parental brain? While theories of mul-
tisensory integration in parenthood have been discussed for decades,
it remains difficult in practice to identify how distinct sensory modali-

ties uniquely and concurrently contribute to such complex behavior.

Briana R. McRae and Valentine Andreu contributed equally to the study.

rodent parental behavior, specifically focusing on studies that have
begun to disentangle the neural circuitry that processes the multisen-
sory cues that are involved in caregiver-offspring interactions. Under-
standing how multimodal stimuli are integrated in the caregiver brain
to inform parental behavior is an important step in understanding the
circuitry that underlies this complex and crucial behavioral repertoire.
Early studies set a precedent for isolating the different sensory
modalities of pup cues involved in a specific parental behavior. Some
of the earliest work done in rats used selective impairment of lactating
mothers' senses to demonstrate that unisensory deprivation is insuffi-
cient to completely abolish maternal behavior.! This study suggested
that multisensory pup cues are, at least in part, redundant signals that
are evolutionarily advantageous if a sensory system is damaged. Later
studies provided nuance in mice by noting that a given parental
behavior is a process that can be broken down into phases.>* Each

phase may rely on a different sense or subset of senses. For example,
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FIGURE 1 Multisensory cues involved in parental behavior.
Parent-offspring interactions in rodents involve a combination of
olfactory, auditory, gustatory, visual, and somatosensory cues.
Auditory and olfactory cues (blue) are the focus of this review.

the act of pup retrieval was described as a parental behavior in which
a caregiver undergoes four stages of action: (1) elicitation, in which
the caregiver is made aware of a pup isolated outside the nest, (2) loca-
tion, identifying where the pup is, (3) recognition, in which the care-
giver recognizes the pup and may identify it as its own offspring or an
alien, and (4) action, in which the caregiver brings the pup back to the
nest.>® These observations argue that distal cues (such as audition)
mediate the elicitation phase, a mix of distal and proximal cues (such
as audition and olfaction) mediate location, and proximal cues (such as
olfaction, gustation, and somatosensation) mediate recognition.
Recent advances in the tracking, segmentation, and analysis of poses
and movement sequences continue to refine the study of parental
behaviors, such as pup retrieval, in response to complex offspring
stimuli.>~® Altogether, this study highlights the complexity of parental
behavior and calls for rigorous investigation of the multisensory cues
that are involved in each component of its performance.

For this review, we chose to focus mainly on two sensory modali-
ties: olfaction and audition. Olfaction and audition are two of the pri-
mary senses through which rodents participate in social interactions,
and they span relatively more proximal (olfaction) and distal (audition)
ranges of perception.>? Additionally, olfactory and auditory sensory
systems in particular have been shown to exhibit plasticity in the con-
text of parenthood, suggesting that they play key roles in learned
aspects of parental behavior.2%*?

There is a growing body of literature surrounding the interaction
of olfactory and auditory cues with other types of sensory cues during
parental behavior in rodents. Here, we highlight several exciting stud-
ies of multisensory parental behavior in mice and rats, which have
well-characterized sensory systems and parental behaviors. It is
essential that we acknowledge some of the limitations of laboratory
models with low genetic diversity and limited phenotypic variability
due to decades of artificial selection, inbreeding, and adaptation to
captivity. Clear differences in phenotypes of maternal behavior have

been reported between strains of inbred mouse lines, as well as

between inbred versus outbred animal strains.*>*® Furthermore,
research involving other animal models like titi monkeys (Callicebus
cupreus), subsocial bees (Ceratina calcarata), mandarin voles (Microtus
mandarinus), and California mice (Peromyscus californicus) presents
unique opportunities to study parenting, but are outside the scope of

this review.??-2*

2 | CUESELICITING PARENTAL
BEHAVIOR: OLFACTION

Olfaction is one of the key senses by which rodents explore their
environment to process social stimuli. Conspecific information in
rodents can come from olfactory cues in urine, skin, or specialized
glands.2?272% The olfactory system encompasses two pathways: (1) the
main olfactory pathway, which includes the main olfactory epithelium
(MOE) and the main olfactory bulb; and (2) the vomeronasal pathway,
which includes the vomeronasal organ (VNO) and the accessory olfac-
tory bulb.2® Olfactory cues from the pup have an essential role in the
initiation and coordination of maternal behavior in mammals.2427 In
rats it has been reported that, while mothers are attracted or neutral
to pup odor, pup-naive virgin females show an aversion to pup odors.
Moreover, a bulbectomy in virgin rats facilitates the emergence of
parental behavior.2® Most mouse mothers who are unable to smell fol-
lowing the surgical removal of their olfactory bulbs cannibalized their
pups, indicating that the ability to smell offspring is essential for adap-
tive maternal behavior.?®?° Interestingly, further research showed
that experienced mouse mothers did not cannibalize their pups when
anosmic, which suggests that experience can override the importance
of smell for maternal behaviors.>® Other methods of disrupting the
olfactory system in mice have also led to impairments in pup retrieval,
nest building, and other maternal behaviors. These methods include
the deletion of adenylyl cyclase-3 (AC3), an essential part of the olfac-
tory signal transduction cascade, and the mutation of voltage-gated
sodium channels Na(v)1.7 to prevent the firing of olfactory sensory
neurons.3132

There is some evidence of plasticity in the mammalian olfactory
system during motherhood.?”-*3-35 To assess changes in sensory pro-
cessing of pup-derived chemosignals linked to pregnancy, Navarro-
Moreno et al.*¢ analyzed changes in the expression of immediate early
genes in the main olfactory bulb, VNO, and accessory olfactory bulb
of virgin and late pregnant female mice. They reported changes in the
processing of pup-derived chemosignals by the end of pregnancy in
both olfactory pathways. In humans, mothers reported having a
heightened sense of smell during pregnancy, but there is limited
explanation for the cause of this effect.®” In sheep, mitral cells, which
are the main olfactory bulb output neurons, were shown to undergo
changes following parturition, specifically in their responsiveness to
the scent of their offspring.®® Vinograd et al.}? recorded mitral cell
activity before and after pregnancy in mice. They examined how the
processing of pure odors and behaviorally relevant odors (i.e., male
mouse urine, female mouse urine, peanut butter, trimethylthiazoline,

nest odor) changes with motherhood. Using in vivo two-photon
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calcium imaging, they compared the odor responses of mitral cells in
primiparous lactating mothers (3-5 days after parturition) to that of
age-matched naive females. Mitral cell responses to pure odors
became sparser following the transition to motherhood. This sparsen-
ing was not observed in response to behaviorally relevant odors.
Enhanced inhibition was also observed in the main olfactory bulb of
mothers, which could be a potential explanation for the sparser repre-
sentation of behaviorally irrelevant odors. This study highlights the
olfactory system as a potential locus of change in the maternal brain.

The vomeronasal pathway is critical for identifying sex- and
species-specific chemical cues in rodents, which play a central role in
mating, territorial aggression, and defensive responses to
predators.®?~*! However, its role in mouse parental behavior has been
contested, with existing literature suggesting that the VNO is not nec-
essary for parental behavior in mice.*2"** A recent study suggested
that the main olfactory and vomeronasal systems are coactivated dur-
ing interaction with pups in late pregnant female mice.*® However,
odor-evoked activity in the MOE was shown to be required for mater-
nal pup retrieval, while the VNO was not necessary and deemed
redundant to the MOE.*® This literature suggests that the MOE plays
a role in adaptive parental behaviors; on the other hand, the VNO has
been deemed necessary for aggressive behaviors. The act of maternal
aggression, for example, required functional MOE and VNO.4?4°-47
Similarly, in virgin males, the VNO is essential for the stereotypical
infanticidal behavior observed in virgin male mice.*>*® Surprisingly,
VNO ablation also led to an uncharacteristic display of parental care
from virgin male mice and rats, suggesting that the VNO typically
plays a role in regulating infanticidal behavior and suppressing pater-
nal behavior in virgin males.*>*4*? Overall, the main and vomeronasal
olfactory systems both play a role in parental behavior, though in dif-
ferent capacities.

3 | CUESELICITING PARENTAL
BEHAVIOR: AUDITION

In the context of rodent parental behavior, auditory cues play a signifi-
cant role in the communication between offspring and caregiver. One
well-studied example of parent-offspring communication occurs when
pups are separated from the nest. Pups have a limited ability to ther-
moregulate, so when they are separated from the nest and begin to
cool, they emit ultrasonic vocalizations (USVs), which have stereo-
typed spectral and temporal characteristics.’®~>? The USVs of a pup
isolated from the nest, termed pup isolation calls, occupy a frequency
range between 40 and 100 kHz, with syllables grouped into bouts
occurring at 3 to 8 Hz.>%°1:53-55 |n mice, the timing between call sylla-
bles has been shown to affect neural responses to pup calls and pup
retrieval probability in caregivers of varying pup care experience.>>>¢
Once perceived by an experienced caregiver, these isolation calls elicit
phonotaxis (movement towards the source of sound) and the act of
pup retrieval, in which the caregiver picks up the pup and returns it

t.51

back to the safety of the nest.”* While auditory stimuli are certainly

not the only relevant pup cues for mice caregivers, one can imagine
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how auditory stimuli are particularly beneficial for detecting and locat-
ing a lost pup from a relatively large distance.>” Prior work in mice has
suggested that the presentation of pup isolation calls alone, without
pairing other pup-emitted stimuli, is sufficient in eliciting the phono-
taxis behavior typical of pup retrieval.>®>? Additionally, mouse pups
that are unable to produce vocalizations due to genetic mutation
receive less maternal care.®® However, whether deaf adult mice dem-
onstrate deficits in their capacity to provide maternal care is still con-
tested. Existing literature suggests that impaired hearing leads to
impoverished maternal care in virgin female mice, but not in experi-
enced mothers, implying that experienced mothers may develop com-
pensatory methods to support offspring well-being or that pup
vocalizations are only crucial during the learning of maternal care %142
Despite disagreements in the field, auditory cues appear to be impor-
tant for parental behavior, particularly in eliciting the initiation of pup
retrieval.

Aside from the caregiver-offspring communication that occurs
via auditory signals in rodents, the auditory system is dynamic in the
context of parental behavior due to its demonstrated experience-
dependent neural plasticity. A growing body of work continues to
elucidate how neural plasticity, particularly that which shifts the
excitatory/inhibitory (E/I) balance in primary auditory cortex (A1),
accompanies an animal's transition from virgin to maternal
brain.10-5556:63-69 This shift appears to favor pup calls such that they
become more salient stimuli that evoke reliable Al firing. Changes in
E/I balance are driven not only by the experience of natural child-
birth and pup rearing, but also by the social transmission of allopar-
enting, observation of pup care, and neuromodulatory pairing in
virgin female mice.10°>°¢¢3-6% Research in mice has begun to iden-
tify neuromodulators and genes that facilitate this experience-
dependent plasticity that accompanies the learning of maternal
behavior, including the hormones oxytocin and estradiol, as well as
the gene MECP2.1%7°-72 Fyrthermore, a subset of this study has
demonstrated that left Al in particular shows lateralization of pup
vocalization perception in experienced mothers, which suggests a
possible parallel to the left lateralization of human vocal perception
and social communication.'%°8%%7374 Thyjs |ateralization may be due,
in part, to the observed distribution of oxytocin receptors favoring
left A1.1%75 Altogether, the auditory system presents itself as an

attractive entry point into the adaptive parental brain.

4 | INTEGRATION OF OLFACTORY AND
AUDITORY CUES

Olfactory and auditory processing have already been shown to inter-
act in the context of parental behavior. A study by Cohen et al.®*
focused on the representation of both olfactory and auditory stimuli
in A1 of mice. The authors exposed female mice to pup calls, pup
odor, and a combination of both stimuli while simultaneously record-
ing from Al. In the absence of auditory cues, the authors found that
the presentation of pup odor led to a decrease in spontaneous A1 fir-

ing in lactating mothers. Furthermore, Al responses to pure tones and
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pup calls were altered when the mothers were exposed to pup odors,
as compared to air alone. These data suggest that olfactory and audi-
tory cues work in concert to amplify responses in maternal A1, a locus
for parental care. Recordings from primary somatosensory cortex
(S1) and monitoring of heart and breathing rates during odor presen-
tation ruled out the possibility that this effect was caused by a global
increase in maternal arousal. Interestingly, virgin female mice with
prior alloparenting experience also showed similar multisensory inte-
gration in the auditory cortex, but pup-naive virgins did not, suggest-
ing that this multisensory integration is experience-dependent. The
authors reasoned that since this odor-specific change in Al activity
was temporally delayed and long-lasting after odor presentation, it
must not rely on direct olfactory-auditory projections. This study
implies that pup odors facilitate the detection and recognition of pup
isolation calls, linking these senses which are uniquely positioned to
detect pups in need of care. A previous study in mice has shown that
auditory and olfactory cues are together involved in other behaviors,
such as predator avoidance.”® Further research in humans and mice
has shown that auditory cues could affect olfactory processing, imply-
ing that this relationship is bidirectional.””:”®

.5% next looked at the role

Following up on their study, Cohen et a
of specific cell types in mice in the transition from virgin to maternal
state that results in experience-dependent pup call and odor
responses in Al. The authors focused on layer 2/3 of Al, specifically
looking at populations of excitatory pyramidal neurons and inhibitory
parvalbumin-expressing neurons. The authors compared response
properties such as the “best frequency,” or the frequency that elicited
the strongest response, in Al of naive virgins and lactating mothers.
While there was no group difference in the best frequency reported
for pyramidal neurons, lactating mothers showed an increased aver-
age best frequency of parvalbumin-expressing neurons. This suggests
that the transition from virgin to maternal state involves the retuning
of these inhibitory cells. The authors returned to the investigation of
contingency between pup calls and odors in maternal A1 and showed
that pup odor exposure led to decreased spontaneous and sound-
evoked responses in parvalbumin-expressing neurons. Through what
is likely feedforward inhibition, this led to the disinhibition of pyrami-
dal neurons, allowing mother mice to exhibit the expected heightened
responsiveness to pup calls.>® Pup odors had no effect on tuning
properties in naive virgins.

Altogether, these studies position Al as a region in which olfac-
tory and auditory pup cues interact. This study supports the idea that
a shift in E/I balance facilitates the enhanced tuning to pup cues
observed during an animal's transition into motherhood, as previous
mouse studies have also found.®>> Marlin et al.2° demonstrated that
maternal experience causes a shift in A1 E/I balance that is facilitated
by the neuropeptide oxytocin, which is synthesized in the paraventri-
cular nucleus of the hypothalamus (PVN) and supraoptic nucleus. Pair-
ing oxytocin with pup calls in pup-naive virgin females led to a
decrease in inhibitory input to pup call-responsive Al neurons, leading
to an initial disinhibition of Al. Inhibitory inputs were eventually
retuned to match excitatory inputs, allowing for more robust and

time-locked pup call-evoked neural responses, mirroring those

observed in female mice with maternal experience. Notably, the
authors found that oxytocin receptors are expressed in inhibitory neu-
rons in A1, including parvalbumin-expressing neurons. These findings,
combined with the recordings from parvalbumin-expressing neurons
described by Cohen et al. suggest that changes in inhibitory signals in
A1l affect E/I balance in a way that favors more robust responses to
pup calls. Furthermore, the findings reported by Cohen et al. demon-
strate that this shift in E/I balance not only affects the auditory sys-

tem, but also indirectly affects how olfactory pup cues are perceived.

5 | INTEGRATION OF AUDITORY AND
VISUAL CUES

One context in which researchers have highlighted the importance of
cooperative auditory and visual cues is in the social transmission of
parental behavior. Specifically, this area of work has focused on how
pup-naive virgin female mice quickly learn to express alloparenting
behaviors, or to provide parental care for non-biological pups that are
not biologically their own. While pup-naive virgin female mice do not
reliably retrieve isolated pups, cohousing a naive virgin with a mother
and litter leads to the expression of retrieval behavior.”?~8 The pro-
cess of virgin female mice learning maternal behavior via social trans-
mission has been shown to be facilitated by oxytocin.’® Marlin et al.
demonstrated that cohoused virgins receiving systemic oxytocin injec-
tion or optogenetic stimulation of oxytocinergic neurons in the PVN
increase their rate of successful retrieval behavior. Schiavo et al.>®
recently elaborated on this finding to reveal that naive virgin females
start with innate A1l tuning to stereotypical pup calls. As virgins gained
pup experience, Al tuning broadened, predicting more reliable pup
retrieval. Altogether, this study detailed how neuromodulation leads
to a retuning of the virgin Al to increase the salience of pup calls as
they become behaviorally relevant via cohousing with a mother and
pups. These studies focused on the perception of pup auditory cues,
which leaves unanswered: what other sensory cues contribute to the
learning process of a virgin cohoused with a mother and pups?

Following up on this study, Carcea et al. studied natural multisen-
sory learning in an innovative way. In a documentary-style study, the
authors tracked the behavior and neural activity of pup-naive virgin
female mice as they were cohoused with either a mother and pups, or
pups without their mother, for multiple days.®® This data-rich
approach demonstrated that virgin females who were cohoused with
a mother and pups reliably performed pup retrieval earlier than virgin
females who were cohoused with pups alone. When the authors char-
acterized multiple days of recorded behavior, they showed that
mothers seemingly encouraged pup interaction with virgin females by
“shepherding” stray virgins back into the nest. Moreover, Carcea et al.
observed mothers placing pups in the vicinity of virgins before retriev-
ing them, potentially demonstrating successful pup retrieval for the
benefit of the naive virgin.

While constantly monitoring behavior, the authors recorded neu-
ral activity in the PVN of the cohoused virgin females. They found
that retrieval observation evoked responses in the virgin PVN. To test
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the importance of visual observation, the authors had virgin females
observe maternal pup retrieval in one of three conditions: a transpar-
ent barrier, an opaque barrier, or no barrier separating the virgin from
the mother and pups. Virgins who observed maternal pup retrieval
through the transparent barrier performed at similar rates to virgins
who had no barrier. Virgins separated by an opaque barrier did not
learn retrieval behavior. Importantly, stimulating axonal projections
from visual areas terminating onto oxytocinergic neurons in the PVN
was sufficient to facilitate learning in virgins behind the opaque bar-
rier. This suggests that visual cues are key for the social learning of
maternal behavior. Additionally, the authors found that PVN projec-
tions to left A1 were activated in virgins as they observed pup
retrieval, indicating the involvement of the auditory system. Notably,
the authors did not demonstrate whether olfactory cues were able to
permeate the barriers used, leaving the role of the olfactory system in
this process unclear. This study suggests that virgin females can
acquire maternal behavior via auditory cues and oxytocin signaling,
but the visual information that accompanies cohousing accelerates
this learning process.

6 | INTEGRATION OF AUDITORY AND
SOMATOSENSORY CUES

While a large body of research has revolved around pup USVs, mouse
pups also emit vocalizations in a lower frequency range, termed wrig-
gling calls. Wriggling calls were initially regarded as non-
communicative, but research continues to uncover the relevance of
wriggling calls to parental behavior in mice.>” These calls fall in a fre-
quency range below 20 kHz, with most power occurring below
10 kHz. They are most often emitted from pups who are reaching
towards the mother's teats for milk or are crawling in the nest.>®
Therefore, wriggling calls are usually accompanied by somatosensory
cues, including the sensations of pushing towards the mother's ventral
trunk and suckling. Ehret et al. played wriggling calls through a
speaker while mothers crouched in a suckling position overactive ver-
sus paralyzed pups. The authors found that wriggling calls paired with
active pups elicited significantly more maternal licking than wriggling
calls paired with paralyzed pups, who did not stimulate the mother's
ventral trunk.>® This early study started to uncover how the auditory
cue of wriggling calls might interact with active pup somatosensory
cues to elicit maternal behavior. Further research in rats showed that
the cortical representation of the ventral trunk increases in lactating
mothers, as compared to postpartum non-lactating mothers or virgin
controls.82 Additional work in mice identified that perineuronal nets,
extracellular matrix structures that restrict synaptic plasticity, might
play a role in regulating plasticity in maternal primary somatosensory
cortex.® This suggests that cortical plasticity is needed for the repre-
sentation of pup somatosensory cues, further emphasizing their
importance.

More recent studies have investigated pup suckling using func-
tional magnetic resonance imaging (fMRI) in rats, a non-invasive tech-

nique that measures the blood oxygenation-level-dependent (BOLD)
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response as a proxy for neural activity.2*8¢ This neuroimaging
method is of particular interest in the context of multisensory integra-
tion because it allows researchers to measure whole-brain activity,
spanning the multimodal primary sensory areas and subcortical nuclei.
Febo et al. used fMRI in rats to investigate the multisensory experi-
ence of nursing. The authors measured the evoked BOLD response to
four conditions: (1) lactating mothers exposed to their pups for
5 minutes of suckling, (2) lactating mothers exposed to artificial suck-
ling via a manual pump, (3) lactating mothers exposed to gentle rub-
bing of the nipple area with a flat wooden ruler, and (4) virgin females
exposed to the same gentle rubbing stimulus.® As expected, the
authors observed robust activation in the somatosensory cortex
across all conditions. Interestingly, lactating mothers receiving live
pup or artificial suckling showed an increased BOLD response in other
sensory cortices, as well, including the auditory cortex. It is unclear
why areas such as the auditory cortex showed an increased BOLD
response evoked by a purely tactile stimulus. One might note the pos-
sibility that the nursing pups were also producing wriggling calls. A
limitation of this study is that the authors did not control for any
potential pup vocalizations during the mother-pup scan. However, the
mechanical sounds produced during an fMRI scan likely drowned out
the sound of pups beneath the mother's abdomen.?” Furthermore, the
occurrence of pup vocalizations still would not explain the auditory
cortex activation observed in the artificial suckling condition.

Here, Febo et al. observed activity in multiple cortical areas during
suckling in lactating mothers, suggesting that repeated nursing experi-
ences lead to the association of different sensory cortical sites. This
integration may serve to heighten the mother's sensitivity to pups that
are in need of feeding, similar to how pup odors heighten a mother's

sensitivity to pup calls when the pups are in need of retrieval.**¢>

7 | INTEGRATION OF OLFACTORY AND
SOMATOSENSORY CUES

A previous study has demonstrated that virgin male mice display
infanticidal behavior toward pups.2® Isogai et al. sought to identify
which sensory cues trigger infanticidal behavior. Specific sensory fea-
tures of the pups were added and subtracted to examine necessary
components for the infanticidal behavior.2? The authors first observed
that virgin males attack live pups in the dark, as well as dead pups,
suggesting that pup visual features, vocalizations, body temperature,
and movement were not necessary for the behavior. This narrowed
down their search to chemosensory and tactile cues.

Pup-directed aggression was tested in virgin males using different
versions of dummy pups covered in pup-derived odors. Using selec-
tive deletion of morphological features, the authors identified discrete
pup features essential to pup-targeted aggression. A block shape with
hind legs, front legs, and a tail induced aggressive behavior in virgin
males, although not as dramatic as a real pup or a more realistic
dummy pup shape. This confirms the importance of shape recognition
through somatosensory cues, combined with chemosensory cues, in

triggering pup-directed aggression in mice.
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The authors next narrowed down which chemosensory cues
within pup-derived odors were key to eliciting pup-directed aggres-
sion. As previously mentioned, the VNO is essential for the infantici-
dal behavior typically observed in virgin male mice.** Using the
immediate early gene Egrl to measure vomeronasal activity, the
authors identified seven vomeronasal receptors activated by pup
exposure. Using biochemical purification, they found two pheromonal
compounds that were essential for infanticidal behavior: the subman-
dibular gland protein C and hemoglobin beta. Surprisingly, those com-
pounds were not specific to pups, but rather are compounds resulting
from mother-pup cohabitation.

Altogether, the authors showed that pup-mediated somatosen-
sory inputs and pheromonal cues were coincidently prompting pup-
directed aggression from virgin male mice. This study illustrates how
future work can apply a similar feature reduction paradigm to eluci-
date the underpinnings of other inherently multisensory experiences.
In the context of pup-directed aggression, this study also opens new
avenues to dissect the circuits underlying the combination of these
sensory modalities.

8 | HORMONES, MATING, AND
MULTISENSORY EXPERIENCE

Beyond the multimodal external stimuli that we discussed in this
review, we would be remiss to not acknowledge the internal cues that
also factor into parental behavior. Hormonal changes are arguably
some of the most influential internal factors involved in the develop-
ment of parental behavior. In mammals, these hormonal changes
include fluctuations in estrogen, progesterone, oxytocin, vasopressin,
serotonin, and prolactin that begin during pregnancy and sometimes
continue to oscillate postpartum.”’®=2 Due to the fact that parental
behavior involves not only learned experiences but also innate physio-
logical changes, there is a large body of research dedicated to disen-
tangling how pup cues recruit neuromodulatory responses, which
then affect the performance of parental behavior in rodents. As previ-
ously mentioned, oxytocin has been shown to play an important role
in facilitating the emergence of pup retrieval in female mice, as well as
the initiation of caregiving behaviors in virgin male mice.10639394
Moreover, oxytocin has been identified as a potential modulator of
protective behaviors in maternal rats, such as conditioned threat
response.”® Beyond oxytocin, numerous neuromodulators have been
shown to affect neural responses to stimuli, suggesting that they likely
also play a role in multisensory processing.

Influenced at least in part by hormonal fluctuations, internal
clocks appear to play a role in the emergence of parental behavior.
While virgin male mice are typically infanticidal, their behavior appears
to become more paternal a few days after mating. However, their
infanticidal tendencies reemerge around 60 days after mating - just
long enough for any offspring of their own to be carried to term by
the mother and weaned at the appropriate age.*3886-78 A study by
Wu et al.** discovered that a subset of neurons in the medial preoptic

area (MPOA), specifically a population that expresses the

neuropeptide galanin, was crucial in inhibiting infanticidal behavior in
virgin males. Stimulating this neuronal population not only abolished
pup-directed aggression, but also induced paternal behavior in virgin
males. Similarly, in female mice, there appears to be an internal clock
that governs preparatory nesting, a phenomenon that consists of
pregnant mothers building tall brooding nests weeks before giving
birth.”” In a recent study by Topilko et al.,*’ the authors used whole-
brain immediate early gene immunolabeling via the iDISCO+ clearing
and staining method to identify neuropeptidergic neurons in the
Edinger-Westphal nucleus that were crucial for preparatory nesting.
Similar to the timeline of virgin male mice's switch from infanticidal to
paternal behavior, the authors concluded that preparatory nesting is
triggered by mating but requires a successful impregnation to be
maintained over time until birth. Altogether, these studies highlight
how neuropeptides play an important role in governing the timing of

parental behavior in both sexes.

9 | THEFRONTIERS OF MULTISENSORY
INTEGRATION IN PARENTAL BEHAVIOR

This review covers numerous exciting studies of the multisensory pro-
cessing of infant cues. However, there is still much to be discovered
about how multimodal stimuli are integrated in the rodent parental
brain. Two unresolved questions are: (1) where do multimodal stimuli
first converge in the rodent brain? and (2) how do multimodal stimuli
interact in the rodent brain to inform parental behavior?

On the topic of where multimodal information first meets in the
rodent brain, we consider two hypotheses. One hypothesis is that
multimodal stimuli are integrated early in ascending sensory pathways,
such as primary sensory cortices - an idea supported by existing work
in mice, extensively detailed in this review.®*®> This body of work
demonstrated that the presentation of pup odor led to a decrease in
spontaneous firing and an enhancement of the detection of pup calls
in A1 of lactating mothers.®* This is in agreement with other studies,
beyond the study of parental behavior, that has detailed crossmodal
responses in the midbrain, thalamus, and sensory cortices, which are
all in the early ascending sensory pathways.1°°~1%4 However, Cohen
et al. describe a key nuance that sets their findings apart from previ-
ous auditory-olfactory integration work, namely that the multisensory
integration they observed in A1 was slow to develop and was modu-
lated by the continuous presence of the odor. The authors argued that
the gradual onset and offset of this interaction implied that this multi-
sensory phenomenon is not mediated through direct projections from
olfactory regions to A1, which challenges the first hypothesis.®* How-
ever, perhaps the elongated effect of odor on Al firing can be
explained by differences in how olfactory and auditory stimuli travel
through space and reach the cortex.

This brings us to a second hypothesis, which is that multimodal
stimuli are integrated later, in brain regions downstream of primary
sensory cortices, such as neuromodulatory, motivation-related, or
associative areas, some of which have already been described in our

review.1%°>%% Existing literature has pointed to several areas of
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interest, some of which are highlighted in Figure 2. For example,
Okabe et al.l°®> demonstrated that various non-sensory brain
regions showed increased activity, as measured by c-Fos expression
in mice, in response to combined auditory and olfactory pup cues
compared to when only one cue was presented. These regions of
interest include the medial preoptic area (MPOA), the bed nucleus
of the stria terminalis (BNST), and the amygdala (AMY). A large body
of research surrounding the MPOA, BNST, and AMY has shown that
these areas are important for the control and onset of parental
behavior in male and female mice and rats.*+?>106-114 These find-
ings suggest that these brain areas could be integrating both audi-
tory and olfactory cues. Other regions may also respond to
multimodal infant cues. For example, the ventral tegmental area
(VTA) receives projections from the MPOA and has been presented
as a key node between the motivation and motor systems, and
recent studies have found reward prediction signals in VTA during
pup retrieval.**%115 As described in this review, the PVN has also
been demonstrated to respond to stimuli relevant to parental
care.®® Additionally, the prefrontal cortex (PFC) has been shown to
be associated with the onset of maternal behavior and the proces-
sing of other multisensory behaviors.114:117

Further research is required to elucidate which, if any, of these
regions play a crucial role in integrating across multimodal pup stimuli.
Then, a subsequent question would be where this information travels
after it converges in the brain. It is possible that multisensory informa-
tion converges, then exerts top-down effects on primary sensory cor-
tex (such as via projections from PVN to A1).%° Alternatively,
multisensory information could converge and then be passed on to
areas higher in the processing hierarchy (such as via projections from
PVN to PFC).}® Alternatively, the sensory processing underlying
complex parental behaviors may be best described as a network
rather than a collection of hierarchical pathways, as suggested by
Navarro-Moreno et al.'*? Evidently, there is still much to be deter-

mined about where multisensory infant stimuli are represented in the

@
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FIGURE 2 Brain regions relevant for parental care. Main loci for
unisensory processing of olfactory and auditory offspring cues include
the main olfactory bulb (MOB) and primary auditory cortex (A1) (blue).
Demonstrated sites of multisensory integration include A1, bed
nucleus of the stria terminalis (BNST), medial preoptic area (MPOA),
and amygdala (AMY) (purple). Putative non-sensory sites for
multisensory integration include the prefrontal cortex (PFC),
paraventricular nucleus of the hypothalamus (PVN), and ventral
tegmental area (VTA) (green).

R Wi LEy- L

parental rodent brain and how we should conceptualize this complex
perceptual process.

On the topic of how multimodal stimuli interact in the rodent
brain to inform parental behavior, one can imagine numerous hypoth-
eses, as represented in Figure 3. Here, we conceptualize how multi-
modal pup cues, such as odor and sound, may interact to inform
parental drive, which could represent evoked neural activity, hormone
levels, or behavioral output (such as the likelihood of a rodent to
retrieve an isolated pup back to the nest). The first hypothesis states
that pup multimodal stimuli are redundant, such that removing one
unimodal stimulus has no effect on parental behavior, as long as
another stimulus is available (Figure 3A).> One can imagine how this is
evolutionarily advantageous, such that damage to one sensory system
would not disrupt parental behavior altogether. As previously

described, Isogai et al.8?

suggest that visual stimuli are redundant
cues, as they reported that virgin male mice will attack pups in full
darkness, which motivated their investigation of other sensory modal-
ities. The second hypothesis implies that multimodal stimuli combine
linearly, in an additive fashion (Figure 3B). This is supported by a study
showing that mice prefer multimodal social stimuli compared to iso-
lated sensory cues when engaged in a social recognition task.'2° One
study argued that auditory, olfactory, and somatosensory cues are all
necessary for successful social recognition in mice.*?* Multimodal
stimuli may also combine in a superadditive fashion, where the overall
effect of the combined stimuli is greater than the linear addition of
the stimuli, as previously described by Okabe et al.2°® (Figure 3C). It is

A)Redundant (B) Additive C) Superadditive

RN

(O]
=
[ .
E 2 1+2 2 1+2 2 1+2
©
:]C: (D)Subadditive (E) Associative
© naive experienced
o
2 1+2 2 1+2 2 1+2
Stimuli received
FIGURE 3 Hypotheses on how multisensory information is

integrated in the parental brain. Multisensory information could be
considered Redundant (A), Additive (B), Superadditive (C), Subadditive
(D), or Associative (E). Parental drive represents evoked neural
activity, hormone levels, or behavioral output (such as the likelihood
of a rodent to retrieve an isolated pup back to the nest). Stimuli
received include exposure to olfactory cues (1), auditory cues (2), or
the combination of both (1 + 2). Notably, stimuli 1 and 2 are not
restricted to olfactory and auditory cues but could represent other
pairs of stimuli.
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also possible that the combination of two distinct cues might reduce
the effect that each cue contributes alone, in a subadditive fashion
(Figure 3D). For example, Komura et al. reported that when rats were
performing an auditory and visual decision-making task, cue-evoked
auditory responses were suppressed when the visual cue presented
conflicting information.'°®*22 Finally, another alternative hypothesis
is that multisensory cues become associative with experience
(Figure 3E). As an animal gains parental experience and exposure to
the rich extent of pup stimuli, different unimodal stimuli might
become associated with one another, such that the presentation of
one stimulus might eventually lead to the activation of multiple sen-
sory areas, even when not all the stimuli are present. This idea is dis-

cussed by Febo et al.®

in light of their finding that pup suckling
causes activation in sensory cortices beyond the somatosensory

system.

10 | CONCLUSION
When a mammal becomes a parent, infant-derived cues take on new
meaning. As covered in this review, research in rodents has demon-
strated that experience-dependent changes in parental behavior are
driven by neural plasticity - the basis of how the brain adapts to the
environment. Understanding how pup cues are contextualized
through innate and learned neural mechanisms will reveal how the
adult brain remains flexible in the face of changing environmental
demands and how it adapts to best respond to and care for offspring.

As we have detailed here, the multisensory nature of parental
behavior is a basis for investigating how multisensory cues inform
other goal-directed behaviors, such as foraging and mating. System-
atic investigations of the individual and combined contributions of
each sensory modality will require the use of state-of-the-art tech-
niques, which the field is primed to take advantage of. Going forward,
methods such as optogenetics and chemogenetics will be key to mim-
icking sensory experiences in a highly controlled manner.}?> Whole-
cell electrophysiology and calcium imaging will facilitate the measure-
ment of neural activity at the single-cell level, allowing for the precise
tracking of encoded sensory information, which can then be modeled
using computational techniques, such as complex neural networks. By
using advanced molecular biology and genetic tools, we will be able to
assess multiomic changes in sensory neurons in their evolution across
parenthood. Expanding our perspective to incorporate the integration
of multiple sensory systems, whole-brain imaging techniques such as
immediate early gene mapping and neuroimaging will provide access
to anatomical connections and real-time responses, respectively,
across sensory systems as they work together to process complex
stimuli. Because behavior is the ultimate output of these computa-
tions, continuous behavioral tracking will be key in uncovering the
nuances of how parental behavior is expressed.

The neural circuitry and mechanisms that support parent-
offspring bonds are thought to provide the initial neural template for
other types of social relationships in mammals.*?4*2> Therefore, unco-

vering the complex circuitry underlying parental behavior will be

valuable for investigating other behaviors relying on similar architec-
tures, such as pair-bonding, mate choice, and social recognition. Over-
all, the field of multisensory integration in parenthood will advance

our understanding of how animals navigate their social world.
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