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Abstract

Alloparenting, defined as care provided by individuals other than parents, is a universal behavior
among humans that has shaped our evolutionary history and remains important in contemporary
society. Dysfunctions in alloparenting can have serious and sometimes fatal consequences for
vulnerable infants and children. In spite of the importance of alloparenting, they still have much to
learn regarding the underlying neurobiological systems governing its expression. Here, they
review how a lack of alloparental behavior among traditional laboratory species has led to a blind
spot in our understanding of this critical facet of human social behavior and the relevant
neurobiology. Based on what is known, they draw from model systems ranging from voles to
meerkats to primates to describe a conserved set of neuroendocrine mechanisms supporting the
expression of alloparental care. In this review we describe the neurobiological and behavioral
prerequisites, ontogeny, and consequences of alloparental care. Lastly, they identified several
outstanding topics in the area of alloparental care that deserve further research efforts to better
advance human health and wellbeing.
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INTRODUCTION

By the age of 3, over 90% of American children have experienced regular alloparental care
(Network NECCR, 2001), which is defined as the provisioning of care by individuals other
than the young’s biological parents. The quality and quantity of this alloparental care
predicts social-emotional and cognitive—linguistic outcomes and childcare quality may
interact with infant temperament to predict behavioral problems and social competence
(Pluess and Belsky, 2009). Here, we review the biology of alloparental care, beginning with
the significance of alloparenting in shaping human evolutionary history. The majority of
what we know concerning the neurobiology of alloparenting derives from work done in the
relatively few mammalian species that also demonstrate alloparental care. Research in these
select animal models has identified several conserved neurohormonal systems that seem
likely to be involved in human alloparenting. We further examine evidence suggesting that
the expression of alloparenting and its neurobiological substrates are influenced both by
experience during ontogeny, including early family structure, as well as by exposure to
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exogenous hormones especially in early life. In addition, we discuss findings in traditional
laboratory species that do not typically demonstrate alloparental care. Finally, we highlight
several unresolved questions that stand between our understanding of alloparental care and
bringing this knowledge to bear to improve human health and wellbeing.

By definition, alloparental behavior is similar to parental behavior from the perspective of
the recipient of care, and different than parental behavior from the perspective of the
caregiver. Often, the line between parenting and alloparenting is further blurred, as in
communal breeding/nesting, where adults share the burden of caring for their own offspring
and those of other adults simultaneously. It is most likely that alloparenting shares a great
deal of neurobiological similarity with parental behavior, although alloparenting is expected
to be less tightly coupled to the endocrine processes related to reproduction. Throughout this
review, we will attempt to synthesize disparate findings from across the wide variety of
studies which touch on alloparenting. However, the terminology of alloparenting research is
clouded by a lack of standardization. Too frequently researchers opt for descriptors which
combine “virgin” and “parental” in a convoluted and contradictory approach, or resort to
“babysitting” in an effort to broaden appeal. When the correct descriptor, “alloparenting” is
not included, the literature fragments and scientific progress is slowed. Given the
tremendous significance care of others has played throughout human evolution and into the
modern day, shaping a wide range of behaviors and neural systems, alloparenting deserves to
be studied with far greater appreciation.

THE EVOLUTIONARY SIGNIFICANCE OF ALLOPARENTING IN HUMANS

Alloparental care is a universal behavior among human societies (Sear and Mace, 2008).
Meanwhile, in our closest living relative, the chimpanzee, alloparenting is displayed only
very rarely (Kishimoto et al., 2014). At some recent point in human evolution, the trend
toward increased alloparenting appears to have increased according to a number of lines of
evidence. Humans wean their offspring at an average of approximately 2.5 years, while
chimpanzees and orangutans wean at about 5 and 7.7 years, respectively (Galdikas and
Wood, 1990; Kennedy, 2005). Across 58 traditional societies, the availability of alloparental
care is associated with earlier age at weaning (Quinlan and Quinlan, 2008). Further, human
neonates are approximately 6% of maternal body mass at birth, while chimpanzee neonates
are only approximately 3% (Leutenegger, 1972; Rosenberg and Trevathan, 2007; DeSilva,
2011). In order to accomplish the feat of having large offspring who develop quickly,
humans are believed to have employed a communal/cooperative breeding strategy with a
high level of alloparenting (Kennedy, 2005; DeSilva, 2011).

Our evolutionary legacy of alloparenting has been hypothesized to explain several
fundamental aspects of the human condition. Perhaps most notably, alloparenting has been
proposed as having promoted or permitted the emergence of language among early human
ancestors (Hrdy, 2009). Cooperation, language and intelligence, particularly social
intelligence, may be reinforced by alloparenting. Concurrently, the development of a large
neocortex provided a substrate for the emergence of mentalizing, theory-of-mind and
language. During human evolution, alloparenting is thought to have helped reduce the
energetic demands of a large neocortex (Navarrete et al., 2011). Indeed, across mammalian
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clades, there exists a positive correlation between brain size and the amount of allocare by
non-mothers (Isler and van Schaik, 2012). Interestingly, this pattern is particularly robust for
carnivores but does not hold as tightly for contemporary primates. Among primates
therefore, humans may resemble carnivores, raising the possibility that our recent adoption
of increased meat consumption, alloparenting, and encephalization go hand in hand.

Human alloparenting takes place in the context of cooperative breeding, wherein individuals
live in groups and coordinate their efforts to feed, care and protect young to which they
themselves did not give birth (Burkart et al., 2009). How then might humans have evolved
alloparenting and cooperative breeding? Monogamy is strongly associated with, and
typically considered the ancestral state to the evolution of cooperative breeding (Bogin et al.,
2014). Cooperative breeding is maximized when sibling relatedness is high, that is, in the
context of female monandry (Bogin et al., 2014). Reducing inter-birth interval increases a
male’s likelihood of repeat siring with a given female, thus there can be a positive feedback
loop between paternal caregiving, sibling relatedness, cooperative breeding, and alloparental
care. Cooperative breeding is associated with decreased inter-birth interval (Russell and
Lummaa, 2009), and alloparental care in humans both shortens birth intervals and increases
child survivorship (Lahdenpera et al., 2004; Sear and Mace, 2008). It has been estimated that
human females expend 14%—-29% less child-care effort across the lifetime (compared with
expectations based on other mammals) due to the intense alloparenting behavior
characteristic to human societies (Bogin et al., 2014).

Alloparenting remains critically important in contemporary culture because even today,
children are between six (Schnitzer and Ewigman, 2008), eight (Stiffman et al., 2002), fifty
(Schnitzer and Ewigman, 2005), or even a hundred (Daly and Wilson, 1988a) times more
likely to suffer fatal abuse when living with an unrelated adult, that is, while under
alloparental care (reviewed in Daly and Wilson, 1988b) (Also see discussion of pup
attackers in animal models below). For example, being an unrelated caregiver (i.e.,
alloparent) was the most strongly predictive characteristic of fatal child maltreatment
perpetrators in a study of cases from Florida during 1999-2002 (Yampolskaya et al., 2009).
A more complete knowledge of alloparenting could inform the etiology of its dysfunction. In
the case of child abuse, a deeper understanding may inform the prevention of neglect and
other deleterious behaviors. Unfortunately, our psychophysiological understanding of
alloparenting is still in its own infancy.

MODEL ORGANISMS FOR THE STUDY OF ALLOPARENTAL BEHAVIOR

If we are to understand the neurobiological mechanisms for alloparental behavior, we must
have suitable animal models. One reason why alloparenting remains poorly understood is
because it is relatively rare among mammalian species. Cooperative breeding exists in only
3% of mammals (Russell, 2004), however, this figure may be an over-estimate inasmuch as
it includes species which express shared care but do not share provisioning for the young
(Hrdy, 2009). For the purposes of this review, we include cooperatively-breeding, but non-
provisioning species, such as prairie voles as examples of alloparenting species.
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Cooperative breeding is also rare among non-human primates, with only two New World
families, Callitrichidae and Pitheciidae, having independently evolved such a strategy
(Garber, 1996). Thus, there is much to learn concerning the behaviors relevant to cooperative
breeding (and hence alloparenting) in marmosets, tamarins, and titi (Santos et al., 1997;
Nunes et al., 2000). Intriguingly, the neuropeptide oxytocin (discussed in depth below),
which is highly conserved across eutherian mammals, has multiple sequence variants among
New World primates, and the evolution of social monogamy among these species appears
related to phylogenetic differences in the sequence of the oxytocin receptor (Ren et al.,
2015). Outside of primates, cooperative breeding is more common among carnivores, though
the physiological basis for these behaviors has been less well-characterized. The notable
exception to this is found in meerkats, among whom the contributions of oxytocin and
prolactin have begun to be studied (see below).

As is often the case in neuroscience, most mechanistic investigations of the neurobiology of
alloparenting have been conducted in rodents. In this review we will focus on research in
voles, but also will cover research using dwarf hamsters, naked mole rats, and laboratory
rats. An interesting comparison can also be made to California mice (Peromyscus
californicus), which are monogamous and reliably demonstrate paternal care for young, but
are primarily non-alloparental or even infanticidal as virgins (Gubernick et al., 1994).

The best characterized model organisms for the study of alloparental behavior are the
monogamous and bi-parental prairie vole (Microtus ochrogaster), and mandarin vole
(Lasiopdomys mandarinus). Among male prairie voles 60%-80% of adults (60 days old) are
spontaneously alloparental, whereas only roughly 50% of adult females are (Carter and
Roberts, 1997). This proportion may further drop in females to less than 20% by 90 days of
age (Lonstein and De Vries, 2001). However, female prairie voles will continue to exhibit
alloparental behavior as adults if they remain in the natal nest and experience the birth and
rearing of the subsequent litter (Lonstein and De Vries, 2001). It has been hypothesized that
alloparental males would incur fitness benefits in the form of increased mating opportunities
in exchange for alloparental caregiving (Smuts and Gubernick, 1992). However, when
empirically tested, female prairie voles showed no preference for males that had previously
demonstrated alloparental behavior (Ophir et al., 2008a). Although there is no clear sexual
dimorphism in terms of alloparental behavior in sub-adult prairie voles, there do appear to
be sex-related differences in terms of the relevant neurobiology. For example, systemic A-
methyl-D-aspartate (NMDA) receptor blockade produced opposing effects in males and
females at 40-50 days of age (Kirkpatrick and Kakoyannis, 2004).

In nature, only 30% of offspring emigrate from the natal nest to form their own families
(Getz et al., 1994). Under field conditions, therefore, most vole offspring remain with their
parents at least until approximately 6—7 weeks of age, by which time they will have
experienced the birth and rearing of a subsequent litter of siblings by their parents (Carter
and Roberts, 1997). The behaviors displayed by the alloparental vole, namely: pup retrieval,
licking/grooming, and arched-back huddling, are not qualitatively different from behaviors
seen in actual parents (Roberts et al., 1998a; Lonstein and De Vries, 2001). The exact
purpose of each of these behaviors has not been elucidated, but we can speculate that they
serve to keep the pup in the nest, warm, safe, and calm. The individual contributions of the

Dev Neurobiol. Author manuscript; available in PMC 2018 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kenkel et al.

Page 5

multiple aspects of motivation which lead the alloparental vole to care for a pup have not
been investigated to date. Thus, we do not know how the alloparental vole perceives the pup,
whether they care for the pup because it is a rewarding experience or because the distressed
pup is perceived as presenting noxious stimuli to be alleviated through the provision of care.
In our laboratory, we have twice attempted to ascertain whether pups are rewarding to adult
male alloparents using the Conditioned Place Paradigm to pair the experience of
alloparenting with a given environment; however, we have not been able to find any such
effect (Kenkel, unpublished observations). Among voles that do not display alloparental care
toward a novel pup, responses range from ignoring the pup, actively avoiding the pup or
even attacking the pup. Here too, little is known about the qualities of either pup or attacker
which bring about an instance of pup attack.

NEUROBIOLOGY OF ALLOPARENTING

Oxytocin

Based on the limited success of experimental manipulation of the hormones prolactin,
estradiol, and testosterone in affecting paternal care, it has been put forth that unlike
maternal behavior, paternal caregiving may be independent of hormonal regulation (Wynne-
Edwards and Timonin, 2007). However, this conclusion was based chiefly on results from
experiments conducted with dwarf hamsters in the genus Phodopus, which may not be
representative of paternal behavior across mammals. Additionally, much of this argument is
predicated on testing the assumption that paternal behavior would rely on the same systems
involved in the initiation of maternal behavior that occurs at the switch from the non-
maternal to maternal state in females, rather than those systems involved in the maintenance
of maternal behavior (Schradin, 2007). Paternal behavior and alloparental behavior are not
so discreetly timed to birth as maternal behavior; therefore the relevant neural mechanisms
are most likely established gradually during development. We begin our analysis of
candidate neurobiological systems with the expression of oxytocin receptors in the nucleus
accumbens, a relevant site of coordination for the incentive to alloparent.

Oxytocin is perhaps best known as the initiator of maternal behavior (Keverne and Kendrick,
1992), which has inspired much of the work on alloparenting under the hypothesis that
alloparenting, like much of pro-social behavior broadly defined, represents a form of the
primordial mammalian bond—that between mother and infant (Carter, 1998). Early studies
of oxytocin receptor expression in the rat brain revealed a decrease in oxytocin receptors in
the nucleus accumbens from day 20 to adulthood (Shapiro and Insel, 1989), which coincides
with the decline in responsiveness by mothers toward unfamiliar pups (Mayer et al., 1979;
Mayer and Rosenblatt, 1979). Furthermore, oxytocin can increase the holding and licking of
pups in pre-weaning, but not post-weaning rats (Peterson et al., 1991).

From these observations, Olazabal and colleagues tested the involvement of nucleus
accumbens oxytocin receptors in mediating both juvenile and adult alloparental behavior in
prairie voles. The nucleus accumbens processes the salience of rewarding, aversive and
novel stimuli, thereby helping to translate emotion and motivation into action (Olazabal et
al., 2013). In a cross-species comparison, juvenile female prairie voles were found to have
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the highest nucleus accumbens oxytocin receptor density, followed by juvenile female rats,
and then lastly juvenile female mice and meadow voles (both of which do not display
alloparental care) (Olazabal and Young, 2006a,b). Similarly, in a comparison of individual
differences among juvenile female prairie voles, alloparental behavior was also positively
correlated with oxytocin receptor expression in the nucleus accumbens (Olazabal and
Young, 20064, b). Infusion of an oxytocin receptor antagonist into the nucleus accumbens
was able to completely block the expression alloparental behavior in adult female prairie
voles (Olazabal and Young, 2006a, b). Conversely, over-expression of oxytocin receptors in
the nucleus accumbens of female prairie voles increases the expression of alloparental
behavior (Keebaugh and Young, 2011), but only if the manipulation takes place before
adulthood (Ross et al., 2009). When oxytocin receptors in the nucleus accumbens of female
prairie voles are knocked down, via a short hairpin RNA vector, in the juvenile period
through adulthood, alloparenting behavior is diminished (Keebaugh et al., 2015).

These findings seem to generalize to other mammalian species as well. Relative to the
solitary Cape mole rat, the eusocial naked mole rat, which does practice alloparenting, has
higher levels of oxytocin receptor expression in the nucleus accumbens (Kalamatianos et al.,
2010). Likewise, marmosets show both high levels of alloparental care as well as high levels
of oxytocin receptor density in the nucleus accumbens (Schorscher-Petcu et al., 2009).
Peripheral administration of oxytocin to meerkats results in increased cooperative behaviors,
including feeding and associating with pups, both of which could be considered alloparental
(Madden and Clutton-Brock, 2011). fMRI work in adult humans supports the idea that
oxytocin may be a widely conserved mechanism for the expression of alloparental care in
mammals. In adult humans, intranasal oxytocin leads to an increase in finding infants’ faces
appealing—an effect which depended on the subjects’ oxytocin receptor genotype (Marsh et
al., 2012). Also in humans, intranasal oxytocin administration results in less amygdala
activation in response to infant crying, while increasing activation in the insula and inferior
frontal gyrus (Riem et al., 2011). Activation of the amygdala can produce feelings of fear,
anxiety, and disgust (Stark et al., 2003), while the insula has been implicated in empathy
(Bartels and Zeki, 2004). Similarly, intranasal oxytocin prior to infant laughter reduced
activation in the amygdala and increased functional connectivity between the amygdala and
other brain regions involved in emotion regulation (Riem et al., 2012). However, it should be
stated that the reproductive experience of the subjects was left unspecified in the above
studies (though subjects were tested in response to stimuli from an unrelated infant, which
would meet the definition of alloparental responsiveness). In a female rhesus macaque,
pharmacological blockade of the oxytocin receptor reduced interest in an infant; however,
this was conducted on only a single subject (Boccia et al., 2007).

Research in adult male prairie voles has supported the importance of oxytocin in alloparental
behavior, but also that of the closely related neuropeptide arginine vasopressin (Bales et al.,
20043a). At least in the ventral pallidum, however, vasopressin 1a receptors do not appear to
play a role in the activation of alloparental behavior (Barrett et al., 2013). But in order to
prevent the male voles’ ordinarily high propensity for alloparental care, it was necessary to
pharmacologically block both the oxytocin and vasopressin 1a receptors throughout the
brain simultaneously (Bales et al., 2004a); treatment with an antagonist for either
neuropeptide receptor individually failed to block the expression of alloparental care.
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However, the designer of that particular oxytocin antagonist has since determined it to be
less selective than originally thought (Manning et al., 2008). In fact, the presumed oxytocin
antagonist had less affinity for the oxytocin receptor than for the vasopressin receptor 1a, so
the matter of whether oxytocin receptor blockade affects male alloparental care required
study with a more selective antagonist.

Because previous work had left open the question of oxytocin’s role on alloparental
responsiveness in male prairie voles, we sought to investigate the effects of a peripherally
administered oxytocin receptor antagonist (OTA, L-368,899)—synthesized and generously
provided by Merck Research Laboratories, West Point, PA (Pettibone and Freidinger, 1997),
the results of which we present here for the first time. This antagonist readily crosses the
blood-brain barrier (Boccia et al., 2007), making peripheral administration a viable
approach to block central receptors. Subjects were randomly selected to receive an injection
of one of three treatments: (1) a high dose of OTA (OTAHgH, 20 mg/kg, intraperitoneal) (n
= 16), (2) a medium dose of OTA (OTAmep, 10 mg/kg, i.p.) (7= 15), or (3) saline vehicle (n
= 17). Following injection, animals were placed into novel cages and allowed to habituate
there for 20 minutes. Voles of all three treatments then received an unrelated, 1- to 3-day-old
pup and were tested for alloparental behavior.

Within the OTAwgH group, 7 of 16 animals responded parentally, 5 animals responded non-
parentally, and 4 animals attacked the pup. Within the OTAmep group, 9 animals responded
parentally, 1 animal responded non-parentally, 3 animals attacked, and 1 was mis-handled
(and therefore excluded). Within the saline group, 12 animals responded parentally and 5
attacked the pup. Because the number of pup attacking males was too small to allow group
analysis, such animals were not included in the analysis. Results from this experiment are
shown in Figure 1. Behavior was scored and compared via ANOVAs, which yielded effects
of OTA dose on: approach latency [F(2,32) = 9.206, p= 0.001], huddling [F(2,32) = 5.024, p
=0.013], and licking/grooming [F(2,32) = 11.25, p< 0.001]. Post-hoc analyses revealed that
the OTAQ gH group, relative to the saline group, showed significantly greater latency to
approach the pup (OTARigH = 657.94 + 155.5 sec, SAL = 21.3 + 8.2 sec, p= 0.007), less
time spent huddling (OTARgH = 98.6 + 56.5 sec, SAL = 370.3 £ 67.4 sec, p=0.004), and
less time spent licking/grooming (OTAn gH = 137.6 £ 56.5 sec, SAL =544.5 + 61.7 sec, p
<0.001); relative to the OTApEep group, the OTAKgH group showed significantly greater
latency to approach the pup (OTAHgH = 657.94 + 155.5sec, OTApep = 147.8 + 101.6 sec,
p=0.003), and less time spent licking/grooming less time (OTAH gy = 137.6 + 56.5 sec,
OTAMED = 473.9 + 82.0 sec, p=0.001). Post-hoc analyses revealed that the OTAmED
group, relative to the saline group, spent less time huddling (OTApgp = 185.5 + 88.0 sec,
SAL = 370.3 £ 67.4 sec, p=0.047). These data suggest that oxytocin may be important for
the activation of alloparental care in adult male prairie voles.

Gonadal Steroids

Investigations of male caregiving behavior frequently return to testosterone, as there is a
long history of study regarding the negative relationship between testosterone and paternal
care in birds, which has only recently begun to be challenged (Lynn, 2016). This has led
some to conclude there is no clear relationship between testosterone and alloparental
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behavior in male mammals (Solomon and Hayes, 2009). Alloparental behavior remains high
in male prairie voles after castration as adults (Lonstein and De Vries, 1999). On the other
hand, neonatal castration reduced male alloparental behavior when tested as adults (Lonstein
et al., 2002). Treatment of male prairie voles with testosterone during early life (postnatal
days 1-6) reduces later alloparental behavior (Roberts et al., 1996), whereas neonatal
androgen exposure in females does not masculinize alloparental responsiveness (Lonstein et
al., 2002).

More fruitful investigations are to be found in the domain of estradiol receptors (ER), the
expression and manipulation of which have been explored in voles. In prairie voles, daily
administration of a selective ERa agonist during the juvenile period (postnatal days 8-14)
results in increased aggression directed at pups in both sexes, and decreased alloparental
care as well as increased ERa expression in the bed nucleus of the stria terminalis in males
(Perry et al., 2015). Blocking all estrogen receptors during this same juvenile time window
decreases alloparental behavior in males (Kramer et al., 2009). However, increasing ERa
expression within the medial amygdala of adult male voles leads to an inhibition of
alloparental behavior (Lei et al., 2010). It uncertain what factor(s) explain these seemingly
contradictory findings, though this could be a case of organizational versus activational
differences in the actions of ER signaling. Treating adult female prairie voles with estradiol
increases their alloparental responsiveness (Lonstein and De Vries, 1999).

Hypothalamic Pituitary Axis

Prolactin

There have been several different lines of investigation regarding the functional
interconnectedness between social behavior and the hypothalamic pituitary axis. Maternal
behavior has been found to produce anxiolytic effects on the mother, reducing stress
reactivity (Slattery and Neumann, 2008), suggesting the hypothesis that alloparenting might
be similarly anxiolytic. The effects of stress and glucocorticoid exposure on alloparental
responsiveness in prairie voles are sexually dimorphic and age dependent. Treatment of
infant female prairie voles (postnatal days 1-6) with corticosterone reduces later alloparental
behavior (Roberts et al., 1996). Adult males but not females increase their alloparental
behavior following either a surgical stress or a brief swim stress (Bales et al., 2004a, 2006)
(see also “The Anxiolytic Pup?” section below).

Prolactin was originally hypothesized to play a causal role in the activation of paternal
caregiving, and many investigations into its functions included alloparental behavior as well.
The first such observation between prolactin and male parental behavior in a mammal was
made in the common marmoset (Dixson and George, 1982). Among biparental primates,
peripheral prolactin levels are increased in fathers and non-breeding alloparents, relative to
adult males without infant experience (Ziegler et al., 1996; Soltis et al., 2005). Male
meerkats who opted to remain at the nest and alloparent on a given day were found to have
higher plasma levels of prolactin earlier in the day (and lower levels of cortisol) (Carlson et
al., 2006). However, in that same study of meerkats, cortisol levels were more predictive of
pup feeding behavior than either prolactin or testosterone (Carlson et al., 2006).
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Experimental manipulations have, however, struggled to find a consistent causal role for
prolactin in the production of male parental behavior. Pharmacological blockade of prolactin
signaling failed to reduce paternal behavior in hamsters (Brooks et al., 2005), though
reducing circulating prolactin via administration of a dopamine agonist did lead to reduced
infant-carrying by non-breeding male and female common marmosets (Roberts et al., 2001).
A different study found prolactin levels unrelated to the birth of an infant or previous
experience in marmoset fathers or alloparents, although physical effort carrying infants
produced increased prolactin levels (Mota et al., 2006). Lastly, in male rats, which do not
typically display either paternal nor alloparental behavior, prolactin administration promotes
maternal behavior-like responses to pups (Sakaguchi et al., 1996). Thus, across taxa
prolactin has not consistently been associated with paternal or alloparental behavior.

REACTION OF THE ALLOPARENT

Caregiving is a significant energetic expenditure on the part of the alloparent. Beyond the
acute mobilization in response to a vulnerable infant though, the experience of alloparenting
produces a number of long-lasting changes in the brain and behavior of the caregiver. The
landmark example of this phenomenon recorded in the literature is the process of maternal
sensitization described in nulliparous rats by Rosenblatt (1967). In both male and female
virgins, repeated exposure to pups gradually induces the expression of behaviors that
resemble those displayed by maternal rat dams, hence these virgins are induced to become
alloparents. These induced virgins show equally high levels of forebrain prolactin receptors
(Sugiyama et al., 1996) and preoptic dopamine transporter (Akbari et al., 2013) compared
with lactating females. Pup-induced maternal behavior is also associated with increased
neurogenesis in the subventricular zone (Furuta and Bridges, 2009) and enhanced spatial
learning-dependent foraging skills (Lambert et al., 2005). We see both acute and long-lasting
effects of alloparenting across several domains and multiple species, although the effects of
alloparental experience on humans remain largely unexplored.

Acute Effects of Being an Alloparent

The acute consequences of alloparental experience have been investigated primarily in
rodent species that reliably show spontaneous alloparental behavior, that is, the prairie and
mandarin voles. Such acute effects can be seen across a wide range of physiology and
behavior in domains that may speak to the mechanisms necessary to produce alloparenting
or may be more consequential in nature.

In adult, virgin male prairie voles, exposure to a novel, unrelated pup for 3 hours resulted in
increased c-Fos expression in brain regions also found to be activated during maternal
behavior (Kirkpatrick et al., 1994a). Exposure to a pup produced increased neuronal activity
in the accessory olfactory bulb, lateral septum, medial amygdala, medial preoptic area,
medial portion of the bed nucleus of the stria terminalis, nucleus reuniens, and
paraventricular nucleus of the thalamus (Kirkpatrick et al., 1994a).

In a similar study of adult male prairie voles the medial amygdala and bed nucleus of the
stria terminalis were also activated following exposure to a pup for 30 minutes (Northcutt
and Lonstein, 2009). In £ californicus subjects that responded alloparentally, exposure to a
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pup for only 10 minutes produced increased c-Fos expression in the reward-sensitive nucleus
accumbens along with several nuclei involved in social behavior, fear, and anxiety (the
cingulate cortex, lateral septum, medial pre-optic area, and paraventricular nucleus)
(Lambert et al., 2011). It is worth noting that a 3-hour long pup exposure did not produce
any effects of neural activation in the paraventricular nucleus in adult prairie voles of either
sex (Kirkpatrick et al., 1994a). However, a 20-minute pup exposure resulted in increased c-
Fos specifically within oxytocin and vasopressin neurons of the paraventricular nucleus
along with a concomitant decrease in c-Fos within corticotrophin-releasing hormone
producing neurons of that same nucleus, potentially offering an explanation for the lack of
an overall effect (Kenkel et al., 2012). The accumulating neuroanatomical evidence points to
a circuit of brain regions involved in male alloparental behavior that includes the BNST, LS,
MeA, MPOA, NAcc, and PVN and suggests that connections among these may be mediated
by neuropeptides, including oxytocin, vasopressin and corticotrophin-releasing hormone.

This same 20-minute pup exposure paradigm has been found to produce a number of other
changes in neurobiology and behavior in prairie voles. For instance, this pup exposure
paradigm increased cell proliferation within the dentate gyrus of the hippocampus of adult
voles of both sexes, however, this effect was more pronounced in animals that did not
respond alloparentally than in those that did (Ruscio et al., 2008). A 20-minute pup exposure
also facilitates the formation of a subsequent pair-bond when the male alloparent is
introduced to a female following the pup exposure (Kenkel et al., 2012). This effect was
again made stronger by the inclusion of animals that responded aggressively toward the pup.
This latter response may be analogous to the pair-bond facilitating effect of stressors in male
prairie voles (DeVries et al., 1996, 2002). We are left with the conclusion that in prairie
voles, the pup represents a stimulus that is both arousing and potentially aversive, capable of
producing heightened emotional responses. Exaggeration of the emotional response to a pup
may underlie the behavior of pup attackers, about which we know very little.

The Anxiolytic Pup?—Several lines of evidence point toward alloparenting being an
anxiolytic experience in male prairie voles. In order to test the effects of neuroendocrine
manipulation on alloparenting, male prairie voles were fitted with intracerebroventricular
cannulae, however, the stress of this surgery led to an unexpected increase in the expression
of alloparental care (Bales et al., 2004a). One interpretation of this result was that the
alloparents were seeking out the pup in order to cope with the surgical stress. This
hypothesis led to a follow-up study which showed exposure of male prairie volesto a 3
minute swim stressor 45 minutes prior to alloparental testing significantly increased the time
spent arched-back huddling over pups and tended to increase the time spent licking and
grooming pup (Bales et al., 2006). Furthermore, plasma levels of corticosterone were
inversely related to licking/grooming and positively related to the number of pup retrievals
(Bales et al., 2006), which also suggested that a pup might be perceived as an anxiolytic
stimulus to the alloparent.

Intraperitoneal injection with urocortin 11 increases the time adult voles spent huddling over
pups at both 2 and 4 hours after injection (Samuel et al., 2008). The urocortins are members
of the corticotropin-releasing hormone family, which also activate the hypothalamic-
pituitary-adrenal axis (Reyes et al., 2001). Urocortin Il in particular acts selectively on the
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corticotropin-releasing hormone type 2 receptor (Hsu and Hsueh, 2001). Conversely, chronic
treatment with a selective serotonin re-uptake inhibitor (an anti-depressant) delayed
approach to a pup in adult voles of both sexes, though those animals were already parents
(Villalba et al., 1997). Thus, hormones related to anxiety (e.g., urocortin 1) seem to facilitate
alloparenting, while anxiolytic treatments reduce caregiving responsiveness (though these
results remain to be extended to alloparents).

In the time during and immediately following a pup exposure, there are several further
indications that either the pup or the act of alloparenting may be anxiolytic. At 10 minutes
into a pup exposure, plasma corticosterone remains low, that is, at baseline levels, relative to
voles that were similarly transferred to a new cage but not given a pup to interact with
(Kenkel et al., 2012). At this same 10 minute time point, plasma oxytocin levels are
increased (Kenkel et al., 2012), and there has been much work to suggest that oxytocin can
suppress the activity of the hypothalamic-pituitary-adrenal axis (Neumann et al., 2000).

We followed up on this work directly by assaying anxiety-like behavior in adult male prairie
voles immediately after a pup exposure. Subjects consisted of adult male voles that were
randomly exposed to either a pup (PUP; n= 15) or dowel (DOW; n = 12) stimulus for 20
minutes in a novel cage to undergo pup exposure. Following the removal of the stimulus,
males were placed immediately into an open field that consisted of an open-top plexiglas
box, 50 cm in length and width, 20 cm in height. Lighting was maintained at normal levels
and subjects always began the open field by being placed in the same corner of the arena.
The subjects were left in the open field for 10 minutes (while the pup was returned to its
nest); during this time the subjects’ behavior was recorded for later analysis. The center was
defined as one quarter of the total area. Locomotor activity and time in the center were both
measured by means of a grid overlay during video analysis. Behaviors scored during the
open field test included: lines crossed, time spent in center, digging, climbing, and auto-
grooming.

Within the PUP group, 12 of the 15 males responded parentally and so were included in
subsequent analyses; 3 males attacked the pup. Following pup exposure, no differences were
found between the two groups in any of the open field behaviors measured across the full 10
minute test. However, when the observations were constrained to the first 5 minutes of
testing, PUP animals were found to have spent more time in the center (15.22 + 3.66 sec)
than DOW animals (5.15 + 1.31 sec) (F = 6.152, p=0.028) as shown in Figure 2. Both
groups crossed a similar number of lines (PUP = 136.5 + 20.8, DOW = 117.7 £ 10.6),
indicating that the difference with respect to time in the center was not a function of overall
locomotion.

From this collection of findings, there is strong evidence that stressors both acute and
chronic facilitate alloparental care in male prairie voles, and that this may be due to
anxiolytic properties of the pup and/or the act of alloparenting the pup. Indeed, the
expression of alloparental care in prairie voles appears to be relaxed to a casual observer.
However, when we examined the autonomic state of alloparental voles during this seemingly
calm behavior, we encountered an unanticipated response: a sustained increase in heart rate
(Kenkel et al., 2013, 2014, 2015).
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Cardioacceleration and Alloparenting—When we first implanted adult prairie voles
with radiotelemetry devices to measure their heart rate, locomotor activity and temperature
while alloparenting, we hypothesized based on the results described above, that an anxiolytic
alloparenting experience would manifest a state of lower physiological arousal in the
caregiving adult. Recall that pup exposure produced an attenuation of corticosterone in adult
males, and that the activity of the hypothalamic-pituitary-adrenal axis and the sympathetic
nervous system are highly correlated across a variety of stressors (among 60 studies, the
magnitude of plasma norepinephrine and ACTH responses during stress correlate with an r=
0.93 (Goldstein and Kopin, 2008)). Thus, the first observation that alloparenting represented
an apparent divergence of the hypothalamic-pituitary-adrenal axis and the sympathetic
nervous system was unexpected.

Throughout the entirety of a pup exposure episode, adult prairie voles demonstrate a
sustained increase in heart rate (Kenkel et al., 2013). A typical baseline heart rate for an
adult prairie vole is 360—-380 beats per minute, but heart rate rises to 500+ beats per minute
in the presence of a pup. This response persists throughout a typical 20 minute pup
exposure, and does not attenuate nor habituate upon repeated exposures across 3 days, nor
extended exposures lasting 60 minutes (Kenkel et al., 2013). Pup-induced cardioacceleration
can be seen in virgin males (Kenkel et al., 2013), virgin females (Kenkel et al., 2015), and
sexually experienced fathers (Kenkel et al., 2014). Pup-induced cardioacceleration coincided
with a decrease in locomotor activity and was dependent on close physical proximity to the
pup; merely experiencing pup stimuli was insufficient (Kenkel et al., 2013). Furthermore,
the phenomenon is specific to interaction with a pup, as the cardioacceleration seen in
response to exposure to a novel adult subsides within 5-10 minutes (Kenkel et al., 2013).

An initial first clue to the underlying function of this cardioacceleratory property of vole
alloparenting came from the observation that the effect diminishes with advancing pup age
(Kenkel et al., 2015). The isolation-induced vocalizations emitted by pups also diminish
with advancing pup age, which suggested the pups were becoming more independent and
less reliant on alloparental care. Isolation-induced vocalizations were almost completely
abolished in the presence of an alloparent or when the ambient temperature was raised to a
thermoneutral 36° (Kenkel et al., 2015). This then led us to test for pup-induced
cardioacceleration in thermoneutral conditions, where we found it too was greatly
diminished. Thus, we were able to hypothesize that the most likely function for pup-induced
cardioacceleration is to serve as a means by which the alloparent can convey body warmth to
the pup and thereby meet its thermo-regulatory needs.

One intriguing aspect of the physiological state of the alloparent during pup-induced
cardioacceleration is the maintenance of parasympathetic cardiac tone. Typically, increases
in heart rate are achieved through increases in sympathetic drive as well as release of the so-
called *“vagal brake,” which constitutes parasympathetic regulation of heart rate. However, in
the alloparental vole, we observed less reduction in cardiac vagal tone than expected, and
using pharmacological blockade, we were able to determine that the cardioacceleration
resulted primarily from an increase in sympathetic tone (Kenkel et al., 2013). This raises the
question of what sort of autonomic state pup attackers are in upon presentation with a pup.

Dev Neurobiol. Author manuscript; available in PMC 2018 January 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kenkel et al.

Page 13

The heightened state of arousal brought on by a pup may play a role in the etiology of such
attacks.

Exposure to a pup is a significant event in the life of a prairie vole. The alloparental response
seems to represent an emotionally arousing state, one that is facilitated by pre-existing
arousal in the form of a stressor (at least for males). We hypothesize that dysregulation of
arousal during pup exposure may predispose some animals to respond aggressively toward
the pup. This offers at least face validity for cases of child abuse in humans, as abuse
typically takes place in the context of high arousal states.

Long-Lasting Effects of Being an Alloparent

One hypothesis for the evolution of alloparenting is that it serves as parenting “practice” for
younger offspring prior to having infants of their own—remaining in the natal nest for a
period of time following weaning and caring for the next litter of infants from the breeding
pair gives young animals experience in caring for offspring that should make them better
prepared to raise their own offspring later. This hypothesis has been put forward to explain
heightened interest in infants among juvenile female primates (Lancaster, 1971), however,
the data instead support an alternative explanation that juvenile female interest in infants
could be a non-adaptive by-product of intense selection for maternal behavior (Jamieson,
1989; Paul and Kuester, 1996; Silk, 1999; Meredith, 2015). Thus, such an interest in infants
may have served as a spandrel for the eventual adoption of alloparental behavior in our own
species.

There is also conflicting support for the “practice” hypothesis in the prairie vole, where
offspring who are exposed to pups as adolescents show lower levels of parental care toward
their own offspring than do breeding pairs where neither partner has prior experience
alloparenting (Stone et al., 2010) yet exhibit greater amounts of alloparenting behavior
toward unrelated offspring as subadults (Roberts et al., 1998a). This increase in
alloparenting of unrelated pups is also seen in male mandarin voles after prior experience
with infants (Song et al., 2010) as well as in Mongolian gerbils (Salo and French, 1989).
Pups of breeding pairs where at least one parent has prior alloparenting experience do,
however, show increased weight gain, suggesting that while less time is spent caring for
offspring, parents may be more efficient or effective with the time they do spend with pups.
These perhaps contradictory findings support the need to understand not only the
neurobiology that underlies alloparental behavior in both males and females but also how
this circuitry overlaps with that which regulates paternal and maternal behavior.

Given the differences in parental care with and without prior alloparenting experience, there
also needs to be more work examining how alloparenting experience itself shapes these
neural circuits in both sexes. For example, remaining in the natal nest to alloparent a
subsequent litter results in increased anxiety-like behavior and decreased exploration of a
novel environment and also leads to decreases in brain-derived neurotrophic factor (BDNF)
in the CAL1 region of the hippocampus and sex-specific increases in BDNF in the bed
nucleus of the stria terminalis in voles (Greenberg et al., 2012). Lower levels of BDNF in
CA1 are associated with increases in anxiety (Groves, 2007). That alloparenting experience
produces changes in BDNF and this associated behavior suggests that it does have long-term
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consequences for animals. Thus, we are left with divergent effects of acute versus extensive
alloparenting on prairie voles’ anxiety.

On the other hand, extensive alloparental experience in virgin female rats for either 3 or 14
days reduces the expression of anxiety-related behaviors as well as increases the expression
of the rate-limiting enzyme for serotonin synthesis in the 14 day condition (Harding and
Lonstein, 2016). Similar results were seen in the alloparental African striped mouse
(Rhabdomys pumilio), where alloparenting experience resulted in less anxiety-related
behavior in females (Pillay and Rymer, 2015). Other consequences of alloparenting
experience in female African striped mice include heightened competitiveness in a social
competence test and improved working and long-term memory. These effects were specific
to the caregiving behaviors of alloparenting, as they were not seen in subjects merely
exposed to pup stimuli without the option to physically interact. Unfortunately, the
underlying factors in the species differences in the effects of extensive alloparenting on
anxiety have not been addressed. In both prairie voles and African striped mice, philopatry
(remaining with the natal nest so as to serve as an alloparent) is associated with reproductive
suppression (Carter et al., 1995; Schradin and Pillay, 2004).

Studies in mandarin voles reinforce the notion that alloparenting experience produces long-
lasting changes in the brain and behavior of alloparents. Mandarin voles with long-term
alloparental experience displayed significantly more locomotor activity in a novel
environment and were more investigatory of a novel same-sex conspecific (Wu et al., 2013).
Prior experience with pups facilitates alloparental responsiveness in adult male mandarin
voles, yet intriguingly also leads to an upregulation in ERa expression within the medial
amygdala (Song et al., 2010). This same pattern of ERa expression in the medial amygdala
was negatively associated with alloparental responsiveness in prairie voles (Lei et al., 2010).
Alloparental experience in male mandarin voles also leads to upregulation of ERa
expression within the arcuate nucleus. A single 10-minute exposure to a novel pup results in
an increased number of oxytocin neurons in the hypothalamus (PVN and SON) of adult
male mandarin voles 1 week later (Song et al., 2010). This finding deserves replication as it
may speak to a profound and long-lasting change in brain and behavior triggered by only a
brief social experience.

The psychological consequences of alloparenting experience in humans has received some
attention, but primarily thus far as it relates to subsequent parental behavior, and not whether
alloparenting experience may impact other social/affective traits. Prior experience caring for
infants does not correlate with cortisol, estradiol, testosterone, progesterone, nor attachment
to one’s own infant in postpartum women, although such experience does boost the
confidence of would-be mothers (Fleming et al., 1997), as well as prenatal feelings of
competence, positive attitude (Fleming et al., 1988) and efficacy in childcare (Leerkes and
Burney, 2007).

ONTOGENY OF ALLOPARENTING

Experiences during early development alter a number of outcomes in offspring, including
displays of social behavior. In the prairie vole variation in early family structure, early
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manipulation and parental care, and early neuropeptide exposure all have lasting, often sex-
specific consequences on alloparental behavior.

Early Family Structure

In the field, prairie voles family units may include single females rearing offspring alone, a
single male/female breeding pair, or a communal group comprised of a breeding pair as well
as non-reproductive animals who serve as alloparents (Getz and Carter, 1996). Differences
in family structure are observed across different populations of voles, where those
originating from territories in Kansas do not typically form communal groups like those that
are seen in voles originating from Illinois (Danielson and Gaines, 1987). This variation in
family structure and therefore variation in the number of caretakers available in early life
results in long term consequences on alloparenting behavior in offspring. From a population
perspective, increased alloparenting is seen in Illinois voles in the lab, modeling what is
likely seen in the field based on family structure (Roberts and Carter, 1997). In fact, the
presence of the father in the nest in Kansas voles decreases alloparenting in juveniles
(Roberts and Carter, 1997; Roberts et al., 1998b), while a reduction in alloparenting is seen
in lllinois offspring with the absence of the father (Wang and Novak, 1994; Roberts and
Carter, 1997). This dichotomy between populations reinforces the notion that variation in
habitat and resource availability, demonstrated in these two populations, alters behavior of
animals, even under laboratory conditions, potentially through impacts on neural circuits.
However, more recent studies on these regional populations have called overt differences
between them into question (Ophir et al., 2007) and prairie voles in general are far from
genetically monogamous (Ophir et al., 2008b).

Along with effects of geography, family structure variation also results in sex-specific
differences in alloparenting that appear to vary by age. Rearing by a single mother decreases
subsequent alloparenting behaviors, including licking and grooming, huddling, and time in
the nest, in females as adults with no apparent impact on males (Ahern and Young, 2009)
while single-mother rearing produces similar effects in juvenile male offspring (Wang and
Novak, 1994). That effects of early family structure are sex- and age-dependent are
interesting—the rate of spontaneous alloparenting is high in male voles throughout
adolescence and adulthood while females are likely to become more infanticidal as they age
(Lonstein and De Vries, 1999). However, females who remain in the natal nest post-weaning
into adulthood, even without the presence of younger pups to care for, tend to show high
levels of alloparenting when exposed to a pup but only if both the mother and father remain
in the nest with them (Lonstein and De Vries, 2001). It may be that biparental rearing early
in life acts as a signal to offspring that the environment may not be well-suited for dispersal
upon weaning and females instead maintain a higher level of alloparenting that would be
appropriate in caring for younger siblings, and subsequent cooperative living.

Early Handling and Parental Care

Early handling in rats has life-long consequences for behavior and neurobiology of
offspring, including the later display of maternal behavior (Levine et al., 1967; Meaney and
Aitken, 1985; Ladd et al., 1996; Boccia and Pedersen, 2001). Work in the prairie vole has
demonstrated effects of early manipulation on species-typical social behaviors, including
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alloparenting. A single manipulation by being picked up in a cup on PND 1 (MANO
condition) resulted in decreases in displays of alloparental behavior in adolescent male
offspring compared with behavior of animals that experienced a single manipulation by a
gloved hand (MANL1 condition) at the same time point in early life (Bales et al., 20074,
2011). Offspring appear to be especially sensitive to a single manipulation on PND 1, as
manipulation with a gloved hand only on PND 7 does not have the same effect on
alloparenting (Bales et al., 2011). Likewise, additional disturbance on PND 1, including the
MANZ1 manipulation occurring 3 times on PND 1, led to an overall reduction in alloparental
behavior and an increase in pup attacks in male offspring (Boone et al., 2006). The effects of
this early manipulation are transmitted to the next generation as well—offspring of pairs
where at least one parent experienced the early life MANO manipulation show decreased
alloparenting in adolescence (Stone and Bales, 2010). These pairs that included a MANO
animal also showed a remarkable decrease in successful breeding, indicating that this early
handling experience has lasting impacts not only on behavior of offspring but also on
reproductive fitness.

Differences in alloparenting behavior as well as other offspring outcomes following early
handling in voles may be mediated by changes in parental behavior due to the manipulation
itself. Indeed, the MANL1 condition results in an increase in parental pup-directed behavior
(Tyler et al., 2005) similar to that observed in rat models of early handling (Smotherman et
al., 1977; Smotherman and Bell, 1980). Naturally occurring variation in unmanipulated
breeding pairs leads to very similar behavioral phenotypes in offspring. Offspring of parents
displaying high levels of early postpartum infant care engage in greater amounts of
alloparenting as adolescents then do offspring of parents that engage in decreased amounts
of parental care (Perkeybile et al., 2013). Cross-fostering shows this behavior is transmitted
from parent to offspring via non-genomic mechanisms—alloparenting behavior of offspring
is predicted by the parental care received as an infant (Perkeybile et al., 2015), indicating
that at least some components of this behavior are gained through early experience. The
exact mechanisms by which this occurs are not yet known. Early MANO handling, in
addition to decreasing alloparental behavior, also disrupts partner preference formation
(Bales et al., 2007a) and leads to increased OTR binding in several regions associated with
social behavior, including the BNST and NAcc (Bales et al., 2011). Increased OTR binding
is also seen in the BNST following decreased early care (Perkeybile and Bales, unpublished
data). Variation in OTR binding in the NAcc has been repeatedly associated with variation in
alloparenting, as discussed previously (Olazabal and Young, 2006a, b; Keebaugh and Young,
2011; Keebaugh et al., 2015). It is likely that early handling and early parental care, then,
result in altered alloparental behavior through altering OTR density in neural circuitry
necessary for social behavior.

Early Neuropeptide Exposure

Exposure to OT early in life alters the developmental trajectories of offspring, including
alloparenting at both adolescent and adult ages. Blocking OT on PND 1 serves to decrease
alloparental behavior in males at weaning, including increasing attack rates (Bales et al.,
2004b). Administration of OT on PND1, meanwhile, increases alloparenting in adult
females, but the effect was dose-dependently (Bales et al., 2007¢). These same early
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manipulations also alter neuropeptide availability, as measured by OT and AVP
immunoreactivity (Yamamoto et al., 2004; Kramer et al., 2006), and binding of their
associated receptor systems (Bales et al., 2007b). While we know that these neuropeptides
are involved in regulating alloparental behavior, the differing effects of different doses of OT
suggest that more work needs to be done to fully understand the mechanisms that drive this
behavior. In addition, there appear to be differences between males and females in the role
neuropeptides play in shaping alloparenting. The neurobiology of this behavior has been
characterized in females, but given the high rates of alloparenting seen in male prairie voles
throughout adolescence and into adulthood, it will be important to also characterize this
system in males and identify differences or correspondence with the circuitry seen in
females.

Communal Nesting

While not always strictly alloparenting in the sense that unrelated animals are caring for
younger offspring, communal nesting is a common form of “community care” for rodent
offspring. Communal nesting occurs when females combine their pups into a single next and
share rearing responsibilities between each other (Crowcroft and Rowe, 1963; Sayler and
Salmon, 1969; Branchi, 2009). This style of offspring rearing is highly common in mice in
the field, with estimates of prevalence up to 90% (Crowcroft and Rowe, 1963; Manning et
al., 1992; Branchi, 2009). There are a number of reported benefits to offspring being born
and reared in a communal nest, including increased rates of survival (Mennella et al., 1990;
Konig, 1994), faster rates of development, indexed often by weight gain (Sayler and Salmon,
1969; Mennella et al., 1990; Hayes and Solomon, 2004), and decreased rates of infanticide
(Schultz and Lore, 1993; Manning et al., 1995).

Recently, communal nesting in mice has been developed into a model of social enrichment
in the laboratory in an effort to understand the role social complexity in the early
environment plays in shaping developmental trajectories in offspring (Branchi, 2009). In this
model, offspring are reared in a nest with their mother and littermates and two additional
lactating dams and their respective litters. Compared with offspring reared under standard
laboratory conditions with a single mother and litter, communally nesting offspring receive
greater amounts of maternal care and display higher levels of social interaction (Branchi et
al., 2006a; Curley et al., 2009). They also show a higher level of social competency, forming
social hierarchies quicker (Branchi et al., 2006a) and maintaining them under varying social
conditions more appropriately (D’ Andrea et al., 2007). These behaviors appear to be
responsive to both maternal and peer interactions—offspring with greater amounts of
combined early maternal and peer contact demonstrate higher social competency levels
(Branchi et al., 2013a). That social complexity in the early environment, in the form of
increased maternal care and increased peer interaction, appears to consistently result in
animals that are able to more appropriately interact with their social environment indicated
that communal nesting may benefit offspring not just during development, but also into
adulthood.

Effects of communal nesting on offspring behavior extend to their response to a stressor,
where offspring from communal nests show increases in anxiety-like behavior in an elevated
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plus maze (Branchi et al., 2006b; D’ Andrea et al., 2010) that can be ameliorated if tested
with a conspecific (Branchi and Alleva, 2006), suggesting that social support has the
potential to regulate stress response in these animals. In fact, the type of stressor used results
in differing outcomes. Communally nested offspring show less anhedonia and a decreased
corticosteroid response during a social stressor compared with offspring from single mother
nests (Branchi et al., 2010, 2013b) and a faster recovery from this stressor (D’Andrea et al.,
2010), yet do not differ in response to a physical stressor. It may be that rearing in an
environment with a high degree of social contact and interaction programs offspring toward
a decreased and potentially more adaptive response to social stress in adulthood.

This early rearing also leads to increases in BDNF levels in a number of regions, including
the striatum, hippocampus, hypothalamus, and frontal cortex (Branchi et al., 20063, b,
2013a). Reduced BDNF has been associated with an increased risk for developing
psychopathology (Duman et al., 1997; Nestler et al., 2002). These offspring of communal
nests also consistently show decreases in depressive-like behavior (Branchi et al., 20064,
2010; D’Andrea et al., 2010). Communal nesting, then, may be acting on BDNF and
neurotrophins more broadly in early life to regulate circuitry associated with vulnerability to
psychopathologies—early social complexity in the form of multiple caregivers and a high
degree of peer interaction may serve as a protective measure for later development of
psychiatric dysfunction and disorder.

UNRESOLVED TOPICS IN ALLOPARENTING

We are left with several unresolved topics, the addressing of which we believe will lead to
greater translatability between animal models of alloparenting and human health and
wellbeing. To wit, we know very little regarding the actual benefits of alloparenting beyond
very gross measures such as increased weight gain and survival. What social, emotional, and
neuroendocrine differences are present in pups who experienced alloparental care in early
life? Mandarin vole pups that were raised with older sibling alloparents present
demonstrated less aggression and anxiety-related behavior as adults, as well as increased
parenting behavior toward their own pups (Wu et al., 2013), which is a promising start to
this line of research.

We also have very little data as to the difference between fatherhood and alloparenting. How
does the paternal experience differ from an extended bout of alloparenting? Ultimately,
paternity uncertainty means this may be a matter of semantics, but there are still important
implications for the neurobiology of male caregiving. This has so far been difficult to
address in prairie voles because on the one hand there does not appear to be any difference
in caregiving behaviors between these two conditions, while on the other fatherhood requires
mating, which is accompanied by substantial endocrine changes in prairie voles. Fathers
responded to pups with a similar degree of cardioacceleration compared with virgin males,
however their baseline heart rate was lower at rest, suggesting adaptation to the chronic
condition of provisioning care for pups. Ideally, future work would compare sexually
experienced males with and without pup exposure.
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What factors among either pups or adults predispose the adult to attacking a pup? This is
critical if behavioral neuroendocrinologists wish to inform human child abuse. Unhealthy
children and children with disabilities are more likely to suffer maltreatment (Daly and
Wilson, 1988b) and, on a population level, disease burden (“parasite stress”) is positively
correlated with rates of child abuse across the U.S. (Thornhill and Fincher, 2011) (however,
see also Hackman and Hruschka, 2013 for discussion of how fast life history may be a better
predictor of outcome). Furthermore, young children are more likely to suffer both lethal and
non-lethal maltreatment (Daly and Wilson, 1988a, b; Thornhill and Fincher, 2011) (see also
the U.S. National Child Abuse and Neglect Data System (NCANDS), http://
www.childwelfare.gov/systemwide/statistics/can.cfm). Thus, we would predict that younger,
less healthy pups will be more likely to suffer attack. Upon establishing such an effect,
interventions could then be targeted at the adult animal with the goal of reducing aggressive
behavior. Interestingly, bilaterally bulbectomized, virgin adult male prairie voles were
significantly more likely to attack pups than were sham-lesioned males (Kirkpatrick et al.,
1994b), suggesting that olfactory cues normally inhibit pup-directed aggression.

There is also a certain practice in the research community which deserve to be addressed.
The majority of prairie vole labs typically wean offspring at 20-21 days of age, precluding
older siblings from expressing alloparental care toward the subsequent litter. This deviation
from ethological norms poses serious consequences beyond merely the realm of alloparental
behavior. We have detailed above the vast and robust changes alloparenting brings about
upon the caregiver, and research has only begun to describe the effects upon the recipient,
but we can already conclude that depriving animals of this experience alters their social,
emotional and neuroendocrine development. Whether we can reasonably accommodate the
constraints of animal husbandry while staying true to the natural history of the prairie vole
will be a challenge for future research.
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Figurel.
Adult male prairie vole behavior during an alloparental care test following pre-treatment

with oxytocin antagonist or vehicle. Systemic treatment with an oxytocin antagonist dose-
dependently blocked the expression of alloparental care toward a novel pup. * indicates p
<0.05.
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Figure2.
Adult male prairie vole behavior during an open field test of anxiety-related behavior

following exposure to a pup. Subjects that had been exposed to a pup for 20 minutes
immediately prior to open field testing spent more time in the center of the arena, indicative
of less anxiety-related behavior. * indicates p <0.05.
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