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Paternal care in rodents: Ultimate causation
and proximate mechanisms

Vladimir S. Gromov

ABSTRACT. The evolution of paternal care in rodents has intrigued biologists for over decades. In this
paper, both ultimate (adaptive significance, evolution) and proximate (ontogeny, mechanisms) questions
related to the emergence and maintenance of male paternal care are reviewed. Paternal care is thought to be a
consequence of social monogamy, but no definitive hypothesis adequately explains the evolution of paternal
behavior in rodents. The onset, activation and maintenance of paternal care are shown to be governed by
complex interactions in neuroendocrine systems that change during ontogeny. Depending on the species,
different components of male experience as well as different exogenous cues are likely to be involved in
the organization and activation of paternal behavior. Several hormones, including steroids (testosterone,
estradiol, progesterone) and neuropeptides (prolactin, vasopressin, oxytocin), are involved in the onset, the
maintenance, or both the onset and the maintenance of parental behavior, including direct paternal care.
The effect of testosterone was found to be not universal and, moreover, species-specific. As for estrogens and
neuropeptides, further investigations are needed to better understand the role of these hormones in activation
and maintenance of rodent paternal behavior. Current research shows that male parental care in rodents is,
to a great extent, an epigenetic phenomenon, and future studies will focus on the epigenetic modifications
that can affect the paternal behavior in rodents.
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3aboTa 0 NOTOMCTBE Yy CaMLIOB IPbI3yHOB: 3BOJNIIOLIMOHHOE
NPoUCXoXaeHue U NpPoKCcUManbHble MeXaHU3Mbl CTUMYNALUU

B.C. 'pomoB

PE3IOME. Bonpocsl, CBSI3aHHBIE C YBOTIOLUEH POAUTEIBCKOTO OBEICHHS y CAMIIOB IPBI3YHOB, HHTEPECYIOT
OMOJIOrOB y’Ke MHOTHE JIeCATWIETHS. B cTaTbe paccMarpuBaeTcs a/laliTABHOE 3HAUYCHNE W HBOJIIOIMOHHOE
MIPOMCXOXKJICHUE OTIIOBCKOTO MOBEICHNS Y PA3HBIX BUJIOB TPHI3YHOB, @ TAK/KE MPOKCUMAIIbHBIE MEXaHU3MBbI
ero CTUMYIALUHN U perymsinuu. Ilomararor, 4to 3a00Ta 0 MOTOMCTBE y CaMI[OB MJICKOIMTAIOIINX, B TOM
qHCcIe TPBHI3YHOB, €CTh MPSAMOE CIIACTBUE MOHOTAMHBIX COI[MAJIBHBIX OTHOIIEHUI, OAHAKO HHU OfIHA U3
CYIIECTBYIOIIHMX THUIIOTE3 HE JIa€T Y/IOBIETBOPUTEIHLHOTO OOBSICHEHUSI SBOJIOINH OTIIOBCKOTO TIOBEICHUSI.
CoBpeMeHHBIE HCCIIeIOBaHMS TOKA3BIBAIOT, YTO IPOSIBIICHUE 3200THI O TOTOMCTBE Y CaMIIOB 00€CIIEUNBACTCS
CJIOKHBIM B3aMMO/IEHICTBIEM HEPBHON M 9H/IOKPHHHOI CHCTEM B XO/I€ OHTOTEHETHIECKOT0 pa3BuTHs. Kpome
TOTO, POANTEIHCKOE TOBEACHHIE CAMIIOB 3aBUCHT OT PA3JIMUHBIX SK30TCHHBIX M HAOTCHHBIX (PaKTOpOB. P
TOPMOHOB, B TOM YHCJI€ TIOJIOBBIE CTEPOUIBI (TECTOCTEPOH, IPOTECTEPOH U 3CTPAINOIN) U HEHPOTICIITH IBI
(IposaKTHH, OKCUTOLIMH U Ba30NPECCHH), BOBJIEUEH B CIIOKHBIHN ITPOIIECC CTUMYJISIIIUU U PETYIISIIIUU OTLIOB-
CKOTO TIOBE/ICHUs. YCTAHOBIIEHO, YTO TECTOCTEPOH B 3TOM IPOILIECCE UTPAET HE OJHO3HAYHYIO POJIb, U €T0
BJIMSTHHE Ha [TOBE/ICHHUE CaMIIOB SIBIISICTCS BUOCHENUPUIECKUM. YTO KacaeTcst 3CTPOreHOB ¥ HEHPOTIENTH-
JIOB, TO UX POJIb B CTUMYJISILIUN U PETYIISIIMN OTLOBCKOT'O TIOBEJCHUS N3yUeHa II0Ka HEYIOBIETBOPUTEILHO,
MI03TOMY BO3HUKAET HEOOXOANMOCTH B IOMOJIHUTENBHBIX HCCIIEIOBAaHMUAX. Kak MOKa3bIBAIOT HCCIECAOBAHUS
MOCTICTHUX JIET, 3200Ta O MOTOMCTBE y TPHI3YHOB — B 3HAYUTEIBHOM CTEIICHH AUTCHETHYECKUH (heHOMEH,
TPEOYIOIIHIA IETATBHOTO U 00CTOSATEIILHOTO H3YYCHHUSI.

KJIFOUEBBIE CJIOBA: rpbI3yHbl, OTLOBCKOE MOBEACHUE, IBOJIIOLUS, TPOKCUMAJIbHbIE MEXaHU3MBI.
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Introduction

Male parental care is relatively rare among mammals
(Kleiman, 1977; Kleiman & Malcolm, 1981), because
males typically are ‘emancipated’ from care of young
and have the first opportunity to seek additional mates
(Orians, 1969; Trivers, 1972; Maynard-Smith, 1977; Clut-
ton-Brock, 1991). Moreover, males would forfeit potential
reproductive success if they increased their parental effort
in any one female’s young at the expense of lost mating
opportunities (Kurland & Gaulin, 1984). Nevertheless,
male care of young does exist in some mammalian species,
including rodents. This is why there is considerable recent
interest in the evolution of male parental care.

In rodents, male parental care is typical of biparen-
tal species. This kind of male reproductive strategy is
generally associated with social monogamy and can
involve such behaviors as warming, feeding, protect-
ing, retrieving, and grooming young, depending on the
species (Kleiman & Malcolm, 1981). Paternal care is
related to a reduced likelihood of engaging in compet-
itive or mating behavior and an increased likelihood of
providing protection when necessary. Paternal behaviors
include direct care of young (warming, huddling, re-
trieving, and grooming), as well as indirect care-giving
activities (nest-building, provision of food, defense of
the offspring against predators or infanticide); of course,
males need to suppress their own infanticidal behavior in
the presence of pups (Elwood, 1977; Perrigo et al., 1991;
Vella et al., 2005; Wynne-Edwards & Timonin, 2007).
In some rodent species, males show levels of direct
parental care comparable to those of females (Elwood,
1983; Dewsbery, 1985; Brown, 1993; Gromov, 2011a).

The nature of paternal care both within a species and
among different species exhibits phenotypic plasticity:
it is shaped by ecological provisions, environmental
factors, neural constraints, and species-specific social
interactions (Westnead & Sherman, 1993; Reynolds
et al., 2002; Royle et al., 2014; Rosenbaum & Getter,
2018). In this article, the proximate and ultimate factors
affecting rodent paternal behavior will be considered.

Ultimate causation of male parental care

As paternal investment is very costly, in terms of
reduced survival, breeding and mating opportunities
(Clutton-Brock, 1991), the question is why paternal
care evolved in those species where it is observed. It is
suggested that male parental care will only evolve when
there is environmentally induced selection for care, and
males are capable of improving offspring survival and
development to such an extent that the benefits of paternal
investment outweigh the costs of lost mating opportuni-
ties (Emlen & Oring, 1977; Kleiman & Malcolm, 1981;
Gubernick & Teferi, 2000; McGuire, 2003; Wynne-Ed-
wards, 2003; Feldman ef al., 2019). Male parental care
appears to have evolved multiple times among different
taxa of rodents (Kalcounis-Riippel & Ribble, 2007;
Lukas & Clutton-Brock, 2013). It means that various

environmental factors may operate as selective forces
promoting the evolution of paternal care in different
species. Paternal behavior is not restricted to specific
phylogenetic lineages, hence it has evolved within
individual species in response to local ecological condi-
tions that demand care from two parents to optimize the
reproductive success of each (Wynne-Edwards, 2003).

In general, two broad groups of hypotheses are pro-
posed for mammals, which could explain the evolution
of paternal care in rodents. Fitness-enhancing hypoth-
eses (Trivers, 1972; Maynard-Smith, 1977) suggest
that paternal care evolved because there was an initial
direct benefit to offspring, fathers and/or mothers. The
prevailing paradigm assumes that a male’s fitness can
increase through providing care if his offspring survive
and reproduce, and certainty of paternity is presumably
a contributor to the evolution of paternal care. However,
certainty of paternity is shown to be not required for
paternal care in rodents (Hartung & Dewsbury, 1979;
Werren et al., 1980). Therefore, male fitness benefits
do not adequately explain the evolution of paternal care
among rodents.

On the other hand, paternal care can contribute to
offspring survival, growth and/or development (May-
nard-Smith, 1977) when resources are limited (Gu-
bernick & Teferi, 2000) or there is a risk of infanticide
(Sommer, 1997), as well as in some other situations
(Storey & Snow, 1987; Brown, 1993; Huber et al., 2002;
Stockley & Hobson, 2016). However, male parental
care is suggested to be not necessarily crucial for infant
survival in any rodent species, and thus can not enhance
the male fitness (Rymer & Pillay, 2018).

Paternal care could also evolve directly through
alleviating reproductive costs of females (West &
Capellini, 2016). Males making energetic contributions
(e.g., provisioning food or huddling offspring) enable
females to redirect resources into reproduction (Wood-
roffe & Vincent, 1994) or foraging (Helmeke et al.,
2009), although such a reduction in maternal workload
is not ubiquitous across rodent taxa (West & Capellini,
2016). Consequently, female fitness benefits are not the
sole explanation for the evolution of paternal care in
rodents. Therefore, the fitness-enhancing hypotheses
in isolation do not account for the evolution of male
parental care in rodents.

Another group of theoretical models, the constraints
hypotheses (Rymer & Pillay, 2018), suggest that paternal
care evolved in the absence of fitness-related benefits,
but males were constrained to remain with females and/
or offspring due to extrinsic (ecological) or intrinsic
(physiological) constraints. In particular, the social
constraints hypothesis (Payne & Payne, 1993) assumes
that limiting resources favor males defending exclusive
territories, into which females disperse, leaving little
opportunity for additional matings; social tolerance and
paternal care could emerge consequently in this situation.
The ecological constraints hypothesis (Maher & Burger,
2016) suggests that under limiting resources, clumping
of individuals due to costs associated with dispersal
into potentially resource-poor environments could lead
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to mate guarding (or harem defense) and paternal care.
Considering the constraints hypotheses, the extent of
paternal care and its subsequent cost to males likely
varies among individuals and species across ecological
conditions due to historical and physiological processes
(Requena & Alonzo, 2017). Therefore, these hypotheses
in isolation do not adequately explain why paternal care
has not evolved in rodents generally.

It is also expected that assistance provided by males
may allow females to produce more energetically costly
litters, and the need for such male care contributes to the
development of obligate social monogamy or communal
breeding associated, in some species, with male parental
care (Woodroffe & Vincent, 1994). Social monogamy
is known to be a social system when a single breeding
female and a single breeding male share a common home
range or territory and associate with each other for more
than one breeding season, with or without non-breeding
offspring (Lukas & Clutton-Brock, 2013).

Theoretically, reduced opportunities for males to gain
control of more than one female can lead to, as mentioned
above, a monogamous mating system involving some
forms of paternal care (Emlen & Oring, 1977; Kleiman,
1977; Wittenberger & Tilson, 1980; Lukas & Clut-
ton-Brock, 2013). In other words, social monogamy is
considered to be the common evolutionary antecedent to
the evolution of biparental care and, consequently, male
parental care. In rodents, social monogamy is usually not
associated with genetic monogamy, and the incidence
of extra-pair mating is generally high in many socially
monogamous species (see, for example, Solomon et al.,
2004; Gromov, 2018). It is also suggested that social
monogamy evolved in mammals where feeding com-
petition between females was intense, breeding females
were intolerant of each other, and population density was
low (Lukas & Clutton-Brock, 2013). This hypothesis
however is not well supported by studies on rodents.

Recent phylogenetic reconstructions have demon-
strated that paternal care is likely a by-product of social
monogamy, which may have emerged as a form of mate
guarding when the cost of mate searching was very high.
Under these conditions, guarding individual females may
represent the most efficient breeding strategy for males
(Lukas & Clutton-Brock, 2013).

Complementary analyses have also shown that across
mammals, including rodents, various types of male pa-
rental care reduce female energetic burdens, especially
during lactation (Stockley & Hobson, 2016; West &
Capellini, 2016). Paternal care thus allows females to
redirect effort from current young to future reproduc-
tion. While these theoretical and empirical contributions
provide important insight into the evolution of paternal
care, they do not negate the evidence that males in some
non-monogamous species have social bonds with infants,
and may make important contributions to their survival
and growth. This is, for example, documented in striped
mice, Rhabdomys pumilio (Schubert et al., 2009). The
fact that paternal care occurs in non-monogamous sys-
tems additionally supports suggestions that it may have
multiple evolutionary origins.

Because no single hypothesis is sufficient to explain
all known instances of monogamy in mammals, includ-
ing rodents, Wittenberger and Tilson (1980) proposed
several alternative hypotheses for the evolution of this
social system: 1) monogamy should evolve when male
parental care is both non-shareable and indispensable to
female reproductive success; this hypothesis implies that
monogamy is advantageous for both sexes; 2) monogamy
should evolve in territorial species if pairing with an
unavailable unmated male is always better than pairing
with an already mated male; 3) monogamy should evolve
in non-territorial species when the majority of males can
reproduce most successfully by defending exclusive
access to a single female; 4) monogamy should evolve
even though the polygyny threshold is exceeded if ag-
gression by mated females prevents males from acquiring
additional mates; 5) monogamy should evolve when
males are less successful with two mates than with one.

Three hypotheses (2—4), according to Wittenberger
and Tilson (1980), appear sufficient to explain all cases
of monogamy in mammals, and hypotheses 2 or 4 may
apply to rodents. For example, monogamous California
mice (Peromyscus californicus) and grasshopper mice
(Onychomys torridus) are territorial, and both sexes are
highly aggressive toward intruders (Horner & Taylor,
1968; Ribble & Salvioni, 1990). By the way, territorial-
ity and aggression toward intruders are typical of many
rodent species with a family-group lifestyle (Gromov,
2008). Pair bonds are known to be maintained in beavers
(Castor spp.) and muskrats (Ondatra zibethicus) by
female aggression (Brady & Svendsen, 1981; Hodgdon
& Lancia, 1983; Marinelli & Messier, 1993).

Surprisingly, no mammals, according to Wittenberg-
er and Tilson (1980), are monogamous because male
parental assistance is essential for rearing offspring
(hypothesis 1). This conclusion contradicts the results
of the study on California mice (Gubernick et al., 1993;
Gubernick & Teferi, 2000; Wright & Brown, 2002)
showing that paternal presence significantly enhances
offspring survival. Moreover, paternal care-giving has
been shown to be beneficial in some other rodent species,
being associated with a significant positive effect on pup
growth, development and survival that enhances the male
fitness (Storey & Snow, 1987; Brown, 1993; Huber et
al., 2002; Stockley & Hobson, 2016). Besides, male
parental care is thought to be advantageous for lactating
females in Djungarian hamsters, Phodopus campbelli
(Walton & Wynne-Edwards, 1997; Wynne-Edwards,
2003). Thus, paternal behavior, associated with social
monogamy, is certainly advantageous for both sexes in
some rodent species.

Wittenberger and Tilson (1980) consider monogamy
and polygyny as mutually exclusive reproductive strat-
egies evolved under different selective pressures. How-
ever, in populations of some rodent species like, for ex-
ample, the prairie vole (Microtus ochrogaster), the Mon-
golian gerbil (Meriones unguiculatus), the social vole
(Microtus socialis), the Brandt’s vole (Lasiopodomys
brandti) or the muskrat, there are both monogamous and
polygynous social units (Getz ef al., 1993; Marinelli &
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Messier, 1993; Roberts et al., 1998; Gromov, 2008,
2018). Therefore, the abovementioned hypotheses are
incapable of explaining all known instances of social
monogamy in rodents.

The ecological conditions leading to monogamy as-
sociated with biparental care-giving, and, consequently,
paternal care, are debated. There is a point of view that
monogamous species tend to dwell in stable environ-
ments, give birth to altricial offspring and have low
reproductive potentials (Eisenberg, 1965; Emlen & Oring,
1977; Kleiman, 1977). It has been also hypothesized that
social monogamy evolved from the ancestral condition
of solitary individuals on the background of female-fe-
male intolerance and female dispersion that increases
motivation of males to defend their access to females
and led to the formation of male-female monogamous
units (Lukas & Clutton-Brock, 2013). Besides, all the
socially monogamous rodent species are territorial, and
territoriality is thought to stabilize the ‘evolutionary stable
strategy’ (in the sense of Maynard-Smith, 1982) of pater-
nal care once it has evolved. But territoriality could be
secondarily evolved after paternal care (Ridley, 1978). On
the other hand, according to Emlen (1982), family-group
social organizations associated with biparental care may
occur in variable and unpredictable environments and/
or under intense intra-specific competitive pressures in
stable environments. Monogamy may be also common in
populations where individuals are widely dispersed over
relatively uniform environments (Emlen & Oring, 1977).
However, while ecological constraints are thought to be
clearly important determinants of the available reproduc-
tive options in some biological systems, paternal care is
found to be distributed across a wide variety of ecological
niches in rodents. Some biparental rodent species inhabit
areas showing a high degree of environmental stability
and predictability, while others inhabit harsh, fluctuating,
and highly unpredictable environments. Thus, paternal
care emerges in both very harsh, variable niches and more
stable, benign ones (Shen et al., 2017).

One of the abovementioned hypotheses suggests
that paternal care may occur in situations in which this
behavior is critical for the survival of the offspring (Em-
len & Oring, 1977; Clutton-Brock, 1989; Ribble, 2003).
In these situations, males do not have the opportunity to
seek additional mates, and their strategy for maximizing
reproductive success is to maximize offspring survival.
Such a reproductive strategy is documented, for instance,
in California mice and old-field mice, Peromyscus
polionotus (Wolff, 1989). As for California mice, male
parental behaviors, like grooming, retrieving, and hud-
dling over pups, are thought to be critical to offspring
survival, especially when the ambient temperature is
cold or resources are low (Gubernick & Teferi, 2000;
Ribble, 2003). Specifically, removal of male signifi-
cantly decreased pup survival, suggesting that direct
paternal care and not infanticide prevention (no other
males were present) is the primary function of male
care (Gubernick & Teferi, 2000). Similar advantages of
direct paternal care are found in mound-building mice,
Mous spicilegus (Patris & Baudoin, 2000).

Male parental care, which is typical of many rodent
species with a family-group lifestyle belonging to the
Holarctic fauna (Gromov, 2017, 2018), may have evolved
as an adaptation to harsh environments, in which pair
bonding and cooperation in different activities (digging
of burrows or construction of other shelters, maintenance
of territories, food hoarding, care of young) essentially
increase offspring survival (Gromov, 2017, 2018).
Geographic variation in paternal behavior reported for
some rodent species (McGuire & Bemis, 2007) seems
to correlate also with harsher environmental conditions,
particularly colder temperatures. Even some non-monog-
amous species, like meadow voles, Microtus pennsyl-
vanicus, may have evolved the ability to form selective
partner preferences and display paternal care in winter
(Storey & Snow 1987, Parker & Lee, 2001a). This hy-
pothesis emphasizes the role of cooperation in favoring
a family-group lifestyle in rodents and, consequently,
the emergence of biparental care (Gromov, 2014, 2018).

The distribution of resources or females may also
affect the social structure and mating systems in rodent
populations (Emlen & Oring, 1977). When important
resources are distributed uniformly in space, there is
little opportunity for resource monopolization. If the
resources are sufficiently abundant and stable through
time, territoriality typically occurs. Under such condi-
tions, members of the breeding population would tend
toward even dispersion, and the potential for multiple
matings would be low. Sexual selection would be mini-
mal, and the fitness of individuals might be maximized
by sharing equally in parental care. Monogamy, asso-
ciated with male parental care, is thought to occur only
in populations where individuals are widely dispersed
over relatively uniform environments (Emlen & Oring,
1977) or at the lowest densities with the lowest patchi-
ness of food resources (Slobodchikoff, 1984; Waterman,
2007). In other words, paternal care accompanies social
monogamous long-term bonds in situations when males
are unable to gain access to more than one female during
a mating season (Holmes, 1984; Komers & Brotherton,
1997). While such situations are documented in a num-
ber of muroid rodents (Kleiman, 1977; Mihok, 1979;
Wolff, 1985; Lambin & Krebs, 1991; Getz et al., 1993;
Waterman, 2007), they however primarily result in the
facultative monogamy typical of many rodent species in
which males usually do not contribute to paternal care.
Thus, the relationship between the evolution of social
monogamy associated with male parental care and dis-
tribution of resources, including mates, demands a more
reliable substantiation in rodents.

As for other factors favoring the evolution of parental
behavior, Ribble (2003) suggested that relative litter
weight might be correlated with the need for paternal care
and influences male mating strategies. It was shown, in
particular, that males of species with low relative litter
weights tended to be monogamous, and, consequently,
exhibited different paternal behaviors.

Some authors suggested the specific ecological con-
ditions favoring paternal responsiveness in certain rodent
species. For example, male presence was supposed to
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alleviate maternal hyperthermia, which is a particular
challenge in Djungarian hamsters, P. campbelli, adapted
to heat retention rather than heat dissipation, and thereby
preserves maternal homeostasis (Walton & Wynne-
Edwards, 1997; Wynne-Edwards, 2003). The evolution
of paternal care in P. campbelli is seen as the necessary
consequence of conflict between adaptations for sur-
vival in a cold, dry seasonal habitat and reproductive
adaptations appropriate for handling heat load, water
stress, and rapid breeding in the same habitat. Moreover,
the authors of this hypothesis (Wynne-Edwards, 2003;
Wynne-Edwards & Timonin, 2007) have proposed the
unique, hormone-independent (see below) pathways to
paternal behavior that has possibly evolved in P. camp-
belli. This hypothesis however does not explain why
male parental care is not evolved in other dwarf hamster,
Phodopus sungorus, adapted to the same environmental
conditions of Central Asia.

To summarize, one can conclude that the literature
related to the ultimate causation of rodent paternal care
remains replete with a variety of interpretations and sub-
ject to a fair amount of debate. Neither purely phylogenet-
ic nor socio-ecological hypotheses can explain presence
or variability in the expression of paternal behaviors in
rodents. Itis obvious that no one set of circumstances has
led to the parallel evolution of biparental care in rodents.
This poses a paradox: why do similar social organizations
occur in such seemingly opposite ecological situations?
This question has no distinct answer to date.

Proximate mechanisms of male parental
care

A concern with understanding proximate mechanisms
of paternal care is that much of our understanding results
from studies of laboratory rats and mice that are not nat-
urally paternal. While some studies on naturally paternal
species support the studies on laboratory rodents, the
existence of a universal proximate mechanism across
and within taxa is unlikely, and might be species-specific
(Rymer & Pillay, 2018). In recent years, considerable
progress has been made in elucidating developmental,
social, hormonal, and neural determinants of paternal be-
havior, primarily in naturally biparental rodents. Much of
this work has focused on determinants of within-animal
changes in males’ responses to pups across the lifespan:
males of some species undergo predictable changes in
their behavioral responses to pups, transitioning between
aggression, indifference, and nurturance at different life
stages. Depending on the species, different components
of male experience as well as different exogenous cues
are likely to be involved in the organization and acti-
vation of paternal behavior. These exogenous stimuli
must then activate the central nervous system to evoke
the needed learning and behavior.

Among the exogenous stimuli, maternal response is
known to be one of the main factors influencing the level
of paternal care. In other words, a major determinant of
paternal behavior is whether or not the female permits

the male to stay near the young (Dewsbury, 1985). For
example, females of some biparental species, like the
Mongolian gerbil, the grasshopper mouse, the prairie
vole, and the spiny mouse (Acomys cahirinus), frequently
exclude males from the natal nest during parturition and
for about a day thereafter, but subsequently permit males
to fully interact with young (Elwood, 1975; McCarty &
Southwick, 1977; Porter et al., 1980; McGuire et al.,
2003). In contrast, presence of the mother was found to
maintain paternal responsiveness in California mice, and
maternal excreta were sufficient to keep fathers parental
(Gubernick & Alberts, 1989). If the male remains with
the female and the offspring it may generally be to the
male’s advantage to act parentally. Hence, male pres-
ence could be a strong predisposing factor for paternal
behavior (Dewsbury, 1985).

There are also so called indirect genetic effects that
occur when variation in the quality of the environment
(e.g., in the nest) provided by parents reflects genetic
differences among them (Wolf et al., 1998). Environ-
mental effects derived from this parental variation
are considered ‘inherited environments’ because the
parental phenotypes producing these environmental
effects in offspring could be heritable (Wolf et al.,
1998). Paternal effects are specific indirect genetic
effects derived from the environment provided by
fathers. They occur when fathers are influenced by
environmental factors, which impact offspring (Curley
etal.,2011). Paternal effects also occur when fathers
influence maternal care of their mates. In particular,
the father’s absence can lead to reduced or increased
maternal care (Helmeke ef al., 2009; Rymer & Pil-
lay, 2011). In striped mice, females compensate for
a lack of paternal help when raising offspring alone,
resulting in adult sons providing more care to their
own offspring (Rymer & Pillay, 2011).

On their first exposure to infants, male rodents
may be infanticidal, show parental behavior or ignore
the pups. Whether or not they show parental behavior
may be influenced by their experience with infants
(Jakubowski & Terkel, 1985; Soroker & Terkel, 1988).
Such an experience resulting in emergence of paternal
responsiveness is known as sensitization (Brown, Moger,
1983; Dewsbury, 1985; Walsh et al., 1996) and will be
considered separately (see below).

In evolutionary terms, the easiest way to achieve
appropriate parental behavior in males would be to or-
ganize and activate existing neuroendocrine pathways
leading to maternal behavior (Rilling & Mascaro, 2017).
It is very likely that the essential hormonal stimuli
required for parental behavior are shared by males
and females, and the same hormones act at the same
neural sites to facilitate the expression of the same
repertoire of parental behaviors in both sexes. Obvi-
ous sex differences in these behaviors should descend
from differential gene expression rather than structural
dimorphism (Kelley, 1988). Current evidence suggests
that mammalian paternal care-giving behaviors rely
upon the same neural pathways, as those supporting
maternal behavior, making use of the same neural sub-
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strates and hormonal systems (Feldman ef al., 2019).
It is well known, in particular, that the medial preoptic
area (mPOA) of the hypothalamus as well as the bed
nucleus of stria terminalis (BNST) play the key role in
stimulation and regulation of maternal care: these brain
regions contain cells expressing various neurotrans-
mitters and neuropeptides, and the diverse projections
of these cells connect to multiple neural targets in the
mammalian parenting network to support maternal
behavior; by contrast, anterior hypothalamic nucleus,
ventromedial hypothalamic nucleus, and periaqueductal
gray participate in the inhibiting mechanisms of neural
regulation of maternal behavior (Numan & Insel, 2003;
Numan & Stolzenberg, 2009). It is hypothesized that
there are the same facilitating and inhibiting mech-
anisms in the neural regulation of paternal behavior
(Romero-Morales et al., 2018b).

However, despite evidence for similarity in the
neurobiology of maternal and paternal behaviors in
rodents, paternal behavior also has its own dedicated
neural circuitry in some species. For example, in the
study of two Peromyscus species — P. polionotus and
P. maniculatus — that exhibit differences in parental
behavior, twelve genomic regions that control parental
care were identified. Eight of these regions were found
to be sex-specific, suggesting that parenting behavior
evolved along independent lines in females and males
(Bendesky et al., 2017). Moreover, some authors sup-
pose that the hypothesis of homology between paternal
and maternal behavior has not yet been adequately
tested, and it is possible that different neuroendocrine
circuits could lead to the same behavior in males and
females (De Vries & Boyle, 1998; Wynne-Edwards &
Timonin, 2007).

As for the neuroendocrine basis of male parental
care in rodents, current evidence suggests that males
in biparental species undergo systematic changes
in hormonal and neuropeptide signaling during the
transition to fatherhood, in association with pair for-
mation, mating, cohabitation with a pregnant female,
and/or exposure to infants. Some of these changes
differ across species, and their functional significance,
including potential effects on paternal behavior, is gen-
erally unknown. Several hormones, including steroids
(estradiol, progesterone, testosterone) and peptides
(prolactin, vasopressin, oxytocin), as well as many
exteroceptive stimuli are involved in the onset, the
maintenance, or both the onset and the maintenance
of parental behavior, including direct paternal care.
The understanding of the neural substrates of parental
care has particularly benefited from what was known
about the neural control of sexual behaviors. Specifi-
cally, sex differences in parental care in laboratory rats
and mice can be influenced in both sexes, at least to
some degree, by perinatal manipulation of androgen
exposure (Lonstein & De Vries, 2000). Although the
circuit underlying parental care seems to be similar in
male and female rodents, its regulation is sex-specific
and depends on both experience and, in male rodents,
exposure to the pregnant and lactating dam.

Testosterone interference

Circulating testosterone concentrations are typically
reduced in fathers and have been shown convincingly
to influence the expression of paternal behavior; how-
ever, effects may differ both within and among species
(Saltzman et al., 2017).

Specifically, testosterone was found to decrease in
new fathers of California mice (Gubernick & Nelson,
1989); however, castration reduces and testosterone or
estrogen replacement restores parental behavior in this
species (Trainor & Marler 2001, 2002). The stimulatory
effect of testosterone in California mice is thought to be
mediated by aromatization of testosterone to estrogen in
the brain (Trainor & Marler, 2002).

Similar results, when castration reduces and testoster-
one replacement restores parental behavior, were shown
in virgin male Mongolian gerbils housed in same-sex
groups (Martinez et al., 2015); however, virgin male
gerbils housed with a lactating female showed the oppo-
site pattern (Clark & Galef, 1999). One of recent studies
(Martinez et al., 2019) shows that paternal behavior in
Mongolian gerbils is associated with high testosterone
concentrations in blood samples. On the other hand, high
testosterone concentrations during in utero development
was found to interfere with male parental behavior,
resulting in a trade-off between mating effort (high
testosterone) and parental effort (low testosterone) in
this gerbil species (Clark & Galef, 1999, 2000). Another
study showed that Mongolian gerbil testosterone con-
centrations have been correlated with the rate of paternal
care, and that testosterone levels do not decrease when
the males give paternal care (Luis ef al., 2010). Studies
of prairie voles have likewise yielded mixed results:
castration either reduced (Wang & De Vries, 1993;
Lonstein et al., 2002) or did not alter (Lonstein & De
Vries, 1999) responses to pups in males. Hence, more
studies are needed to determine if and how testosterone
is involved in the regulation of paternal behavior in
Mongolian gerbils and prairie voles.

The hypothesis about inverse association, or trade-
off, between circulating testosterone concentrations and
paternal care (Ketterson & Nolan, 1992) has not been
supported by other experimental studies. In particular,
castration did not reduce paternal responsiveness in
biparental P. campbelli (Hume & Wynne-Edwards,
2005; Romero-Morales et al., 2018a). Both expectant
and new fathers of this species had higher testoster-
one concentrations than they have had before pairing
(Reburn & Wynne-Edwards, 1999; Schum & Wynne-
Edwards, 2005). Moreover, testosterone concentration
was found to be more responsive to the birth in uni-
parental P. sungorus than in biparental P. campbelli
(Schum & Wynne-Edwards, 2005). In the mandarin vole
(Lasiopodomys mandarinus), males that successfully
raised their offspring had higher content of gonadal
testosterone than males that were unable to take parental
care of the offspring because of their death (Gromov &
Voznesenskaya, 2013). It was also shown that serum con-
centration of testosterone as well as testosterone content
in the testes of bank vole Clethrionomys glareolus males
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exhibiting parental responsiveness were higher than in
the males inclined to infanticide. Increased testosterone
content in the testes and blood serum was also found in
red-backed vole Clethrionomys rutilus males that had
contact with pups (Gromov & Osadchuk, 2015). Thus,
the effect of testosterone on paternal responsiveness is
not universal and, moreover, species-specific: in some
rodents, testosterone inversely correlates with paternal
behavior while no effect or positive correlation has been
found in other species.

Progesterone interference

Progesterone is rarely measured in male rodents. In
uniparental male laboratory mice, interference with the
progesterone receptors was found to increase paternal
behavior and decrease infanticide behavior, whereas
increasing progesterone has the opposite effect (Schnei-
der et al., 2003). This finding shows that experimental
manipulation of progesterone may alter paternal behavior
in non-paternal species of rodents.

As for biparental rodents, California mouse males
were shown to have lower progesterone concentrations
as they became fathers (Trainor ez al., 2003; Perea-Rod-
riguez et al., 2015). However, the pattern was found
to be opposite in dwarf hamsters (P. campbelli and
P. sungorus). Progesterone concentrations in naive
males were the same in both two species, but biparental
P. campbelli had a significant progesterone increase from
before to after the birth of pups, whereas uniparental
P sungorus did not (Schum & Wynne-Edwards, 2005).
Hence, although progesterone dynamics differentiate the
two species of dwarf hamsters as their males become
fathers, the result of the study are opposite to predictions.
In other words, it is unlikely that there is a simple inverse
association between progesterone and paternal behavior
in P. campbelli.

In general, much more experimental data are required
for better understanding the association of progesterone
with male parental care in different rodent species.

Estradiol facilitation

One of hormones facilitating the onset and the
maintenance of male parental behavior could be es-
tradiol. For example, in male laboratory rats, parental
responsiveness was experimentally induced by estra-
diol implantation (Rosenblatt & Ceus, 1998). Estradiol
can also promote paternal behavior in California mice
through the aromatization of peripheral testosterone
into estradiol (Trainor & Marler, 2002). The actions
of estradiol in the males involve the mPOA, which
expresses aromatase enzyme (for the conversion of
androgens to estradiol, E,) as well as estrogen recep-
tor (Rosenblatt & Ceus, 1998; Trainor et al., 2003;
Cushing & Wynne-Edwards, 2006). Recently, paternal
behavior in Mongolian gerbils was found to be asso-
ciated with the presence of estrogen receptor a (ER
a) in the mPOA, the olfactory bulbs, and the medial
nucleus of the amygdala (MeA) (Martinez et al., 2019).
Moreover, the neural regulation of paternal behavior in

this gerbil species is thought to underlie positive and
negative mechanisms as occurs in maternal behavior
(Romero-Morales et al., 2018b).

Similarly to the finding in California mice, males of
dwarf hamsters (Phodopus spp.) were also found to have
peripheral estradiol concentrations as high as reproduc-
tive females (Schum & Wynne-Edwards, 2005). High
estradiol is suggested to be a predisposing adaptation to
facilitate the onset of paternal behavior in P. campbelli
(Wynne-Edwards & Reburn, 2000). However, neither
estradiol dynamics nor pharmacological manipulation
of estradiol support a causal link between estradiol
and paternal behavior in dwarf hamsters: in contrast to
predictions based on the results in females, estradiol in
uniparental P. sungorus males increases before the birth
and falls across the birth, whereas estradiol concentra-
tion in biparental P. campbelli males does not change
(Schum & Wynne-Edwards, 2005). Castration removes
the primary source of both estradiol and testosterone in
P, campbelli males (Hume & Wynne-Edwards, 2005), but
paternal behavior towards an experimentally displaced
pup was not reduced (Hume & Wynne-Edwards, 2005).
There is also no evidence that local aromatization of an-
drogen to estradiol within the brain is involved in paternal
behavior of dwarf hamsters (Hume & Wynne-Edwards,
2006). Reduced estradiol did not reduce paternal be-
havior even when prior experience with the birth or the
pups was eliminated (Hume & Wynne-Edwards, 2005,
2006). However, when these males were treated with
E, and the concentrations of this hormone increased
significantly, they became paternal (Romero-Morales et
al., 2018a). This finding contrasts with the conclusion
of Hume and Wynne-Edwards (2005) and suggests that
an increase in E, levels shifted infanticidal behavior to
paternal behavior in P, campbelli. Besides, it was found
that experimental increase in the expression of estrogen
receptor o (ERa) in the medial amygdala inhibited paren-
tal behavior in adult males of the prairie vole (Cushing
et al., 2008), while increasing ERa expression in the
BNST had no effect (Lei et al., 2010).

The results of these studies suggest that unlike the
onset of paternal behavior, the maintenance of this
behavior is not dependent on steroid hormones, as in
maternal behavior. Thus, further investigations are
needed for better understanding the role of estrogens in
the activation and the maintenance of paternal behavior
in different rodent species.

Neuropeptides: prolactin, oxytocin, and

vasopressin

Paternal behavior, similar to maternal behavior,
was found to be associated with changes in the levels
of prolactin, oxytocin, and vasopressin. The extent of
these changes parallels the amount of direct paternal
care (Feldman et al., 2019).

The anterior pituitary hormone prolactin has been
referred to as “the hormone of paternity” (Schradin &
Anzenberger, 1999), as circulating or excreted levels
are elevated in fathers of numerous biparental species



8 Vladimir S. Gromov

and often correlate with males’ expression of paternal
behavior (Saltzman & Ziegler, 2014; Hashemian et
al., 2016).

In male rodents, there is good support for a positive
association between concentrations of prolactin in pe-
ripheral circulation and the expression of appropriate
paternal care (Wynne-Edwards, 2001). In male laboratory
rats, prolactin promotes, and a dopamine agonist inhibits,
‘pup-contact-induced’ paternal behavior (Sakaguchi et
al., 1996). Similar patterns are seen in several biparental
rodent species. For example, in California mice, both new
fathers and new mothers have elevated prolactin concen-
trations relative to non-fathers (Gubernick & Nelson,
1989). In Mongolian gerbils, paired males have higher
prolactin concentrations than unmated males (Brown et
al., 1995). Paternal Djungarian hamsters have an increase
in prolactin concentration during the late afternoon of
the day before their female partner gives birth that is not
seen in uniparental P. sungorus males (Reburn & Wynne-
Edwards, 1999). The increase in males is synchronous
with an increase in female prolactin concentration (Ed-
wards et al., 1995). Thus, prolactin may facilitate the
initiation of infant care in some rodent species.

It was found, however, that striped mice provid-
ed extensive paternal care but did not experience an
increase in prolactin associated with fatherhood; nev-
ertheless, males had higher prolactin levels during the
breeding season than during the non-breeding season
(Schradin & Pillay, 2004). Besides, in the experiments
with Djungarian hamsters, it was shown that dopamine
agonist treatment before and after the birth reduced
prolactin concentration, but did not impair paternal
responsiveness (Brooks et al., 2005). Thus, in spite of
some evidence documenting a positive association be-
tween prolactin and paternal behavior, the experiments
that pharmacologically reduce prolactin in a naturally
paternal animal model, like Djungarian hamsters, do
not support a causal pathway. Similarly, circulating
prolactin does not appear to mediate sex difference in
parental behavior of prairie voles (Lonstein & de Vries,
2000). There is suggestion that prolactin secretion
in polygynous rodent species might be regulated by
environmental stimuli, whereas social stimuli might
be important for socially monogamous species (Schra-
din & Pillay, 2004). Therefore, further investigations
are needed to highlight the role of prolactin in the
activation and the maintenance of paternal behavior
in different rodent species.

Oxytocin and vasopressin are well-known neuropep-
tide hormones involved in social interactions (Young,
1999) and likely to be involved in parental behavior
(Francis et al., 2002; Bridges, 2015; Kenkel et al., 2017).
Oxytocin is also known as a potent prolactin-releasing
factor (Liu & Ben-Jonathan, 1994). However, little is
known about effects of oxytocin on rodent paternal care.
In experiments with prairie voles, paternal behavior of
adult virgin males was found to be inhibited by com-
bined intracerebroventricular treatment with an arginine
vasopressin (AVP) receptor antagonist and an oxytocin
receptor antagonist, but not by either antagonist alone

(Bales et al., 2004). On the other hand, when male prairie
voles received a neonatal injection of an oxytocin an-
tagonist, these males displayed less parental behavior at
the age of 21 days compared to males that were handled
without injection (Bales et al., 2011).

It is also found that hypothalamic oxytocin gene
expression does not increase in male prairie voles or
montane voles (Microtus montanus) that become fathers
(Wang et al., 2000), and peripheral oxytocin concen-
trations in California mice are elevated after mating,
but low and unchanged while the pups are young and
dependent (Gubernick et al., 1995). More recently, males
of California mice participating in paternal care-giving
also showed lower levels of oxitocin than non-breeding
males (Perea-Rodriguez et al., 2015). Treatment with a
different oxytocin receptor antagonist inhibited parental
behavior in adult male prairie voles in a dose-depend-
ent manner (Kenkel et al., 2017). In mandarin voles,
fathers had a significantly higher serum concentration
of oxytocin than virgin males; the levels of the oxytocin
receptor in the mPOA of fathers were also significantly
higher than in virgin males (Yuan et al., 2019). These
results support the suggestion that oxytocin could be
involved in stimulation of paternal behavior or, at least,
in the adaptation to fatherhood in some rodent species,
but further investigations are needed to highlight the
role of oxytocin in the activation and the maintenance
of paternal care in rodents.

Recent findings suggest that arginine vasopressin
(AVP) could be also important for paternal behavior.
Specifically, injection of AVP into the lateral septum
(LS) in prairie voles enhanced paternal responsiveness
toward young pups (Wang ef al., 1994, 1999), and both
male and female prairie voles had increased vasopressin
gene expression after the young were born (Wang et
al., 2000). Like oxytocin, vasopressin can also release
prolactin (Shin, 1996). Expression of AVP receptor
(V1a) increased social affiliation both in prairie voles
and laboratory mice (Young ef al., 1999; Lim et al.,
2004). Central infusion of AVP receptor antagonists had
the opposite effect in prairie voles (Wang et al., 1994,
1999) and even in promiscuous meadow voles (Parker
& Lee, 2001b). On the other hand, castration of male
prairie voles virtually eliminated AVP-immunoreactivity
(AVP-ir) in the LS and lateral habenular nucleus (LHN),
but did not alter paternal behavior, indicating that AVP
signaling in these areas is not essential for expression of
paternal care (Lonstein & De Vries, 1999). Monogamous
male Californian mice showed more AVP-ir staining in
BNST than the polygamous Peromyscus leucopus, as
well as more AVP receptors in LS (Bester-Meredith et
al., 1999). These results are congruent with finding that
circulating vasopressin is correlated with paternal behav-
ior of P. californicus (Bester-Meredith & Marler, 2003).

Both within and among rodent species, paternal
behavior was found to correlate with patterns of AVP-ir
and AVP-binding, particularly in LS and other parts of
the extended amygdala (Bales & Saltzman, 2016). For
example, in California mice, high care male offspring had
significantly more AVP-ir cells within the BNST than low
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care offspring (Yohn et al., 2017). However, according
to other study, California mouse males participating in
paternal care-giving showed lower levels of AVP Vla
receptor mRNA expression than shown in non-breeding
males (Perea-Rodriguez et al., 2015). On the other hand,
in male prairie voles, variation in the length of microsat-
ellite DNA in the regulatory region of the avprla gene en-
coding AVP Vlareceptor (V1aR) underlies differences in
V1aR neural expression and is correlated with significant
differences in partner preference and paternal behavior:
males possessing longer avprla microsatellite alleles
spend more time with their female social partner, sire
offspring with fewer females and provide more paternal
care relative to males with shorter avprla microsatellite
alleles (Castelli et al., 2011).

In addition, there is evidence indicating that the AVP
is involved in regulation of indirect paternal behavior.
Specifically, Bendesky et al. (2017) identify the AVP
gene as a likely contributing factor to the evolution of
inter-specific differences in parental behavior related to
nest building in two Peromyscus species — P. polionotus
and P. maniculatus. The expression of AVP itself was
found to differ between P, polionotus and P. maniculatus,
and this difference may explain the association between
nest building and the gene locus on chromosome 4.

Thus, oxytocin and vasopressin are obviously associ-
ated with paternal behavior, but most closely functionally
linked to social affiliation and pair bonding (Carter et al.,
1992; Bamshad et al., 1994; Insel et al., 1994; Insel &
Hulihan, 1995; Wang et al., 1999; Numan & Insel, 2003).
Ataproximate level, the existing evidence implies a com-
mon physiological substrate for both paternal behavior
and pair-bonds. New research focusing on involvement
of neuropeptides in the initiation and the maintenance of
male parental care may help us understand inter-specific
variation in paternal responsiveness of rodents.

Relatively little is known about the effects of parity
on paternal behavior in rodents. Prior parenting experi-
ence was shown to have no effect on paternal behavior
in prairie voles (Wang & Novak, 1994; Kenkel et al.,
2019). However, fathers of this species, compared to
virgin males, exhibited higher levels of oxytocin-immu-
noreactivity in the paraventricular hypothalamus; on the
other hand, the fathers had less oxytocin in the BNST
(Kenkel et al., 2014). Contrary to the results obtained
for the prairie vole, observations of breeding pairs of
the social vole revealed that experienced fathers were
significantly more active in pup grooming than new
fathers (Gromov, 2011a). Similarly, in the mandarin
vole, experienced fathers displayed more active paternal
behaviors such as licking, retrieval, and nest building
than new fathers; besides, new fathers had significantly
higher levels of oxytocin receptors, but lower levels of
dopamine-2 type receptors in the nucleus accumbens
compared to experienced fathers (Wang et al., 2018).
The oxytocin receptor (OTR) levels in the MeA of new
fathers were found to decrease with the age of pups; in
contrast, OTR levels of experienced fathers significantly
increased with the age of pups (Wang et al., 2018). In
striped mice, experienced males had higher prolactin

levels than inexperienced males (Schradin & Pillay,
2004). These data illustrate that fathering experience
could increase the active components of parental care
and alter the expression levels of receptors of some neu-
ropeptides. One can conclude that paternal experiences
do facilitate paternal behavior in some rodent species,
but other cues play a role as well.

In summary, while gonadal hormones such as testos-
terone, estrogen, and progesterone, as well as hypotha-
lamic neuropeptides such as oxytocin and vasopressin,
and the pituitary hormone prolactin, are implicated in the
activation of paternal behavior, there are significant gaps
in our knowledge of their actions, as well as pronounced
differences between species. Hence, future studies should
focus on the neuroendocrine mechanism that underlies
paternal behavior in rodents. These studies should ex-
amine similar outcome measures in multiple species,
including both biparental species and closely related
uniparental species. Careful phylogenetic analyses of the
neuroendocrine systems presumably important to male
parenting, as well as their patterns of gene expression,
will also be important in establishing the next generation
of hypotheses regarding the neuroendocrine regulation
of male parenting behavior.

Epigenetic ‘programming’ of paternal
behaviors

Over the last decade, experimental studies clearly
demonstrated that animal genomes are regulated to a
large extent as a result of input from environmental
events and experiences, which cause short- and long-
term modifications in epigenetic markings of DNA and
histones (Jensen, 2013). Recent evidence shows that
such epigenetic modifications can affect the behavior
of rodents, and acquired behavior alterations can be
inherited either through the germline or through reoc-
curring environmental conditions (Reik, 2001; Rakyan
& Whitelaw, 2003; Rakyan & Beck, 2006; Skinner ef
al., 2008; Curley et al., 2011; Geoghegan & Spencer,
2012; Szyf, 2015). In other words, the environment
experienced by parents can affect offspring phenotype,
including their behavior.

Epigenetic inheritance, i.e., the inheritance of in-
formation beyond the DNA sequence in forms such
as cytosine methylation and histone acetylation, is the
likeliest mechanism by which ancestral environments
could influence offspring; microRNA (mRNA, short
endogenous noncoding RNA) is also involved in the
posttranscriptional regulation of gene expression (Turner
etal.,2015; Mashoodh & Champagne, 2019). Epigenetic
inheritance means that genetically identical organisms
exhibit a range of phenotypes that are heritable despite
not resulting from variation in DNA sequence. The epige-
netic inheritance of acquired characters is also called the
epigenetic (re)programming of phenotypic differences
(Reik, 2001; McGowan et al., 2008; Skinner et al., 2008;
Jablonka & Raz, 2009). The epigenetic programming is
known to result in alteration of gene expression levels in
the brain related to stimulation and regulation of different
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behaviors, including paternal care (Carone et al., 2010;
Songetal.,2010; Jiaet al.,2011; Rando, 2012; Saltzman
et al., 2017). Moreover, parental care itself is revealed
to be one of important factors resulting in epigenetic
programming of the offspring behavior (Champagne,
2008, 2011; Champagne & Curley, 2009; Champagne
& Rissman, 2011; Rando, 2012). The impact of paternal
care on the neural systems regulating social behavior
in offspring can lead to multigenerational continuity in
paternal behavior, similar to the mother-daughter trans-
mission of maternal behavior in rodents (Champagne,
2008).

Effects of sensitization

In rodents, interactions with younger siblings or
unrelated pups, either during the juvenile period or in
adulthood, may contribute to both intra- and inter-indi-
vidual differences in paternal responsiveness (so called
effect of sensitization, when parental behavior is induced
through prolong contact with infant stimuli, Brown &
Moger, 1983; Dewsbury, 1985; Walsh et al., 1996). For
instance, virgin prairie vole males that have lived with
younger siblings are significantly more likely to behave
paternally to an unfamiliar pup than those that have no
experience with younger siblings, although most males
in both conditions behave paternally (Roberts et al.,
1999). Similarly, virgin males of California mice that
have lived with their parents and younger siblings show
higher levels of paternal care toward an unrelated pup,
compared to virgin males that have lived with only their
parents and a littermate but no younger siblings, or with
only a littermate (Gubernick & Laskin, 1994).

Species also differ in whether repeated exposure to
pups during adulthood facilitates the onset of paternal
care. In the study of California mice (Horrell et al.,
2017), adult virgin males with no previous exposure
to pups were found to engage in less paternal behavior
than new fathers, and virgins’ paternal responsiveness
was increased by repeated, brief (20-min) exposure to
pups. In adult virgin male mandarin voles, even a single,
10-min exposure to an unrelated pup increased paternal
responsiveness to an unrelated pup a week later (Song
et al., 2010). Paternal responsiveness of some captive
bank vole males could be also explained by the effect
of sensitization (Gromov & Osadchuk, 2015). In con-
trast, repeated 10-min exposure to a pup did not reliably
alter paternal behavior in adult virgin male Djungarian
hamsters, even after four exposures (Vella et al., 2005).
Similar to dwarf hamsters, adult virgin male prairie
voles showed no change in parental behavior after three
consecutive 20-min exposures to pups over several days
(Kenkel et al., 2013). Therefore, the effect of repeated
exposure to pups seems to be species-specific.

It is known that the mPOA is implicated in the process
of sensitization (Rosenblatt e al., 1996; Sturgis & Bridges,
1997). Experiments with California mice (Lee & Brown,
2002) have shown that lesions to the mPOA disrupted
paternal behavior, and increased neuronal activity in the
mPOA has been observed following pup exposure (de

Jong et al., 2009). Besides, other brain sites, such as the
MeA, the basolateral amygdala, the BNST, the ventral
pallidum and the LS, have also been shown to be crucial
to the emergence of paternal behavior (Kirkpatrick et al.,
1994; Lee & Brown, 2002; de Jong et al., 2009; Akther
etal.,2014). For instance, in California mice, immunore-
activity for immediate early genes such as fos (a marker
of neuronal activation) increased in the BNST of new
fathers, suggested altered neural transmission in this area
(deJong et al.,2009), and lesions to the basolateral amyg-
dala impaired paternal behavior (Lee & Brown, 2002). In
prairie voles, exposure to pups increased fos expression in
the mPOA, the MeA, the LS, the paraventricular nucleus
of the thalamus, and the BNST (Kirkpatrick ez al., 1994).
Lesions to the MeA in this species decreased paternal be-
havior (Kirkpatrick et al., 1994), and lesions to the ventral
pallidum increased latency to retrieve and groom pups
(Akther et al.,2014). Similar to lactating females, specific
pools of the mPOA galanin-expressing neurons in the male
brain project to inhibitory periaqueductal grey neurons
to promote pup grooming, to the ventral tegmentum area
neurons to increase approach behavior, and to the MeA
neurons to suppress competing social stimuli to help the
males focus on pups. All these regions and neural circuits
are suggested to integrate to form the rodent subcortical
paternal network (Feldman et al., 2019).

Experiments with C57BL/6J mice have shown that
experience with infants elicits long-lasting increases in
parental care via epigenetic modifications (Bonthuis et
al., 2011; Stolzenberg et al., 2012). Epigenetic mecha-
nisms mediating the long-term effects of parental care
provide multigenerational continuity in parental behav-
ior, including paternal responsiveness (Champagne &
Curley, 2009).

By the way, facultative paternal behavior has been
reported for some non-paternal rodent species under un-
favorable breeding conditions (see, for instance, Barash,
1975; Mihok, 1979; Wynne-Edwards, 1995), as well as
in captivity (McGuire & Novak, 1984, 1986; Dewsbury,
1985; Storey & Snow, 1987; Xia & Millar, 1988; Storey
et al., 1994; Wolft, 2003; Gromov & Osadchuk, 2015).
These findings may indicate that the pup care reported for
some rodent species in small cages is a laboratory artifact.
Alternatively, males of these species have the potential to
display paternal behavior, and may do so under certain
conditions (Dewsbery, 1985; Gromov, 2011). This unu-
sual paternal responsiveness could be easily explained
by the effect of sensitization as a result of contact with
pups in laboratory cages. For example, in male meadow
voles, decreased aggression and facilitation of paternal
responsiveness occurred most reliably after extensive
exposure to pups (Storey & Joyce, 1995). The paternal
neural activation was revealed in P. maniculatus males
as aresult of experience with pups, and enhanced mPOA
activation was associated with this paternal response
(Lambert et al., 2013).

Both copulation and postcopulatory cohabitation with
pregnant females were shown to reduce infanticide and
enhance paternal responsiveness in male CS1 mice, and
the effectiveness of copulation in this process depends



Paternal care in rodents 11

on the number of occasions that males have previously
encountered infants (Elwood, 1986). Similarly, copula-
tion and cohabitation suppress pup-directed aggression
in previously aggressive meadow vole males, but these
males exhibited paternal behavior only following 24 h
of postpartum exposure to pups (Parker & Lee, 2001a).
These behavioral data suggest that copulation and
cohabitation with a female are sufficient to suppress
pup-directed aggression in non-paternal rodents, but
these social stimuli are ineffective regulators of paternal
behavior onset, and postpartum interaction with pups
seems to be the most effective social experience for
making males paternal.

Other epigenetic effects

In an epigenetic approach to behavioral development,
ontogeny is viewed as a series of interactions between an
organism and its environment (Lehrman, 1970; Johnston,
1987). As for paternal care and factors (both internal
and external) affecting its development and variability,
it needs to note that behavioral responses to pups may
differ markedly among individual sexually naive males
as well as among individual fathers within a species.
Although this variability is likely to arise in part from ge-
netic influences, early-life experience can also contribute
to long-term behavioral differences among males. Two
important sources of inter-individual variation in paternal
responsiveness could be identified: intrauterine position
during gestation and parental care received during the
pre-weaning period.

It is known that circulating hormones during gestation
can influence later behavior. For example, individuals
gestating between two males (2M) experience higher
androgen levels than those between two females (2F),
and these intrauterine position effects have consequences
in adulthood. Specifically, in Mongolian gerbils (Clark
et al., 1998), intrauterine position was found to influence
both males’ behavioral responses to pups in adulthood
and potential hormonal mediators of paternal behavior.
Males that gestated between two sisters (2F males) had
significantly more contact with pups than males that
gestated between two brothers (2M males). Moreover,
2M males had higher circulating testosterone levels in
adulthood than 2F males (Clark et al., 1992). In house
mice, 2M males had decreased sexual activity, but were
more aggressive and more paternal than 2F males (Mateo,
2007).Due to studies in other rodents, it was revealed that
differences in males’ intrauterine position are associated
with differences in exposure to androgens and estrogens
during gestation (Vom Saal et al., 1983; Pei et al., 2006),
as well as with differences in expression of androgen
receptors and a steroidogenic enzyme, Sa-reductase, in
peripheral reproductive organs (Nonneman et al., 1992;
Ryan & Vandenbergh, 2002). Therefore, intrauterine po-
sition likely affects males’ parental behavior in adulthood
by modulating exposure to steroid hormones during both
early development and adulthood.

After parturition, young directly experience their
physical and social environments, and social stimulation

from parents can have profound effects on behavioral
development. For example, in laboratory rats, variation
in maternal behaviors, such as nursing postures and rates
of licking and grooming of pups, influences the develop-
ment of serial traits in their young, as offspring of high
licker/groomers are less fearful and have smaller stress
responses than those of low licker/groomers (Weaver et
al., 2004; Meaney & Szyf, 2005; Weaver, 2007; Meaney
et al., 2007). Cross-fostering studies indicated that these
effects on offspring are due to postnatal maternal handling
rather than inherited traits. Daughters of high-licking and
grooming mothers became high-licking and grooming
mothers themselves, thus transmitting variation in parental
behavior non-genetically across generations (Liu et al.,
1997; Francis et al., 1999; Meaney, 2001). The neurobio-
logical studies have revealed that maternal care (the extent
of maternal grooming) affects DNA methylation and gene
expression in the brain of the offspring (Fish et al., 2004).
Long-term changes in offspring behavior are associated
with expression of estrogen receptor alpha (ERa) in the
mPOA of the hypothalamus, rendering animals with higher
receptor levels more sensitive to estrogen (Champagne
et al., 2003). Differences in ERa receptor expression
between offspring of low-licking and grooming mothers
and high-licking and grooming mothers are attributable
to methylation of the ERa promoter region (Champagne
et al., 2006). These epigenetic modifications to gene
expression are persistent, predicting how a female will
behave towards her future offspring.

The same epigenetic effect of paternal grooming
could be expected in male rodents. Brown (1993) has
particularly noted that the type and frequency of parental
behavior received by males during infancy may influence
their display of paternal behavior in adulthood. This
statement is supported by the results of recent studies. In
particular, a cross-fostering study with California mice, in
which offspring were reared by a foster father engaging
in relatively higher or lower levels of paternal behavior
than engaged by the biological father, indicated that the
quality and quantity of paternal care expressed depend
on the males’ own neonatal and adult experience of pa-
ternal care (Bester-Meredith & Marler, 2003). Like in
laboratory rats, in the California mouse, it is possible that
a similar mechanism of stimulation of parental behavior
is involved because testosterone promotes grooming
behavior in males via conversion to estradiol E, (Trainor
& Marler, 2001). California mouse fathers were found to
have significantly more aromatase activity in the mPOA
compared with mated non-fathers, indicating that with
fatherhood comes a regional increase in conversion of
testosterone to E, (Gleason & Marler, 2013).

Other experimental studies also show that the ex-
pression of paternal care in biparental rodent species
is dependent on the quality and/or quantity of care that
fathers received from their own parents (Gromov, 2009,
2011a; Braun & Champagne, 2014; Bales & Saltzman,
2016): specifically, males that were reared uniparentally
(i.e., without their fathers present) subsequently perform
less paternal care toward their own offspring than do males
reared biparentally (i.e., by both parents). In particular,
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male Mongolian gerbils reared without father display
lower paternal responsiveness, indicated by reduced nest
attendance and grooming of their pups (Gromov, 2009).
In mandarin voles, paternal deprivation also reduced
paternal behavior in male offspring (Jia et al., 2011; Yu
et al., 2015; Wang et al., 2014, 2015). As in Mongolian
gerbils and mandarin voles, prairie vole fathers raised
by only their mothers performed less paternal behavior
toward their own offspring than did fathers that have been
raised by both parents (Ahern et al., 2011). The study
on California mice has also shown that the amount of
licking and grooming received by pups was significantly
decreased in father-absent families (Bredy ef al., 2004).
One of recent studies revealed that male California mice
raised by fathers which paternal care was experimentally
reduced were engaged in less huddling and grooming of
their offspring (Gleason & Marler, 2013). It means that a
significant reduction in paternal care influences the devel-
opment of offspring paternal behavior. Importantly, pups
reared by single mothers receive less total parental care
(especially, because of a lack of paternal pup grooming)
and are faced with a deficiency of thermoregulation in the
nest than those reared by both parents (Gromov, 2009,
2011a). These early postnatal conditions associated with
paternal deprivation may negatively affect subsequent
behavioral development of young in biparental rodent
species. In other words, the postnatal social environment
experienced by offspring shapes the systems that support
paternal behavior in adulthood.

Recent research suggests that grooming of pups is an
important contributing factor to development of paternal
care and epigenetic (re)programming of male parental
behavior in rodents (Gromov, 2009, 2011a, 2011b, 2013,
2018). Some experimental studies show that, due to pup
grooming, it is possible to stimulate paternal responsive-
ness even in males of species with uniparental care. For
example, in a cross-fostering study, male meadow voles
raised by prairie vole foster parents received higher levels
of parental care, especially grooming, during pre-weaning
development and subsequently performed some paternal
behaviors toward their own offspring, compared to male
meadow voles raised by conspecific foster parents and
showed no paternal care (McGuire, 1988).

Similar to cross-generational transmission of ma-
ternal behavior (Champagne, 2008), this paternal trans-
mission is likely to involve altered gene regulation in
neural systems associated with social and reproductive
behavioral phenotypes, resulting in a later recapitulation
of the social context of early development. Likely targets
include the dopaminergic, neuropeptide (oxytocin and
vasopressin) and neuroendocrine systems that are known
to be impacted by paternal deprivation (Bester-Meredith
& Marler, 2003; Brown et al., 2013; Cao et al., 2014,
Gos et al., 2014). As for the role of specific molecular
mechanisms such as DNA methylation, histone modifica-
tions or the effects of mRNA, as well as the roles of the
enzymes that regulate these factors, in this transmission,
it requires, of course, further investigation.

Epigenetic effects related to paternal care in rodents
have been also supported by the results of some other

studies. For example, in experiments with California
mice (Gleason & Marler, 2013), paternal behavior
performed by castrated and sham-operated males and,
subsequently, by their sons was estimated. Castration or
sham surgeries were performed on adult males to gen-
erate mice that huddled and groomed their offspring at
quantitatively different levels. When tested in their home
cage with one of their pups, castrated fathers took signif-
icantly longer than intact fathers to approach and begin
caring for their pups, and spent significantly less time
huddling and grooming their pups. These differences
were repeated in the subsequent generation: gonadally
intact sons of castrated fathers spent significantly less
time huddling and grooming their pups, and performed
significantly more retrievals of pups, than sons of intact
fathers. Although neural and endocrine measures were
not characterized in the offspring in this study, it was
shown in previous studies that sons of castrated males
of California mice had lower AVP-immunoreactivity
in the dorsal region of the BNST compared to sons of
intact males, as well as higher AVP-immunoreactivity
in the paraventricular nucleus; thus, AVP may be a crit-
ical neurochemical underlying non-genomic transfer of
behavioral patterns (Marler et al., 2003; Frazier et al.,
2006). Therefore, individual differences in paternal be-
havior may be transmitted across generations, potentially
mediated by changes in AVP signaling within the brain
due to epigenetic mechanisms.

Comparison of paternal behavior in prairie voles
that had received different patterns of care from their
own parents was carried out in the study of Perkeybile
et al. (2013). Offspring of “high-contact” parents ex-
perienced high total levels of contact with their parents
but relatively low levels of contact with their fathers
specifically, compared to offspring of “low-contact”
parents. When tested with an unfamiliar pup shortly
after weaning, sons of high-contact pairs engaged in
more non-huddling contact with the pup than sons of
low-contact pairs. Cross-fostering studies demonstrated
that this effect was mediated primarily by experiential,
rather than genomic, transmission of behavior, as ju-
venile males’ behavioral responses to pups correlated
with several components of parental behavior that they
had received from their foster parents (Perkeybile et
al., 2015). In addition, binding of AVP and oxytocin
in the BNST of juvenile males correlated significantly
or marginally, respectively, with several aspects of pa-
rental care received, as well as with AVP and oxytocin
binding in their biological parents.

Taken together, all these studies demonstrate that
the quality and/or quantity of parental care that males
receive during early postnatal development, especially
due to tactile stimulation from their parents (Gromov,
2011a, 2011b, 2013), influence their behavioral re-
sponses to pups in adulthood, and that the differences in
parenting style can be transmitted to the next generation.
They also indicate that these developmental effects
on paternal behavior are associated with, and perhaps
mediated by, changes in oxytocin and AVP signaling
within the brain.
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Conclusion

Paternal care is an evolutionary mystery. Analysis of
various circumstances in which paternal care has been
observed provided no clear conclusions concerning its
evolutionary scenarios. The fitness benefits of providing
paternal care are not clearly understood as well. Male
parental care in rodents is undoubtedly associated with
social monogamy, or more correctly, with a family-group
lifestyle. However, no convincing hypotheses accounted
for the evolution of social monogamy in rodents has
been proposed. Similarly, current evolutionary models
do not convincingly explain emergence of male parental
care among different representatives of order Rodentia.

The onset, activation and maintenance of paternal care
are governed by complex interactions in neuroendocrine
systems that change during ontogeny. The neural adapta-
tions that take place in male parents are less uniform and
hormone-dependent than those that take place in female
parents. Moreover, these changes are shaped, to a great
extent, by active care-giving, exposure to the pregnant or
lactating female, and the presence or absence of specific
infant stimuli. The male’s prior social experiences, the
type of parental care he received, and his experience
with pups may all influence his initial responsiveness to
pups. Depending on the species, different components of
male experience as well as different exogenous cues are
likely to be involved in the organization and activation
of paternal behavior. These exogenous stimuli, including
maternal response, paternal effects, and infant stimuli,
must then activate the central nervous system to evoke
the needed learning and behavior.

Several hormones, including steroids (testosterone,
estradiol, progesterone) and neuropeptides (prolactin,
vasopressin, and oxytocin), are involved in the onset,
the maintenance, or both the onset and the maintenance
of parental behavior, including direct paternal care. The
effect of testosterone is not universal and, moreover,
species-specific: in some species, testosterone inverse-
ly correlates with paternal behavior while no effect or
positive correlation has been found in other species. The
role of progesterone in the initiation and maintenance of
male parental care is not yet clear. The limited results of
neurobiological studies to date provide some contradic-
tions, and therefore further investigations are needed for
a better understanding of the role of estrogens as well as
neuropeptides in activation and maintenance of rodent
paternal behavior.

Recent research shows that paternal environmental
conditions can affect the phenotypes of offspring. Ex-
tensive genetic and molecular evidence supports a role
for interconnected epigenetic information carriers such
as RNAs, chromatin state, and DNA modifications in
transgenerational inheritance of epivariable phenotypes.
In most cases of transgenerational environmental inher-
itance, it is not yet clear how the relevant information
is carried from males to their offspring, but epigenetic
information is likely to be relevant for most such cases.
Future studies should focus on the epigenetic mecha-
nisms that underlie paternal behavior in rodents.

In general, much remains to be learned about paternal
care in rodents, and promising insight will likely come
from broader studies using a multi-faceted proximate/
ultimate approach involving within and between species
comparisons in free-living rodent species. Field and exper-
imental studies of rodents exhibiting paternal care as well
as appropriate genetic studies will be a valuable addition
to understanding how paternal care has arisen in various
radiations of rodent taxonomy, given the broad expression
of paternal care among rodents and the distribution of the
phenomenon among many distantly related taxa.
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