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Flipping the parental switch: from killing to caring in male
mammals

Robert W. Elwood&", Danielle S. StolzenbergP
aQueen’s University Belfast, School of Biological Sciences, Belfast, U.K.

bUniversity of California, Davis, Department of Psychology, Davis, CA, U.S.A.

Abstract

Killing of unrelated young by sexually naive male mammals is taxonomically widespread, but

in many species, males subsequently show paternal care or at least do not harm their own

young. This dramatic and important change is due to a shift in paternal state rather than to
recognition of young, the mother or the location in which mating occurred. This transition from
infanticidal to paternal behaviour is timed so that the inhibition of infanticide is synchronized
with the birth of their own young. Ejaculation followed by cohabitation with the pregnant female
causes this transition, but the precise stimuli from the female remain elusive. However, changes
in social status also cause changes in infanticide. The switch from infanticide is accompanied

by physiological change in the male that can be detected by both females and pups. Hormonal
changes have been implicated in the switch but establishing causal links has been difficult. Recent
neuroanatomical studies show that pup odours activate the vomeronasal organ and its efferent
projections to induce infanticide. The emergence of paternal care depends on the inability of

the vomeronasal organ to detect pup odours. In the absence of vomeronasal input, pup odours
activate a conserved parental circuit and induce caregiving behaviour. An emerging picture is of
complex, antagonistic circuits competing for behavioural expression, which allow for males to
commit infanticide when they may benefit from such activity but ensure that they do not damage
their fitness by killing their own young. However, we stress the need for more work on the neural
mechanisms that mediate this process.
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cohabitation; copulation; hormones; infanticide; mammals; neural mechanisms; paternal care

About 5-10% of mammal species show paternal care, often including carrying, cleaning,
bringing food and protecting the young from low temperatures (West & Capellini, 2016),
which are all activities that benefit the young in a direct manner (Elwood & Broom, 1978).
In other species males may interact with the young without providing direct care, but instead
provide indirect benefits such as deterring predators (Lukas & Huchard, 2014). However,
infanticide by males is also widespread among the mammals (Lukas & Huchard, 2014).
Remarkably, both traits may be shown by individual males because males tend to kill
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unrelated young, but care for their own young (Elwood, 1977; Hrdy, 1979). Infanticide
typically occurs before mating, but the males switch from killing to caring once they can
expect to encounter their own offspring (Elwood, 1977). In male mammals infanticide is
more widespread than paternal care (Lukas & Huchard, 2014; West & Capellini, 2016) but
even species that do not provide direct care of the young stop killing infants. This switch
from infanticide is a key determinant of fitness and robust mechanisms are required to
ensure the survival of their own young yet enable infanticide when killing conspecific young
might benefit the male. The main aim of this review is to examine the complex mechanisms
that mediate this marked change. These involve various social stimuli, hormonal changes
and changes in specific neural centres that mediate infanticide and paternal care.

LANGUR MONKEYS AND LIONS

Initially, it was not clear how infanticidal behaviour of males affected fitness. For example,
Calhoun (1962) hypothesized that infanticide could be either pathological, because the
killing of conspecifics was thought to be bad for the species, or advantageous, because

it might function to maintain the population at an optimum level. However, those views
changed following observations of infanticide when male langur monkeys, Semnopithecus
entellus (Hrdy, 1974) and male lions, Panthera leo (Bertram, 1975) took over groups of
females from other males. The females that lost their young came into oestrus and mated
with the new males. Thus, infanticide was viewed as being beneficial to the perpetrators
because by Killing they could advance their own reproduction (Hrdy, 1979). However, when
the males’ own young were born, they were not harmed and, instead, the males often
interacted with the young in an amicable manner. The assumption was that the males
somehow ‘recognized’ the young as being their own (Walters, 1987). This could be due

to the male recognizing the mother of the infants as being one with which they had

mated, recognizing the location as one in which mating had taken place or, indeed, by
direct recognition of some phenotypic marker on the young. All might reasonably correlate
with relatedness (Walters, 1987). However, it is doubtful whether such recognition affects
infanticide by males (Elwood & Kennedy, 1991).

RODENTS

The observations of monkeys and lions were ground breaking and influenced ideas about
individual fitness but did not elucidate how males avoided harming their own young. Species
amenable to experimentation were required for this and there followed many studies on
rodents, the first using laboratory-reared Mongolian gerbils, Meriones unguiculatus, which
are biparental (Elwood, 1977). During the female’s first parturition the male typically
vacates or is ousted from the nest. However, he visits the nest to take pups as they are born,
which he then licks, lies over and keeps warm in a newly created temporary nest. After the
female has delivered all the litter, she retrieves those taken by the male back to the main nest
and there appears to be a high motivation of both parents to care for the young as soon as
they are born (Elwood, 1975).

Chance observations, however, suggested that males change from being infanticidal to being
paternal during their mate’s first pregnancy. To test this idea, adult pairs of gerbils that had
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yet to produce litters were used. After removal of the female the male was presented with a
newborn pup from another pair (Elwood, 1977). Males that had previously reared a litter but
currently did not have young in the cage were also tested. Because this species does not have
a copulatory plug the time of mating was determined retrospectively.

Sixty per cent of adult naive males, housed with nonpregnant females, harmed the pups

by attempting to eat them (experimenter intervention prevented this), whereas those with
females in late pregnancy never harmed pups (Elwood, 1977). Additional observations
from other experiments confirmed that attempted cannibalism declined during the female’s
pregnancy, and no male with a female in the last 6 days of pregnancy harmed pups (Fig. 1)
(Elwood & Ostermeyer, 1984b). By contrast, males that had previously bred never harmed
the test pup regardless of the reproductive state of the female at the time of the test (Elwood,
1977). Similar changes in responsiveness to pups prior to the birth of the first litter have
since been described for a variety of male rodents, including inbred laboratory strains of
mice, wild mice and a variety of species studied in the laboratory but recently derived from
wild-caught animals (Lonstein & De Vries, 2000; Rymer & Pillay, 2018; Saltzman, Harris,
De Jong, Perea-Rodriguez, Horrell, Zhao, & Andrew., 2017). For ethical considerations
about such studies in which some pups may be harmed see Elwood (1991). For statistical
considerations regarding potential pseudoreplication that might arise from treating pups
rather than males as datum points see Labov, Huck, Elwood, and Brooks (1985).

The observations of inexperienced male gerbils transitioning from infanticide to a paternal
responsiveness prompted the question of the role of the female in this switch. Whether

she had to be present was tested by removing the late pregnant female from the cage and
subsequently testing the male. In keeping with previous observations (Elwood, 1977), no
male tested immediately after the female was removed harmed the test pup; however, if the
female was out for 1e3 days 50% of males harmed the offered pup (Fig. 2; Elwood, 1980).
Thus, without the presence of their pregnant mate, males reverted to infanticide. By contrast,
males that had reared a previous litter failed to revert to infanticide when their pregnant
mates were removed for 1-3 days (Elwood, 1980). The conclusion was that males breeding
for the first time were brought into a temporary state through which they avoided harming
pups. This temporary inhibition was dependent upon the presence of the female and, without
the female, there was a return to infanticide. However, the experience of being brought into
a paternal state and then rearing a litter resulted in a permanent inhibition of infanticide that
was then independent of the presence of the female (Elwood, 1980).

Since these early observations on gerbils there has been much research, using various
species, on the social stimuli responsible for the onset of paternal care, the hormones that
might mediate this change and, more recently, the neural basis of the change. Given the
diverse techniques and recent advances the present review aims to provide an integrated
overview of this remarkable switch in behaviour.

EFFECTS OF COPULATION VERSUS COHABITATION

At least for gerbils, being with a pregnant female clearly plays a role in males switching
from killing to caring. Relevant questions, however, concern the extent to which this
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transition is conserved across rodent species and whether other factors might be involved.
One possibility is that the experience of copulation might have a direct effect. Initially

this was considered unlikely because infanticide decreased to zero only some weeks after
copulation and the maintenance of the inhibition in gerbils was due to the pregnant female,
not the preceding copulation (Elwood, 1977, 1980). Nevertheless, subsequent studies on
other rodents demonstrated an effect of copulation. For example, CF-1 male mice, Mus
musculus, that copulated showed an increase in infanticide over the next few days but

then a reduction in infanticide about 18 days later, i.e. about the time the litter would

be born. This occurred even if the female was removed from the male when copulation
was confirmed (vom Saal, 1985). Males that intromitted their penis but without ejaculation
did not show the reduction whereas males that ejaculated did (vom Saal, 1985). Thus, the
reduction in infanticide was specific to ejaculation and timed with gestation but did not
require subsequent cohabitation with the female. The timing of this reduction in infanticide
was shown to be dependent on the number of lightedark cycles following copulation and
males maintained in short or long cycles showed shorter or longer absolute times until the
reduction of infanticide occurred (Perrigo, Bryant, & vom Saal, 1990). These findings led
Perrigo, Belvin and vom Saal (1991) to claim that ejaculation in mice induces a ‘fail-safe
neural mechanism’ that inhibits infanticide at the time the male could expect to encounter
his offspring even though some males continued to commit infanticide at the time their
young would be born.

Other experiments, however, found complete inhibition of infanticide in mice if copulation
was followed by cohabitation with the female (Elwood, 1985; Elwood & Ostermeyer,
1984a). Without cohabitation the percentage of previously infanticidal males that showed
infanticide 18 days after copulation was about 20% in one experimental group and about
60% in a slight variant (Elwood, 1985). However, there are strain differences in mice with
respect to inhibition after copulation and removal of the female. With CS1 mice about
30% of screened infanticidal males still showed infanticide compared to about 60% for
CBA males (Kennedy & Elwood, 1988). Note that in these experiments only previously
infanticidal males were used whereas in those by Perrigo et al. (1990, 1991) the test
animals comprised roughly equal numbers of previously infanticidal and noninfanticidal
males. When this difference in subject selection is accounted for, the results from the

two laboratories are remarkably similar. However, Perrigo & vom Saal (1994) focused

on ejaculation as the key causal factor to eliminate infanticide whereas Elwood (1985)
concluded that copulation followed by cohabitation was required. The latter conclusion
was also reached by Palanza and Parmigiani (1991) who found that 100% of previously
infanticidal male mice did not kill pups following copulation and then cohabitation. A
similar transition to paternal responsiveness occurs in wild mice (Soroker & Terkel, 1988).
This indicates that selection for a reduction of infanticide in laboratory strains has not
produced a new mechanism for the inhibition of infanticide in males. A more recent report
indicates that about 30% of C57BL6J male mice still killed pups even after 15-18 days of
cohabitation (Tachikawa, Yoshihara, & Kuroda, 2013). However, Tachikawa et al. (2013)
isolated the males from gestating females for 2-5 days prior to testing with pups and thus
the method and results are like those found in male gerbils separated from the pregnant
female (Elwood, 1980).
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In Long-Evans rats, Rattus norvegicus, copulation followed by cohabitation significantly
reduced infanticide compared to copulation without cohabitation (Brown, 1986), although
effects of both copulation and cohabitation have also been noted (Mennella & Moltz,
1988a). In California mice, Peromyscus californicus, copulation followed by cohabitation
reduced but did not eliminate infanticide (Gubernick, Schneider, & Jeannotte, 1994).
Further, in prairie voles, Microtus ochrogaster (Terleph, Jean-Baptiste, & Bamshad, 2004)
and mandarin voles, Microtus mandarinus (Song Tai, Yu, Wu, Zhang, Broders, He, &
Guo, 2010) paternal responsiveness was enhanced by this treatment. In white-footed mice,
Peromyscus leucopus, copulation and cohabitation were not individually manipulated, but
male aggression towards alien pups continued when the female did not produce pups,
whereas those that successfully mated and cohabited with the pregnant female showed a
marked reduction in infanticide (Cicirello & Wolff, 1990). Further, copulation per se in
male bank voles, Myodes glareolus, did not reduce infanticide (Vihervaara, Sundell, &
Ylénen, 2010) but it did in meadow voles, Microtus pennsylvanicus (Webster, Gartshore,
& Brooks, 1981). Thus, although there is some variability in the proportion of males that
continue to attack pups following copulation, most studies agree that copulation followed by
cohabitation dramatically reduces infanticide and enhances paternal behaviour.

However, virgin male laboratory mice, housed with pregnant females, failed to show a
reduction in infanticide (e.g., Swiss Webster mice, Palanza & Parmigiani, 1991; CF-1
mice, Perrigo & vom Saal, 1994), suggesting that copulation is required to predispose

or prime male mice to be influenced by the pregnant female for the elimination of
infanticide. However, wild virgin mice housed with a pregnant female did show a reduction
in infanticide (Soroker & Terkel, 1988), and cohabitation with either a female or a male
enhanced paternal responsiveness in male virgin prairie voles (Terleph et al., 2004).

MECHANISMS MEDIATING THE EFFECTS OF COHABITATION

Olfaction

A series of experiments on gerbils asked which features of the pregnant female influenced
the switch from infanticide in males. First, mated male gerbils were separated from their
mates with either a wire-mesh screen to allow easy access to odours or a clear plastic

screen to reduce access to odours while maintaining visual cues; however, there was no
difference in the behaviour of the males when tested with pups (Elwood & Ostermeyer,
1984b). Further, mated male gerbils that had their pregnant mates housed above them so that
urine dripped into the males’ cages did not maintain their inhibition (Elwood & Ostermeyer,
1984b). Soiled bedding from the pregnant mates’ cages transferred to solitary but previously
mated males also had no effect on the maintenance of the inhibition (Elwood & Ostermeyer,
1984b). The role of the female’s mid-ventral gland (which increases markedly in size and
activity in pregnancy) was also investigated, but no relationship was found between gland
size/activity and the infanticidal state of the male (Elwood & Ostermeyer, 1984b). Thus,
odours were not effective in maintaining the inhibition of infanticide in gerbils.

Airborne pheromones from pregnant females did not affect the switch to a noninfanticidal
state after mating in mated CS1 mice (Elwood, 1985) but did in mated Swiss Webster
mice (Palanza & Parmigiani, 1991). Further, a chemosignal of low volatility emitted by
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female rats during pregnancy reduced infanticide in males, but the sample size was small
and the result was not significant (Mennella & Moltz, 1988a). In California mice paternal
responsiveness seen after the birth of the litter was subsequently maintained by odours

of the mother’s urine (Gubernick, 1980; Gubernick & Alberts, 1989; Gubernick et al.,
1994). Distal cues, including olfactory stimuli, were also effective in maintaining paternal
responsiveness in prairie voles (Simoncelli, Delevan, Al-Naimi, & Bamshad, 2010). Thus,
there appears to be a role of maternal odours in some rodent species, in some aspects of the
regulation of the inhibition of infanticide but it is not conserved.

Social Status (Dominance/Subordination Effects)

Because physical contact between the male and the pregnant female is a key feature

in the inhibition of infanticide it was hypothesized that shifts in dominance/subordinate
relationships might mediate the inhibition. Subordinate male mice were less likely to
commit infanticide than dominant males (Huck, Soltis, & Coopersmith, 1982; vom Saal

& Howard, 1982). To test whether changes in status altered infanticide, male CS1 mice
were screened for their infanticidal tendencies and then paired for 10 min per day for 5
days (Elwood, 1986). Males that were initially noninfanticidal and were subordinate in the
pairings never killed a pup on a second test, whereas significantly more males that became
dominant switched to infanticide. Further, males that were initially infanticidal but then
became subordinate in the pairings were significantly less likely to harm the test pup in

the subsequent test compared to those that became dominant (Elwood, 1986). These results
indicate that males shift infanticidal tendencies after specific outcomes of social interactions.
Further, if pregnant females can subordinate males, then particularly large females should
more easily inhibit the male’s infanticide. This appears to be the case because males that
were noninfanticidal 13 days after copulation were significantly smaller relative to their
mates than were those that were infanticidal (Elwood, 1986).

Like mice, unmated male gerbils subordinate to other males in repeated aggression tests
were less likely to be infanticidal than were dominant males (Elwood & Ostermeyer, 1984c).
Further, when male gerbils are maintained in single-sex groups most will be subordinate
(Williamson, Romeo, & Curley, 2017). When isolated they ceased to be subordinate and

the proportion of males showing infanticide increased as the period of isolation increased
(Elwood & Ostermeyer, 1984c). Note the similarity with the result of males being isolated
from their pregnant mate switching to infanticide (Elwood, 1980). Thus, there is a link
between changes in social status and changes in infanticide.

PHYSIOLOGICAL DIFFERENCES BETWEEN INFANTICIDAL AND
NONINFANTICIDAL MALES

The paternal state during the mate’s pregnancy presumably has a physiological basis (see
below for a discussion of hormonal changes) and this might alter circulating metabolites.
Infant mice detect odour differences, and produce more ultrasonic calls when presented
with the odour of urine from infanticidal males than with the urine of noninfanticidal males
(Elwood, Kennedy, & Blakely, 1990; Santucci, Masterson, & Elwood, 1994). Additionally,
young mice moved away from the urine of infanticidal males more than from the urine of
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noninfanticidal males (Elwood et al., 1990). Further, newly pregnant females were more
likely to abort by failing to implant the blastocysts when exposed to infanticidal males

than to noninfanticidal males (Elwood & Kennedy, 1990) and pregnancy block is mediated
by olfaction (Bruce & Parrott, 1960). Female mice with newborn litters were also more
likely to attack infanticidal than noninfanticidal males (Elwood & Kennedy, 1990) and

this discrimination is probably due to olfactory differences. Thus, physiological differences
between infanticidal and noninfanticidal males are perceived by both adults and pups.

HORMONES AND THE INHIBITION OF INFANTICIDE

Females alter their responsiveness to pups during pregnancy (Elwood, 1977) and these
changes are mediated largely by hormonal changes (Rosenblatt & Ceus, 1998). Although
males do not get pregnant, their hormones might change for other reasons and might affect
the onset of paternal care (Elwood & Ostermeyer, 1984b; Wynne-Edwards & Timonin,
2007).

Hormones vary with the sex of adjacent embryos in the intrauterine environment: male mice
reared between two female embryos have lower testosterone but higher oestrogen during
early development and show increased infanticide and reduced paternal responsiveness in
adulthood (vom Saal, 1989). With Mongolian gerbil males, however, those gestated between
two female embryos acted more paternally (Clark, Vonk, & Galef, 1998) and had lower
adult testosterone levels than did males gestated between two male embryos (Clark &
Galef, 2000). Further, experimental manipulation of testosterone levels in newborn rat pups
indicated that early exposure to testosterone was required for rats to respond to testosterone
in adulthood and thus for a high incidence of pup killing (Rosenberg & Sherman 1975)

but the opposite result was found for mice (Gandelman & vom Saal, 1977; Samuels, Jason,
Mann, & Svare, 1981). Thus, the effect of early testosterone differs between species.

Ejaculation in mice results in a surge of both luteinizing hormone and testosterone,

which return to baseline within 45 min (Coquelin & Bronson, 1980) and increased
infanticide for a few days after copulation followed by a decrease in infanticide 19 days
later (about the time pups would be born; Perrigo, Bryant, Belvin, & vom Saal, 1989).
However, hypophysectomized and castrated mice that were given testosterone replacement
still showed a mating-influenced reduction in infanticide despite there being no surge

in luteinizing hormone or testosterone after ejaculation (Perrigo et al., 1989). However,
administration of testosterone, oestradiol and dihydrotestosterone to levels above normal,
following castration, eliminated pup killing in gerbils 10-12 days later (Martinez et al.,
2015). High testosterone was also shown to inhibit infanticide in Mexican volcano mice,
Neotomodon alstoni, some days after treatment (Luis et al., 2017). Thus, we have conflicting
results for adults regarding the effects of a surge in testosterone. Further contradictory
results concern the effect of castration in adulthood, which swiftly reduces the level of
testosterone. This treatment increased the paternal responsiveness in mice (Perrigo et al.,
1989) and gerbils (Clark & Galef, 2000) but not in another study on gerbils (Martinez et al.,
2015), and decreased paternal responsiveness in California mice (Trainor & Marler, 2001).
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As described above, social subordination inhibits infanticide (Elwood, 1986; Elwood &
Ostermeyer, 1984c) and social status has been repeatedly linked to testosterone levels. For
example, in male mice testosterone is higher in dominants than in subordinates (Machida,
Yonezawa, & Noumura, 1981) and removal of testosterone results in a loss of dominance
status in male rats (Albert, Walsh, Gorzalka, Siemens, & Louie, 1986). Thus, it is possible
that subordination by the female (Elwood, 1986; Elwood & Ostermeyer, 1984c) could
reduce the testosterone level in males and this might act to inhibit infanticide. Further,
removal of a dominant male mouse from an all-male group allowed other males to increase
in rank, which increased testosterone and, within an hour, elevated gonadotropin-releasing
hormone mRNA levels in the medial preoptic area (MPOA) of the hypothalamus, an area
closely linked to the expression of infanticide and paternal care (Williamson et al., 2017).
However, one factor that inhibits infanticide is copulation, which increases testosterone,
whereas subordination also inhibits infanticide but causes a reduction in testosterone. The
two apparently contradictory results might be explained by an initial increase in testosterone
after copulation followed by a dramatic drop (possibly due to subordination) being required
for the behavioural switch.

A problem in studying testosterone is that it might be converted to oestrogen so the effects
on paternal behaviour/inhibition of infanticide might be due to the oestrogen or the balance
of testosterone to oestrogen (Trainor & Marler, 2001). Oestrogen has been implicated in the
onset of paternal care in several species, for example dwarf hamsters, Phodopus campbelll,
and Mongolian gerbils, and oestrogen receptors increase in the MPOA when males become
paternal (Romero-Morales et al., 2020).

Prolactin has been frequently implicated in the onset of maternal and paternal care in a range
of animals, including rodents (Schradin & Anzenberger, 1999). For example, it is higher in
fathers than virgins in California mice (Gubernick, Sengelaub, & Kurz, 1993) but whether

it has a causal effect on paternal care has yet to be demonstrated (Rymer & Pillay, 2018).
Vasopressin and oxytocin have also been implicated in the onset of paternal care in rodents
(Rilling & Mascaro, 2017; Saltzman et al., 2017). For example, infusion of vasopressin in
specific brain areas enhances paternal behaviour and receptor antagonists inhibit paternal
responses both in male prairie voles (Wang, Ferris, & De Vries, 1994) and in meadow

voles (Parker & Lee, 2001). Further, vasopressin immunoreactive staining in the bed nucleus
of the stria terminalis (BNST) terminals predicts paternal behaviour in California mice

and white-footed mice (Bester-Meredith & Marler, 2003). Oxytocin levels in brain areas
associated with paternal care also correlate with the onset of paternal responsiveness,
particularly during cohabitation with the pregnant female (Bales & Saltzman, 2016). Finally,
high progesterone is linked to infanticide and low paternal care in mice. If progesterone is
chemically blocked or progesterone receptors are genetically knocked out, paternal care is
increased and infanticide reduced (Schneider et al., 2003). Whether or not this is linked to
the normal onset of paternal care seen in males housed with their pregnant mates has yet to
be shown.

Despite many studies implicating hormones in the onset of paternal care in various
mammalian species, demonstration of causal relationships has proved difficult, and there
is a clear need for more work in the area (Bales & Saltzman, 2016; Wynne-Edwards &
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Timonin, 2007). Steroid and peptide hormones probably exert their effects by interacting
with specific neural systems; thus, it may be difficult to discern causal relationships using
systemic manipulations that could act on multiple neural regions. Further, given the clear
role of social context in the behavioural response to infants, experience-induced alterations
in steroid or peptide hormone receptor expression within distinct neural systems may impact
the extent to which ligands can produce their effects (Stolzenberg & Champagne, 2016).
Finally, steroid hormones often exert effects at the transcriptional level as ligand-activated
transcription factors. Ultimately, sex, species or even strain differences in chromatin
accessibility can impact the transcriptional response to steroid receptor activation, thereby
producing entirely different functional effects (Gegenhuber & Tollkuhn, 2019).

THE NEURAL BASIS OF INFANTICIDE AND PATERNAL CARE

A combination of external stimuli and hormonal changes are likely to influence the
neurobiology of both infanticidal behaviour and the onset of paternal care, and investigations
of these interactions have expanded in recent years. Several labs have capitalized on

the sexually dimorphic nature of infanticide to identify differential neuronal and/or
transcriptional responses to pups. For example, immediate early gene (IEG) expression

has been used to identify neural regions that are active in response to a stimulus and/or
during behaviour because these genes are transcribed de novo in response to a variety of
stimuli (neurotransmitters, hormones, growth factors; Sheng & Greenberg, 1990). Further,
molecular approaches such as single-cell sequencing have helped identify the transcriptional
phenotype of neurons that show an IEG response to pups or pup-related stimuli (Moffitt et
al., 2018). Note, however, that female mice (both virgin and postpartum) can also display
infanticidal behaviour, and therefore some of what we understand about the neurobiology

of infanticide may only apply to the regulation of infanticidal behaviour in male mice. It is
unclear whether infanticide in female mice occurs because females temporarily gain access
to a conserved neural mechanism regulating infanticide or whether a distinct mechanism
mediates infanticide in female mice. Further, as we see below, several neural regions thought
to be involved in pup-directed aggression have also been implicated in pup avoidance
(without aggression) in nonmaternal female rats. Therefore, it is imperative that future

work tease apart neural mechanisms mediating pup avoidance from those that mediate
pup-directed aggression.

Sensory Cues that Drive Pup-Directed Aggression

There is good evidence that pup-directed aggression is under multisensory control (Isogai
et al., 2018). Presenting virgin male mice with a neutral-scented, artificial silicone

pup can elicit attack, albeit less so than an artificial silicone pup swabbed with pup

odour. Interestingly, presenting a silicone block swabbed with pup odour had no such
effect, whereas a silicone ‘hybrid” block with limbs and tail elicited aggression that was
indistinguishable from a characteristic pup attack. Thus, visual and chemosensory pup
cues induce infanticidal responses in virgin male mice, although the neural mechanisms
involved in the processing of the physical features of pups are basically unknown. With
respect to the effects of chemosensory cues in infanticide, pup odours elicit attack in virgin
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male mice through the vomeronasal system (Tachikawa et al., 2013; Wu, Autry, Bergan,
Watabe-Uchida, & Dulac, 2014).

Mice use both the main olfactory epithelium and vomeronasal organ (VNO) to detect pup
odours (Gandelman, Zarrow, Denenberg, & Myers, 1971; Matsuo et al., 2015; Tachikawa
etal., 2013). The VNO is encased in bone and opens into the nasal and oral cavities
(Halpern, 1987), and primarily detects nonvolatile pheromones through direct snout contact
with the odorant (Dulac & Torello, 2003). Sensory transduction occurs in vomeronasal
sensory neurons when pheromones are recognized by vomeronasal receptors and generate
graded potentials via the activation of Gai and Ga.o proteins, which modulate the activity
of the canonical transient receptor potential channel 2 (Trpc2; Liman & Dulac, 2006; Zufall,
Ukhanov, Lucas, & Leinders-Zufall, 2005). 7rpc2 gene expression is largely restricted to
the VNO where it mediates sensory transduction in response to pheromones (Leypold et al.,
2002). Vomeronasal sensory neurons send a single axon to synapse on mitral cells in the
accessory olfactory bulb (AOB; Halpern, 1987). The AOB then projects to the BNST and the
amygdala. Owing to the dense amygdala projections, medial and cortical nuclei that receive
vomeronasal inputs are sometimes referred to as the vomeronasal amygdala. Several studies
indicate that infanticide is regulated by the VNO and its efferent projections. Ablation of the
VNO blocks infanticide in male mice and rats (Izquierdo, Collado, Segovia, Guillamén, &
Del Cerro, 1992; Mennella & Moltz, 1988b; Tachikawa et al., 2013). Functional silencing
of vomeronasal sensory neurons through mutation of 7rpc2 or Gnai2 (the gene that encodes
Gali protein) significantly reduced infanticide, and also promoted caregiving behaviour in
male mice (Trouillet et al., 2019; Wu et al., 2014). Finally, note that maternal behaviour

in females does not require an intact accessory olfactory system (Fleming, Vaccarino,
Tambosso, & Chee, 1979; Lepri, Wysocki, & Vandenbergh, 1985; Marques, 1979).

If experimental silencing of the VNO disinhibits caregiving in infanticidal male mice,

then social experiences might alter how vomeronasal sensory neurons respond to pup
pheromones. In support of this idea, the VNO of virgin male mice is highly responsive

to pup chemosensory signals, whereas 21 days post-mating pup odours are incapable

of inducing neuronal activity in the VNO of fathers (Tachikawa et al., 2013). These
findings indicate that reproductive experience eliminates VNO response to pups and suggest
that mating may promote a transition from Killing pups to caring for them by blocking
detection of pup odours in the VNO. However, the mechanisms underlying this transition

in VNO responsivity are unclear. Several vomeronasal receptors (Vmn2r88, Vmn2r65,
V1rcl/V1rc30, V1ri9, Vmn2r122/123) have been found to respond to odours from pups;
however, none appear to be specific for pup cues (Isogai et al., 2018). Interestingly, whereas
total ablation of VNO function eliminates infanticide and induces parental care in virgin
males (Tachikawa et al., 2013), genetic deletion of the two VNO receptors that were most
responsive to pup cues (Vmn2r288 and Vmn2r65) was not able to recapitulate the effects of
VNO ablation (Isogai et al., 2018). The extent to which genetic ablation of one of the other
six receptors would eliminate infanticide is not clear. Alternatively, infanticidal behaviour
may be under the control of multiple VNO receptors.

Together, the results described above provide strong support for the idea that the onset of
paternal care is caused, at least in part, by the inability of vomeronasal sensory neurons

Anim Behav. Author manuscript; available in PMC 2023 October 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Elwood and Stolzenberg Page 11

to detect pup odours (Fig. 3). A relevant question then, is whether paternal male mice

can smell pups at all? In other words, is olfactory information about pups only capable

of inducing pup aversion? Interestingly, elimination of all odour information (olfactory
bulbectomy) interferes with caregiving behaviour in mice (Gandelman, 1973; Gandelman
etal., 1971; Sato et al., 2010). Thus, one possibility is that the accessory olfactory system
regulates infanticide whereas parental care relies on the detection of pup cues by the main
olfactory epithelium (Matsuo et al., 2015; Wu et al., 2014). However, the role of the main
olfactory system in caregiving behaviour may vary greatly by species (Levy & Keller,
2009). For example, in other rodent species such as hamsters and rats, both the main and
accessory olfactory systems play an inhibitory role in caregiving behaviour, and in female
rats gestational hormones alter the perception of pup odours from aversive to appetitive at
birth (Fleming et al., 1979; Marques, 1979).

Hypothesized Circuits in the Regulation of Infanticide

Together, the findings described above indicate that parental care occurs when the

VNO loses its ability to detect pup odours, but elimination of all odour information
(olfactory bulbectomy) blocks caregiving behaviour in mice. These findings suggest that

the vomeronasal system not only activates infanticide, but probably also interferes with the
ability of pup odours processed via the main olfactory system to drive caregiving. Given

that both the main and accessory olfactory systems converge in the medial amygdala (meA)
(Kang, Baum, & Cherry, 2009), it is certainly possible that VNO inputs to this region control
infanticide and caregiving by modulating the activity of meA neurons in response to inputs
to the main olfactory bulb (MOB).

The pathways involving the vomeronasal system have been well described, with projections
to the ventral part of the medial amygdala (meAv) involved in both reproductive and
defensive behaviour, whereas the posterior dorsal part of the medial amygdala (meApd) is
involved in the regulation of reproductive behaviour alone (Choi et al., 2005). In support

of the idea that VNO output drives pup-directed aggression through the activation of a
defensive neural system, pup exposure induces ¢c-Fos expression in the posteroventral region
of the medial amygdala (meApv) of infanticidal, but not paternal male mice (Tachikawa et
al., 2013). Interestingly, c-Fos expression is induced in both parental and aggressive males
within the posterior dorsal subdivision of MeA (meApd); however, expression was higher
in aggressive than parental males. A scalable control of meApd GABAergic neurons might
regulate behavioural response selection. Chen et al. (2019) used fibre photometry to image
Ca?* influx within meApd GABAergic neurons in response to pup cues. Interestingly, an
influx of Ca2* was detected in response to pup cues in both infanticidal and noninfanticidal
male mice; however, the Ca2* response to pups was significantly higher during infanticidal
behaviour. Note that these results fit nicely with the report that pup-induced c-Fos expression
in meApd occurs in both paternal and infanticidal males but is much higher in the

latter group. Importantly, experimental manipulation of the intensity of meApd neuronal
activity in noninfanticidal virgin and sexually experienced paternal males via optogenetic
stimulation impacted behavioural responses to pups. For example, high stimulation induced
infanticidal behaviour in virgin male mice selected for noninfanticidal responses whereas
low stimulation tended to induce pup grooming (Chen et al., 2019). High stimulation
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was also capable of inducing infanticidal responses in noninfanticidal sexually experienced
males. Given that MOB and AOB inputs converge in the meApd, one possibility is that
convergent input from MOB and AOB input drives the high activity in meApd neurons that
contributes to infanticide, whereas silencing of AOB, which occurs in sexually experienced
males, results in a lower level of activation and grooming instead of attack. In support of
this idea, meApd neurons send dense projections to the MPOA (Pardo-Bellver et al., 2012),
which is the central neural site for the regulation of parental care (Numan, 1974; 2014). A
strong inhibition of MPOA is certainly capable of inducing infanticidal behaviour towards
pups in female mice (Tsuneoka et al., 2013; see Fig. 3). In contrast, it is presently unclear
how a lower level of activation of meApd neurons would promote grooming. One possibility
is that this scalable meApd signal carries critical odour information from the MOB to the
MPOA. This possibility fits with the requirement of main olfactory inputs for the display

of caregiving behaviour in mice (olfactory information reaches the MPOA via the meA).
Finally, note that the role of meApd output is likely to vary by sex and species. For example,
the transcriptional profile of GABAergic neurons in the meApd was found to vary by sex

in mice (Chen et al., 2019) and in species that do not rely on a single sensory cue to

elicit caregiving behaviour (i.e. rats), both the main and accessory olfactory systems play

an inhibitory role in caregiving behaviour (Fleming et al., 1979). Thus, lesions of the meA
facilitate the onset of caregiving behaviour in virgin female rats (Fleming, Vaccarino, &
Luebke, 1980).

Projections from the MeA are situated to deliver information not only to the MPOA, but
also to sites that directly mediate aggressive and defensive behaviours in mice. Both the
anterior hypothalamic nucleus (AHN) and ventrolateral part of the ventromedial nucleus
(VMNVI) become unresponsive to pup cues as a result of sexual experience (Tachikawa et
al., 2013). Similarly, the AHN and VMN along with the periaqueductal grey (PAG, a node
of the central defence circuit), which receives input from these sites, show elevated ¢-Fos
expression when infanticidal male gerbils are exposed to pups (Romero-Morales, Martinez-
Torres, Cardenas, Alvarez, Carmona, Cedillo, Loya-Zurita, & Luis, 2018). Although the
extent to which lesions of these sites could block infanticide and induce care has not been
investigated, note that their inhibitory role in maternal behaviour has been confirmed in
pupavoidant female rats (Bridges, Mann, & Coppeta, 1999; Sheehan, Paul, Amaral, Numan,
& Numan, 2001).

In addition to its hypothalamic inputs, the meA also provides information to the BNST by
way of the amygdala (Dong & Swanson, 2003; Sun, Roberts, & Cassell, 1991). A specific
region of the BNST, termed the rhomboid nucleus (rhBNST), has recently been implicated
in the regulation of infanticide in male mice (Tsuneoka et al., 2015). For example, virgin
male mice are typically aggressive towards pups, but can ignore pups or even spontaneously
care for them. Tsuenouka et al. (2015) found that ¢-Fos expression in this region could
predict, with over 90% fidelity, pup-directed aggression in virgin males. Further, juvenile
male mice are not aggressive towards pups, but become infanticidal as they age and the
onset of infanticide is associated with changes in the electrophysiological properties of
rhBNST neurons (Amano et al., 2017). However, optogenetic silencing of rhBNST neurons
delayed, but did not fully inhibit, pup killing (Tsuneoka et al., 2015).
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In summary, the critical central site(s) that VNO inputs stimulate to promote infanticide
remain unclear. The findings described above suggest that pup cues activate a central
aversion system that elicits infanticide and reproductive experience ultimately renders this
system unresponsive to pup odours (Fig. 3). However, a single central site that can be
manipulated to fully eliminate infanticide has not yet been identified. Rather, the most
dramatic suppression of infanticide in virgin male mice results from an activation of neurons
within the MPOA that express the neuropeptide galanin (Wu et al., 2014).

Disinhibiting Parental Care

Recall that VNO ablation not only blocked infanticide but also induced caregiving in

male mice. This finding suggests that the neural mechanisms that promote infanticide also
function to directly interfere with an otherwise responsive maternal circuit. In other words,
in mice the maternal neural circuit does not require priming to be receptive to pup cues and
this otherwise receptive circuit is actively blocked in infanticidal male mice (Fig. 4). Further,
interference with neural activity in the MPOA in maternal female mice not only blocks
maternal care but also induces aggression, suggesting that regions that regulate infanticide
and regions that regulate care may have reciprocal inhibitory connections (Numan, 2006;
Numan & Sheehan, 1997). The fact that destruction of central MPOA neurons elicits
infanticide in otherwise parental mice (Tsuneoka, Maruyama, Yoshida, Nishimori, Kato,
Numan, & Kuroda, 2013; Tsuneoka et al., 2015) suggests the MPOA regulates paternal
care, in part, via a direct inhibition of infanticide. In further support of this idea, pup

attack occurred in fewer than 20% of trials in which virgin male mice received optogenetic
activation of MPOA neurons. Thus, MPOA galanin-expressing neurons appear to directly
inhibit infanticide; however, optogenetic activation of MPOA galanin-expressing neurons
that project to the meA was not capable of reducing pup attacks and, although activation of
an MPOA galanin neuron pathway to the PAG reduced pup attacks, this pathway was not
capable of eliminating infanticide (Kohl et al., 2018). Although the critical MPOA pathway
that suppresses infanticide remains to be elucidated, note that there is good evidence for the
conserved role of the MPOA and its efferent projections in parental behaviour (Kuroda &
Numan, 2014; Numan, 2014; Numan & Insel, 2003; Stolzenberg & Mayer, 2019). Finally,
the discovery of a neural circuit that regulates infanticide represents a major advance in

the field; however, it does not provide an answer to the main question posed here of what
controls the switch from killing to caring.

CONCLUSIONS AND BROADER PERSPECTIVES

Infanticidal male rodents are clearly brought into a paternal state prior to the birth of their
young. There is no need to invoke some form of recognition of pups, the location or the
mother. One study, however, has suggested that males recognize their young from others

of the same inbred strain (Paul, 1986) but the lack of detail in the method makes that

study difficult to evaluate. By contrast, other studies have found no differential killing of
alien pups and caring for the male’s own pups even when they came from different inbred
strains (Elwood & Kennedy, 1991) or different species (Elwood & Ostermeyer, 1984c).
Further, there are very limited findings that suggest different infanticidal responses by males
that encounter pups with their former sexual partner or with a strange male (Elwood &
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Kennedy, 1991). There is also very little support for location-based recognition that mediates
infanticide (Elwood & Kennedy, 1991). Rather, there is evidence of changes in paternal
states in a wide taxonomic spread (isopods, burying beetles, fish, birds, as well as mammals)
that mediate the switch from infanticide to acceptance of young or eggs (Elwood, 1994).
Changes also appear to occur in humans to enhance the paternal responsiveness of males
prior to the arrival of their young (Elwood & Mason, 1994). Nevertheless, several studies of
rodents and primates show that females may mate with multiple males and suggest that this
is a female strategy to ‘confuse paternity” (Pain, Koenig, & Borries; Yuan 2013; Waser & De
Woody, 2006). The notion of males becoming confused about fatherhood appears to spring
from recognition hypotheses. Perhaps it should be dropped to avoid misunderstanding about
proposed mechanisms of infanticide avoidance.

How the change in state is brought about has not been fully resolved. While there is strong
support for ejaculation followed by cohabitation with the pregnant female being key to the
change there is less clarity about the specific cues from the female. This is because of
variation between species and between inbred strains of mice in their response to specific
cues, for example copulation and cohabitation. This variation might be due to inherited
differences in the ability of females to produce specific cues. Alternatively, species might
differ in their ability to perceive specific cues or response thresholds may vary that cause
only some males to switch from infanticidal to noninfanticidal responses. The link between
changes in social status and changes in infanticide may indicate a further role of the female.
Hormones have been repeatedly implicated in the suppression of infanticide and onset of
paternal care but, again, more research is required to clarify their precise role.

We are, however, beginning to understand the role of neurological change with some circuits
being suppressed to inhibit infanticide (Fig. 3) and others activated to enhance parental care
(Fig. 4). This is a promising area and one that might provide clues as to the role of the
hormonal changes in the male because hormonal effects on specific circuits may be tested
(Yuan, He; Hou, Wang, Li, Zhang, Yang, Jia, Qiao, & Tai, 2019). Hopefully, this type of
study might be linked with specific stimuli that males obtain from the pregnant female so
we may finally elucidate the sequence of external and internal changes that result in paternal
care. There can be few more dramatic changes in behaviour that have such clear, important
fitness consequences and a full understanding how that is mediated is required.
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Figure 1.
Responses of naive males towards test pups at different stages of their mate’s pregnancy

(25 refers to those with nonpregnant mates). Sample sizes from left to right are 74, 15, 12,
22, 30. Redrawn from Elwood and Ostermeyer (1984b).
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Figure 2.

The percentage of naive males that attempted to cannibalize the test pup is shown for four
groups that differ in the time since removal of the pregnant mate. Sample sizes from left to
right are 19, 14, 14 and 15. Redrawn from Elwood (1980).
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Figure 3.
Hypothetical neural model for the role of the main (MOB) and accessory (AOB) olfactory

systems in the regulation of parental care or infanticide in mice. Odour information

from the main olfactory system is required for caregiving behaviour in male and female
mice. In contrast, odour information from the vomeronasal system drives infanticidal
behaviour. Odour information from both systems converges on the medial amygdala.

Strong stimulation of GABAergic neurons in the posterior dorsal medial amygdala (meApd)
induces infanticide, whereas weak stimulation of these neurons induces pup grooming (Chen
et al., 2019). Complex microcircuits within the amygdala have been hypothesized to allow
the same signal to produce distinct behavioural responses via scalable control (Fadok et al.,
2018). MeApd neurons send dense projections to the MPOA (Pardo-Bellver et al., 2012).

If strong stimulation of meApd neurons causes GABA release in the medial preoptic area
(MPOA), inactivation of MPOA would be expected to induce infanticide. It is unclear

how weak stimulation of meApd output would impact MPOA activity, but presumably this
pathway delivers critical olfactory information to the MPOA that is required for caregiving
behaviour. Bold lines represent active pathways.
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Figure 4.
A proposed neural model illustrating the regulation of infanticidal and parental behaviour

in mice. The medial amygdala has dense projections to several neural sites that are

highly active during infanticide including the rhomboid nucleus of the bed nucleus of

the stria terminalis (BNST, medial, posterior intermediate part), anterior hypothalamus and
ventromedial (ventrolateral) hypothalamus. The medial preoptic area (MPOA) coordinates
caregiving behaviour through GABAergic efferent projections to several regions of this
central aversion system as well as GABAergic efferent projections to the ventral tegmental
area, which promote care. Reciprocal inhibitory connections between the MPOA and

the central aversion system may allow for switching between parental and infanticidal
behaviour.
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