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INTRODUCTION

Parental care in vertebrates

Abstract

This review consolidates current knowledge on mammalian parental care, focusing on
its neural mechanisms, evolutionary origins, and derivatives. Neurobiological studies
have identified specific neurons in the medial preoptic area as crucial for parental care.
Unexpectedly, these neurons are characterized by the expression of molecules signal-
ing satiety, such as calcitonin receptor and BRS3, and overlap with neurons involved
in the reproductive behaviors of males but not females. A synthesis of comparative
ecology and paleontology suggests an evolutionary scenario for mammalian parental
care, possibly stemming from male-biased guarding of offspring in basal vertebrates.
The terrestrial transition of tetrapods led to prolonged egg retention in females and
the emergence of amniotes, skewing care toward females. The nocturnal adaptation
of Mesozoic mammalian ancestors reinforced maternal care for lactation and thermal
regulation via endothermy, potentially introducing metabolic gate control in parenting
neurons. The established maternal care may have served as the precursor for paternal
and cooperative care in mammals and also fostered the development of group liv-
ing, which may have further contributed to the emergence of empathy and altruism.
These evolution-informed working hypotheses require empirical validation, yet they
offer promising avenues to investigate the neural underpinnings of mammalian social

behaviors.
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of mammalian parental behaviors. Yet, these findings from different
research disciplines should be integrated to illustrate the overall
perspective of mammalian parental care. This article aims to fill this

gap and summarize the recent findings relevant to parental brains

Recent neuroscientific studies on parental behaviors unveil its core
neuromolecular circuit centered on the medial preoptic area (MPOA).
In addition, progress in paleontology and comparative behavioral

ecology have provided substantial insights into the evolutionary path

through time, which follows the fascinating recent work of Striedter
and Northcutt.!
We first provide an overview of parental behaviors and their neuro-

biological mechanisms, focusing on laboratory mice. Second, we seek
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TABLE 1 Components of maternal behaviors in laboratory mice and rats.

Behavior Description
Pup-directed behaviors
Nursing

Retrieval

Grouping

Anogenital licking

Body licking

Tactile stimulation
Non-pup-directed behaviors

Placentophagia

Nest building
nest edge

Defense of the young

Crouching over the pups to provide the opportunity to suckle in various nursing postures

Picking up the pup gently by a part of the body (most commonly, the dorsal skin) with the incisors and
carrying it to the nest site

Gathering the pups together into one quadrant so that they touch one another
Contacting the pup by the tongue and licking the anogenital region of the pup to stimulate excretion
Contacting the pup by the tongue and licking the pup’s body generically except for the anogenital region

Any contact with pups, such as stepping on pups or resting in contact with pups

Removal (and ingestion) of the placenta, umbilical cord, amniotic membrane, and fluids from the pup’s body

Transporting the nesting materials toward the nest or manipulating the material to shape the enclosed

Protection of the pups from intruders, predators, and environmental hazards. It is called “maternal

aggression” if the target of maternal defense is an unfamiliar conspecific.

the roots of mammalian parental care through vertebrate evolution.
We then attempt to synthesize a working hypothesis of the possible
anamniote origin of mammalian parenting neurons and move on to the
affiliative social behaviors that should have evolved from parental care
and conclude with some future directions.

It should be noted in the beginning that neurobiology researchers,
including us, may call infant-nurturing behaviors collectively as
parental behavior, even when the caregivers are not the biological
parents of the young.2® This practice may be confusing for evolu-
tionary biologists. This is because the proximate neural mechanisms
of infant care behaviors are shared among parental and alloparental
behaviors. Animal caregivers may not precisely recognize their bio-
logical relationship with the young; instead, parental care may often
be solicited simply by the distress signals from the young, sometimes
even toward adult conspecifics or animals of different species, termed
“misplaced parental care.”* Thus, in the neurobiological context, please
recognize the term “parental” as “parent-like,” including alloparental

care.

An overview of parental care in vertebrates

Parental care is critical for infant survival and mental well-being in
humans. Inappropriate infant care due to an unstable early envi-
ronment or child maltreatment affects psychological and physical
health as well as social attitudes later in life; thus, understanding the
neural mechanisms of parental care is of great clinical relevance.>¢
Biologically, parental care is the behavioral component of parental
provisioning and can be roughly defined as any parental trait that is
likely to enhance the fitness of the offspring, often at a cost to the
parents’ fitness.2”

In the majority of animals, parents do not care for the offspring.
However, parental care has evolved numerous times in inverte-
brates and vertebrates, and among vertebrates, approximately 30% of

teleosts, 25% of amphibians, 10% of reptiles, and 97% of birds pro-

vide at least some care. In mammals, infants of all species rely on
maternal milk provisioning for survival, indicating the single origin
(monophyletic) of mammalian maternal care.

When parental care occurs in sexually reproducing animals, care-
giving is often biased to mothers compared to fathers—except for
teleosts and amphibians—because paternity is more uncertain than
maternity, especially when the eggs are fertilized in the female’s body
(internal fertilization), imposing negative selection pressure for pater-
nal investment.8 In mammals, 100% of mothers provide care, while
less than 10% of fathers do. In about 90% of cases, mothers are the
sole caregivers. Still, nonmaternal animals (fathers, older siblings, and
other group members) may also provide extensive infant care in several
mammalian species, such as California mice (Peromyscus californicus),
prairie voles (Microtus ochrogaster), meerkats (Suricata suricatta), mar-
moset and tamarin monkeys (Callitrichids), titi monkeys (Callicebus),
and humans, as discussed in Refs. 4, 9-12, and 13.

Parental care behaviors in rodents

Maternal care in mammals includes multiple behavioral components
including: milk provisioning; thermoregulation; helping with locomo-
tion; protection from predators, parasites, and environmental hazards;
and providing opportunities to learn hunting/foraging skills.21415 The
extent of maternal care varies among species, from minimal interac-
tion of 3 min/day nursing and prepartum nest-building in rabbits to
6-year suckling in orangutans®® and lifelong relations in bonobos and
humans.17-18

The repertoires of parental care behaviors in the well-studied
species of laboratory rats and mice are summarized in Table 1. Among
these, pup retrieval behavior—carrying a pup into their own nest from
outside—has been widely used as a representative index of nurturing
motivation in mice and rats because pup retrieval behavior is easily and
unambiguously measurable and can be performed well by fathers and

nonparents.1?20 Moreover, experienced caregivers first retrieve pups
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before engaging in other pup-directed care behaviors, such as lick-
ing/grooming or crouching over, as an adaptive serial order of parental
behaviors.2! Another component of well-studied maternal care is lick-
ing/grooming and nursing posture.?222 In laboratory mice, however,
licking/grooming behaviors are less precisely dissociated from self-
grooming or sniffing than in rats, which may cause some variabilities,
as discussed below. Please refer to previous literature for references
and assessment protocols for each component of parental nurturing

24-26

behaviors and for additional experimental designs of postpartum

maternal motivations.?’

It should be stressed that parental care behaviors are easily dis-
turbed by any perturbation of animals’ general fitness or environmen-
tal stress,® possibly because they are not essential for the performer’s
life, unlike freezing or feeding. Moreover, many other deficits, such as
olfactory disturbances and hyper/hypoactivity, can secondarily affect
the performance of the pup retrieval, irrespective of parental moti-
vation per se. Therefore, substantial attention should be given to
avoid unnecessary stress induced by handling or novel arena/room for
testing and to simultaneously measure the indices reflecting general
wellness; sensorimotor agility, such as first sniffing latency; and general

locomotor activity in a retrieval assay.2+28

THE NEURAL MECHANISMS OF MAMMALIAN
PARENTAL CARE

Classical studies

Initial studies focused on neuroendocrine regulation of maternal
behavior in mammals, revealing that the hormonal milieu during preg-
nancy and parturition is critical for maternal behavior induction.®®
Among the multiple peripartum endocrine factors, estrogen is reported
to be important for the onset of rat maternal behavior.®* Genetic
targeting studies showed faciliatory but not indispensable effects of

65-67 consis-

estrogen receptor alpha on pup retrieval in mice and rats,
tent with the previous findings showing that neither ovariectomy nor
hypophysectomy grossly disrupts allomaternal behaviors.2%-686? As for
the sensory modalities required for maternal behavior, many species
(e.g., rats and humans) utilize multisensory control and do not depend
on any single sensory modality.”%-72 In contrast, some species heav-
ily rely on a specific sensory input (e.g., olfaction in mice and sheep,
audition in bats2° 73 74 75) for maternal care.

Michael Numan presented a seminal series of studies demonstrating
that the MPOA (Figure 1) is responsible for rat maternal care, pos-
sibly through its dorsolateral connections with the brain stem, such
as the ventral tegmental area (VTA).”¢-80 Since then, the MPOA has
been established as the brain hub for maternal, paternal, and allo-
parental nurturing behaviors, with evidence in laboratory rats,”¢:81.82
hamsters,2 biparental California mice,®* laboratory mice,?® rabbits,%°
sheep,® common marmoset monkeys (Callithrix jacchus),8” and with
supporting observations in humans®8? (see Refs. 2 and 16 for com-
prehensive reviews). Furthermore, the POA has been implicated in

parental care in nonmammalian vertebrates, such as ring doves (Strep-

BOX 1 The MPOA in the preoptic-hypothalamus contin-

uum

Recent findings in developmental neuroscience dissociate
the mouse preoptic area (POA) from the hypothalamus
based on the developmental expression of transcription
factors.2?30 Still, there are practical benefits of the classi-
cal practice that deals with them together as a continuum
(Figure 1A).3! First, the POA and hypothalamus are spatially
adjacent and extensively connected through the longitudinal
fiber system. Second, both of them contain multiple sub-
regions that regulate autonomic, endocrine, and innately
motivated behaviors.

According to Simerly, the MPOA is one of the 12 (3 x 4,
in mediolateral and rostrocaudal) divisions of the preoptic-
hypothalamic continuum (Figure 1A).3* The MPOA contains
multiple subnuclei segregated by distinct cellular morpholo-
gies, molecular expression patterns, connectivity, and bio-
logical functions,®173> such as sleep at the ventrolateral
preoptic nucleus (VLPO),%¢37 thermo- and osmoregulation
at the median preoptic nucleus (MnPO),3837 puberty onset
and fertility through kisspeptin and gonadotropin-releasing
hormone (GnRH) neurons located in the anteroventral pre-
optic area (AVPV) and ventral part of the MPOA,*° and male
sexual behaviors at the medial preoptic nucleus (MPN).41-44
The MPN is also implicated in proceptive/appetitive compo-
nents of female sexual behaviors, though dispensable for the
consummatory lordosis component.#>-47

It should be noted that the map of the POA varies widely
among different versions of Paxinos’s stereotaxic atlases*®
and the Allen brain atlas*? (Figure 1B). For example, the
large portion of the dorsoposterior MPOA in the Paxinos
atlas (based on Ref. 50) is regarded as the ventral part of
the bed nucleus of the stria terminalis (BST) in the Allen
atlas (based on Ref. 51). We follow the Paxinos atlas because
the anterior commissural nucleus (AC, Figure 1B in the
Paxinos atlas) marked by its oxytocin neurons has been
included in the POA.>2>4 The AC is also remarkable as it
selectively expresses c-Fos at incredibly high levels during
parental behavior, and c-Fos is a marker for transcriptional
activation of neurons when performing parental behaviors
(Figure 1B).>>~>7 Whether the AC is an overlapping part of
the striohypothalamic nucleus (StHy) or a separate entity
remains unknown.

Another relevant anatomical structure in the MPOA is a V-
shaped expression of estrogen receptor alpha (Figure 1C),>8
from the MPNm to BSTpr. This V-shaped expression is com-
monly observed with mu-opioid receptor mRNA,>? prolactin
receptor mRNA,¢° and aromatase immunoreactivity®® (see
also the migration of BST neurons into the MPN®%). A similar
V-shape of expression is reported for male-biased Sytl4
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(synaptotagmin-like 4), slightly more posteriorly.62 Note that
these V shapes are slightly tilted (the ventral is more ante-
rior than in the coronal plane). The anterior and posterior
parts of the AC also tilt in the same direction, suggesting the

stereotaxic coronal plane is oblique to the natural brain axis.

91 poison frogs,’2?% and teleosts.?*

topelia risoria),’® turkey hens,
Because parental care is supposed to have emerged numerous times
independently among vertebrates, this consistent involvement of the
MPOA is notable.

So far, no other brain area is known to be as selectively and criti-
cally required for parental care as the MPOA is. For example, medial
amygdala (MeA) lesions or severing of the stria terminalis do not
inhibit or may even facilitate pup retrieval.”>~?¢ Chen et al.?? showed
that optogenetic inhibition of posterodorsal MeA (MeApd) VGat-Cre
(GABAergic) neurons suppresses pup grooming but not pup retrieval
or crouching (for activation, see Fig. 1K2 of Ref. 99). They also found
significant effects of MeApd GABAergic neuron activation/inhibition
on male infanticide. These data collectively suggest that the role of
the MeApd in pup retrieval is relatively small compared with its well-
established importance for male sexual behavior, intermale aggression,
or infanticide. Similarly, bilateral lesions or pharmacological suppres-
sion of various regions of the midbrain periaqueductal gray (PAG)
do not inhibit pup retrieval while affecting other parental behav-
ior components, such as arched-back nursing (kyphosis) or maternal
aggression.100-103 | esions or functional inhibition of oxytocin neurons
and/or other neurons in the paraventricular nucleus of the hypotha-
lamus (PVH) may disturb pup retrieval, especially during the initial
acquisition phase in nonmaternal animals.1%4-197 Yet, in several cases,
these results can be derived from the general anxiolytic effects of
oxytocin, 198109 and the PVH may not be critically involved in ongoing
maternal care except for milk ejection.}1° For the role of the cingu-
late and other cerebral cortex areas, septum, basolateral amygdala, and
ventral pallidum, please see Refs. 2,24, and 111.

Lesion-behavior mapping has been useful in determining the
brain areas responsible for behavioral disruptions. For example,
lesion-behavior mapping has led to the identification of the Broca
and Wernicke areas as brain areas responsible for distinct types
of aphasia.l12113 A major shortfall of classical studies employing
permanent, experimentally induced brain lesions is the nonspecific
deleterious effects caused by brain damage. Thus, to demonstrate
the specificity of the behavioral alteration,’*4115 the lesion experi-
ments should be accompanied by appropriate control experiments,
such as similar-sized lesions of another brain area and the inclusion
of nontargeted behavioral assessments, such as general physiolog-
ical fitness and locomotion.”®7887.116 Also, associated null results
(i.e., the lesion did not affect another behavior) are very informa-
tive to show the selectivity of the target brain region for a given
behavior. For example, MPOA lesions in rats and mice that dis-

rupt maternal care do not grossly affect female sexual behaviors or
parturition of average numbers of litters.>>’¢ This finding also sug-
gests that maternal care defects are not caused by disturbed general
health.

Neuroanatomy of the parenting-relevant MPOA
subregion, cMPOA

The below sections describing neurobiological studies of the MPOA
and parenting mainly focus on laboratory mice unless otherwise spec-
ified. Our research group has taken an anatomical approach to narrow
down the arearesponsible for maternal, paternal, and alloparental care
within the mouse MPOA. Utilizing voxel-based lesion-behavior map-
ping, we defined the central part of the posterior MPOA (cMPOA,
Figure 1B),>>>% a subdivision marked by a cluster of glutamatergic neu-
rons, as the most indispensable MPOA subdivision for parental care.
Bilateral cMPOA lesions abolish pup retrieval and induce infanticide
regardless of sex without affecting feeding, locomotion, female mating,
pregnancy, and parturition.

The cMPOA partially overlaps with the estrogen receptor alpha-
expressing neurons in the medial preoptic nucleus (MPN) and its
V-shaped continuum toward the bed nucleus of the stria terminalis,
principal part (BSTpr) (Figure 1C and Box 1). The MPN-BSTpr has
been established to be essential for male sexual behavior in mul-
tiple rodent species.!'” The medial MPN (MPNm) and BSTpr are
significantly activated by male sexual behavior together with the
cMPOA.¢ In contrast, the MPNm is unnecessary for lordosis in rats—
the consummatory aspect of female sexual behavior. The cMPOA’s
closer tie with male but not female sexual behaviors is puzzling,
as mammalian parental care is heavily biased toward females (see
below).

The cMPOA is adjacent to the anterior commissural nucleus (AC),
the third largest population of the magnocellular oxytocin neurons
in rats and mice.>2-54118.119 Oxytocin neurons in the AC, supraoptic
nucleus (50), and PVH are highly activated during parturition and nurs-
ing, though not during pup care per se.>® This spatial positioning of
“caregiving” neurons (Figure 1A) that are at the intersection of the
areas responsible for male sexual behaviors and parturition/milk ejec-
tion may be suited for their function in postmating caregiving behaviors
in both sexes.

Molecularly defined neuronal populations involved in
various parental behaviors

As the MPOA is comprised of a heterogeneous neuronal popula-
tion, specifying the cell type(s) required for parental care is ideal.
Traditional histological analyses>>120.121 have suggested that several
marker molecules, such as estrogen receptor alpha, galanin, and neu-
rotensin, are activated during pup care. Viral vector-mediated genetic
techniques have further enabled cell-type specific manipulations of
these specific neuronal groups during parental care.
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FIGURE 1 The neuroanatomy of the MPOA and its parenting-relevant subregions. (A) Schematic representation of the preoptic-hypothalamic
continuum, sagittal view with the mediolateral axis. Note that the dorsoventral axis is compressed. Modified based on Fig. 1 of Ref. 31. The
POA-hypothalamic continuum can be segmented into four parts along the rostrocaudal axis and three sections along the mediolateral axis. One of
the resultant 12 segments is the MPOA, illustrated by the thick orange rectangle. Nuclei with oxytocin neurons are colored blue. (B) Two coronal
sections depicting the anterior and posterior part of the cMPOA, illustrating, from the left, the Allen mouse brain atlas,*? Franklin and Paxinos’
stereotaxic atlas,*® the location of the cMPOA (anterior and posterior; red outline) and AC (purple outline) with Spearman’s correlation
coefficients (the darker color indicates smaller p-value) of voxel-based lesion—behavior mapping®°; the oxytocin neurons and fibers (red) and c-Fos
induced by parental care in virgin females; oxytocin (pink) and tyrosine-hydroxylase (TH, blue) expressing neurons. The areas with names starting
from ST in the Paxinos atlas belong to the BST but not to the preoptic area and are shown in smaller fonts. The Allen atlas is dorsolaterally
elongated compared to the Paxinos’ stereotaxic atlas due to the production procedure.28 Of note, the highest density of c-Fos expression (in the
AC) does not coincide with the area of the largest lesion effects (in the cMPOA).>> (C) The V-shape formed by the estrogen receptor
alpha-containing neurons, starting from the PePO/MPNm to the BSTpr.2%? Three coronal sections of the female brain at postpartum day O, the top
two are roughly the same level as (B), the bottom one is more dorsal to the others. Black: estrogen receptor alpha-immunoreactivity.
Abbreviations: 2n, optic nerve; 3V, third ventricle; ac, anterior commissure (o, olfactory limb; t, temporal limb); AC, anterior commissural n.; ADP,
anterodorsal n. of preoptic area; AHA, anterior hypothalamic area; AH, anterior hypothalamic n.; AVP, anteroventral n. of preoptic area; AVPV or
AVPe, anteroventral periventricular n.; Arc, arcuate n.; BAC, bed n. of anterior commissure; BST, bed n. of stria terminalis; BSTpr, BST principal n.;
cMPOA, the central part of the medial preoptic area (a, anterior; or p, posterior); DMH, dorsomedial hypothalamic n.; Fu, fusiform n.; HY,
hypothalamus; LH, lateral hypothalamic area; LM, lateral mammillary n.; LPO, lateral preoptic area; MM, medial mammillary n.; MPA, medial
preoptic area (note that the MPOA means the whole area, and MPA conventionally designates the MPOA area excluding otherwise named nuclei);
MPN, medial preoptic n. (m, medial; |, lateral; ¢, pars compacta); MnPO or MEPO, median preoptic n.; oc or och, optic chiasm; PVH, paraventricular
n. of hypothalamus; Pe or PVpo, periventricular n. of hypothalamus; PePO, periventricular n. of preoptic area; PHA, posterior hypothalamic area;
PM, premammillary n.; PS, parastrial n.; StHy, striohypothalamic n.; STLV, BST lateral division ventral part; STMAL, BST medial division
anterolateral part; STMV, BST medial division ventral part; SuM, supramammillary n.; SO, supraoptic n.; SHy, septohypothalamic n.; TA, tuberal
area of the hypothalamus; VLPO, ventrolateral preoptic n.; VMH, ventromedial hypothalamic n.; VMPO, ventromedial preoptic n.
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Estrogen receptor alpha

Estrogen signaling via the estrogen receptor alpha and beta (encoded
by Esr1 and Esr2, respectively) isimportant for the onset of rat maternal
behavior.®* Genetic targeting studies showed faciliatory effects at the
onset of heightened maternal care in mice and rats (although not essen-
tial), especially for nonmaternal animals.®°-¢7 Ribeiro et al. reported
that short-interference RNA (siRNA) knockdown of Esr1 mRNA in the
MPOA using an adeno-associated viral vector (AAV) altered a wide
array of female social behaviors, including postpartum retrieval, lick-
ing, and nursing behaviors,'22 while pup survival was intact (personal
communication from Ana Ribeiro).

Fang et al.12% reported that hM4Di-mediated chemogenetic inhibi-
tion of MPOA ESR1" neurons using an Esr1-Cre knock-in line inhibits
pup retrieval in virgin females and lactating mothers without affect-
ing pup sniffing, grooming, or crouching (cf. Fig. 1D-F of Ref. 123).
GCaMPé6 signaling of MPOA ESR1* (but not ESR17) neurons starts
to increase as the females approach the pup and peaks at the onset
of pup retrieval (and is greater in mothers than in virgin females), but
not at pup grooming or crouching. In vivo single-unit recording sug-
gested that the subset of MPOA neurons responding to nest building
or sniffing of males are separate from those responding to pup sniffing,
approach, and retrieval. Furthermore, MPOA ESR1* neurons (>70%
are GABAergic, and slightly less than 20% are glutamatergic) project to
the VTA and preferentially inhibit nondopaminergic VTA neurons. VTA
dopaminergic neurons are activated at the onset of pup retrieval 123124
(plausibly reflecting reward prediction error rather than the retrieval
per se'25). Finally, virgin females’ pup retrieval in a novel arena was
facilitated by optogenetic activation of MPOA ESR1* projections to
the VTA and inhibited by an infusion of the sodium channel blocker
bupivacaine that blocked neuronal spiking in the VTA. This fascinating
study elucidated the detailed features of pup-retrieval driven by ESR1*
neurons in the MPOA, in contrast to ESR1* neurons in the ventrome-
dial nucleus of the hypothalamus, ventrolateral part (VMHUvI), of which
modulation does not affect pup retrieval.126

Xu and colleagues reported that Caspase 3-based ablation of either
GABAergic or glutamatergic MPOA neurons significantly inhibits
pup retrieval.’?” Optogenetic activation of VGAT* (also known
as SLC32A1) MPOA neurons induces (and optogenetic inhibition
reduces) pup retrieval and nest building, while ESR1* MPOA neu-
rons only affect pup retrieval.12® It should be noted, however, that
the definition of “pup retrieval” in their study is pup-carrying and
does not mean pup-gathering into the nest. Moreover, fake pups (i.e.,
rubber blocks) were also “retrieved and grouped” through optoge-
netic stimulation of MPOA neurons,'?” leaving the possibility that
this pup-carrying could be interpreted as a hunting-like object carry-
ing mediated by CAMKII* MPOA neurons (but not by VGLUT2™ (also
known as SLC17A6) or VGAT+ MPOA neurons, surprisingly).12? Xu and
colleagues also made an inspiring argument on competition between
feeding and maternal behavior in line with a previous report, 3 based
on their findings that the presence of pups inhibits feeding stimu-
lated by 10 h of fasting or chemogenetic activation of arcuate AGRP
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neurons. Furthermore, optogenetic stimulation of AGRP neurons

inhibits maternal nest building without affecting pup retrieval.128

Overall, these studies demonstrate the critical role of MPOA ESR1*
neurons in pup retrieval behaviors. However, ESR1* neurons consist of
heterogeneous populations representing one-third of the total MPOA
neurons and are distributed widely throughout the MPOA, 34123 |eav-
ing room for further specification.

Galanin

Galanin is a brain-gut peptide concentrated in the hypothalamus and
promotes feeding, mating, and sleep.'32 The seminal study by Dulac
and colleagues in 2014 reported that MPOA GAL™ neurons govern
parental behavior, especially pup grooming (including pup sniffing and
licking).133 Ablation of MPOA GAL* neurons using AAV-borne diph-
theria toxin disturbed pup retrieval behavior, pup grooming in fathers,
and male mating behavior without affecting locomotion or intermale
aggression. Optogenetic activation of MPOA GAL™ neurons stimulated
pup grooming in fathers and decreased crouching and total paternal
care (see Fig. 5in Ref. 133). It also decreased intermale aggression and
increased locomotion.

Next, Kohl et al.23* found that MPOA GAL™ neurons receive pup-
activated inputs from the BST and MeA in virgin females and fathers,
substantia nigra pars compacta and anteroventral periventricular
nucleus (AVPV) in mothers and fathers, and PVH vasopressin neurons
(but not from PVH oxytocin neurons or AVPV tyrosine-hydroxylase
[TH*] neurons) in fathers. They also found that MPOA GAL™ neurons
project to PVH oxytocin, vasopressin, and corticotropin-releasing hor-
mone neurons, AVPV TH* neurons, and to the PAG, MeA, and the VTA
in both males and females. Pup retrieval was not altered by optoge-
netic inhibition or activation of MPOA GAL™ neuron projections to the
PAG, VTA, or MeA. In contrast, pup grooming (separate from licking in
this study) was decreased or increased by inhibition or activation of
the projection from MPOA GAL™ neurons to PAG, respectively. The
number of barrier-crossings inside the cage (i.e., locomotion; see the
methods) was reduced or increased by the inhibition or activation of
the projection from MPOA GAL™* neurons to the VTA, respecivtely.134
Because ESR1* neurons do not appear to be critically involved in pup
grooming,'23 these studies showed that GAL*ESR1™ neurons (18% of
GAL™ neurons!3?) projecting to the PAG may govern pup grooming
behavior.

Moffitt et al.3* utilized single-cell RNA sequencing and uncovered
the complex neuronal composition of the POA, which is comprised of
43 inhibitory, 23 excitatory, and three hybrid neuronal clusters. The
authors noted that while inhibitory neurons tended to be clustered
by neuromodulators, such as galanin, vasopressin, or TAC1, excita-
tory neurons were clustered by anatomical structures or nuclei and
were segregated into distinct anatomical structures within the POA.
Then, using multiplexed error-robust FISH (MERFISH) for 155 genes,
they described the spatial details of each neuronal group, including
10 GAL*™ MERFISH clusters. Among these, they further identified I-14
neurons as the commonly activated cluster during parenting in vir-
gin females, mothers, and fathers, and modestly during male mating
behavior. I-14 is characterized by its expression of calcitonin receptor
(CALCR) and bombesin receptor subtype 3 (BRS3) with VGAT, galanin,
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and ESR1. CALCR and BRS3 are G-protein-coupled seven transmem-
brane receptors implicated in feeding suppression. I-14 neurons are
spatially distributed most densely in the striohypothalamic nucleus
(Figs. 6C and 7C of Ref. 34), which corresponds with the AC in Figure 1
of this paper. I-14 neurons are also distributed in the MPN/MPA. Of
note, Moffitt et al. did not explicitly describe oxytocin neurons in the
MPOA, but their analysis detected significant oxytocin expression in
an E-23 cluster, suggesting that AC oxytocin neurons are essentially
glutamatergic, as in the PVH.13¢:137 The lack of a significant increase
of c-Fos expression in E-23 in maternal mice may be due to their
pup exposure using a single pup. Overall, this landmark study uncov-
ered CALCR*BRS3* neurons in the AC/MPN/MPA as the strongest
candidates for “offspring care” neurons. The remaining question was
the functional significance of these neurons and molecules in parental

care.

Calcitonin receptor

Our research group has manually screened for molecules most highly
colocalized with parenting-induced c-Fos within the cMPOA and iden-
tified CALCR and BRS3,138 which agreed with Moffitt et al.>* We
focused on CALCR hereafter, as we could produce Cre-transgenic lines
with faithful Cre expression for CALCR but not for BRS3. Neurons
expressing CALCR (CALCR™) are confined to the cMPOA and AC in the
whole POA. CALCR* neurons are mostly ESR1* and represent a small
fraction of ESR1* neurons (~5% in virgin females and ~12% in post-
partum day 4 mothers).138 CALCR* neurons are comprised of at least
two subpopulations; one is GABAergic, mostly GAL™, and expressed in
both the cMPOA and AC, resembling the I-14 described above.?* The
second population is VGLUT2* (glutamatergic), 18% GAL™ in moth-
ers, and mostly confined to the cMPOA, 138 appearing to be a separate
population from I-14.

Cre-dependent tetanus toxin silencing of cMPOA CALCR* neu-
rons severely disturbed pup retrieval and brood-nest building in virgin
females and postpartum mothers, leading to a pup survival rate of
less than 20% for Calcr~silenced mothers. Mating, pregnancy, deliv-
ery, litter size, placentophagia, and pup sniffing latency were intact in
these mothers. Moreover, while most virgin male C57BL/6 mice are
infanticidal, chemogenetic activation of cMPOA CALCR™* neurons (but
not cMPOA VGAT™* neurons) reversibly abolished infanticide in most
subject males.!38 These data collectively suggest the importance of
cMPOA glutamatergic CALCR™ neurons in basal parental motivation.

In peripartum mothers, Calcr expression in cMPOA/AC GABAergic
neurons is eight times higher than in virgin females. Knockdown of
endogenous MPOA Calcr to about 60% in mothers by RNA interference
reduced maternal-specific heightened motivation to rescue pups from
the open arms of an elevated plus maze, suggesting that peripartum
increases of CALCR*GABA™ neurons in the cMPOA enhance maternal
motivation.38

In primates, a parenting-responsible brain region has not been pre-
viously identified. We, therefore, examined the MPOA of common

marmosets, a New World monkey species that utilizes family coopera-

tion with vocal communication for infant care like humans. We found a
CALCR™ neuron cluster in a small subregion of the marmoset posterior
MPOA that colocalized with c-Fos after alloparental care.®” Voxel-
based, lesion-behavior mapping identified that the CALCR™ MPOA
subregion is responsible for infant-carrying tolerance (the ability to
endure infant carrying without physically rejecting the infants) with-
out affecting general health, locomotion, and other social behaviors
with family members. Furthermore, amylin administration to the mar-
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moset cMPOA facilitated infant carrying,*>” plausibly by binding and

activating CALCR* neurons, which has also been shown in mice.24°
These data collectively suggest that the CALCR-expressing MPOA sub-
region is responsible for infant caregiving behaviors across mammals.
Of note, the spatial distributions of CALCR* neurons vary among
species. Thus, we propose changing the “c” in cMPOA from “central”
to “Calcr-expressing” to better define this MPOA subregion across

species.

Summary and remaining questions of circuit
mechanisms

The above data show that (1) CALCR*ESR1* cMPOA neurons are rele-
vant for basal pup retrieval behaviors, (2) ESR1-GAL*T MPOA neurons
are important for pup grooming, and (3) GALTCALCRTESR1+tVGAT+
AC/cMPOA neurons heighten maternal care. However, ESR1%, GAL*Y,
and CALCR™ parenting-relevant neurons contain both excitatory and

inhibitory subpopulations,3+138

complicating the working model of
neural circuity for parental care. In particular, more selective manip-
ulations of each specific neuronal group, especially for glutamatergic
and GABAergic subpopulations, among each cell type need to be
performed.

Zhang et al.’*! reported that activation of glutamatergic MPOA
neurons induces anxiety-like behaviors (including pup-directed attack),
hyperlocomotion, and pupil dilation. Hyperlocomotion was reported
when stimulating GAL*,33 neurotensin®,'2 or all neurons'?” in the
entire MPOA, but not when manipulating the cMPOA specifically.>¢138
These differences may be due to the size and/or location of the tar-
geted area (see Figure 1AB). If the target area is too large, it may
affect the preoptic locomotor region that initiates locomotion through
electrical stimulation via their projection to the mesencephalic loco-

motor region,43 (

thus inducing hyperlocomotion) which disturbs many
naturalistic behaviors, especially crouching over pups.

It is also notable that prolactin signaling in the MPOA is impor-
tant for maternal nursing’** and paternal behaviors4>:14¢ (see Refs.
10 and 147). There are also relevant brain areas and neurons
outside of the MPOA, such as oxytocin neurons in the PVH for
the onset of allomaternal'*® and paternal behaviors!%’; dopamin-
ergic neurons in the AVPV, VTA 125149 |ocus coeruleus,®® and lat-

eral habenula’®!; and melanin-concentrating hormone neurons in

the lateral hypothalamus,'>2 amygdala and, cerebral cortex.153-15¢

Also, there are many important studies on the mechanism of
157-162 many of which have been discussed extensively

elsewhere. 10,163,164

infanticide,
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Of relevance, the vertebrate brain is not decisively dichotomized
by genetic sex: many fish change sex during their life; sex determina-
tion is environmentally dependent in 5% of living reptile species; and
mammalian brain sex is significantly dependent on peripheral ovarian
hormones rather and not simply determined by genetic sex. These facts
may explain why the core circuitry of parental care is the same for
both sexes. The apparent sexual dimorphism of mammalian parental
care may be later derived from the sex-dependent regulatory mech-
anisms involving estrogen, prolactin, oxytocin, and testosterone to

activate/inhibit the core parenting circuit according to the context.

PARENTAL CARE EVOLUTION IN VERTEBRATES:
COMPARATIVE BEHAVIORAL ECOLOGY AND
PALEONTOLOGY

To better understand the neuromolecular features of mammalian
parental care, this section outlines its possible evolutionary path
(Figure 2, orange line), discussing parental care patterns in extant

vertebrates, excluding avians'¢° due to space limitations.

Living fish and ancestral vertebrates

About 30% of living teleost (bony fish) families show parental care,
which may be opportunistic. In ray-finned fish, paternal, maternal, and
biparental care emerged independently from the lack of care. Any
loss of any parental care has likely occurred less frequently than its
emergence.1¢%

Male care (50-84% of parenting species) is more prevalent than
female care in fish, and male-only care occurs in nine times as many
genera as female-only care.” After external fertilization, eggs are often
deposited within the male’s territory, thus male egg guarding can be
a byproduct of territory defense.l” In contrast, most female-only
care occurs with internal fertilization, which results in an increase of
paternity uncertainty and thus suppresses male care.”-1¢8

Among teleosts, lobe-finned fish (Sarcopterygians) (including lung-
fish) have evolved into tetrapods. Like amphibians, most lungfish adults
lose their gills and breathe air obligatorily. In five of six extant lung-
fish species, males guard eggs in nests.'%? Lepidosiren males aerate
eggs and larvae by developing vascular filaments on their fins during

reproductive seasons.”?
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These data on fish suggest that basal vertebrate parental care might
have stemmed from male-biased reproductive behaviors, such as nest-
ing and territorial defense. Consistently, the parenting-involved MPOA
is a key brain site also for male (but not female) sexual behaviors
for all vertebrate groups examined, including teleosts.117:171.172 For
example, during the courtship of electric fish Brachyhypopomus gaud-
erio, males emit social electric signals and their nucleus preopticus
ventricularis anterior in the POA is transcriptionally activated and
expresses more vasotocin.”® In other studies, POA GAL* neurons
are activated during mouthbrooding in maternal cichlids”* and during
male courtship, but not paternal care in male midshipman (Porichthys

notatus) 1’4 —requiring further studies examining GAL™ neurons.

Living amphibians and tetrapod ancestors of
mammals

Devonian adult tetrapods developed legs and lungs to live on land
(Figure 2). The offspring’s habitat was also moved toward land, which
is beneficial for protection against aquatic predators but increases the
risk of desiccation and temperature instability (Figure 3A). Although
most living amphibians provide no parental care after aquatic spawn-
ing, 25% of species, including all three amphibian lineages (Cau-
data/Urodale [salamanders and newts], Anura [frogs and toads], and
Gymnophiona [caecilians]), develop eggs on land and provide parental

care.l7517¢ Male-only and female-only care are equally common,

although offspring feeding and viviparity are performed exclusively by
females.?’”

Most Aromobatidae and Dendrobatidae poison frogs attend to their
eggs and transport tadpoles to a terrestrial pool of water.!”® Both
male and female care occurs with or without pair bonding. Utilizing

such diversity, Fischer et al.”3

reported the neural activation patterns
during tadpole transport in three Dendrobatidae species with male uni-
parental, female uniparental, and biparental care. The medial pallium
and POA are consistently activated during tadpole transport, indepen-
dent of sex. In the male uniparental D. tinctorius, galanin expression
in the POA and medial pallium was associated with tadpole trans-
port. Activation of POA galanin neurons during tadpole transport is
observed in biparental R. imitator but not in D. tinctorius or O. sylvatica.
O’Connell’s group?? also demonstrated that maternal tadpole feeding
induces neuronal activation in the POA and lateral septum, although
the activity of POA oxytocin neurons was negatively associated with
maternal feeding in two distant species.

Among amphibians, Caudata (salamanders) most resemble the
extinct stem amniotes.'”? Eighty-nine percent of Caudata species fer-
tilize internally, except for the most ancient families.}80 Fifty-eight
percent of internal fertilizers engage in female care, 42% no care, and
male care does not occur. Terrestrial egg-laying occurs almost exclu-
sively in internal fertilizers and is accompanied by maternal care!8®
(Figure 3A). Thus, the male-to-female shift of parental care probably
occurred during terrestrial adaptations including internal fertilization

in Caudata.
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The early tetrapods adapted to terrestrial life also through
increased dermal protection and gas exchange by developing skin
collagen and skin glands that secreted mucous compounds and antimi-
crobial proteins.”® Such skin secretion may also protect attended
offspring, as seen in some salamanders. Molecular evidence indicates
that the antimicrobial peptides involved in the innate immune system

evolved into milk constituents of mammals (see below).181-183

Living reptiles and amniotic ancestors of mammals

With the development of the amnion and chorion (a sac covering the
embryo with water and yolk), the basal amniotes (Figure 2) repro-
duced on land. The early amniotes fertilized internally and retained
the embryo in the female’s body (extended embryo retention [EER]),
and may have even been viviparous like some salamanders and 20%
of squamates. Viviparity protects the embryo and neonates from
environmental hazards and was sustained throughout amphibian evo-
lution once it emerged.'8* Viviparous amphibians rarely care for their
offspring after birth'””; thus, the emergence of EER/viviparity as a
maternal investment strategy may have reduced the need for behav-
ioral care, leading to a low (10%) prevalence of parental behaviors
among reptiles. EER after internal fertilization also imposed a strong
female bias in parental care when it occurs; male-only care is not found

in reptiles and mammals, and only in 1% of avians.1¢>

The traditional view that reptiles are nonsocial is outdated.!8>
All crocodilians and tuataras (Figure 2) engage in maternal care,
such as egg attendance and nest defense.'84187 Most turtles vocal-
ize when they mate or before hatching for communication.186188 At
least 18 Squamata species form stable-membered groups, some up
to 20 years.'®? In the viviparous lizard, Liolamemus huacahuasicus, the
mother defends the territory where her offspring reside and provides
access to food and burrows for up to 2 years,2?%1%1 an indirect form of

parental care.

Evolution of lactation and endothermy for parental
care in mammals

Amniotes diverged into synapsids (including mammals) and sauropsids
in the Carboniferous (Figure 2). The oldest fossil evidence of synap-
sid parental care is 306-309 million years ago (MYA).1?2 The fossil is
of young encircled by a plausible mother’s tail, resembling a denning
parent-offspring dyad. Several key mammalian features have devel-
oped during the evolutionary path from synapsids to mammaliaforms

(stem mammals), including lactation and endothermy.

Lactation as hydration, disinfection, and feeding of the
offspring

Early synapsids’ eggs lacked fully calcified shells and were still

vulnerable to desiccation like the eggs of monotremes and most

squamates.1”6184 Thus, early synapsids such as Dimetrodon may have
buried their eggs in moisture-laden soil, hydrated them with con-
tact from moist skin, or carried them in a moist pouch—as living
monotremes do.173194 Apocrine-like skin glands of amphibians secrete
~ 500 peptides, and several of these molecules in basal amniotes
have evolved into milk constituents in mammals; lysozyme to alpha-
lactalbumin, secretory calcium-binding phosphoproteins to caseins,
and lipocalins to beta-lactoglobulin.’8%182 Such skin secretions fed
the offspring, starting in cynodonts and established in Jurassic mam-
maliaformes, as demonstrated by the fossil evidence of delayed tooth
development and milk teeth (Figure 2) (see Ref. 195).

Endothermy for parental care and the evolutionary
path from synapsids to mammals

Farmer!?¢ proposed that the primary drive for the evolution of non-
shivering heat generation is to facilitate offspring growth in thermally
unstable environments.1?7:1%8 |ndeed, endothermy in tegu lizards
selectively occurs in their reproductive period.1?? After laying, tegu
females remain with their eggs for up to 75 days without foraging, with
their body temperature 10°C higher than the ambient temperature
and maintenance of a 5°C increase in the nest temperature.

Most synapsid species went extinct following the drastic decrease
of ambient temperature and oxygen level from 30% to 10 % at the end
of the Permian (252 MYA) due to the massive Siberian volcanic erup-
tions. Surpassed by Sauropsids, Mesozoic synapsids reduced their body
size and became nocturnal, with a dietary niche of insects. Cynodonts
in the early Triassic had a bony secondary palate that enabled respira-
tion while feeding, increased basal metabolic rate, and later, neonatal
suckling. The most derived cynodonts, Probainognathia, developed
maxillary turbinates and reduced lumbar ribs, enabling a high respira-
tory rate and increased maximal metabolic rate. A fossilized example
of the mammaliamorpha Kayentatherium wellesi was found with 38
near-hatching young in one clutch, suggesting simple maternal care.2%°

In the late Triassic, mammaliaforms maintained body temperature
by increasing basal metabolic rate, insulation by fur, and lactation. The
cynodont-mammaliaform transition is also marked by the mammalian
jaw joint and inner ear complex,2%° and together with increased olfac-
tory and tactile sensitivity (such as with whiskers), these features have
increased the relevant cortical areas to yield a large ratio of brain-body

mass.201.202

EVOLUTIONARY ORIGIN OF MAMMALIAN
PARENTAL CARE

Mating-associated behaviors in anamniotes as the
possible origin of mammalian parental care

How far can we trace the direct root of mammalian parental
care? The oldest fossil evidence of synapsid parental care is
from 309 to 306 MYA.1?2 Solid molecular evidence suggests that
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offspring-moistening care via skin gland secretion was established as
early as 310 MYA.203182 Care behavior such as egg/offspring moist-
ening requires significant maternal morphological changes and should
induce the coadaptation of offspring physiology; thus, it should have
been rarely lost, if at all.1”? These data indicate that the direct origin
of mammalian parental care already existed in the Carboniferous
synapsids.

Going further back in evolution, it is generally thought that mater-
nal care in the synapsid lineage evolved independently (as conver-
gent evolution) from preamniotic parental care, given the scarcity of
parental care in living reptiles. However, Oftedal and Farmer inde-
pendently suggested the possible preamniotic origin of lactation and
thermoregulation of offspring, respectively.}’¢178 Oftedal argues that
the secretory skin glands and some milk constituents exist in the ances-
tral form of amphibians. Farmer points out the strong association
between parental investment (especially thermoregulation of offspring
by viviparity and parental behaviors) and terrestrial reproduction in
anamniotes.

Following these pioneers, we here summarize a third line of evi-
dence supporting the preamniote origin of mammalian parental care
from a neurobiological perspective (Figure 4). As discussed above, the
primary form of anamniote parental care is egg attendance and guard-

ing that immediately follow external fertilization (Figure 4A, B). The

MPOA or POA is a key brain site for male sexual behaviors in all ver-
tebrate groups that have been tested, including teleosts, amphibians,
and reptiles (Figure 4E).117:171,172,204,205-206 The existing evidence,
though limited, also suggests the role of the MPOA in basal verte-
brate parental care as seen in mammals.”* In mammals, the studies by
Dulac and colleagues, followed by ours, have demonstrated that the
MPOA neuronal populations activated during male mating and pater-
nal care overlap significantly (Fig. 1g of Ref. 133; Fig. 8D of Ref. 34; and
Fig. 2 of Ref. 56). The male mating and parenting neurons also overlap
functionally, as ablation of MPOA GAL* neurons in mice or pharma-
cological suppression of the cMPOA in common marmosets disturbs
infant retrieval as well as male mating behavior (Extended Data Fig. 5
of Ref. 133).297 Furthermore, the conditional knockout of the transcrip-
tion factor PTF1A from the POA and tuberal hypothalamus by crossing
Ptf1aflox/del \with Nkx2.1-Cre abolishes brain masculinization, including
male sexual behaviors, together with severe disturbances of female
parental behaviors.298

Supposing that mammalian parental care was a new invention
of amniotes, the parental care circuit could have been linked more
with female reproduction, especially oviposition or parturition, than
male reproduction, because internal fertilization and EER have a
strong maternal bias in amniote parental care. This idea leads to

the widespread presumption that maternal care should depend on
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oxytocin. Oxytocin is a peptide hormone critical for egg laying and
parturition and indispensable for milk ejection in mammals (together
with vasopressin homologs?9?).2210211 However, the genetic abla-
tion of oxytocin leads to surprisingly normal postpartum maternal
care in multiple rodent species?’7:212-216 (for other vertebrates, see
Refs. 217 and 218). Oxytocin does facilitate the initiation of parental
care, especially for paternal and allomaternal care, but is surpris-
ingly less critical for postpartum maternal care (e.g., Miyamichi and

107,216)

colleagues .148 Moreover, the overlap of MPOA parenting neu-

rons with female-mating neurons is much less pronounced than that

34,208

with male-mating neurons, and MPOA lesions or the silencing

of cMPOA CALCR™ neurons abolishes parental care without affecting
female mating and parturition.138

These findings can be parsimoniously synthesized if mammalian
parental care stems from male-biased, mating-related behaviors in
anamniotes (Figure 4). This working hypothesis assumes that, first,
a subpopulation of the MPOA neurons involved in male-biased pro-
ceptive mating behaviors (see Box 1) became specialized for mating-
associated behaviors, such as territory defense (which is regulated by

MPOA androgen receptors21?)

and the selection and preparation of
a spawning site (nesting), which eventually extended to egg guarding
in teleosts or basal tetrapods. Then, during the female shift of off-
spring care in tetrapods and early amniotes, the same population of
MPOA neurons might have then been involved in egg/offspring guard-
ing by mothers, and finally become selectively responsible for intensive
maternal care in synapsids.

It should be noted that this assumption does not necessarily mean
that mammalian maternal care is orthologous to paternal care of
lobe-finned fish. As parental behaviors are opportunistic in many
anamniotes and have appeared and disappeared multiple times, simi-
lar forms of parental care might have emerged repeatedly whenever a
harsh environment exerted a selection pressure for it (e.g., indirect off-
spring guarding as an extension of territorial behavior in male lungfish
and female lizards). And if the mating-involved MPOA neurons have
been utilized repeatedly in multiple independent evolutions of parental
care, such an evolutionary process would be that of parallel evolution,
which is distinct from convergent evolution.22° Alternatively, it may be
similar to the evolution of eyes in humans and squids, which used to
be a textbook example of convergent evolution. However, it has turned
out that the gene Paxé is commonly responsible for the development
of human eyes, squid eyes, and the directional photosensing system of
chordates. Thus, their core photosensing system may be orthologous,
while the lens structures of eyes have evolved convergently in humans
and squids.?2! In any case, many more studies on the neural mecha-
nisms of mating and parental behaviors in nonmammalian vertebrates
are necessary to test the present working hypothesis and establish the

evolutionary basis of vertebrate parental care.

Balancing homeostatic needs and maternal care:
Possible contributions of CALCR and BRS3

Endothermy facilitates offspring growth but increases mother and

offspring caloric demand and subsequent foraging demand for the

mother. Thus, when food resources are scarce, mothers must reduce
the amount of care for more foraging or give up caring for offspring
(desertion). Such a hunger-induced restriction of maternal motivation
may be conveyed via neuropeptide-Y* Arc neurons projecting to the
dorsal raphe and the MPOA, as suggested.128.222223 |, this sense, lac-
tation may benefit females by minimizing the energy drain associated
with initial vitellogenesis thus offering the female an extended period
to terminate her reproductive investment upon deteriorating environ-
mental conditions with minimal energy loss.1?> This may also explain
why the parenting-responsible neurons are marked by two G4-coupled
receptors that signal satiety, CALCR and BRS3 (Figure 3).

While CALCR'’s peripheral ligand is calcitonin, which is absent in the
brain, CALCR in the brain forms a complex with receptor activity mod-
ifying proteins (RAMPs) to bind amylin (Figure 3B).22* Amylin/IAPP
(islet amyloid polypeptide) is a brain-gut peptide that is cosecreted
with insulin from pancreatic 8 cells to inhibit food intake through
actions on the area postrema.?2>22¢ Amylin is also produced in the
hindbrain, arcuate nucleus, and the cMPOA/AC subregions in the
MPOA,138.140.227-230 Cijrculating and hypothalamic amylin levels are
upregulated by satiety and downregulated by hunger. Morphologi-
cal evidence suggests that MPOA amylin neurons are innervated by
CALCR™ neurons, and the local application of amylin activates CALCR*
neurons.° Thus, MPOA amylin levels can up/downregulate CALCR*
neurons to facilitate/suppress parental care depending on the food
resource condition (Figure 3C), together with or as a part of the pro-
posed mechanisms involving AGRP/NPY neurons in the Arc, 128222223
To prove this possibility, however, future studies should determine
if the amylin level in the MPOA reflects hunger/satiety as well as
regulates CALCR™ neuronal activity in vivo.

BRS3 is an orphan receptor in placental mammals that is expressed
in the median preoptic nucleus (MnPQO), MPA, PVH, dorsomedial
hypothalamus (DMH), and parabrachial nucleus.?31-233 Brs3 knockout
mice develop obesity with increased food intake and have a reduction
in resting metabolic rate and body temperature. While DMH BRS3+
neurons regulate body temperature, energy expenditure, and heart
rate, BRS3* MnPO neurons are activated by cold exposure and induce
cold defense responses via the sympathetic nervous system.231234
BRS3 has also been identified for its female-biased expression in the
MeA and the principal part of the bed nucleus of the stria terminalis
(BST).6299 BRS3 expression in the cMPOA/AC is highly upregulated
peripartum along with CALCR,%3> and the next step would be to test
whether CALCR/BRS3 neurons in the cMPOA/AC are activated by cold
exposure (Figure 3B). If they are, then BRS3 signaling may be involved
in cold adaptation of maternal care, such as increased nest building or
nest attendance to keep pups warm.

While reproduction with external fertilization is not severely
restricted by hunger, the transition from ectothermy to endothermy
supported by lactation should have increased the caloric cost for
maternal care in early mammals. To balance maternal investment, sur-
vival, and infant needs, the satiety signals of amylin-CALCR and BRS3
might have been added to the existing parental care circuitry as a
neural mechanism to mediate parent-offspring conflict. However, it
is generally hard to test any hypothesis about this evolutionary path

since stem mammals are extinct. Investigations of the neuromolecular
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circuits of maternal care in monotremes may shed light on this issue,
as monotremes have protoendothermic features, such as consider-
able daily variations in body temperature and seasonal hibernation.23¢
In addition, the relevance of CALCR in calcium mobilization dur-
ing pregnancy, eggshell formation, and lactation should be examined
separately.237

Like amylin-CALCR and BRS3, oxytocin suppresses food intake and

mediates cold defense,238.237

since oxytocin knockout mice are defec-
tive in cold defense physiology and behaviors. Thus, the function and
direction of oxytocin in metabolic control are the same as CALCR and
BRS3. In contrast, galanin and prolactin increase food intake and facil-
itate heat loss,240241 which may counteract CALCR and BRS3. The
crosstalk of these molecular signals may fine tune the homeostasis

during pregnancy and lactation.

BEYOND MATERNAL CARE TOWARD COMPLEX
AFFILIATIVE SOCIALITY

Now, we shift the focus to the diversification of mammalian maternal
care into alloparental care, group living, and complex sociality, such as
altruism and empathy.

The definition of society in classic sociobiology refers to adult
animals and excludes parent-offspring groups (termed subsocial).24?
However, for practical purposes in behavioral neuroscience, here we
define social behavior as any action directed toward a conspecific,243
and affiliative social behaviors as those that possibly result in the
stable association of conspecifics, including parental care (refer to

supplementary discussion of Ref. 140).

Parental behavior as the evolutionary basis of
affiliative sociality, empathy, and altruism

Eibl-Eibesfeldt pointed out parental care and flight as the two princi-
pal drives for long-lasting social bonding in terrestrial vertebrates.?44
Consistently, female mammals are generally more sociable than males
and tend to live in groups, possibly for cooperative maternal care
(Figure 3A).2%> When resource competition is too high for females
in a group, female-male pair living becomes profitable for males?4¢
(see also Ref. 247). Either type of group-living among adults pro-
motes the emergence of cooperative offspring care (allomaternal and
paternal) and facilitates offspring survival in many mammals, including
humans.4248,249,250

Within kin groups, altruistic behaviors among members are selected
for inclusive fitness.2>1252 Moreover, neural mechanisms for under-
standing others’ needs and providing care without reciprocity may
have first emerged for parenting and then directed toward other
conspecifics, as suggested.2244.253-255 Thus, parental care may foster
complex sociality, empathy, and altruistic behaviors among adults from
ultimate and proximate causations (Figure 3A).

Supporting this idea, Burkart et al.2¢ tested 15 primate species,

including human children, for nonsolicited, nonreciprocal proactive

prosociality (i.e., acting to provide food to group members despite the
provider not getting food). They found that the level of proactive proso-
ciality is best correlated with the extent of alloparental care of the
species than with other variables including the brain size, presence of
a pair-, intermale-, interfemale bond, and cooperative hunting. Chim-
panzees, in which the mother is the sole caretaker of offspring, barely
behave prosocially in this task despite their high cognitive abilities.

Another impressive study?°7

showed that marmoset parents rescue
1-month-old infants but no other family members by jumping 50 cm
across water. Parents rescue a trapped mate or juveniles only when
prerecorded infant vocalizations are replayed. These observations fur-
ther suggest that the group living is driven by parental motivation
and that the brain circuitry of altruistic helping utilizes the infant care

circuitry in primates.

The shared neuromolecular circuit of maternal care
and sociability

During our study on mouse parental care, we inadvertently noticed
that the amylin expression in the cMPOA/AC of group-housed female
mice decreases to less than 3% at day 6 of social isolation and recovers
by week 2 of reunion with peers.1“0 Isolation of female mice from social
interactions first induces active contact-seeking, then depressive-like
behavior and stress responses. Reunion with peers leads to physi-
cal contact and activates both amylin®™ and CALCR* neurons in the
cMPOA/AC. Chemogenetic activation of amylin neurons increases, and
molecular knockdown of either amylin or Calcr attenuates, contact-
seeking behavior. Amylin-CALCR circuitry in the cMPOA/AC is female-
biased, and females engage in contact-seeking behaviors significantly
more than males.2>8 Neither CALCR* nor amylint neurons are acti-
vated by social contact for defensive huddles induced by bright light, 140
supporting the two independent origins of social contacts proposed by
Eibl-Eibesfeldt.

Amylin may also be involved in parental care and pair-bond forma-
tion in birds; in zebra finch, of which males only sing for courtship,
amylin expression is higher in paired males than in unpaired males or
females in song learning-related brain areas, such as the HVC (high
vocal center) and area X, as well as in the MPOA.257 Together with

the pioneering reports in rats,22%:230

amylin in the MPOA appears to
be involved in parental care and reproduction-associated affiliative
sociality, even though its regulation is species-specific.

Furthermore, the metabolic control of amylin expression may titrate
affiliative sociability and parental care depending on food resources
(Figure 3C). Such a nutritional gate control for social behaviors is essen-
tial because food competition is a major drawback of social living,
and many social animals become more solitary when food is limited.
In the house mice Mus musculus, individuals are aggressive and soli-
tary in noncommensal habitats (e.g., fields and sand dunes), while
they become amicable and form high-density multimale/multifemale
colonies in commensal habitats with superabundant food supply (e.g.,
human settlements).2432¢0 Further experiments are needed to directly

demonstrate this possibility.
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Studies on amylin and social contact?40-258:261 zre |imited to sim-
ple contact-seeking behaviors and have not examined the prosocial
behaviors that benefit other individuals. Considering the abundant
ethological evidence for the parental-care origin of complex social
behaviors among adults,2244253-255 more attention should be placed
on the MPOA for the neural basis of empathy and prosociality, along
with the prefrontal cortex, insula, and amygdala.26? Wu et al.2¢3
reported that the GABAergic projections from the MeA to the MPOA
mediate consolatory allogrooming behavior, to the same extent in male
and female mice. In humans, Moll et al.2%* identified that kinship-
related social scenarios evocative of affiliative emotions induce septal-
preoptic-anterior hypothalamic activity that cannot be explained by
positive or negative emotional valence alone. Further analyses on cost-
taking altruism in rodents and primates should shed more light on the
evolutionary origin and regulatory mechanisms of complex affiliative

sociality in mammals.

CONCLUDING REMARKS AND FUTURE RESEARCH
DIRECTIONS

By integrating neuromolecular and evolutionary perspectives, we
propose that mammalian maternal care may be derived from anam-
niote parental care, which was initially simple and male-biased, and
then became elaborated and female-biased via reproductive strife
under harsh environments. Along with the evolution of amnion
and endothermy, multiple regulatory molecules (especially female
reproductive hormones, which have been extensively studied and
reviewed?1%) and metabolism-involved receptors may have been
added to the core parenting neurocircuitry to regulate the timing and
extent of maternal behaviors in the mammalian lineage. Then in mam-
mals, paternal and alloparental care have evolved from maternal care,
thus facilitating complex cooperative behaviors, empathy, and altruism
among group members. From this viewpoint, even the most intricate
social systems of modern humans can be the result of K-strategy in

265_the effort to maximize the survival of a small

r/K selection theory
number of offspring. Although any evolutionary assumptions are hard
to prove, comparative analyses of neural mechanisms of parental care
across vertebrates should shed light on this issue.

This line of research will also contribute to understanding the evo-
lution of the mammalian brain; what brain traits enabled the gradual
increase of complexity and flexibility of mammalian parental care and
affiliative sociality on the vertebrate brain bauplans.2%¢ Selection for
survival (e.g., agility in nocturnal environments) and reproduction (e.g.,
flexible tactics to protect offspring from predators) under various envi-
ronmental pressures may have elaborated neural circuitry, such as the
mesolimbic dopamine pathway in early tetrapods, three-layered dor-
sal pallium in early amniotes, the neocortex and corticostriatal loops
in early synapsids, and the corpus callosum and distinct motor cortex
in eutherian mammals.2%2 Furthermore, although we did not discuss
it in this paper, the mechanism and evolution of the infant attach-

ment system as the counterpart of the parental care system deserve

more research attention.?®’ Such efforts to understand the neural
basis of the parent-infant relationship will pave the way to resolve
various problems in affiliative social behaviors, starting with child
abuse and domestic violence in families, bullying and harassment in the
community, and crimes and conflicts in our society.

AUTHOR CONTRIBUTIONS

Based on the data obtained from the work of all the authors, K.O.K.
wrote the manuscript with discussion and contributions from all the
other authors.

ACKNOWLEDGMENTS

We thank Nobuyuki Kutsukake, Kazunari Miyamichi, Michael Numan,
Benjamin Ragen, and anonymous reviewers for critical reading and
commenting on the manuscript. We also thank our lab members for
assistance. This research was supported by the RIKEN Center for
Brain Science (2022-3), JSPS KAKENHI Grant Numbers 22H02664
and 22K19486, and Bioscience Research Grants for Takeda Science
Foundation (K.O.K.).

COMPETING INTERESTS

The authors declare no competing interests.

ORCID

Kumi O. Kuroda " https://orcid.org/0000-0001-7037-1753

PEER REVIEW
The peer review history for this article is available at: https://publons.
com/publon/10.1111/nyas.15111

REFERENCES

1. Striedter, G.F,, & Northcutt, R. G. (2020). Brains through time. Oxford
University Press.

2. Numan, M. (2020). The parental brain: Mechanisms, development, and
evolution. Oxford University Press.

3. Dulac, C.,O'connell, L. A., & Wu, Z. (2014). Neural control of maternal
and paternal behaviors. Science, 345,765-770.

4. Hrdy, S. B. (2009). Mothers and others. Harvard University Press.

5. Felitti, V. J.,, Anda, R. F,, Nordenberg, D., Williamson, D. F,, Spitz, A. M.,
Edwards, V., Koss, M. P, & Marks, J. S. (1998). Relationship of child-
hood abuse and household dysfunction to many of the leading causes
of death in adults. The Adverse Childhood Experiences (ACE) Study.
American Journal of Preventive Medicine, 14, 245-258.

6. Kuroda, K. O,, Shiraishi, Y., & Shinozuka, K. (2020). Evolutionary-
adaptive and nonadaptive causes of infant attack/desertion in mam-
mals: Toward a systematic classification of child maltreatment.
Psychiatry and Clinical Neurosciences, 74,516-526.

7. Royle, N. J., Smiseth, P. T., & Kolliker, M. (2012). The evolution of
parental care.

8. Kokko, H., & Jennions, M. D. (2008). Parental investment, sexual
selection and sex ratios. Journal of Evolutionary Biology, 21, 919-948.

9. Dewsbury, D. A. (1985). Paternal behavior in rodents. American
Zoologist, 25,841-852.

10. Horrell, N. D., Hickmott, P. W., & Saltzman, W. (2018). Neural reg-
ulation of paternal behavior in mammals: Sensory, neuroendocrine, and
experiential influences on the paternal brain. Springer International
Publishing.

85U8017 SUOWWOD AIT1D) 8|qe!(dde aup Aq peusenob ae Sspie YO ‘9Sn J0 SNl 10) AriqiT 8UlUQ A8]1/MW UO (SUONIPUOD-PUE-SWRIALICO" A3 1M AJeIq Ul [Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[120z/c0/zz] Uo Ariqiauliuo A8|im ‘ueder sueiyood Aq TTTST SeAU/TTTT OT/I0p/w00 Ao m Ake.q 1 puluo'sgndseAu//sdiy wolj pepeojumoq ‘0 ‘Ze9962T


https://orcid.org/0000-0001-7037-1753
https://orcid.org/0000-0001-7037-1753
https://publons.com/publon/10.1111/nyas.15111
https://publons.com/publon/10.1111/nyas.15111

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

15

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Rogers, F. D., & Bales, K. L. (2019). Mothers, fathers, and oth-
ers: Neural substrates of parental care. Trends in Neuroscience, 42,
552-562.

Ziegler, T.E., Tecot, S. R, Fernandez-Duque, E., Savage, A., & Snowdon,
C. T. (2022). Nonhuman primate paternal care: Species and individ-
ual differences in behavior and mechanisms. Advances in Neurobiology,
27,213-238.

Mendoza, S. P, & Mason, W. A. (1986). Parental division of labour and
differentiation of attachments in a monogamous primiate (Callicebus
moloch). Animal Behaviour, 34, 1336-1347.

Parmigiani, S., & vom Saal, F. S. (1994). Infanticide and parental care.
Harwood Academic Publishers.

Bornstein, M. H. (2002). Handbook of parenting. Erlbaum.
Gonzélez-Mariscal, G. (Ed.). (2022). Patterns of parental behavior: From
animal science to comparative ethology and neuroscience (Advances in
neurobiology, Vol. 27). Springer.

Furuichi, T., & Thompson, J. (2008). The bonobos: Behavior, ecology, and
conservation. Springer.

Hrdy, S. B. (1999). Mother nature: Maternal instincts and how they shape
the human species. Ballantine Books.

Wiesner, B. P, & Sheard, N. M. (1933). Maternal behaviour in the rat.
Oliver and Boyd.

Rosenblatt, J. S. (1967). Nonhormonal basis of maternal behavior in
the rat. Science, 156,1512-1514.

Noirot, E. (1969). Serial order of maternal responses in mice. Animal
Behaviour, 17, 547-550.

Liu, D., Diorio, J., Tannenbaum, B., Caldji, C., Francis, D., Freedman, A.,
Sharma, S., Pearson, D., Plotsky, P. M., & Meaney, M. J. (1997). Mater-
nal care, hippocampal glucocorticoid receptors, and hypothalamic-
pituitary-adrenal responses to stress. Science, 277, 1659-1662.
Stern, J. M., & Johnson, S. K. (1990). Ventral somatosensory deter-
minants of nursing behavior in Norway rats. |. Effects of variations
in the quality and quantity of pup stimuli. Physiology & Behavior, 47,
993-1011.

Kuroda, K. O., Tachikawa, K., Yoshida, S., Tsuneoka, Y., & Numan, M.
(2011). Neuromolecular basis of parental behavior in laboratory mice
and rats: With special emphasis on technical issues of using mouse
genetics. Progress in Neuro-Psychopharmacology & Biological Psychiatry,
35,1205-1231.

Kuroda, K. O., & Tsuneoka, Y. (2013). Assessing postpartum mater-
nal care, alloparental behavior, and infanticide in mice: With notes
on chemosensory influences. Methods in Molecular Biology, 1068,
331-347.

Lonstein, J. S., Pereira, M., Morrell, J. |, & Marler, C. A. (2015).
Parental behavior. In T.M. Plant, & A. J. Zelenik (Eds.). Knobil and Neill’s
physiology of reproduction (pp. 2371-2436). Academic Press.

Ng, H., Ohmura, N., Miyazawa, E., Yoshihara, C., Okuma, L., & Kuroda,
K. O. (2023). Effects of oxytocin ablation on pup rescue, nursing
behaviors and response to pup separation in early-to-mid postpar-
tum mice. Journal of Neuroendocrinology, 35, e13247.

Kuroda, K. O., & Numan, M. (2014). The medial preoptic area and the
regulation of parental behavior. Neuroscience Bulletin, 30, 863-865.
Bedont, J. L., Newman, E. A., & Blackshaw, S. (2015). Patterning, spec-
ification, and differentiation in the developing hypothalamus. Wiley
Interdisciplinary Reviews: Developmental Biology, 4, 445-468.

Puelles, L. (2019). Survey of midbrain, diencephalon, and hypotha-
lamus neuroanatomic terms whose prosomeric definition conflicts
with columnar tradition. Frontiers in Neuroanatomy, 13, 20.

Simerly, R. B.(2015). Organization of the hypothalamus. In G. Paxinos
(Ed.). The rat nervous system (pp. 267-294). Elsevier.

Paxinos, G., & Franklin, K. B. J. (2013). The mouse brain in stereotaxic
coordinates. Academic Press.

Simerly, R. B., & Swanson, L. W. (1986). The organization of neural
inputs to the medial preoptic nucleus of the rat. Journal of Comparative
Neurology, 246,312-342.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

53.

54.

55.

Moffitt, J. R., Bambah-Mukku, D., Eichhorn, S. W., Vaughn, E., Shekhar,
K., Perez, J. D., Rubinstein, N. D., Hao, J., Regev, A, Dulac, C,,
& Zhuang, X. (2018). Molecular, spatial, and functional single-cell
profiling of the hypothalamic preoptic region. Science, 362(6416),
eaau5324.

Tsuneoka, Y., & Funato, H. (2021). Cellular composition of the pre-
optic area regulating sleep, parental, and sexual behavior. Frontiers in
Neuroscience, 15, 649159.

Saper, C. B., Scammell, T. E., & Lu, J. (2005). Hypothalamic regulation
of sleep and circadian rhythms. Nature, 437, 1257-1263.

Liu, D., & Dan, Y. (2019). A motor theory of sleep-wake control:
Arousal-action circuit. Annual Review of Neuroscience, 42, 27-46.
Morrison, S. F., & Nakamura, K. (2019). Central mechanisms for
thermoregulation. Annual Review of Physiology, 81, 285-308.
McKinley, M. J,, Pennington, G. L., & Ryan, P. J. (2021). The median
preoptic nucleus: A major regulator of fluid, temperature, sleep,
and cardiovascular homeostasis. Handbook of Clinical Neurology, 179,
435-454,

Herbison, A. E. (2016). Control of puberty onset and fertility by
gonadotropin-releasing hormone neurons. Nature Reviews Endocrinol-
ogy, 12,452-466.

Larsson, K., & Heimer, L. (1964). Mating behaviour of male rats after
lesions in the preoptic area. Nature, 202, 413-414.

Heimer, L., & Larsson, K. (1967). Impairment of mating behavior in
male rats following lesions in the preoptic-anterior hypothalamic
continuum. Brain Research, 3, 248-263.

Powers, B., & Valenstein, E. S. (1972). Sexual receptivity: Facilitation
by medial preoptic lesions in female rats. Science, 175, 1003-1005.
Sakuma, Y. (2015). Estradiol-sensitive projection neurons in the
female rat preoptic area. Frontiers in Neuroscience, 9, 67.

Sakuma, Y. (1995). Differential control of proceptive and receptive
components of female rat sexual behavior by the preoptic area.
Japanese Journal of Physiology, 45,211-228.

Stolzenberg, D. S., & Numan, M. (2011). Hypothalamic interaction
with the mesolimbic DA system in the control of the maternal and
sexual behaviors in rats. Neuroscience and Biobehavioral Reviews, 35,
826-847.

Spiteri, T., Ogawa, S., Musatov, S., Pfaff, D. W., & Agmo, A. (2012). The
role of the estrogen receptor a in the medial preoptic area in sexual
incentive motivation, proceptivity and receptivity, anxiety, and wheel
running in female rats. Behavioural Brain Research, 230, 11-20.
Paxinos, G., & Franklin, K. B. J. (2012). The mouse brain in stereotaxic
coordinates. Academic Press.

Allen Institute for Brain Science. (2015). Website: © 2015 Allen Insti-
tute for Brain Science. Allen Mouse Brain Atlas [Internet]. http://
mouse.brain-map.org

Simerly, R. B., Gorski, R. A.,, & Swanson, L. W. (1986). Neurotrans-
mitter specificity of cells and fibers in the medial preoptic nucleus:
An immunohistochemical study in the rat. Journal of Comparative
Neurology, 246, 343-363.

Dong, H.-W., & Swanson, L. W. (2004). Organization of axonal pro-
jections from the anterolateral area of the bed nuclei of the stria
terminalis. Journal of Comparative Neurology, 468, 277-298.

. Armstrong, W.E., Warach, S.,Hatton, G. |., & Mcneill, T. H. (1980). Sub-

nuclei in the rat hypothalamic paraventricular nucleus: A cytoarchi-
tectural, horseradish peroxidase and immunocytochemical analysis.
Neuroscience, 5,1931-1958.

Rhodes, C. H., Morriell, J. ., & Pfaff, D. W. (1981). Immunohisto-
chemical analysis of magnocellular elements in rat hypothalamus:
Distribution and numbers of cells containing neurophysin, oxytocin,
and vasopressin. Journal of Comparative Neurology, 198, 45-64.
Castel, M., & Morris, J. F. (1988). The neurophysin-containing inner-
vation of the forebrain of the mouse. Neuroscience, 24, 937-966.
Tsuneoka, Y.,Maruyama, T., Yoshida, S., Nishimori, K., Kato, T., Numan,
M., & Kuroda, K. O. (2013). Functional, anatomical, and neurochemi-

85U8017 SUOWWOD AIT1D) 8|qe!(dde aup Aq peusenob ae Sspie YO ‘9Sn J0 SNl 10) AriqiT 8UlUQ A8]1/MW UO (SUONIPUOD-PUE-SWRIALICO" A3 1M AJeIq Ul [Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[120z/c0/zz] Uo Ariqiauliuo A8|im ‘ueder sueiyood Aq TTTST SeAU/TTTT OT/I0p/w00 Ao m Ake.q 1 puluo'sgndseAu//sdiy wolj pepeojumoq ‘0 ‘Ze9962T


http://mouse.brain-map.org
http://mouse.brain-map.org

16

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

cal differentiation of medial preoptic area subregions in relation to
maternal behavior in the mouse. Journal of Comparative Neurology,
521,1633-1663.

Tsuneoka, Y., Tokita, K., Yoshihara, C., Amano, T., Esposito, G., Huang,
A. J, Yu, L. M.y, Odaka, Y., Shinozuka, K., Mchugh, T. J., & Kuroda,
K. O. (2015). Distinct preoptic-BST nuclei dissociate paternal and
infanticidal behavior in mice. Embo Journal, 34,2652-2670.
Tsuneoka, Y., Yoshihara, C., Ohnishi, R., Yoshida, S., Miyazawa, E.,
Yamada, M., Horiguchi, K., Young, W. S., Nishimori, K., Kato, T., &
Kuroda, K. O. (2022). Oxytocin facilitates allomaternal behavior
under stress in laboratory mice. eNeuro, 9,0405-21.2022.

Shinoda, K., Nagano, M., & Osawa, Y. (1994). Neuronal aromatase
expression in preoptic, strial, and amygdaloid regions during late
prenatal and early postnatal development in the rat. Journal of
Comparative Neurology, 343, 113-129.

Gulledge, C. C., Mann, P.E., Bridges, R. S., Bialos, M., & Hammer, R. P.
(2000). Expression of mu-opioid receptor mRNA in the medial preop-
tic area of juvenile rats. Brain Research Developmental Brain Research,
119,269-276.

Bakowska, J. C., & Morrell, J. 1. (1997). Atlas of the neurons that
express mRNA for the long form of the prolactin receptor in the
forebrain of the female rat. Journal of Comparative Neurology, 386,
161-177.

Bayer, S. A., & Altman, J. (2004). Development of the telencephalon:
Neural stem cells, neurogenesis, and neuronal migration. In G. Paxi-
nos (Ed.). The rat nervous system (pp. 27-73) Elsevier.

Xu, X., Coats, J. K, Yang, C. F., Wang, A., Ahmed, O. M., Alvarado, M.,
Izumi, T.,, & Shah, N. M. (2012). Modular genetic control of sexually
dimorphic behaviors. Cell, 148,596-607.

Terkel, J., & Rosenblatt, J. S. (1972). Humoral factors underlying
maternal behavior at parturition: Cross transfusion between freely
moving rats. Journal of Comparative and Physiological Psychology, 80,
365-371.

Rosenblatt, J. S., Wagner, C. K., & Morrell, J. I. (1994). Hormonal
priming and triggering of maternal behavior in the rat with spe-
cial reference to the relations between estrogen receptor binding
and ER mRNA in specific brain regions. Psychoneuroendocrinology, 19,
543-552.

Ogawa, S., Chan, J,, Chester, A. E., Gustafsson, J. A., Korach, K. S., &
Pfaff, D. W. (1999). Survival of reproductive behaviors in estrogen
receptor beta gene-deficient (b ERKO) male and female mice. Pro-
ceedings of the National Academy of Sciences of the United States
of America, 96, 12887-12892.

Gallagher, J. M., Nephew, B. C,, Poirier, G., King, J. A., & Bridges, R. S.
(2019). Estrogen receptor-alpha knockouts and maternal memory in
nulliparous rats. Hormones and Behavior, 110, 40-45.

Moran, C. R, Gallagher, J. M., & Bridges, R. S. (2020). The role of
the estrogen receptor-alpha gene, Esr1, in maternal-like behavior in
juvenile female and male rats. Physiology & Behavior, 216, 112797.
Leblond, C. P, & Nelson, W. O. (1937). Maternal behavior in hypophy-
sectomized male and female mice. American Journal of Physiology, 120,
167-172.

Noirot, E. (1972). The onset of maternal behavior in rats, hamsters,
and mice: A selective review. In D. S. Lehrman, R. A. Hinde, & E. Shaw
(Eds.). Advances in the study of behavior (Vol. 4, pp. 107-145). Elsevier.
Beach, F. A, & Jaynes, J. (1956). Studies of Maternal Retrieving in
Rats: I1l. Sensory cues involved in the lactating female’s response to
her young. Behavior, 10, 104-124.

Noirot, E. (1964). Changes in responsiveness to young in the adult
mouse: The effect of external stimuli. Journal of Comparative and
Physiological Psychology, 57, 97-99.

Roth Herrenkohl, L., & Rosenberg, P. A. (1972). Exteroceptive stimu-
lation of maternal behavior in the naive rat. Physiology & Behavior, 8,
595-598.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Kendrick, K. M., Guevara-Guzman, R., Zorrilla, J., Hinton, M. R., Broad,
K. D., Mimmack, M., & Ohkura, S. (1997). Formation of olfactory
memories mediated by nitric oxide. Nature, 388, 670-674.
Matsumura, S. (1981). Mother-infant communication in a horse-
shoe bat (Rhinolophus ferrumequinum nippon): Vocal communication in
three-week-old infants. Journal of Mammalogy, 62, 20-28.

De Fanis, E., & Jones, G. (2009). Post-natal growth, mother-infant
interactions and development of vocalizations in the vespertilionid
bat Plecotus auritus. Journal of Zoology, 235, 85-97.

Numan, M. (1974). Medial preoptic area and maternal behavior in
the female rat. Journal of Comparative and Physiological Psychology, 87,
746-759.

Numan, M., & Smith, H. G. (1984). Maternal behavior in rats: Evidence
for the involvement of preoptic projections to the ventral tegmental
area. Behavioral Neuroscience, 98,712-727.

Numan, M., Mcsparren, J., & Numan, M. J. (1990). Dorsolateral con-
nections of the medial preoptic area and maternal behavior in rats.
Behavioral Neuroscience, 104, 964-979.

Numan, M., & Numan, M. J. (1991). Preoptic-brainstem connec-
tions and maternal behavior in rats. Behavioral Neuroscience, 105,
1013-1029.

Numan, M., Stolzenberg, D. S., Dellevigne, A. A., Correnti, C. M., &
Numan, M. J. (2009). Temporary inactivation of ventral tegmental
area neurons with either muscimol or baclofen reversibly disrupts
maternal behavior in rats through different underlying mechanisms.
Behavioral Neuroscience, 123, 740-751.

Terkel, J., Bridges, R. S., & Sawyer, C. H. (1979). Effects of transecting
lateral neural connections of the medial preoptic area on mater-
nal behavior in the rat: Nest building, pup retrieval and prolactin
secretion. Brain Research, 169, 369-380.

Rosenblatt, J. S., & Snowdon, C. T. (Eds.). (1996). Parental care: Evo-
lution, mechanism, and adaptive significance (Advances in the study of
behavior, Vol. 25). Academic Press.

Miceli, M. O., & Malsbury, C. W. (1982). Sagittal knife cuts in the
near and far lateral preoptic area-hypothalamus disrupt maternal
behaviour in female hamsters. Physiology & Behavior, 28,857-867.
Lee, A. W.,, & Brown, R. E. (2002). Medial preoptic lesions dis-
rupt parental behavior in both male and female California mice
(Peromyscus californicus). Behavioral Neuroscience, 116, 968-975.
Basurto, E., Hoffman, K., Lemus, A. C., & Gonzélez-Mariscal, G.
(2018). Electrolytic lesions to the anterior hypothalamus-preoptic
area disrupt maternal nest-building in intact and ovariectomized,
steroid-treated rabbits. Hormones and Behavior, 102, 48-54.

Perrin, G., Meurisse, M., & Levy, F. (2007). Inactivation of the medial
preoptic area or the bed nucleus of the stria terminalis differentially
disrupts maternal behavior in sheep. Hormones and Behavior, 52,461~
473.

Shinozuka, K., Yano-Nashimoto, S., Yoshihara, C., Tokita, K., Kurachi,
T., Matsui, R., Watanabe, D., Inoue, K. I., Takada, M., Moriya-Ito, K.,
Tokuno, H., Numan, M, Saito, A., & Kuroda, K. O. (2022). A calcitonin
receptor-expressing subregion of the medial preoptic areais involved
in alloparental tolerance in common marmosets. Communications
Biology, 5, 1243.

Atzil, S., Touroutoglou, A, Rudy, T., Salcedo, S., Feldman, R., Hooker, J.
M., Dickerson, B. C., Catana, C., & Barrett, L. F. (2017). Dopamine in
the medial amygdala network mediates human bonding. Proceedings
of the National Academy of Sciences of the United States of America, 114,
2361-2366.

Rilling, J. K., Gonzalez, A., & Lee, M. (2021). The neural correlates
of grandmaternal caregiving. Proceedings of the Royal Society, 288,
20211997.

Slawski, B. A., & Buntin, J. D. (1995). Preoptic area lesions disrupt
prolactin-induced parental feeding behavior in ring doves. Hormones
and Behavior, 29, 248-266.

85U8017 SUOWWOD AIT1D) 8|qe!(dde aup Aq peusenob ae Sspie YO ‘9Sn J0 SNl 10) AriqiT 8UlUQ A8]1/MW UO (SUONIPUOD-PUE-SWRIALICO" A3 1M AJeIq Ul [Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[120z/c0/zz] Uo Ariqiauliuo A8|im ‘ueder sueiyood Aq TTTST SeAU/TTTT OT/I0p/w00 Ao m Ake.q 1 puluo'sgndseAu//sdiy wolj pepeojumoq ‘0 ‘Ze9962T



ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

|17

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

108.

104.

105.

106.

107.

108.

Youngren, O. M., El Halawanl, M. E., Phillips, R. E., & Silsby, J. L. (1989).
Effects of preoptic and hypothalamic lesions in female turkeys during
a photoinduced reproductive cycle. Biology of Reproduction, 41, 610-
617.

Fischer, E. K., Roland, A. B., Moskowitz, N. A. Vidoudez, C.,
Ranaivorazo, N., Tapia, E. E., Trauger, S. A., Vences, M., Coloma, L. A,
& O’connell, L. A. (2019). Mechanisms of convergent egg provisioning
in poison frogs. Current Biology, 29,4145-4151.e3.

Fischer, E. K., Roland, A. B., Moskowitz, N. A, Tapia, E. E., Summers,
K., Coloma, L. A, & O’Connell, L. A. (2019). The neural basis of tad-
pole transport in poison frogs. Proceedings of the Royal Society B, 286,
20191084.

Butler, J. M., Herath, E. M., Rimal, A., Whitlow, S. M., & Maruska, K. P.
(2020). Galanin neuron activation in feeding, parental care, and infan-
ticide in a mouthbrooding African cichlid fish. Hormones and Behavior,
126, 104870.

Fleming, A., Vaccarino, F., & Luebke, C. (1980). Amygdaloid inhibi-
tion of maternal behavior in the nulliparous female rat. Physiology &
Behavior, 25,731-743.

Numan, M., Numan, M. J., & English, J. B. (1993). Excitotoxic amino
acid injections into the medial amygdala facilitate maternal behavior
in virgin female rats. Hormones and Behavior, 27,56-81.

Sheehan, T, Paul, M., Amaral, E, Numan, M. J, & Numan, M.
(2001). Evidence that the medial amygdala projects to the ante-
rior/ventromedial hypothalamic nuclei to inhibit maternal behavior
in rats. Neuroscience, 106, 341-356.

Numan, M. (2010). Parental behavior. In G. Koob, M. L. Moal, & R. F.
Thompson (Eds.). Encyclopedia of behavioral neuroscience (Vol. 3, pp.
14-23). Academic Press.

Chen, P. B, Hu, R. K., Wu, Y. E., Pan, L., Huang, S., Micevych, P. E., &
Hong, W. (2019). Sexually dimorphic control of parenting behavior by
the medial amygdala. Cell, 176(1206-1221),e1218.

Lonstein, J. S., & Stern, J. M. (1997). Role of the midbrain peri-
aqueductal gray in maternal nurturance and aggression: C-fos and
electrolytic lesion studies in lactating rats. Journal of Neuroscience, 17,
3364-3378.

Lonstein, J. S., Simmons, D. A., & Stern, J. M. (1998). Functions of
the caudal periaqueductal gray in lactating rats: Kyphosis, lordosis,
maternal aggression, and fearfulness. Behavioral Neuroscience, 112,
1502-1518.

Sukikara, M. H., Mota-Ortiz, S. R., Baldo, M. V., Felicio, L. F.,, &
Canteras, N.S. (2006). A role for the periaqueductal gray in switching
adaptive behavioral responses. Journal of Neuroscience, 26, 2583-
2589.

Lee, G., & Gammie, S. C. (2010). GABAA receptor signaling in cau-
dal periaqueductal gray regulates maternal aggression and maternal
care in mice. Behavioural Brain Research, 213,230-237.

Insel, T. R., & Harbaugh, C. R. (1989). Lesions of the hypothalamic
paraventricular nucleus disrupt the initiation of maternal behavior.
Physiology & Behavior, 45, 1033-1041.

Olazabal, D. E., & Ferreira, A. (1997). Maternal behavior in rats
with kainic acid-induced lesions of the hypothalamic paraventricular
nucleus. Physiology & Behavior, 61,779-784.

Marlin, B. J., Mitre, M., D’amour, J. A., Chao, M. V., & Froemke, R. C.
(2015). Oxytocin enables maternal behaviour by balancing cortical
inhibition. Nature, 520, 499-504.

Inada, K., Hagihara, M., Tsujimoto, K., Abe, T., Konno, A., Hirai, H.,
Kiyonari, H., & Miyamichi, K. (2022). Plasticity of neural connec-
tions underlying oxytocin-mediated parental behaviors of male mice.
Neuron, 110, 2009-2023.e5.

Mccarthy, M. M., Kow, L.-M., & Pfaff, D. W. (1992). Speculations con-
cerning the physiological significance of central oxytocin in maternal
behavior. Annals of the New York Academy of Sciences, 652, 70-82.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Yoshihara, C., Numan, M., & Kuroda, K. O. (2017). Oxytocin and
parental behaviors. In R. Hurlemann, & V. Grinevich (Eds.). Behavioral
pharmacology of neuropeptides: Oxytocin (pp. 119-153).

Numan, M., & Corodimas, K. P. (1985). The effects of paraventricu-
lar hypothalamic lesions on maternal behavior in rats. Physiology &
Behavior, 35,417-425.

Numan, M., Numan, M. J., Schwarz, J. M., Neuner, C. M,, Flood, T.
F., & Smith, C. D. (2005). Medial preoptic area interactions with the
nucleus accumbens-ventral pallidum circuit and maternal behavior in
rats. Behavioural Brain Research, 158, 53-68.

Bates, E., Wilson, S. M., Saygin, A. P, Dick, F., Sereno, M. 1., Knight, R.
T., & Dronkers, N. F. (2003). Voxel-based lesion-symptom mapping.
Nature Neuroscience, 6, 448-450.

Rutten, G. J. (2022). Broca-Wernicke theories: A historical perspec-
tive. Handbook of Clinical Neurology, 185, 25-34.

Bell, A. H., & Bultitude, J. H. (2018). Methods matter: A primer
on permanent and reversible interference techniques in animals
for investigators of human neuropsychology. Neuropsychologia, 115,
211-219.

Vaidya, A. R., Pujara, M. S, Petrides, M., Murray, E. A., & Fellows,
L. K. (2019). Lesion studies in contemporary neuroscience. Trends in
Cognitive Sciences, 23, 653-671.

Bauman, M. D., Lavenex, P, Mason, W. A,, Capitanio, J. P, & Amaral,
D. G. (2004). The development of mother-infant interactions after
neonatal amygdala lesions in rhesus monkeys. Journal of Neuroscience,
24,711-721.

Hull, E. M., & Dominguez, J. M. (2007). Sexual behavior in male
rodents. Hormones and Behavior, 52, 45-55.

Price Peterson, R. (1966). Magnocellular neurosecretory centers
in the rat hypothalamus. Journal of Comparative Neurology, 128,
181-189.

Sofroniew, M. V. (1985). Vasopressin- and neurophysin-
immunoreactive neurons in the septal region, medial amygdala
and locus coeruleus in colchicine-treated rats. Neuroscience, 15,
347-358.

Lonstein, J. S., & De Vries, G. J. (2000). Maternal behaviour in lac-
tating rats stimulates c-fos in glutamate decarboxylase-synthesizing
neurons of the medial preoptic area, ventral bed nucleus of the stria
terminalis, and ventrocaudal periaqueductal gray. Neuroscience, 100,
557-568.

Lonstein, J. S., Gréco, B., De Vries, G. J.,, Stern, J. M., & Blaustein, J. D.
(2000). Maternal behavior stimulates c-fos activity within estrogen
receptor alpha-containing neurons in lactating rats. Neuroendocrinol-
ogy, 72,91-101.

Ribeiro, A. C., Musatov, S., Shteyler, A., Simanduyev, S., Arrieta-Cruz,
I, Ogawa, S., & Pfaff, D. W. (2012). siRNA silencing of estrogen
receptor-alpha expression specifically in medial preoptic area neu-
rons abolishes maternal care in female mice. Proceedings of the
National Academy of Sciences of the United States of America, 109,
16324-16329.

Fang, Y. Y., Yamaguchi, T, Song, S. C., Tritsch, N. X,, & Lin, D. (2018).
A hypothalamic midbrain pathway essential for driving maternal
behaviors. Neuron, 98(192-207),e110.

Dai, B., Sun, F,, Tong, X., Ding, Y., Kuang, A., Osakada, T., Li, Y., & Lin, D.
(2022). Responses and functions of dopamine in nucleus accumbens
core during social behaviors. Cell Reports, 40, 111246.

Xie, Y., Huang, L., Corona, A., Pagliaro, A. H., & Shea, S. D (2022).
A dopaminergic reward prediction error signal shapes maternal
behavior in mice. Neuron, 111(4), 557-570.

Hashikawa, K., Hashikawa, Y., Tremblay, R., Zhang, J., Feng, J. E., Sabol,
A., Piper, W. T,, Lee, H., Rudy, B., & Lin, D. (2017). Esr1(+) cells in
the ventromedial hypothalamus control female aggression. Nature
Neuroscience, 20, 1580-1590.

85U8017 SUOWWOD AIT1D) 8|qe!(dde aup Aq peusenob ae Sspie YO ‘9Sn J0 SNl 10) AriqiT 8UlUQ A8]1/MW UO (SUONIPUOD-PUE-SWRIALICO" A3 1M AJeIq Ul [Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[120z/c0/zz] Uo Ariqiauliuo A8|im ‘ueder sueiyood Aq TTTST SeAU/TTTT OT/I0p/w00 Ao m Ake.q 1 puluo'sgndseAu//sdiy wolj pepeojumoq ‘0 ‘Ze9962T



18

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Wei, Y.-C.,Wang, S.-R,, Jiao, Z.-L., Zhang, W.,, Lin, J.-K,, Li, X.-Y., Li, S.-S.,
Zhang, X., & Xu, X.-H. (2018). Medial preoptic area in mice is capa-
ble of mediating sexually dimorphic behaviors regardless of gender.
Nature Communications, 9, 279.

Li, X.-Y,, Han, Y., Zhang, W., Wang, S.-R., Wei, Y.-C,, Li, S.-S., Lin, J.-
K., Yan, J.-J., Chen, A.-X.,, Zhang, X., Zhao, Z.-D., Shen, W. L., & Xu,
X.-H. (2019). AGRP neurons project to the medial preoptic area
and modulate maternal nest-building. Journal of Neuroscience, 39,
456-471.

Park, S.-G., Jeong, Y.-C., Kim, D.-G., Lee, M.-H., Shin, A,, Park, G., Ryoo,
J.,Hong, J.,, Bae, S., Kim, C.-H., Lee, P-S., & Kim, D. (2018). Medial pre-
optic circuit induces hunting-like actions to target objects and prey.
Nature Neuroscience, 21, 364-372.

Muroi, Y., & Ishii, T. (2015). Neuropeptide Y is crucial for nutritional
state-dependent regulation of maternal behavior. Psychoneuroen-
docrinology, 51, 392-402.

Han, Y., Li, X.-Y.,, Wang, S.R., Wei, Y.-C., & Xu, X. H. (2017). Presence of
pups suppresses hunger-induced feeding in virgin adult mice of both
sexes. Neuroscience, 362,228-238.

Lang, R., Gundlach, A. L., Holmes, F. E., Hobson, S. A., Wynick, D.,
Hokfelt, T., & Kofler, B. (2015). Physiology, signaling, and pharmacol-
ogy of galanin peptides and receptors: Three decades of emerging
diversity. Pharmacological Reviews, 67,118-175.

Wu, Z., Autry, A. E., Bergan, J. F.,, Watabe-Uchida, M., & Dulac, C. G.
(2014). Galanin neurons in the medial preoptic area govern parental
behaviour. Nature, 509, 325-330.

Kohl, J., Babayan, B. M., Rubinstein, N. D., Autry, A. E., Marin-
Rodriguez, B., Kapoor, V., Miyamishi, K., Zweifel, L. S., Luo, L., Uchida,
N., & Dulac, C. (2018). Functional circuit architecture underlying
parental behaviour. Nature, 556, 326-331.

Kohl, J. (2020). Parenting—A paradigm for investigating the neural
circuit basis of behavior. Current Opinion in Neurobiology, 60, 84-91.
Hrabovszky, E., & Liposits, Z. (2008). Novel aspects of glutamatergic
signalling in the neuroendocrine system. Journal of Neuroendocrinol-
ogy, 20,743-751.

Grinevich, V., & Ludwig, M. (2021). The multiple faces of the oxytocin
and vasopressin systems in the brain. Journal of Neuroendocrinology,
33,e13004.

Yoshihara, C., Tokita, K., Maruyama, T., Kaneko, M., Tsuneoka, Y.,
Fukumitsu, K., Miyazawa, E., Shinozuka, K., Huang, A. J., Nishimori,
K., Mchugh, T. J,, Tanaka, M., Itohara, S., Touhara, K., Miyamichi, K.,
& Kuroda, K. O. (2021). Calcitonin receptor signaling in the medial
preoptic area enables risk-taking maternal care. Cell Reports, 35,
109204.

Kurachi, T, Shinozuka, K. Yoshihara, C., Yano-Nashimoto, S.
Murayama, A. Y. Hata, J,, Haga, Y., Okano, H., & Kuroda, K. O.
(2023). Distinct roles of amylin and oxytocin signaling in intrafamilial
social behaviors at the medial preoptic area of common marmosets.
Communications Biology, 6, 1231.

Fukumitsu, K., Kaneko, M., Maruyama, T., Yoshihara, C., Huang, A. J.,
Mchugh, T. J,, Itohara, S., Tanaka, M., & Kuroda, K. O. (2022). Amylin-
calcitonin receptor signaling in the medial preoptic area mediates
affiliative social behaviors in female mice. Nature Communications, 13,
709.

Zhang, G. W,, Shen, L., Tao, C., Jung, A. H., Peng, B., Li, Z,, Zhang, L. |,
& Tao, H. W. (2021). Medial preoptic area antagonistically mediates
stress-induced anxiety and parental behavior. Nature Neuroscience,
24,516-528.

Mchenry, J. A, Otis, J. M., Rossi, M. A.,Robinson, J. E., Kosyk, O., Miller,
N. W., Mcelligott, Z. A., Budygin, E. A., Rubinow, D. R., & Stuber, G. D.
(2017). Hormonal gain control of a medial preoptic area social reward
circuit. Nature Neuroscience, 20, 449-458.

Sinnamon, H. M. (1993). Preoptic and hypothalamic neurons and
the initiation of locomotion in the anesthetized rat. Progress in
Neurobiology, 41, 323-344.

144.

145.

146.

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

Brown, R. S. E., Aoki, M., Ladyman, S. R,, Phillipps, H. R., Wyatt, A,
Boehm, U., & Grattan, D. R. (2017). Prolactin action in the medial pre-
optic area is necessary for postpartum maternal nursing behavior.
Proceedings of the National Academy of Sciences of the United States of
America, 114,10779-10784.

Stagkourakis, S., Smiley, K. O., Williams, P,, Kakadellis, S., Ziegler, K.,
Bakker, J., Brown, R. S., Harkany, T.,, Grattan, D. R., & Broberger, C.
(2020). A neuro-hormonal circuit for paternal behavior controlled by
a hypothalamic network oscillation. Cell, 182, 960-975.e915.
Smiley, K.O.,Brown,R.S.E., & Grattan, D.R.(2022). Prolactin action is
necessary for parental behavior in male mice. Journal of Neuroscience,
42,8308-8327.

Whittington, C. M., & Wilson, A. B. (2013). The role of prolactin in fish
reproduction. General and Comparative Endocrinology, 191, 123-136.
Carcea, |, Caraballo, N. L., Marlin, B. J., Ooyama, R., Riceberg, J.
S., Mendoza Navarro, J. M., Opendak, M., Diaz, V. E., Schuster, L.,
Alvarado Torres, M. |, Lethin, H., Ramos, D., Minder, J., Mendoza,
S. L., Bair-Marshall, C. J., Samadjopoulos, G. H., Hidema, S., Falkner,
A, Lin, D, ... & Froemke, R. C. (2021). Oxytocin neurons enable
social transmission of maternal behaviour. Nature, 596, 553-
557.

Scott, N., Prigge, M., Yizhar, O., & Kimchi, T. (2015). A sexually
dimorphic hypothalamic circuit controls maternal care and oxytocin
secretion. Nature, 525,519-522.

Dvorkin, R., & Shea, S. D. (2022). Precise and pervasive phasic burst-
ing in locus coeruleus during maternal behavior in mice. Journal of
Neuroscience, 42,2986-2999.

Lecca, S., Congiu, M., Royon, L., Restivo, L., Girard, B., Mazaré, N.,
Bellone, C., Telley, L., & Mameli, M. (2023). A neural substrate
for negative affect dictates female parental behavior. Neuron, 111,
1094-1103.e8.

Kato, Y., Katsumata, H., Inutsuka, A., Yamanaka, A., Onaka, T., Minami,
S., & Orikasa, C. (2021). Involvement of MCH-oxytocin neural
relay within the hypothalamus in murine nursing behavior. Scientific
Reports, 11,3348.

Lau, B. Y. B, Krishnan, K., Huang, Z. J., & Shea, S. D. (2020). Mater-
nal experience-dependent cortical plasticity in mice is circuit- and
stimulus-specific and requires MECP2. Journal of Neuroscience, 40,
1514-1526.

Nowlan, A. C., Kelahan, C., & Shea, S. D. (2022). Multisensory integra-
tion of social signals by a pathway from the basal amygdala to the auditory
cortex in maternal mice. Cold Spring Harbor Laboratory.

Schiavo, J. K., Valtcheva, S., Bair-Marshall, C. J., Song, S. C., Martin,
K. A., & Froemke, R. C. (2020). Innate and plastic mechanisms for
maternal behaviour in auditory cortex. Nature, 587,426-431.
Tasaka, G.-l., Hagihara, M., Irie, S., Kobayashi, H., Inada, K., Kihara, M.,
Abe, T., & Miyamichi, K. (2023). A prefrontal neural circuit for maternal
behavioural learning in mice. Cold Spring Harbor Laboratory.

Amano, T., Shindo, S., Yoshihara, C., Tsuneoka, Y., Uki, H., Minami, M.,
& Kuroda, K. O. (2017). Development-dependent behavioral change
toward pups and synaptic transmission in the rhomboid nucleus of
the bed nucleus of the stria terminalis. Behavioural Brain Research,
325,131-137.

Isogai, Y., Wu, Z., Love, M. |, Ahn, M. H. Y., Bambah-Mukku, D., Hua, V.,
Farrell, K., & Dulac, C. (2018). Multisensory logic of infant-directed
aggression by males. Cell, 175,1827-1841.e1817.

Sato, K., Hamasaki, Y., Fukui, K., Ito, K., Miyamichi, K., Minami, M., &
Amano, T. (2020). Amygdalohippocampal area neurons that project
to the preoptic area mediate infant-directed attack in male mice.
Journal of Neuroscience, 40,3981-3994.

Autry, A. E., Wu, Z, Kapoor, V. Kohl, J., Bambah-Mukku, D.,
Rubinstein, N. D., Marin-Rodriguez, B., Carta, I., Sedwick, V., Tang,
M., & Dulac, C. (2021). Urocortin-3 neurons in the mouse perifor-
nical area promote infant-directed neglect and aggression. eLife, 10,
e64680.

85U8017 SUOWWOD AIT1D) 8|qe!(dde aup Aq peusenob ae Sspie YO ‘9Sn J0 SNl 10) AriqiT 8UlUQ A8]1/MW UO (SUONIPUOD-PUE-SWRIALICO" A3 1M AJeIq Ul [Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[120z/c0/zz] Uo Ariqiauliuo A8|im ‘ueder sueiyood Aq TTTST SeAU/TTTT OT/I0p/w00 Ao m Ake.q 1 puluo'sgndseAu//sdiy wolj pepeojumoq ‘0 ‘Ze9962T



ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

19

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Sato, K., Okuno, H., Kitamura, K., Bito, H., Suzuki, Y., Minami, M.,
& Amano, T. (2022). Distinct neuronal populations mediate parenting
and infanticide in the amygdalohippocampal area. Research Square
Platform LLC.

Mei, L., Yan, R, Yin, L., Sullivan,R.M., &Lin, D. (2023). Antagonistic cir-
cuits mediating infanticide and maternal care in female mice. Nature,
618,1006-1016.

Bailey, S., & Isogai, Y. (2022). Parenting as a model for behavioural
switches. Current Opinion in Neurobiology, 73, 102543.

Inada, K., & Miyamichi, K. (2023). Association between parental
behaviors and structural plasticity in the brain of male rodents.
Neuroscience Research, 196, 1-10.

Cockburn, A. (2006). Prevalence of different modes of parental care
in birds. Proceedings of the Royal Society, 273, 1375-1383.

Mank, J. E., Daniel, E. L. P, & Avise, J. C. (2005). Phylogenetic perspec-
tives in the evolution of parental care in ray-finned fishes. Evolution;
International Journal of Organic Evolution, 59, 1570-1578.

Goldberg, R. L., Downing, P. A, Griffin, A. S., & Green, J. P. (2020).
The costs and benefits of paternal care in fish: A meta-analysis.
Proceedings of the Royal Society B: Biological Sciences, 287,20201759.
Kahn, A. T., Schwanz, L. E., & Kokko, H. (2013). Paternity protection
can provide a kick-start for the evolution of male-only parental care.
Evolution; International Journal of Organic Evolution, 67,2207-2217.
Clack, J. A. (2012). Gaining ground. In The origin and evolution of
tetrapods (2nd ed.). Indiana University Press.

Almeida-Val, V.,Nozawa, S., Lopes, N. P, Aride, P. H. R., Mesquita-Saad,
L.S., da Silva, M. D. N. P, Honda, R. T., Ferreira-Nozawa, M. S., & Val,
A.L.(2010). Biology of the South American lungfish, Lepidosiren para-
doxa. In J. M. Jorgensen, & J. Joss (Eds.), The biology of lungfishes (pp.
129-147).

Balthazart, J., & Ball, G. F. (2007). Topography in the preoptic region:
Differential regulation of appetitive and consummatory male sexual
behaviors. Frontiers in Neuroendocrinology, 28, 161-178.

Oka, Y. (2023). Neural control of sexual behavior in fish. Zoological
Science, 40, 1-13.

Pouso, P, Cabana, A., Goodson, J. L., & Silva, A. (2019). Preoptic area
activation and vasotocin involvement in the reproductive behavior of
a weakly pulse-type electric fish, Brachyhypopomus gauderio. Frontiers
in Integrative Neuroscience, 13, 37.

Tripp, J. A., Salas-Allende, I., Makowski, A., & Bass, A. H. (2020). Mating
behavioral function of preoptic galanin neurons is shared between
fish with alternative male reproductive tactics and tetrapods. Journal
of Neuroscience, 40, 1549-1559.

Vagi, B., Végvari, Z., Liker, A., Freckleton, R. P, & Székely, T. (2019).
Parental care and the evolution of terrestriality in frogs. Proceedings
of the Royal Society B: Biological Sciences, 286,20182737.

Oftedal, O.T.(2020). The evolution of lactation in mammalian species.
Nestlé Nutrition Workshop Series, 94, 1-10.

Furness, A. I., & Capellini, I. (2019). The evolution of parental care
diversity in amphibians. Nature Communications, 10,4709.

Summers, K., & Tumulty, J. (2014). Chapter 11 - Parental care, sex-
ual selection, and mating systems in neotropical poison frogs. In
R. H. Macedo, & G. Machado (Eds.), Sexual selection (pp. 289-320).
Academic Press.

Sanchez, S., Klembara, J, Castanet, J, & Steyer, J. S (2008).
Salamander-like development in a seymouriamorph revealed by
palaeohistology. Biology Letters, 4,411-414.

Vagi, B., Marsh, D., Katona, G., Végvari, Z., Freckleton, R. P, Liker, A.,
& Székely, T. (2022). The evolution of parental care in salamanders.
Scientific Reports, 12(1), 16655.

Lefévre, C. M., Sharp, J. A, & Nicholas, K. R. (2010). Evolution of lacta-
tion: Ancient origin and extreme adaptations of the lactation system.
Annual Review of Genomics and Human Genetics, 11,219-238.
Oftedal, O. T. (2012). The evolution of milk secretion and its ancient
origins. Animal, 6, 355-368.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Goldman, A. S. (2012). Evolution of immune functions of the mam-
mary gland and protection of the infant. Breastfeeding Medicine, 7,
132-142.

Jiang, B, He, Y., Elsler, A., Wang, S., Keating, J. N., Song, J., Kearns, S.
L., & Benton, M. J. (2023). Extended embryo retention and viviparity
in the first amniotes. Nature Ecology & Evolution, 7, 1131-1140.
Stahlschmidt, Z. R. (2011). Taxonomic chauvinism revisited: Insight
from parental care research. PLoS ONE, 6,e24192.

Doody, J.S.,Burghardt, G. M., & Dinets, V. (2013). Breaking the social-
non-social dichotomy: A role for reptiles in vertebrate social behavior
research? ethol, 119, 95-103.

Moore, J.R., & Varricchio, D. J. (2016). The evolution of diapsid repro-
ductive strategy with inferences about extinct taxa. PLoS ONE, 11,
e0158496.

Jorgewich-Cohen, G., Townsend, S. W., Padovese, L. R,, Klein, N.,
Praschag, P, Ferrara, C. R., Ettmar, S., Menezes, S., Varani, A. P,
Serano, J., & Sanchez-Villagra, M. R. (2022). Common evolutionary
origin of acoustic communication in choanate vertebrates. Nature
Communications, 13(1), 6089.

Gardner, M. G., Pearson, S.K., Johnston, G. R., & Schwarz, M. P.(2016).
Group living in squamate reptiles: A review of evidence for stable
aggregations. Biological Reviews, 91, 925-936.

Halloy, M., & Halloy, S. R. (1997). An indirect form of parental
care in a high altitude viviparous lizard, Liolaemus huacahuasicus
(Tropiduridae). Bulletin of the Maryland Herpetological Society, 33,
139-155.

Halliwell, B., Uller, T., Holland, B. R., & While, G. M. (2017). Live
bearing promotes the evolution of sociality in reptiles. Nature Com-
munications, 8, 2030.

Maddin, H. C., Mann, A., & Hebert, B. (2020). Varanopid from the
Carboniferous of Nova Scotia reveals evidence of parental care in
amniotes. Nature Ecology & Evolution, 4, 50-56.

Oftedal, O. T. (2002). The origin of lactation as a water source
for parchment-shelled eggs. Journal of Mammary Gland Biology and
Neoplasia, 7,253-266.

Kawasaki, K., Lafont, A. G., & Sire, J. Y. (2011). The evolution of
milk casein genes from tooth genes before the origin of mammals.
Molecular Biology and Evolution, 28,2053-2061.

Blackburn, D. G., Hayssen, V., & Murphy, C. J. (1989). The origins of
lactation and the evolution of milk: A review with new hypotheses.
Mammal Review, 19, 1-26.

Farmer, C. G. (2000). Parental care: The key to understanding
endothermy and other convergent features in birds and mammals.
American Naturalist, 155, 326-334.

Bacigalupe, L. D., Moore, A. J.,, Nespolo, R. F, Rezende, E. L., &
Bozinovic, F. (2017). Quantitative genetic modeling of the parental
care hypothesis for the evolution of endothermy. Frontiers in Physiol-
ogy, 8, 1005.

Farmer, C. G. (2020). Parental care, destabilizing selection, and the
evolution of tetrapod endothermy. Physiology (Bethesda, Md.), 35,
160-176.

Tattersall, G. J,, Leite, C. A.C.,Sanders, C.E.,Cadena, V., Andrade, D. V.,
Abe, A.S., &Milsom, W. K. (2016). Seasonal reproductive endothermy
in tegu lizards. Science Advances, 2,e1500951.

Hoffman, E. A., & Rowe, T. B. (2018). Jurassic stem-mammal perinates
and the origin of mammalian reproduction and growth. Nature, 561,
104-108.

Newham, E., Gill, P.G., & Corfe, I. J. (2022). New tools suggest a middle
Jurassic origin for mammalian endothermy: Advances in state-of-
the-art techniques uncover new insights on the evolutionary patterns
of mammalian endothermy through time. BioEssays, 44, 21000
60.

Cisek, P. (2022). Evolution of behavioural control from chordates to
primates. Philosophical Transactions of the Royal Society B: Biological
Sciences, 377(1844), 20200522.

85U8017 SUOWWOD AIT1D) 8|qe!(dde aup Aq peusenob ae Sspie YO ‘9Sn J0 SNl 10) AriqiT 8UlUQ A8]1/MW UO (SUONIPUOD-PUE-SWRIALICO" A3 1M AJeIq Ul [Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[120z/c0/zz] Uo Ariqiauliuo A8|im ‘ueder sueiyood Aq TTTST SeAU/TTTT OT/I0p/w00 Ao m Ake.q 1 puluo'sgndseAu//sdiy wolj pepeojumoq ‘0 ‘Ze9962T



20

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

Blackburn, D. G. (2015). Evolution of vertebrate viviparity and spe-
cializations for fetal nutrition: A quantitative and qualitative analysis.
Journal of Morphology, 276, 961-990.

Malacarne, G., & Giacoma, C. (1980). Effects of lesions to the rostral
preoptic area on courtship behaviour in the male crested newt Tritu-
rus cristatus carnifex (Laur.). Monitore Zoologico Italiano—Italian Journal
of Zoology, 14,9-17.

Shankey, N. T., & Cohen, R. E. (2024). Neural control of reproduction
in reptiles. Journal of Experimental Zoology Part A: Ecological and Inte-
grative Physiology. doi: https://doi.org/10.1002/jez.2783. Epub ahead
of print. PMID: 38247297.

Wheeler, J. M., & Crews, D. (1978). The role of the anterior
hypothalamus-preoptic area in the regulation of male reproductive
behavior in the lizard, Anolis carolinensis: Lesion studies. Hormones and
Behavior, 11,42-60.

Kurachi, T, Shinozuka, K. Yoshihara, C., Yano-Nashimoto, S.
Murayama, A. Y., Hata, Y., Okano, H., & Kuroda, K. O. (Submitted).
Dual roles of the MPOA in paternal care and male sexual behavior
in common marmosets and a possible conflict between sexual and
paternal interest.

Fujiyama, T., Miyashita, S., Tsuneoka, Y., Kanemaru, K., Kakizaki,
M., Kanno, S., Ishikawa, Y., Yamashita, M., Owa, T., Nagaoka, M.,
Kawaguchi, Y., Yanagawa, Y., Magnuson, M. A,, Muratani, M., Shibuya,
A., Nabeshima, Y. o.-., Yanagisawa, M., Funato, H., & Hoshino, M.
(2018). Forebrain Ptfla is required for sexual differentiation of the
brain. Cell Reports, 24,79-94.

Pointe, J. L. (1977). Comparative physiology of neurohypophysial
hormone action on the vertebrate oviduct-uterus. American Zoologist,
17,763-773.

Lincoln, D. W., & Paisley, A. C. (1982). Neuroendocrine control of milk
ejection. Journal of Reproduction and Fertility, 65,571-586.

Knobloch, H. S., & Grinevich, V. (2014). Evolution of oxytocin path-
ways in the brain of vertebrates. Frontiers in Behavioral Neuroscience,
8,31.

Nishimori, K., Young, L. J., Guo, Q., Wang, Z., Insel, T. R., & Matzuk,
M. M. (1996). Oxytocin is required for nursing but is not essential
for parturition or reproductive behavior. Proceedings of the National
Academy of Sciences of the United States of America, 93,11699-11704.
Young lii, W. S., Shepard, E., Amico, J., Hennighausen, L., Wagner, K.-
U., Lamarca, M. E., Mckinney, C., & Ginns, E. I. (1996). Deficiency in
mouse oxytocin prevents milk ejection, but not fertility or parturition.
Journal of Neuroendocrinology, 8, 847-853.

Macbeth, A. H., Stepp, J. E., Lee, H. J, Young, W. S., & Caldwell,
H. K. (2010). Normal maternal behavior, but increased pup mortal-
ity, in conditional oxytocin receptor knockout females. Behavioral
Neuroscience, 124, 677-685.

Berendzen, K. M., Sharma, R., Mandujano, M. A,, Wei, Y., Rogers, F. D.,
Simmons, T. C., Seelke, A. H. M., Bond, J. M,, Larios, R. D., Sherman, M.,
Parthasarathy, S., Espineda, I., Knoedler, J. R., Beery, A., Bales, K. L.,
Shah, N. M., & Manoli, D. S. (2023). Oxytocin receptor is not required
for social attachment in prairie voles. Neuron, 111(6), 787-796.e4.
Hagihara, M., Miyamichi, K., & Inada, K. (2023). The importance of
oxytocin neurons in the supraoptic nucleus for breastfeeding in mice.
PLoS ONE, 18,e0283152.

Mennigen, J. A, Ramachandran, D., Shaw, K., Chaube, R., Joy, K. P, &
Trudeau, V. L. (2022). Reproductive roles of the vasopressin/oxytocin
neuropeptide family in teleost fishes. Frontiers in Endocrinology (Lau-
sanne), 13, 1005863.

Fischer, E. K., Nowicki, J. P, & O'connell, L. A. (2019). Evolution
of affiliation: Patterns of convergence from genomes to behaviour.
Philosophical Transactions of the Royal Society B: Biological Sciences, 374,
20180242.

Juntti, S. A, Tollkuhn, J., Wu, M. V, Fraser, E. J., Soderborg, T, Tan, S.,
Honda, S. I, Harada, N., & Shah, N. M. (2010). The androgen recep-

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231

232.

233.

234.

235.

236.

237.

238.

239.

240.

tor governs the execution, but not programming, of male sexual and
territorial behaviors. Neuron, 66,260-272.

Stewart, C. B. (2006). Evolution: Convergent and parallel evolution.
Gehring, W. J. (2014). The evolution of vision. Wiley Interdisci-
plinary Reviews: Developmental Biology, 3, 1-40.

Muroi, Y., & Ishii, T. (2016). A novel neuropeptide Y neuronal pathway
linking energy state and reproductive behavior. Neuropeptides, 59, 1-
8.

Fujisaki, M., Nakamura, A., Muroi, Y., & Ishii, T. (2020). Oxytocin in
the dorsal raphe nucleus antagonizes the inhibition of maternal care
induced by food deprivation. Hormones and Behavior, 124, 104773.
Hay, D. L., Chen, S., Lutz, T. A, Parkes, D. G., & Roth, J. D. (2015).
Amylin: Pharmacology, physiology, and clinical potential. Pharmaco-
logical Reviews, 67, 564-600.

Young, A. (2005). Inhibition of insulin secretion. Advances in Pharma-
cology, 52,173-192.

Lutz, T. A. (2006). Amylinergic control of food intake. Physiology &
Behavior, 89, 465-471.

Boccia, L., Gamakharia, S., Coester, B., Whiting, L., Lutz, T. A, & Le Foll,
C.(2020). Amylin brain circuitry. Peptides, 132, 170366.

Almeida, L. S., Castro-Lopes, J. M., Neto, F. L., & Potes, C. S. (2019).
Amylin, a peptide expressed by nociceptors, modulates chronic neu-
ropathic pain. European Journal of Pain (London, England), 23,784-799.
Dobolyi, A. (2009). Central amylin expression and its induction in rat
dams. Journal of Neurochemistry, 111, 1490-1500.

Szabd, E. R., Cservendk, M., & Dobolyi, A. (2012). Amylin is a novel
neuropeptide with potential maternal functions in the rat. Faseb
Journal, 26,272-281.

Pifiol, R. A, Zahler, S. H., Li, C., Saha, A., Tan, B. K., Skop, V., Gavrilova,
0., Xiao, C., Krashes, M. J., & Reitman, M. L. (2018). Brs3 neurons
in the mouse dorsomedial hypothalamus regulate body tempera-
ture, energy expenditure, and heart rate, but not food intake. Nature
Neuroscience, 21, 1530-1540.

Zhang, L., Parks, G. S., Wang, Z., Wang, L., Lew, M., & Civelli, O.
(2013). Anatomical characterization of bombesin receptor subtype-
3 mRNA expression in the rodent central nervous system. Journal of
Comparative Neurology, 521, 1020-1039.

Xiao, C., & Reitman, M. L. (2016). Bombesin-like receptor 3: Physiol-
ogy of a functional orphan. Trends in Endocrinology & Metabolism, 27,
603-605.

Pinol, R. A, Mogul, A. S., Hadley, C. K., Saha, A, Li, C., Skop, V.,
Province, H.S., Xiao, C., Gavrilova, O., Krashes, M. J., & Reitman, M. L.
(2021). Preoptic BRS3 neurons increase body temperature and heart
rate via multiple pathways. Cell Metabolism, 33, 1389-1403.e1386.
Kuroda, K. O. (2022). Amylin-calcitonin receptor signaling in the
cMPOA as a possible crossroad of parental care, sociality, and
homeostatic control. In Gordon Research Conference on Hypothalamus.
Nicol, S. C. (2017). Energy homeostasis in monotremes. Frontiers in
Neuroscience, 11, 195.

Kovacs, C. S. (2011). Calcium and bone metabolism disorders dur-
ing pregnancy and lactation. Endocrinology and Metabolism Clinics, 40,
795-826.

Kasahara, Y., Tateishi, Y., Hiraoka, Y., Otsuka, A., Mizukami, H., Ozawa,
K., Sato, K., Hidema, S., & Nishimori, K. (2015). Role of the oxytocin
receptor expressed in the rostral medullary raphe in thermoregula-
tion during cold conditions. Frontiers in Endocrinology (Lausanne), 6,
180.

Harshaw, C., Leffel, J. K., & Alberts, J. R. (2018). Oxytocin and the
warm outer glow: Thermoregulatory deficits cause huddling abnor-
malities in oxytocin-deficient mouse pups. Hormones and Behavior, 98,
145-158.

Wynick, D.,Small,C. J.,Bacon, A., Holmes, F.E., Norman, M., Ormandy,
C. J, Kilic, E., Kerr, N. C. H., Ghatei, M., Talamantes, F., Bloom, S. R, &
Pachnis, V. (1998). Galanin regulates prolactin release and lactotroph

85U8017 SUOWWOD AIT1D) 8|qe!(dde aup Aq peusenob ae Sspie YO ‘9Sn J0 SNl 10) AriqiT 8UlUQ A8]1/MW UO (SUONIPUOD-PUE-SWRIALICO" A3 1M AJeIq Ul [Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[120z/c0/zz] Uo Ariqiauliuo A8|im ‘ueder sueiyood Aq TTTST SeAU/TTTT OT/I0p/w00 Ao m Ake.q 1 puluo'sgndseAu//sdiy wolj pepeojumoq ‘0 ‘Ze9962T


https://doi.org/10.1002/jez.2783

ANNALS OF THE NEW YORK ACADEMY OF SCIENCES

|21

241.

242.
243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

proliferation. Proceedings of the National Academy of Sciences of the
United States of America, 95, 12671-12676.

Kroeger, D., Absi, G., Gagliardi, C., Bandaru, S. S., Madara, J. C.,
Ferrari, L. L., Arrigoni, E., Miinzberg, H., Scammell, T. E., Saper, C. B.,
& Vetrivelan, R. (2018). Galanin neurons in the ventrolateral preoptic
area promote sleep and heat loss in mice. Nature Communications, 9,
4129.

Wilson, E. O. (1975). Sociobiology: The new synthesis. Belknap Press.
Poole, T. B. (1985). Social behaviour in mammals. Glasgow, NY: Chap-
man and Hall.

Eibl-Eibesfeldt, I. (1972). Love and hate; The natural history of behavior
patterns. Holt.

Taylor, S. E., Klein, L. C., Lewis, B. P,, Gruenewald, T. L., Gurung, R.
A. R., & Updegraff, J. A. (2000). Biobehavioral responses to stress in
females: Tend-and-befriend, not fight-or-flight. Psychological Review,
107,411-429.

Lukas, D., & Clutton-Brock, T. H. (2013). The evolution of social
monogamy in mammals. Science, 341, 526-530.

Rosenbaum, S., & Silk, J. B. (2022). Pathways to paternal care in
primates. Evolutionary Anthropology, 31, 245-262.

Sear, R., & Mace, R. (2008). Who keeps children alive? A review of the
effects of kin on child survival. Evolution and Human Behavior, 29, 1-
18.

Silk, J. B., Alberts, S. C., & Altmann, J. (2003). Social bonds of female
baboons enhance infant survival. Science, 302, 1231-1234.
Snyder-Mackler, N., Burger, J. R., Gaydosh, L., Belsky, D. W., Noppert,
G. A, Campos, F. A, Bartolomucci, A, Yang, Y. C., Aiello, A. E., O’rand,
A., Harris, K. M,, Shively, C. A,, Alberts, S. C., & Tung, J. (2020). Social
determinants of health and survival in humans and other animals.
Science, 368, eaax9553.

Hamilton, W. D. (1964). The genetical evolution of social behaviour. I.
Journal of Theoretical Biology, 7, 1-16.

Hamilton, W. D. (1964). The genetical evolution of social behaviour.
11. Journal of Theoretical Biology, 7, 17-52.

Darwin, C. (1872). The expression of the emotions in man and animals. J.
Murray.

Preston, S. D. (2013). The origins of altruism in offspring care.
Psychological Bulletin, 139, 1305-1341.

De Waal, F. B. M., & Preston, S. D. (2017). Mammalian empa-
thy: Behavioural manifestations and neural basis. Nature Reviews
Neuroscience, 18, 498-509.

Burkart, J. M., Allon, O., Amici, F,, Fichtel, C., Finkenwirth, C., Heschl,
A., Huber, J.,, Isler, K., Kosonen, Z. K., Martins, E., Meulman, E. J.,
Richiger, R., Rueth, K., Spillmann, B., Wiesendanger, S., & Van Schaik,
C. P. (2014). The evolutionary origin of human hyper-cooperation.
Nature Communications, 5, 4747.

Huang, J., Cheng, X., Zhang, S., Chang, L., Li, X,, Liang, Z., & Gong,
N. (2020). Having infants in the family group promotes altruistic
behavior of marmoset monkeys. Current Biology, 30, 4047-4055.e3.
Fukumitsu, K., Huang, A. J., Mchugh, T. J., & Kuroda, K. O. (2023). Role
of Calcr expressing neurons in the medial amygdala in social contact
among females. Molecular Brain, 16, 10.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

Zachar, G.,Montagnese, C., Fazekas, E. A., Kemecsei, R. G., Papp, S. M.,
Dora, F, Renner, E., Csillag, A., Pogany, A., & Dobolyi, A. (2019). Brain
distribution and sexually dimorphic expression of amylin in different
reproductive stages of the zebra finch (Taeniopygia guttata) suggest
roles of the neuropeptide in song learning and social behaviour.
Frontiers in Neuroscience, 13, 1401.

Frynta, D., Kaftanova-Elidsova, B., Zampachova, B., Voragkova, P,
Sadlova, J., & Landova, E. (2018). Behavioural strategies of three wild-
derived populations of the house mouse (Mus m. musculus and M. m.
domesticus) in five standard tests of exploration and boldness: Search-
ing for differences attributable to subspecies and commensalism.
Behavioural Processes, 157, 133-141.

Fukumitsu, K., & Kuroda, K. O. (2023). Behavioral and histochemi-
cal characterization of sexually dimorphic responses to acute social
isolation and reunion in mice. Neuroscience Research, 194, 36-43.
Paradiso, E., Gazzola, V., & Keysers, C. (2021). Neural mechanisms
necessary for empathy-related phenomena across species. Current
Opinion in Neurobiology, 68, 107-115.

Wu, Y. E., Dang, J., Kingsbury, L., Zhang, M., Sun, F,, Hu, R. K., & Hong,
W. (2021). Neural control of affiliative touch in prosocial interaction.
Nature, 599,262-267.

Moll, J.,Bado, P, De Oliveira-Souza, R., Bramati, |. E., Lima, D. O., Paiva,
F.F, Sato, J. R, Tovar-Moll, F., & Zahn, R. (2012). A neural signature of
affiliative emotion in the human septohypothalamic area. Journal of
Neuroscience, 32, 12499-12505.

MacArthur, R. H., & Wilson, E. O. (1967). The theory of island biogeog-
raphy. Princeton University Press.

Puelles, L., & Rubenstein, J. L. R. (2003). Forebrain gene expression
domains and the evolving prosomeric model. Trends in Neuroscience,
26,469-476.

Dietrich, M. O., Zimmer, M. R., Bober, J., & Horvath, T. L. (2015).
Hypothalamic Agrp neurons drive stereotypic behaviors beyond
feeding. Cell, 160, 1222-1232.

Wang, Q., Ding, S.-L., Li, Y., Royall, J., Feng, D., Lesnar, P,, Graddis,
N., Naeemi, M., Facer, B., Ho, A., Dolbeare, T., Blanchard, B., Dee,
N., Wakeman, W., Hirokawa, K. E., Szafer, A., Sunkin, S. M., Oh,
S. W, Bernard, A, ... & Ng, L. (2020). The Allen Mouse Brain
Common Coordinate Framework: A 3D Reference Atlas. Cell, 181,
936-953.€20.

Kuroda, K. O.(2007). A preliminary study on the dorsal MPOA and/or
the ventral BST in mouse: Implications for parental behavior. In The
Parental Brain Conference.

How to cite this article: Kuroda, K. O., Fukumitsu, K., Kurachi,
T.,Ohmura, N., Shiraishi, Y., & Yoshihara, C. (2024). Parental
brain through time: The origin and development of the neural

circuit of mammalian parenting. Ann NY Acad Sci., 1-21.
https://doi.org/10.1111/nyas. 15111

85U8017 SUOWWOD AIT1D) 8|qe!(dde aup Aq peusenob ae Sspie YO ‘9Sn J0 SNl 10) AriqiT 8UlUQ A8]1/MW UO (SUONIPUOD-PUE-SWRIALICO" A3 1M AJeIq Ul [Uo//SdnL) SUORIPUOD pue swie | 8y} 89S *[120z/c0/zz] Uo Ariqiauliuo A8|im ‘ueder sueiyood Aq TTTST SeAU/TTTT OT/I0p/w00 Ao m Ake.q 1 puluo'sgndseAu//sdiy wolj pepeojumoq ‘0 ‘Ze9962T


https://doi.org/10.1111/nyas.15111

	Parental brain through time: The origin and development of the neural circuit of mammalian parenting
	Abstract
	INTRODUCTION
	Parental care in vertebrates
	An overview of parental care in vertebrates
	Parental care behaviors in rodents

	THE NEURAL MECHANISMS OF MAMMALIAN PARENTAL CARE
	Classical studies
	Neuroanatomy of the parenting-relevant MPOA subregion, cMPOA
	Molecularly defined neuronal populations involved in various parental behaviors
	Estrogen receptor alpha
	Galanin
	Calcitonin receptor

	Summary and remaining questions of circuit mechanisms

	PARENTAL CARE EVOLUTION IN VERTEBRATES: COMPARATIVE BEHAVIORAL ECOLOGY AND PALEONTOLOGY
	Living fish and ancestral vertebrates
	Living amphibians and tetrapod ancestors of mammals
	Living reptiles and amniotic ancestors of mammals
	Evolution of lactation and endothermy for parental care in mammals
	Lactation as hydration, disinfection, and feeding of the offspring
	Endothermy for parental care and the evolutionary path from synapsids to mammals


	EVOLUTIONARY ORIGIN OF MAMMALIAN PARENTAL CARE
	Mating-associated behaviors in anamniotes as the possible origin of mammalian parental care
	Balancing homeostatic needs and maternal care: Possible contributions of CALCR and BRS3

	BEYOND MATERNAL CARE TOWARD COMPLEX AFFILIATIVE SOCIALITY
	Parental behavior as the evolutionary basis of affiliative sociality, empathy, and altruism
	The shared neuromolecular circuit of maternal care and sociability

	CONCLUDING REMARKS AND FUTURE RESEARCH DIRECTIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	COMPETING INTERESTS
	ORCID
	PEER REVIEW

	REFERENCES


