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The Monogamy Paradox: What Do
Love and Sex Have to Do With It?

C. Sue Carter* and Allison M. Perkeybile

Kinsey Institute, Indiana University, Bloomington, IN, United States

Genetic monogamy is rare—at least at the level of a species—and monogamy can
exist in the absence of sexual fidelity. Rather than focusing on mating exclusivity, it has
become common to use the term “social monogamy” to describe a cluster of social
features, including the capacity for selective and lasting social bonds, central to what
humans call “love.” Socially monogamous mammals often exhibit selective aggression
toward strangers and form extended families. These features of social monogamy in
mammals are supported by patterns of hormonal function originating in the neurobiology
of maternity, including oxytocin, as well as a more primitive vasopressin pathway. Another
key feature of social monogamy is reduced sexual dimorphism. Processes associated
with sexual differentiation offer clues to the mysteries surrounding the evolution of
monogamy. Although there is consistency in the necessary ingredients, it is likely that
there is no single recipe for social monogamy. As reviewed here, genes for steroids and
peptides and their receptors are variable and are subject to epigenetic regulation across
the lifespan permitting individual, gender and species variations and providing substrates
for evolution. Reduced sensitivity to gonadal androgens, and a concurrent increased
reliance on vasopressin (for selective defense) and oxytocin (for selective affiliation) may
have offered pathways to the emergence of social monogamy.

“A paradox is a logical puzzle that seems to contradict itself. Paradoxical statements may seem
completely self-contradictory, but they can be used to reveal deeper truths.”

https://www.vocabulary.com/dictionary/paradox

Keywords: monogamy, oxytocin, vasopressin, testosterone, estrogen, androgens, prairie vole

OVERVIEW

Social interactions are linked to the ability to mate, survive, and thrive within an always changing
environment. For these reasons, explanations for species and individual variations in social
behavior were initially discussed in terms of evolution, fitness, and reproduction (Kleiman, 1977;
Dewsbury, 1987; Komers and Brotherton, 1997; Lukas and Clutton-Brock, 2013; Klug, 2018).

In attempts to create order in the description of socio-sexual behavior across species as well as
among human cultures it became common to cluster patterns of presumed sexual behavior, and
label these as mating systems including polygyny, polygamy, polyandry, or monogamy. Among
these, monogamy seemed particularly difficult to understand. Having a single mate, especially in
males, was not easily explained by theories based on reproductive fitness (Barash and Lipton,
2002). Adding to the confusion, genetic tests for paternity revealed that in species presumed to
be “monogamous,” sexually monogamy was actually rare—at least when considered at the level of a
given species (Solomon et al., 2004).
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If monogamy was not primarily about sexual exclusivity, then
what was it? Perhaps monogamy was better understood as a
social system, and one that offered the advantages of shared
parenting, protection of resources, and social support (Wilson,
1975; Gowaty, 1996). And if so, what were the features and the
origins of what would come to be known as “social monogamy”?
Here we offer a brief personal account of the events that led us
to emphasize the importance of viewing monogamy as a social
system, and a system that could be understood in terms of its
neuroendocrinology.

Social systems are inherently variable. However, the specific
neural substrates upon which hormones act differ between and
among species, and can be compared in socially monogamous
vs. non-monogamous rodents. This work began in the genus
Microtus, but as more comparative studies have appeared
variations in the effects of hormones, often due to differences
in target receptors are becoming more apparent. Keeping this
variation in mind, we have attempted to uncover patterns of
hormone action that may help to explain the phenotype and
origins of the traits of social monogamy (Table 1). From rodent
data, discussed in depth throughout this review, it appears
that socially monogamous traits emerge during the course of
development, in part through the combined actions of steroids
and peptides (Choleris et al., 2008).

Among the several unsolved mysteries associated with social
monogamy is the apparently independent emergence of a set
of shared traits in unrelated mammals ranging from rodents
to canids to New World monkeys (Kleiman, 1977; Lukas
and Clutton-Brock, 2013; French et al, 2018). The repeated
appearance of the cluster of behavioral and anatomical features
that have been termed social monogamy raises an important
basic question. What are the mechanisms through which
these traits have emerged on over 60 occasions in unrelated
mammalian species? Has social monogamy emerged primarily
through parallel or convergent evolutionary mechanisms, or
some combination of the two? Did a shared physiology permit
the evolution across species of social monogamy? Or are there
several pathways to social monogamy?

Here we examine the hypothesis that the neurobiology of
sexual differentiation and masculinization offers a template for
understanding the origins of social monogamy. Research in
prairie voles has repeatedly indicated that voles are insensitive
to androgens. It is possible that a comparative lack of functional
availability of androgens during development, for example,
through changes in either the androgen receptor or based on
inhibitory effects of other molecules, such as glucocorticoids and
oxytocin, may help to explain some of the unique traits that have
emerged in socially monogamous mammals. We further propose
that alterations in mechanisms underlying the behavioral and
anatomical traits of social monogamy, shifting from a reliance on
androgens to a dependence on peptides would be adaptive, and
also would permit the emergence of the prosocial traits of social
monogamy. For example, the components of behavior prominent
in males of non-monogamous species, including non-selective
aggression, which rely in part on direct actions of androgens may
be specifically downregulated in social monogamy. However,
selective protective behaviors and selective aggression, such as

that seen in socially monogamous species, are supported by
estrogens and vasopressin/oxytocin and may continue to be
expressed.

MONOGAMY
What Is Monogamy? “What’s in a Word?”

Confusion concerning monogamy has arisen across disciplines
in part because of different uses of the word. Monogamy is
often defined in dictionaries as “the habit of having only one
mate.” The Greek origins of the word monogamy translate to
“one wedding or marriage.” This anthropomorphic perspective
implies that monogamy involves some form of ceremony and/or
legal contract between two individuals. Biologists later borrowed
the term monogamy, and alternatives to monogamy, such as
polygamy, as a means for categorizing mating systems and social
relationships, usually between males and females.

In both common usage and within the field of biology the
term monogamy often infers sexual exclusivity either across the
life-span or at a given point in time. Definitions of monogamy
were applied to a single pair of partners or sometimes even
to one individual within a pair. However, over time the word
“monogamy” began to be used to classify mating systems at the
level of the species (Kleiman, 1977; Dewsbury, 1987).

“Monogamy,” loosely defined, had been described by
naturalists in hundreds of mammalian species and thousands
of bird species (Lack, 1968). Among the estimated 4,000 or
more different species of mammals for which behavioral data
are available, it was estimated that between 3 and 5 percent
of species, including apparently unrelated taxa, exhibited the
traits of monogamy (Kleiman, 1977). A more recent survey of
~2,500 mammalian species, estimates that about 9 percent of
species show features of monogamy, defined by the authors as
a single breeding male and a single breeding female that share
a home range and remain together for more than one breeding
season, with or without offspring (Lukas and Clutton-Brock,
2013). This is in comparison to birds in which over 90 percent
of species are considered to be “monogamous” (Lack, 1968). As
is discussed in depth later in this review, there is also a great deal
of intraspecies variation in displays of monogamy behaviors in
both mammalian and avian species.

Most early behavioral studies in mammals or birds did not
differentiate between mating and social systems, assuming
homogeneity between these. In fact, a given species might
be simply classified either as “monogamous” or “non-
monogamous.” However, early studies describing a species as
“monogamous” were based on the largely untested assumption
that males and females living together for extended periods of
time and exhibiting joint care of offspring also were showing
sexual exclusivity and raising their own young (Kleiman, 1977).
Sexual preferences were assumed to be the sine qua non of
monogamous species. This assumption has repeatedly been
shown to be incorrect.

What Is Social Monogamy?
As it became clear that in both avian and mammalian
species living in long-term pairs might not always be sexually
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TABLE 1 | Hypotheses for the roles of steroids and peptides in the emergence of social monogamy.

Primary Hypothesis: The behavioral and morphological traits associated with social monogamy emerge during development due to the combined actions of steroids

and peptides

¢ A shift from a reliance on androgens to a stronger dependence on peptides may facilitate the prosocial traits of social monogamy

Testosterone: Features of social monogamy emerge in part via a reduction in the functional effects of androgens

e Mutations in the androgen receptor gene reduce the effects of androgens, reducing morphological and behavior sex differences and masculinization

* Variations in the 5-a reductase gene reduce sexual dimorphism by reducing the conversion of testosterone to the more potent dihydrotestosterone

e High levels of glucocorticoids outcompete testosterone for the androgen receptor, reducing sexual dimorphism

Estrogens: Created as a metabolic by-product of testosterone, estrogens play a role in the regulation of the traits of social monogamy and sexual differentiation

* Testosterone is aromatized to estradiol, which in turn facilitates actions of peptides, allowing for displays of the behavioral traits of social monogamy

Peptides: Oxytocin has the capacity to prevent masculinization by acting as an anti-inflammatory agent that inhibits the actions of androgens
e Variation in the oxytocin and vasopressin systems is shaped by factors such as genetics, epigenetics, and developmental experiences; differences in these systems
help to explain the variation in sociality among species and between individuals within a species

exclusive, it became increasing common in biology to narrow
definitions of monogamy to describe what is now called social
monogamy (Carter et al., 1995; Gowaty, 1996). A concurrent
set of behavioral, anatomical, and physiological characteristics—
beyond the selection of sexual partners—emerged that was found
in most, but not all, apparently monogamous species (Kleiman,
1977; Carter et al, 1995; Table2). Of particular value to
identifying the biology of social monogamy were within-genera
comparisons of apparently monogamous species to closely
related non-monogamous relatives.

The broader use of the term social monogamy involved
descriptions of animals cohabitating in male-female pairs,
remaining together after mating, and jointly defending resources.
Thus, the formation of selective and lasting pair bonds
between two opposite sex individuals is the most consistent
feature of social monogamy. Paternal or alloparental care is
sometimes, but not always, observed (Kleiman, 1977; Komers
and Brotherton, 1997). In addition, incest avoidance and
reproductive suppression of non-breeding animals are common
(Carter et al., 1995; Solomon and French, 1997).

In some cases, extended families formed, usually around the
original male-female pair. Under these conditions members of
a group might forego the opportunity to reproduce directly,
remaining as philopatric helpers or alloparents in the natal
family. The capacity to experience reproductive and juvenile
growth suppression is not limited to socially monogamous
species, but may be especially apparent in species that carry the
traits of social monogamy. Components of this pattern also are
described as cooperative breeding in which non-parents, both
related and unrelated, play a major role in the care of offspring
(Carter and Roberts, 1997; Solomon and French, 1997; Hrdy,
2009). In cooperative breeding groups one or more breeding
females may exist with other members of the group supporting
the breeders. Under some environmental conditions, social
monogamy can morph into cooperative breeding and colonies,
but, at least in rodents, at the core of these it is common to find
one primary breeding pair (Solomon and French, 1997).

As described in more detail below, an important clue to the
origins of social monogamy is a relative absence of sex differences
in anatomical traits including body size and external genitalia.
The same processes that have been implicated in mammalian

TABLE 2 | Features of social monogamy.

Selective social interaction with an opposite-sex pair mate; may or may not
include exclusive mating with the social partner

Selective aggression toward unfamiliar animals, perhaps to guard mating access,
offspring or other resources

Biparental care and paternal provisioning for offspring
Communal living within the family group

Alloparental care of younger offspring in the family nest
Reduced sexual dimorphism

Species categorized as socially monogamous may display some or all of these traits.

sexual differentiation and masculinization (Arnold, 2017) are
plausible substrates for differential expression of monogamous
(vs. non-monogamous) traits. As detailed below, variations
in the sensitivity of androgen receptors or the production
of androgens are among several likely sources of the sexual
dimorphism seen in monogamy. Other steroids, and especially
estrogen, also regulate the behavioral effects of neuropeptides
(Carter, 1998). Conversely, peptides, such as oxytocin and
vasopressin, may affect behavior in part through interactions
with steroids or their receptors, especially during development
(Carter et al.,, 2009; Van Anders et al., 2011; Perkeybile et al.,
2018).

A PERSONAL HISTORY OF THE STUDY OF
MONOGAMY AND LOVE IN PRAIRIE
VOLES

It was the desire to understand proximate mechanisms
supporting lasting social attachments and parenting, that
motivated one of us (CSC) to study monogamy from a
neuroendocrine perspective (Carter et al, 1995; Carter,
1998). The history of that ongoing journey is summarized
below. This journey weaves together several threads including
documentation from Lowell Getz, accumulating in the 1970s,
that prairie voles were living in life-long pairs, my personal
experiences with birth, lactation and oxytocin, and finally being
accused by the media of studying “love.” Extrapolations from
pair bonding in prairie voles to human love had not been my
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original intent. However, the notion that love was “hormonal”
was not novel (Klopfer, 1971), especially for someone who
came of age in the 1960s. Thus, this challenge also pushed me
to organize two international conferences asking “Is there a
neurobiology of love” (Carter et al., 1997; Carter, 1998).

Monogamous Voles

Over the last four decades the prairie vole has become a favored
model for studying the neurobiology of social monogamy.
However, before we began our work with this species, both
voles and lemmings, were widely studied as ecological models
for understanding population dynamics (Getz, 1985). In prairie
voles (Microtus ochrogaster), there was evidence of extreme and
rapid variation in population density. This led Lowell Getz, a
mammologist and my colleague at the University of Illinois, to
conduct field and semi-natural studies, some of which continued
over a period of more than 25 years (Carter and Getz, 1993; Getz
and Carter, 1996). Booms and crashes in populations were not
easily explained by environmental factors such as food, water,
climate or predation. Emerging from those studies was evidence
that prairie voles were sharing nests in long term pairs, generally
remaining together for life. Furthermore, both sexually-naive and
experienced males were reliably parental when exposed to an
infant. Families built around these pairs sometimes grew into
communal groups, or cooperative breeders where young prairie
voles help to care for new siblings, usually (but not always) with
only one breeding female. In fact, about 70 percent of young
prairie voles of both sexes that remained in the nest did not
reproduce (Getz and Carter, 1980). In parallel studies, meadow
voles (Microtus pennsylvanicus), often studied in the same fields,
did not show these traits (Carter and Getz, 1993).

Monogamy: What Does Sex Have to Do
With It?

In the 1970s when I began to collaborate with Getz, monogamy
was generally used to refer to a mating system, and discussed
in terms of reproductive fitness. At that time almost no one
believed that a small rodent, such as the prairie vole, was
capable of any kind of monogamy. We brought prairie voles,
as well as the apparently non-monogamous meadow voles, into
our laboratory. Assuming that sexual preferences would be of
particular relevance to pair bonds, we repeatedly attempted
to study mating preference as an index of social bonds; those
attempts were unsuccessful. Both female and male prairie voles
failed to show sexual preferences for familiar partners (vs.
strangers).

Methods for DNA fingerprinting were first described in
the mid-1980s (Jeffreys et al, 1985). The addition of DNA
fingerprints increased the body of evidence indicating that social
and sexual monogamy are not always coherent. Using DNA
fingerprints from the offspring, we observed in prairie voles that
a female given a choice voluntarily mated with and could produce
mixed litters sired by both a familiar and an unfamiliar male
(Carter et al., 1990). These early laboratory data, and later field
studies in voles done by others (Solomon and Jacquot, 2002;
Solomon et al., 2004; Ophir et al., 2007, 2008), have supported
the notion that within a given individual or within a species,

social and sexual preferences were not necessarily synonymous.
However, despite the absence of a reliable sexual preference,
careful observations of the behavior of established pairs of prairie
voles revealed that even when mating preferences were not
shown, prosocial contact behaviors were reliably more likely to
be directed toward a familiar partner (Carter and Getz, 1993).
Although sexually promiscuous, female and male prairie voles
showed a high level of partner specificity for non-sexual contact,
and after mating showed aggression toward intruders of both
sexes presumably to guard the mate or other resources (Gavish
et al., 1983).

At this same time, controversies were arising from many
sources around the concept of monogamy. Other species,
including birds, were beginning to be described as socially
monogamous, but again evidence for genetic monogamy was rare
(Wickler and Seibt, 1983; Gowaty, 1996). Sexual monogamy as
a unitary concept, especially at the species level, was becoming
increasingly less useful.

Oxytocin, Monogamy, and Love

In 1980, I gave birth to my first son. I was infused with
oxytocin during the birth. This transforming experience left
me obsessed by the possible behavioral effects of the hormones
of motherhood, and especially oxytocin, for both parents and
babies. I became convinced that the social bonds between adults,
as well as parents and infants, and other experiences that humans
call “love,” must depend on a shared underlying neural substrate
(Carter, 1992, 1998). Although with the exception of one study of
maternal behavior in rats which had just appeared (Pedersen and
Prange, 1979), there was at that time virtually no experimental
data available to support this notion. This fixation led me to try
to understand the effects of oxytocin on both sexual behavior
and pair bonding in voles. In research first conducted in our
laboratory by Diane Witt, we observed that following oxytocin
treatment, female prairie voles were more likely to engage in
social contact, although exogenous oxytocin did not facilitate
sexual behavior (Witt et al., 1990). In this context, we then began
to examine the hypothesis that oxytocin played a role in pair bond
development.

Working with Jessie Williams and Kenneth Catania, we
developed a paradigm for measuring partner preferences in
prairie voles that continues to be used (Williams et al., 1992;
Young et al, 2011). When prairie voles were given ample
time to make a choice, a clear social preference could be
detected (Williams et al., 1992). Under similar test conditions
meadow voles did not show social preferences for a familiar
partner (Carter and Getz, 1993). These findings were replicated
several times. Pair bonding, as measured by a selective partner
preference, could be assessed even in the absence of a sexual
preference. Reluctantly, we and others abandoned the notion that
sexual preference could serve as an index of monogamy.

However, using this simple choice paradigm we discovered
that prior sexual interactions facilitated subsequent pair bonding,
although in females mating was not essential for partner
preference formation. It was already known that sexual behavior
could release oxytocin a variety of species (Carter, 1992). The
experiments that followed allowed us to describe a role for both
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oxytocin (Williams et al., 1994) as well as vasopressin (Winslow
et al,, 1993) in pair bond formation in both sexes. If access to
either the oxytocin or vasopressin receptor was blocked within
the brain, then selective preferences did not form, although
animals remained indiscriminately and highly social. However,
if both the oxytocin and vasopressin receptors were blocked
then social preferences disappeared and both males and females
showed a significant reduction in social contact (Cho et al., 1999).
These experiments supported the broader notion that oxytocin
was not simply a female reproductive hormone, acting on the
uterus or breast or facilitating maternal behavior (Pedersen and
Prange, 1979; Keverne and Kendrick, 1992). Oxytocin also was
capable of increasing sociality in both sexes. If there was a
hormone of “love;” then oxytocin was a prime candidate, and the
study of peptide pathways in pair bonding in prairie voles was an
opportunity to test this hypothesis (Carter, 1998).

Selective Aggression and Vasopressin
Although prairie voles were initially social even to unfamiliar
animals, we also observed that after mating, both females
(Bowler et al., 2002) and males (Gavish et al., 1983) engaged in
selective aggression toward unfamiliar intruders. This aggression
probably served as defense of the home range and as well as
mate guarding. However, oxytocin, which in our studies usually
increased measures of positive sociality, did not seem to be a
likely candidate as a substrate for lethal aggression.

Contemporaneous research by Ferris et al. (1984) in
golden hamsters had shown that vasopressin treatment induced
territoriality and defensive aggression. Thus, vasopressin also was
a likely candidate for a role in the defensive components of social
monogamy. Based on behavioral studies, first conducted in our
laboratory by Gavish et al. (1983) and later repeated by Nicholas
Hastings, we were able to block male postmating aggression with
antagonists to the vasopressin receptor (Winslow et al., 1993).
During this time Geert De Vries and his colleagues also found
that central vasopressin changed following mating in male prairie
voles (Bamshad et al., 1994). Taken together these studies laid
the foundation for the emerging hypothesis that at least two of
the major traits of social monogamy (partner preferences and
mate guarding) depended on interactions between oxytocin and
vasopressin (Carter, 1998, 2017). Subsequent studies implicated
these same peptides in male parental and alloparental behavior
in prairie voles (Bales et al., 2004a,b).

THE NEUROENDOCRINOLOGY OF
MONOGAMY

“What’s Love Got to Do With 1t?” The
Peptides of Maternity as the
Neuroendocrine Foundation for
Mammalian Sociality

The hormones of maternity, including birth and lactation, are
foundational for the emergence of mammalian social behaviors.
Mammals are differentiated from non-mammals by the presence
of mammary glands and lactation. Care of offspring is not unique
to mammals (Maclean, 1990), but dependence of young on

a mother, or an allomother, for nutrition and maternal-infant
interactions (Hrdy, 2009) are universal features of mammalian
life. Even the most primitive mammals, including the egg-
laying platypus, show some degree of maternal engagement with
their offspring and some form of lactation. Modern mammals
are believed to have evolved from non-monogamous ancestors
(Lukas and Clutton-Brock, 2013), but the proximate or genetic
mechanisms underlying this evolution are only now becoming
apparent.

The evolution of maternity depends in part on a specific
cocktail of hormones including oxytocin-like molecules; these
molecules and their receptors were apparently co-opted as
substrates for social monogamy (Carter, 2014; Carter and
Keverne, 2017). In maternal behavior (Fleming et al., 1999), as
in social monogamy, hormonal effects have been traced to effects
on a network of brain regions that influence approach to others
and reductions in social fear (Albers, 2015; Caldwell, 2017).

Oxytocin allows immobility without fear in the presence of
offspring or partners (Porges, 1998). Oxytocin also has a central
role in the formation of selective social bonds between mothers
and offspring (Keverne and Kendrick, 1992), between adults
(Carter, 1998) and also in paternal behavior (Kenkel et al.,
2012; Rilling, 2013). The more ancient mammalian neuropeptide,
vasopressin, in dynamic interplay with oxytocin, also regulates
birth (Arrowsmith and Wray, 2014). In conjunction with
oxytocin, vasopressin was critical to pair bond formation and
selective sociality (Cho et al,, 1999). Vasopressin also plays a
major role in defensive behaviors such as mate guarding. Both
males and females are affected by oxytocin and vasopressin
(Carter, 2017). However, the physiological effects of vasopressin
support physical mobilization and defensive aggression, which
may be especially critical in male mammals. Although both
males and females synthesize oxytocin and vasopressin, there are
often differences in the roles these molecules play in behavioral
regulation in males vs. females (Bales et al., 2007a; Albers, 2015;
Caldwell, 2017).

Oxytocin and its sibling peptide, vasopressin primarily
originate in the nervous system, but both have receptors
throughout the body (Grinevich et al, 2016; Chini et al,
2017). Because of the structural similarity between oxytocin
and vasopressin, and their receptors, these peptides have many
levels of interactions. Oxytocin evolved in mammals, at least
100 million years ago, associated with the evolution of lactation,
as well as the positive sociality that much later allowed the
emergence of modern humans (Carter, 2014). Over the last two
decades a virtual “tsunami” of evidence has revealed that oxytocin
promotes social engagement, attention, and synchrony in diverse
mammalian species (Feldman, 2017; Hurlemann and Grinevich,
2018; Jurek and Neumann, 2018).

Arginine vasopressin and the vasopressin receptor (AVP
Vla) are closely related to the ancestral molecule, vasotocin,
and are considered more primitive than oxytocin. Vasotocin
plays a role in egg production and the vasotocin receptor
became the primary receptor for vasopressin (Goodson and
Kingsbury, 2013). The oxytocin receptor presumably evolved
more recently. Vasopressin can acutely override the actions
of oxytocin. However, many of the functions of oxytocin are
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actually mediated via stimulation of the vasopressin receptors,
possibly inhibiting at least some of the defensive and protective
functions of vasopressin, and permitting the reduction of fear and
emergence of prosocial behaviors (Albers, 2015; Caldwell, 2017;
Carter, 2017).

The interactions of these peptides are not always antagonistic.
Instead, oxytocin and vasopressin work together in a kind
of dynamic dance that allows rapid changes in behavioral
processes and emotional states. Of particular relevance to social
monogamy is the fact that both peptides are necessary for the
selective sociality that characterizes pair bonds and certain forms
of parental behavior. Other molecules and neural pathways,
including those that involve dopamine and opioids, are necessary
for selective forms of sociality including pair bonds. These
are described elsewhere in the context of social monogamy
and maternal behavior (Aragona and Wang, 2009; Burkett and
Young, 2012). In general, it appears that networks regulated by
oxytocin and vasopressin function together with other molecules
to facilitate pair bonding.

Steroids, Peptides, and Monogamy
When the field of behavioral neuroendocrinology emerged in the
twentieth century most research in this area focused on steroid
hormones, usually of gonadal or adrenal origins. It had become
common to attempt to explain major features of social and sexual
behavior, especially in males, based on variations in androgens.
In addition, adrenal steroids, in the context of “challenges” across
the life-cycle were described as central to the interpretations of
within or between species variations in positive social behavior
and aggression (Wingfield et al., 1990). However, early research
in prairie voles had shown that the basic features of social
monogamy, continued to be present following removal of the
gonads and in females formation of social bonds was facilitated
by removal of the adrenal glands (DeVries et al., 1996).
Attempts by our group and others to modify the traits of social
monogamy with injections of gonadal hormones generally were
not successful (Carter and Roberts, 1997). Gonadal hormones
were not essential for the adult expression of either pair bonding
or aggression (Williams et al., 1992). Even in early life exogenous
testosterone had very little effect on either behavior or anatomy
in prairie voles. For example, in adult prairie voles castration
did not prevent pair bonding or male-male aggression. However,
neonatal castration did disrupt pair bonding, a change which
could be reversed with injections of vasopressin (Cushing et al.,
2003). Findings such as these led us to focus on neuropeptides
and social behavior, a journey that has continued for over three
decades. Table 3 details the behavioral traits associated with
social monogamy and the influence of selected steroids and
neuropeptides in expression of these traits.

Variations in the Features of Social
Monogamy Are Experience and Hormone
Dependent

Research categorizing species according to their patterns of social
behavior focused initially on attempts to identify prototypical
patterns of behavior that reliably differed between species.

The notion that monogamy, either considered as a mating
system or a social system, was based on a set of fixed traits
has been challenged by laboratory and field data. However,
even within species that have been described as socially
monogamous there are substantial individual differences in the
expression of the traits of monogamy. As detailed below, there
is now increasing evidence that genetic and endocrine changes,
including variations in peptide and steroid sensitivity, are likely
to be important in the emergence of both socially monogamous
species and are permissive for within species variations in the
traits of social monogamy.

Much of the early research on the neurobiology of
social monogamy was conducted in voles of the genus
Microtus, comparing closely-related species that are either non-
monogamous or socially monogamous. Recent work with other
rodent genera, including Peromyscus, Ctenomys, and Phodopus,
continues to implicate these peptides in social monogamy (Beery,
2015). Neural and behavioral substrates affected by oxytocin,
vasopressin, androgens and estrogens, and interactions among
these, regulate social behaviors in each of these species. However,
striking species and individual variations exist.

Understanding both the consistency and flexibility underlying
the traits of behaviors may be useful to dissecting the mechanisms
responsible for the evolution of social monogamy. Traits that
are more variable, may be especially sensitive to evolutionary
pressures.

Here we use comparative examples from closely related
rodents that include both monogamous and non-monogamous
species within the same genera. These studies implicate oxytocin
and vasopressin in social monogamy, but also reveal between and
within species variation. The sources of this variation remain to
be fully identified, but as shown in the examples below, can be
regulated by genetics, epigenetics, and experience across the life
span (Carter et al., 2009; Perkeybile and Bales, 2017; Perkeybile
et al., 2018).

OXYTOCIN AND VASOPRESSIN

Oxytocin plays a central role in social behaviors used to
define social monogamy. Evidence for this comes from
experiments especially in prairie voles. Oxytocin injected into the
central nervous system facilitated partner preferences in female
(Williams et al., 1994) and male (Cho et al., 1999) prairie voles.
Mating facilitates pair bond formation (Williams et al., 1992),
and also releases oxytocin (Carter, 1992; Ross et al., 2009b). More
recently intranasal infusions have been successfully used in voles
to examine the role of oxytocin in pair bonding (Bales et al.,
2013). Endogenous variation in the oxytocin system also has been
associated with social behavior across a number of species (Beery,
2015).

Specific Brain Regions as Targets for
Oxytocin

Among many brain regions relevant to reproductive and social
behaviors is the nucleus accumbens, a region implicated in
reinforcement and reward. The nucleus accumbens is capable
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TABLE 3 | Features of social monogamy and functional effects of associated peptide and steroid hormones (based on the prairie vole model).

Traits of social Selective Selective Alloparental Paternal Reduced sexual
monogamy sociality aggression care behavior dimorphism
Functional effects of:

Oxytocin 4 V? 4 4 17

Vasopressin 4 1 4 4

Testosterone 4 L orNC I 1?

Estradiol 1 4 4

The peptides oxytocin and vasopressin and the steroids testosterone and estrogen are implicated in several of the common traits of social monogamy, acting in some cases to increase

the expression of a trait and in others to decrease it.

of being influenced by both social and hormonal experiences.
In prairie voles the density of oxytocin receptors (Insel and
Shapiro, 1992) has been positively related to both the female’s
capacity to pair bond with a male partner and to show maternal
behavior. In the case of alloparenting, females with lower levels
of oxytocin receptor density in the nucleus accumbens were less
likely to exhibit alloparenting and more likely to be infanticidal
(Olazabal and Young, 2006a,b). Upregulating expression of the
oxytocin receptor in this region using a viral vector gene transfer
facilitated alloparenting behavior (Ross et al., 2009b; Keebaugh
and Young, 2011), while decreasing expression of the receptor by
RNA interference was associated with a decrease in alloparental
behavior (Keebaugh et al., 2015).

Oxytocin activity in the nucleus accumbens also is vital in
females for partner preference formation. Mating induced an
increase in extracellular oxytocin concentrations within the
nucleus accumbens (Ross et al., 2009a). Activating oxytocin
receptors in the nucleus accumbens by administering oxytocin
directly to this region induced partner preferences in virgin
females, while blocking the receptors prevented partner
preference formation (Young et al, 2001; Liu and Wang,
2003). Overexpression of the oxytocin receptor in the nucleus
accumbens, using a viral vector gene transfer, accelerated pair
bonding in adult females after a short cohabitation with a male
partner (Ross et al,, 2009b), providing further evidence that
receptors in this region are involved in selective sociality. A
similar facilitation of pair bonding was seen if the overexpression
occurs developmentally (Keebaugh and Young, 2011), while a
developmental knockdown (but not elimination) of the oxytocin
receptor disrupted pair bonding in adulthood (Keebaugh et al.,
2015).

Under natural living conditions only a subset of animals leave
the natal group to form pair bonds (Getz and Carter, 1996).
Individual differences in the density of oxytocin receptors in
the nucleus accumbens may help to explain the variation seen
in sociality across individuals in this species. Male prairie voles
typically exhibit one of two mating strategies—that of a resident
male, maintaining a selective social bond with a female partner, or
that of a wandering male, that does not live with a single partner,
but instead engages in several acute mating interactions with
females, similar to the pattern observed in non-monogamous
vole species (Getz et al.,, 1993). This flexibility in sociality in
males is reflected in variation in oxytocin receptor density in the
nucleus accumbens. Resident males that are selectively social with
along-term partner have higher oxytocin receptor density in this

region compared to males adopting a non-monogamous social
strategy (Ophir et al., 2012). Whether this is true for females
remains to be studied.

Epigenetics and the Oxytocin System

Both social behavior and oxytocin receptors in the nucleus
accumbens can be regulated epigenetically in early life by
different amounts of parental care. For example, exposure to
higher levels of parental care was associated with an increase in
oxytocin receptor gene (Oxtr) expression and oxytocin receptor
density and reduced levels of Oxtr DNA methylation (Perkeybile
et al, 2018). Animals that experienced higher levels of parental
care in early life exhibited higher levels of alloparenting and
a facilitation of pair bonding later in life (Bales et al., 2007a;
Perkeybile et al., 2013; Del Razo and Bales, 2016). This variability
in later behavior in response to varied early experience appears
to be regulated by epigenetic mechanisms, including Oxtr DNA
methylation, controlling expression of Oxtr in the nucleus
accumbens. Findings such as these suggest possible pathways to
individual differences in sociality within prairie voles, as well as
flexibility in social behavior between species.

The individual differences seen in sociality in this species
have been associated with genetic variation in the Oxtr,
which influences variation in receptor protein expression (King
et al, 2016). Oxtr expression is sensitive to both adult and
developmental epigenetic regulation via histone acetylation,
and can be affected by mating. Administration of a histone
deacetylase inhibitor, which serves to increase gene expression by
increasing histone acetylation, facilitated preference formation
without mating in both sexes and also was associated with an
upregulation of Oxtr and the oxytocin receptor in the nucleus
accumbens (Wang et al., 2013; Duclot et al., 2016). This provides
additional support for the hypothesis that mating with a partner
upregulates Oxtr gene expression in the nucleus accumbens
through an epigenetic mechanism, helping to facilitate the
formation of selective social bonds.

There is an increase in oxytocin receptor binding in
the nucleus accumbens of female monogamous prairie voles,
compared to non-monogamous meadow voles (Insel and
Shapiro, 1992). This suggests that, similar to intraspecies
variation in behavior, the differences in sociality between prairie
voles and their non-monogamous counterparts, including both
meadow and montane voles, arise due to differences in the
density of oxytocin receptors in the nucleus accumbens, among
other regions. In this case, high levels of oxytocin receptor
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density are associated with lasting selective sociality while low
receptor density may be associated with acute sociality, but
not a selective partner preference. While overexpression of
these receptors in virgin female prairie voles induced a partner
preference even without mating, the same was not true for
meadow voles; upregulating oxytocin receptors in the nucleus
accumbens using a viral vector transfer of prairie vole genes to
the meadow vole did not alter the meadow vole’s social preference
behavior (Ross et al., 2009b). Variations in sociality appear to
arise from additional factors beyond oxytocin receptor density in
the nucleus accumbens.

Species-Typical Variations in the Oxytocin
System Associated With Sociality

Although much of the research characterizing a role for oxytocin
in sociality and monogamy was originally conducted in prairie
voles, additional comparative studies using closely related species
have provided a broader perspective on variations in receptor
system.

There are several striking differences in the patterns of peptide
receptors between socially monogamous and non-monogamous
species. For example, oxytocin receptor density was lower in
a number of regions in the socially monogamous, territorial
California mouse (Peromyscus californicus), when compared
to the closely related, but non-monogamous deer mouse
(Peromyscus maniculatus), especially in regions that typically
control social behaviors, including the anterior olfactory nucleus,
the central amygdala, and the bed nucleus of the stria terminalus
(BNST), (Insel et al., 1991). This pattern of oxytocin receptor
density is nearly opposite that observed in socially monogamous
vs. non-monogamous voles. These findings indicate that multiple
neural pathways may regulate variations in sociality. There also
are few sex differences in distribution and density of oxytocin
receptors in P. californicus, while sex differences are seen in most
oxytocin receptor-rich regions in P. maniculatus (Insel et al,
1991). This may be related to species differences in sociality and
territoriality that extend beyond pair bonding. The behavioral
phenotype of male and female P. californicus tend to be similar,
with both sexes engaging in high levels of parental care and both
sexes working to maintain the home range and defend against
intruders. However, males of this species are larger than females
(Klein and Nelson, 1997) possibly implicating the demands of
territoriality in sexual dimorphism in this species.

The colonial tuco-tuco (Ctenomys sociabilis) is a highly social
South American rodent that forms selective and long-lasting
female-based social groups, in which several females share a
burrow with a single male (Lacey et al., 1997). In contrast, closely
related Patagonian tuco-tucos (Ctenomys haigi), which occupy a
similar habitat, are strictly solitary, with both males and females
each occupying their own burrow (Lacey et al., 1998). Female
colonial tuco-tucos do not show a preference for a familiar male
partner over an unfamiliar male. They do, however, form long-
term, selective social relationships with a small number of closely
related females. This difference in sociality both between tuco-
tuco species and between social tuco-tucos and monogamous
prairie voles is associated with oxytocin receptor organization. C.

sociabilis have higher levels of oxytocin receptor in the central
amygdala compared to C. haigi. Interestingly, these two species
do not have differences in oxytocin receptor density in the
nucleus accumbens, such as that seen in prairie vs. meadow
voles (Beery et al., 2008). Beery and colleagues argue that the
upregulation of oxytocin receptors in the central amygdala of the
social tuco-tuco may be the mechanism that allows this species to
form long-term extended social living groups through a decrease
in aggression and social anxiety. The lack of a difference in the
nucleus accumbens also may suggest a unique role for this region
on behaviors relevant to male-female pair bonds, as opposed to
same-sex selective sociality.

In another example, in female meadow voles, a species that
typically does not form social bonds, same-sex social bonds can
be induced to form under short day length conditions (Parker
and Lee, 2003). This is accompanied by a rise in central amygdala
oxytocin receptors, to levels similar to those seen in C. sociabilis.
Upregulation of oxytocin receptors in the nucleus accumbens
of meadow vole females, however, has no detectable impact on
social bonding (Ross et al., 2009b). Variations in selective sociality
between closely related species then, appear to be regulated by
oxytocin receptors acting in different regions of the social brain
in a species-dependent and sociality-dependent manner.

Vasopressin and Selective Sociality
Arginine vasopressin receptor Vla activation in the lateral
septum and ventral pallidum is critical for long-term bond
formation in male prairie voles. Both of these regions
demonstrate divergent patterns of AVP Vla receptor density
between socially monogamous and non-monogamous vole
species (Insel et al., 1994; Pitkow et al., 2001; Lim et al,
2004), and this divergence in receptors results in predictable
variations in expressions of behavior (Lim and Young, 2004;
Ophir et al, 2009). Mating also facilitates the formation of
selective relationships. Blocking the activity of AVP V1areceptors
in either the lateral septum or ventral pallidum inhibits bond
formation even after mating (Liu et al., 2001; Lim and Young,
2004), while direct activation of receptors in the lateral septum
with an injection of vasopressin facilitates a selective preference
even in the absence of mating (Liu et al, 2001). Altering
the expression of AVP Vla receptors in the ventral pallidum
also results in variations in behavior in male prairie voles;
overexpression of the receptors using a viral vector gene transfer
facilitates selective sociality (Pitkow et al., 2001), while receptor
knockdown eliminates this behavior (Barrett et al., 2013).
Related processes may promote variability in sociality in
non-monogamous species. When the AVP Vla receptor was
overexpressed in the lateral septum in non-monogamous rats,
using viral vector gene transfer of the prairie vole AVP
Vla receptor, social recognition, and social interactions were
increased beyond what is typically seen in this species; thus,
increasing vasopressin receptor in specific brain regions in
rats induced more “prairie vole-like” behavior (Landgraf et al.,
2003). Likewise, overexpressing AVP V1a receptors in the ventral
pallidum of the male meadow vole by using an AVP V1a receptor
viral vector gene transfer from the prairie vole led to development
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of a selective preference for a familiar opposite sex partner, a
behavior not usually seen in this species (Lim et al., 2004).

As described above, associated with the formation of a
selective social preference are increases in selective aggression in
both male (Winslow et al., 1993) and female prairie voles (Bowler
et al., 2002). Animals will show aggression toward novel animals
of the same sex, likely as a form of mate guarding behavior
(Kleiman, 1977; Getz et al., 1981; Winslow et al., 1993; Carter
et al., 1995). Postcopulatory aggression does not occur in the
non-monogamous male montane vole after mating (Shapiro and
Dewsbury, 1990; Insel et al., 1995). The regulation of aggression
results in part from activity of vasopressin and the AVP Vla
receptor in the anterior hypothalamus. Selective bond formation
is associated with increased receptor density in this region, and
coincides with the onset of selective aggression in male prairie
voles (Winslow et al., 1993). In socially bonded males behavioral
changes in response to vasopressin in this region also occur in
tests with a novel male (Gobrogge et al., 2009).

A similar pattern of vasopressin regulation of selective
aggression is reported in P. californicus and P. maniculatus.
Blocking activation of central AVP Vla receptors in P.
californicus delayed aggression toward an intruder, but had no
impact on aggression in non-territorial P. maniculatus (Bester-
Meredith et al., 2005).

Taken together these data from socially monogamous rodents
suggest an overlap in the role of vasopressin in the promotion
of both selective social bonding and selective aggression. Both
behaviors rely on an increase in vasopressin release and possibly
increased sensitivity in the AVP V1a receptor, likely facilitated by
mating. As vasopressin increases following mating, the male not
only forms a selective preference for the female but also begins
to guard access to his mate. Mated males eventually also reject
unfamiliar females, even when the females are sexually receptive,
helping to preserve the pair bond. These behaviors highlight
the dual role of vasopressin in the formation and maintenance
of social bonds. Males simultaneously engage in selective and
enduring affiliative behavior with their female partner, while also
engaging in selective and enduring aggressive behavior toward
non-partners. The synchrony and balance between these two sets
of selective behaviors may be vital for maintaining a socially
monogamous system.

Comparisons in the regulation of aggression by vasopressin
in socially monogamous prairie voles and Siberian hamsters
(Phodopus sungorus), a non-monogamous and territorial species,
highlight the sometimes contrasting role a single factor can
play in generating variation in patterns of sociality across
species. As discussed above, vasopressin activity in the anterior
hypothalamus plays a role in the display of selective aggression
in male prairie voles (Gobrogge et al, 2007, 2009). The
anterior hypothalamus also plays a role in aggression in non-
monogamous Syrian hamsters (Ferris and Potegal, 1988; Potegal
and Ferris, 1989; Ferris et al., 1997). These displays of aggression,
however, serve very different purposes for the two species.
Male prairie voles display aggression toward other males only
after mating, as a form of mate guarding behavior. Syrian
hamsters, however, use this aggression in territorial disputes and
in gaining access to a mate prior to mating. The fact that similar

expressions of behavior, regulated by similar vasopressinergic
activity can serve different purposes between species, highlights
the flexibility within these social behavior systems; the same
behavior regulated by the same endocrine mechanisms can
often be used in two distinct ways by species depending on
their social system. Vasopressin may play a role in aggression
under both circumstances. However, as hypothesized below, it
is possible that the regulation of aggression and vasopressin
in non-monogamous species is more likely to be regulated by
testosterone, while socially monogamous species may be less
reliant on androgens and more dependent on peptides, possibly
linked to estrogens.

In addition to regulating variations in selective long-term
sociality and aggression both within and between species,
vasopressin is also involved in variations in paternal behavior.
For example, new prairie vole fathers experience an increase in
vasopressin mRNA in the paraventricular nucleus and supraoptic
nucleus after the birth of a litter compared to virgin males.
This rise in vasopressin mRNA is not found in new fathers in
the non-monogamous, non-paternal montane vole (Wang et al,,
2000). An increase in vasopressin gene expression associated
with birth of their own litter is particularly interesting given that
male prairie voles are highly alloparental as virgins. This also
suggests the possibility that different factors regulate alloparental
compared to paternal behavior in this species.

Within P. californicus fathers, variation in vasopressin
immunoreactivity in the BNST corresponds to variation seen
in displays of paternal care; males with increased vasopressin
activity spent more time in the nest with offspring, grooming,
and huddling over them (Bester-Meredith and Marler, 2003). A
related pattern of changes in vasopressin correlates with paternal
behavior within this species. California mouse fathers have higher
levels of vasopressin immunoreactivity in the BNST compared
to non-monogamous and less paternal white-footed mice fathers
(Bester-Meredith et al,, 1999). These and other data suggest
that vasopressin has a central role in paternal investment and
care within socially monogamous species, but also in closely
related species with divergent behavioral patterns, including
social behaviors that have been termed non-monogamous.

Steroids, Peptides, and Aggression

In male prairie voles aggression is triggered within 24h or
less by mating acting via vasopressin pathways (Winslow et al,,
1993). By relying on social stimuli and vasopressin to induce or
support aggression (rather than acute changes in testosterone),
male prairie voles also may be able to be transformed quickly—
within hours—from acting as comparatively non-aggressive,
non-reproductive animals to creatures capable of showing lethal
aggressive toward intruders.

Female prairie voles also are capable of intruder-directed
aggression, especially toward other females (Firestone et al,
1991). Although the origins of female aggression have not been
well studied, preliminary studies did not implicate vasopressin
(Bowler et al., 2002). The role of vasopressin in female behavior
deserves additional investigation, but sex differences in the effects
of vasopressin are common (Albers, 2015; Caldwell, 2017; Carter,
2017).
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Circulating testosterone levels are typically found to be
inversely related to expression of paternal behavior in non-
monogamous males (Wingfield et al.,, 1990; Ketterson et al,
1992; Nunes et al., 2001). Human fathers often experience a
drop in testosterone immediately after the birth of their child
(Storey et al., 2000). In addition, human males who have lower
levels of testosterone, whether fathers or non-fathers, respond
more to the sound of infant cries than do males with higher
testosterone levels (Fleming et al., 2002). In rodents declines
in testosterone often coincide with a decrease in infanticidal
aggression, presumably preparing the male to support, or at least
not attack, his offspring (Elwood, 1977; Brown, 1986; Perrigo
et al, 1991). In Mongolian gerbils (Meriones unguiculatus)
castration increased time caring for offspring, including increases
in grooming and huddling over pups (Clark and Galef, 1999).
In typically infanticidal rats castration during adolescence and
young adulthood decreases rates of infanticide, a behavior that is
reinstated with testosterone replacement (Rosenberg et al., 1971;
Rosenberg and Sherman, 1975). The same effect on infanticide
is seen in male mice after adult castration (Svare and Mann,
1981). In both mice and rats, high levels of testosterone in
these non-monogamous, non-paternal species may increase male
infanticide.

In contrast, data from several species of socially monogamous
rodents revealed high levels of testosterone around the time
of birth. For example, male Djungarian hamsters (Phodopus
campbelli), a highly social and highly paternal species, maintain
elevated testosterone after the birth of a litter while still engaging
in paternal care. The high testosterone levels immediately
following birth might facilitate mating or mate guarding during
the postpartum estrus, while the higher levels maintained
several days after birth could support paternal aggression toward
intruders. In contrast, the closely related but less social Siberian
hamster (P. sungorus) typically engages in little paternal care, and
experiences a drop in testosterone soon after birth (Reburn and
Wynne-Edwards, 1999).

Comparatively high levels of testosterone are observed in
other socially monogamous species, include California mice and
prairie voles. As discussed more in depth below, P. californicus
experience a surge in testosterone just prior to the birth of
their litter that coincides with the onset of paternal behavior
(Gubernick et al., 1994). In prairie voles increased testosterone
appears necessary for alloparental care in males, as castration in
adulthood decreased paternal care of novel pups (Wang and De
Vries, 1993).

Comparisons among socially monogamous, vs.
monogamous, rodent species suggest that testosterone does play
a role in paternal behavior. However, rather than acting through
androgen receptors, these effects may require conversion to
estradiol and action through estrogen receptors (Trainor and
Marler, 2002). There is considerable evidence for variation
in estrogen receptor distribution, particularly the estrogen
receptor alpha (ER-a), between socially monogamous and
non-monogamous species. This is discussed in depth below. The
aromatization of testosterone to estradiol, then, which facilitates
the effects of both oxytocin and vasopressin, might enable males
to show high levels of paternal care toward young that are in

non-

at least some cases their own, while still engaging in selective
aggression toward intruders.

Estrogen and Estrogen Receptors Are
Correlated With Sociality

Based on data from non-monogamous rodents, it has
been proposed that ER-o activation masculinizes behavior
(Scordalakes et al., 2002; Scordalakes and Rissman, 2004; Nugent
et al, 2015). Data supporting a role for the ER-a as a factor
inhibiting sociality comes from patterns of selective sociality in
both vole and hamster species. Pine voles (Microtus pinetorum)
are socially monogamous, with behavioral features similar to
those seen in prairie voles. In comparison, the montane vole
(M. montanus) and the meadow vole (M. pennsylvanicus) are
both less social, non-monogamous species with typically lower
levels of paternal or allopaternal behavior. Pine voles have
decreased levels of ER-a in the medial amygdala compared to
both non-monogamous vole species and in the BNST compared
to montane voles (Cushing and Wynne-Edwards, 2006).
Similarly, the highly social Djungarian hamster (P. campbelli)
also has decreased ER-a in both the medial amygdala and
BNST compared to the less social Siberian hamster (P. sungorus;
Cushing and Wynne-Edwards, 2006). When ER-a levels are
low then, as is seen in both vole and hamster species, prosocial
contact is more commonly directed toward a specific partner
and toward infants. Activity in both the medial amygdala and
the BNST are has been related to displays of aggression and
parental behavior in the prairie vole (Wang and De Vries, 1993;
Wang et al., 1997), possibly mediated by stimulation of the
ER-a.

Within prairie voles, there is population-level variability in
social behavior that correlates with variation in ER-o expression.
The home range of this species is large, stretching from New
Mexico north into Alberta, Canada and as far east as the Great
Lakes, West Virginia, and Tennessee (Stalling, 1990). This broad
geographic home range is associated with variety in habitat
resource availability and also in varying degrees of monogamous
behavior. Voles from Illinois display relatively high rates of social
monogamy (Getz et al., 1993; Roberts et al., 1998; Solomon and
Jacquot, 2002), a low degree of sexual dimorphism, and high
rates of paternal care (Roberts et al., 1998; Ophir et al., 2007).
Voles from Kansas appear to be more promiscuous (Danielson
and Gaines, 1987; Swihart and Slade, 1989). In males, the levels
of ER-a expression in both the BNST and medial amygdala
are reduced in the highly social Illinois prairie vole compared
to the less social Kansas prairie vole. In socially monogamous
species, stimulation of the ER-a, may inhibit the features of
social monogamy, while stimulation of the ER-a could facilitate
aggression. Taken together these findings suggest that neural
mechanisms that allow a shift toward selective sociality may be
inhibited by stimulation of the ER-a, possibly as a component
of the association between masculine behaviors, androgens,
and non-selective aggression which is more common in non-
monogamous mammals.

In the Djungarian hamster, adult males have circulating
estradiol levels as high as those found in females (Schum
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and Wynne-Edwards, 2005). Castration during the partner’s
pregnancy lowers both plasma testosterone and estradiol levels
in males. This decrease in steroid hormones results in decreased
aggression toward an intruder compared to intact males, but
has no impact on paternal behavior toward offspring. This
supports a role for these steroid hormones in facilitating
aggression, but does not support the hypothesis that the high
plasma levels of estradiol seen in reproductive males serves
to increase paternal behavior (Hume and Wynne-Edwards,
2005). This contrast between effects of differences in ER-a
expression and plasma estradiol levels provides further support
for the idea that flexibility in behavior is not always due
to variation in the hormone, but rather due to variation in
its receptor density. In this case, P. campbelli rely on low
levels of ER-a in order to engage in high degrees of social
behavior. Thus, following a pattern that is seen for testosterone,
changes in the estrogen receptor, rather than available estradiol,
may be more specifically related to observable changes in
behavior.

This differs from the pattern reported in male California
mice. Males show a high degree of paternal care after
the birth of their first litter of offspring. This change in
behavior is accompanied by a surge in plasma testosterone
just prior to birth (Gubernick et al, 1994). Eliminating
this rise in testosterone by gonadectomy acts to drastically
reduce paternal huddling and grooming of offspring (Trainor
and Marler, 2002; Marler et al, 2003), while gonadectomy
coupled with testosterone replacement restores behavior to
typical high levels (Trainor and Marler, 2001, 2002). In P.
californicus, paternal behavior appears to be controlled by
estradiol via its aromatization from testosterone. Gonadectomy
with an estradiol replacement has the same impact of
restoring paternal huddling and grooming as does testosterone
replacement. Co-administration of testosterone plus fadrozole,
an aromatase inhibitor, reduces paternal behaviors, an effect
not seen with co-administration of testosterone and saline or
estradiol and fadrozole (Trainor and Marler, 2002). This work
provides evidence that testosterone is not directly impacting
huddling and grooming, but rather is exerting its influence
via conversion to estradiol. This differs from factors regulating
paternal behavior in P. campbelli, in which paternal care
does not appear to rely on estradiol, and provides additional
evidence for species differences in how variation in sociality
arises.

Taken together these findings support the hypothesis that
estrogens, created as a metabolic by-product of testosterone,
may play a major role in the regulation of the traits of social
monogamy. In many, but perhaps not all species, estrogens
act via the ER-a to increase aggression, possibly in part
through downstream effects on vasopressin. However, other
receptors exist for estrogen, although these are at present
less well understood. It is possibly that estrogen could have
effects on different receptors or actions on other brain regions,
for example playing a role in the regulation of the oxytocin
receptor. Thus, a given hormone, such as estrogen, might
promote selective socially in some cases and aggression in
others.

Coordinating Social Behaviors With
Demands of the Physical and Social

Environment
Steroid hormones, including androgens, estrogens, and adrenal
hormones coordinate the demands of reproduction with
changes in the physical environment, including seasonality and
photoperiod, as well as availability of resources such as food
and water (Wingfield et al., 1990). The functional properties of
steroid hormones allow these molecules to play a major role
in both reproductive behavior and patterns of social behavior
that support reproductive success. In contrast, reproduction
in socially monogamous species often includes a comparative
reliance on quickly changing social cues, including those
transmitted by olfaction (Dluzen et al., 1981) and behavioral
experiences such as mating (Winslow et al., 1993). These effects
could be more directly dependent on the rapid actions of
neurosteroid hormones (Balthazart and Ball, 2016), which are
being studied in avian social behavior. In addition, the actions
of steroids might rely on steroid-peptide interactions with steroid
effects being critical for receptor organization or physiology (Witt
et al,, 1991). In other cases, such as the regulation by mating of
male aggression, steroids might be replaced by direct effects of
peptide hormones such as vasopressin (Winslow et al., 1993).
Peptides, including oxytocin and vasopressin, have many
actions, including acting as neuromodulators, neurotransmitters,
and hormones (Jurek and Neumann, 2018). Neuropeptides have
the capacity to respond quickly to social cues, and are positioned
to influence behavior by their abundant synthesis in the brain
(rather than peripheral organs), with receptors in critical tissues
within the nervous system, as well as the immune system and
throughout the body. The production of peptide receptors also
is capable of being epigenetically tuned by experience creating
longer-lasting changes in the capacity to respond to social cues
(Perkeybile et al., 2018).

THE DEVELOPMENTAL ORIGINS OF
SOCIAL MONOGAMY

Sexual Differentiation: An Overview

Sexual differentiation is the consequence of genes including
those that regulate the synthesis or action of testosterone,
estrogen and their receptors (Arnold, 2017). During early
development the SRY gene (testes determining gene),
located on the Y chromosome, enables the undifferentiated
gonad to become masculinized, producing primarily
testosterone and sperm (Figurel). In the absence of the
SRY gene the gonad is feminized, primarily producing
higher levels of estrogen and allowing ovulation (Arnold,
2017).

In the classical model of sexual differentiation, derived
primarily from non-monogamous rodents, it has been assumed
that testicular hormones are essential for masculinization
(Figure 1). Steroids implicated in genital masculinization include
testosterone and dihydrotestosterone (DHT). Testosterone
serves as a prohormone and can be converted locally to DHT. In
addition, testosterone, in the presence of the aromatase enzyme,
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FIGURE 1 | Sexual differentiation into masculinized and feminized physical phenotypes. (A) This classical model characterizes the differential development of the
primordial gonad into testes or ovaries, depending on the presence of the SRY gene found on the Y chromosome. As testes develop, high levels of androgens,
including testosterone and dihydrotestosterone (DHT), act on highly sensitive androgen receptors to develop masculinized internal (Wolffian duct) and external
genitalia. Anti-Mullerian hormone is also produced, causing the Mllerian ducts to degenerate. In the absence of the SRY gene (in an XX genotype), the ovaries
produce very low amounts of androgens, causing the Wolffian ducts to degenerate and allowing for feminization of external genitalia. In typical females anti-MUllerian
hormone is also not produced, allowing the Mullerian ducts to develop into feminized internal genitalia. (B) In a social monogamy behavioral phenotype, we
hypothesize that changes in the response to androgens produced by the testes during prenatal development may lead to changes in the masculinization of the
external genitalia in XY genotype individuals. While testosterone production remains high to allow for the masculinization of the internal genitalia, decreases either in
the production of DHT or in the sensitivity of the androgen receptor to either testosterone or DHT decrease the extent of masculinization of the external genitalia, a
common physical feature of males of socially monogamous species.
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can be converted to an estrogen. Acting on the ER-q, it has been
proposed that estrogen regulates behavioral masculinization,
even in the absence of androgens (Scordalakes et al.,, 2002).
Estrogens, possibly in conjunction with DHT, facilitate patterns
of male sexual behavior including mounting and ejaculatory
reflexes. Thus, at the level of the brain, testosterone per se
may not be essential for masculine sex behavior, although a
combination of DHT plus estrogen seems to be important to
optimize adult male sexuality (Pfaff and Baum, 2018).

In mammals two X chromosomes lead to a feminine
phenotype, vs. the XY genotype found in male mammals.
However, the haploid nature of sex chromosomes has complex
consequences for the vulnerability to modification of genes on
the Y or X chromosome. For example, in females some (but not
all) genes on one of the two X chromosomes are inactivated.
This is accomplished by DNA methylation and in some cases
parental genomic imprinting (Keverne, 2013). Genes on the X
chromosome that escape X-inactivation or genes that are not
imprinted may affect sexual differentiation (Arnold, 2017).

Sexual Differentiation as a Template for the

Biology of Social Monogamy

The key behaviors that appear to differentiate monogamous
from non-monogamous species are presented in Table 2. These
are exhibited on a continuum across and within species
and are sensitive to physiological changes in early life. The
neuroendocrinology that regulates these behaviors also occurs
on a continuum, with interspecies and intraspecies variation
in these endocrine markers. Based on data primarily from
rodents, it appears that the traits of social monogamy appear
during the course of development as a merger of actions of
steroids and peptides (Choleris et al., 2008). In this context the
actions of steroids are comparatively slow, but can have long-
lasting consequences, while those of neuropeptides (as well as
neurotransmitters) may be more rapid, but also somewhat more
transient.

In contrast to sexual behavior, social behaviors are inherently
variable and must respond to a constantly changing social and
physical environment. Thus, the regulation of the features of
social monogamy represents a compromise between quickly
adapting behavioral changes, such as those necessary for
parenting and pair bonding, and more conserved traits, such
as sex differences in body size or genital morphology or the
distribution of receptors for both steroids and peptides.

A cardinal feature of socially monogamous species includes a
relative reduction in physical sexual dimorphism, presumably as
an effect of sexual selection (Emlen and Oring, 1977; Kleiman,
1977). However, with a few exceptions (Kleiman, 1977; Klein and
Nelson, 1997; Roberts et al., 1998), we caution that evidence for
this aspect of social monogamy seems to be primarily anecdotal,
possibly based on visual observations by field biologists, rather
than systematic measurements of body size or genital anatomy.
Based on the hypothesis that social monogamy is associated with
a shift in the male phenotype toward a less masculine pattern
(Figure 2), we postulate here that candidate neuroendocrine
processes and genes that downregulate sexual dimorphism might

also have allowed the emergence of the traits of social monogamy
(Table 3).

Androgens and Masculinity

Several hormones have the capacity to influence testosterone’s
production or action. Among these are factors in the
hypothalamic-pituitary-gonadal  axis, including releasing
hormones such as gonadotropin releasing hormone (GnRH).
However, GnRH and testosterone are probably not the main
source of the reductions in sexual dimorphism, at least in prairie
voles. In fact, high levels of testosterone have been measured
in prairie voles including during the perinatal period (Lansing
et al., 2013).

In prairie voles, both during development and in adulthood,
hormones originating in the gonads do not seem to be essential
for pair bonding or male parental behavior (Carter et al., 1995;
Carter and Roberts, 1997; Lansing et al., 2013). In addition,
giving testosterone to female prairie voles has remarkably little
behavioral effect and testosterone treatment in early life does
not masculinize the genitalia in either sex. Taken together these
findings suggest that prairie voles may have a deficit in the capacity
to respond to testosterone.

One option through which features of social monogamy might
arise more generally is via a reduction in the functional effects
of androgens. This could occur through several known pathways
(Table 4). The effects of testosterone differ according to whether
they are mediated by androgen (AR) or estrogen receptors
(including ER-a). In the central nervous system testosterone can
be is aromatized locally to estradiol (E2). As mentioned above,
estrogens acting on ER-a, are considered a major factor in brain
masculinization (Bodo and Rissman, 2006; Cushing, 2016).

Evidence is at present incomplete; however, studies to date
suggest that although prairie voles may be comparatively
insensitive to testosterone they continue to be capable of
responding to estrogen. In fact estrogen, possibly by facilitating
the synthesis of vasopressin (Lonstein et al., 2005), appears to play
a central role in the regulation of sociality and aggression in male
prairie voles (Cushing and Kramer, 2005).

Acting via the AR, testosterone and DHT also play a major role
in the development of masculine physical traits including body
size, anogenital distance, and phallic and scrotal development.
AR is highly expressed in genitals, but also in muscle, bone,
and other tissues (at least in non-monogamous mammals;
Figure 1). This pathway was originally identified in humans
by a genetic failure of the AR to bind androgens, known as
androgen-insensitivity syndrome (AIS). In AIS, individuals with
an XY chromosome pattern have an external body type that
appears female, while internal organs are masculinized. Over
1,000 polymorphisms in the gene for the AR have been reported.
Although the functional roles of most of these are not yet well
understood (Gottlieb et al., 2012), this is a receptor already
known for variation.

As mentioned above, the gene for the androgen receptor
resides on the X chromosome. The X chromosome is haploid
in males and may be inactivated in females. Thus, mutations
in the gene for the androgen receptor or other processes that
indirectly reduce the effects of androgens could be a route
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FIGURE 2 | Functional differences in the effects of steroids and peptides may contribute to non-monogamous vs. socially monogamous behavioral phenotypes in
males. This hypothesis is based primarily on data from laboratory rodents including prairie voles. (A) Males of non-monogamous species often display a suite of
behaviors that include low levels of paternal investment, non-selective social and sexual behavior, and non-selective aggression that typically occurs when competing
for a mate or territory. These behaviors are facilitated by high levels of androgens and a high sensitivity of the androgen receptor. High levels of testosterone, some of
which is aromatized locally to an estrogen, may contribute to low levels of paternal behavior and lead to non-selective social behavior and mating. In addition,
vasopressin, facilitated by androgens, is involved in mating- and territory-related aggression in these males. (B) In socially monogamous males, we hypothesize that
decreased sensitivity of the androgen receptor, or possibly lower levels of DHT, with a concurrent increase in vasopressin, could contribute to high levels of paternal
investment, selective social preferences, and selective mate guarding aggression. Testosterone can be aromatized locally to estrogen and also facilitate the release of

to reducing sex differences and masculinization. The AR gene
may be subject to particularly intense evolutionary pressure
(Mokkonen and Crespi, 2015). Thus, if mutations or epigenetic
silencing occurs in the X chromosome in areas relevant to the
expression of the AR gene, this could reduce AR production. AR
expression, especially in genital tissue is a major candidate for
the regulation of masculine physical traits and thus the reduced
sexual dimorphism seen in some socially monogamous mammals
(Figure 1).

The metabolism of testosterone to DHT is another
process that could influence peripheral anatomy. The
5-a reductase enzyme, type 2 (SRD5A2) is critical for
the conversion of testosterone to DHT. In the absence
of DHT, masculinization of the genitalia is disrupted
(Okeigwe and Kuohung, 2014). The gene for this enzyme
is also variable and subject to mutation. Variation in
SRD5A2 is another putative candidate for reducing sexual
dimorphism.
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TABLE 4 | Putative pathways to reductions in physical sexual dimorphism and
reduced “Masculine” traits.

Hypothesized pathways Evidence in the prairie vole

1. Reduced levels of High levels of T (Lansing et al.,

testosterone or DHT 2013)
DHT levels have not been
reported

2. Failure to convert testosterone 7

to DHT, possibly due to variation

in the 5a-reductase enzyme

3. Genetic or epigenetic variation 7

in the androgen receptor (AR)

4. Genes on sex chromosomes 7

vulnerable to epigenetic
modification?

5. Presence of inhibitory factors
such as stress or high levels of
glucocorticoids

Very high corticosterone, likely
across the life cycle (DeVries
et al., 1995, 1996)
Glucocorticoid receptor
insensitivity (Taymans et al.,
1997)

Reduced sex difference in the
brain (Yee et al., in preparation)
Decreased AVP V1a receptors
(both sexes; Bales et al., 2007b)
May act to demasculinize via
anti-inflammatory pathways
(Nugent et al., 2015)

6. Exposure to oxytocin in the
perinatal period

Do High Levels of Glucocorticoids
Contribute to the Social Monogamy
Phenotype?

Based on research in laboratory rodents, it has been assumed
that the creation of a typical male phenotype (especially
external masculinization) requires the relative absence of high
levels of stress and associated glucocorticoids, which can
inhibit masculinization (Ward and Ward, 1985). Thus, stressful
experiences during early development are another possible
mechanism for suppressing masculine traits, including genital
masculinization (Ward and Ward, 1985). Support for this
hypothesis comes from research in rats; early life stress or
increases in glucocorticoids also increase male sociality and
parental behavior in late life (Kinsley and Bridges, 1988).

Prairie voles have exceptionally high levels of glucocorticoids
(Figure 3), 10 times those seen in non-monogamous montane
voles (Taymans et al., 1997), as well as mice and rats. Prairie
voles also are insensitive to drugs that mimic the effects of
glucocorticoids, indicative of glucocorticoid receptor resistance
(Taymans et al., 1997). A remarkably similar pattern, including
high endogenous levels of glucocorticoids and glucocorticoid
resistance, has been reported in New World primates, including
marmosets (Chrousos et al., 1982), which show several parallel
features of social monogamy (French et al, 2018). Thus,
reductions in sensitivity of the glucocorticoid receptor, with a
concurrent elevation in glucocorticoids, could create a hormonal
environment in which glucocorticoids compete with testosterone
for the AR. This is another plausible pathway through which
reductions in masculine traits might occur.

Could Oxytocin Play a Developmental Role
in Physical Demasculinization, While
Increasing the Behavioral Traits of Social
Monogamy?

We hypothesize here that oxytocin may have the capacity to
prevent masculinization. For example, Nugent et al. (2015) have
added compelling evidence for a role for changes in inflammation
as a necessary mechanism through which testosterone creates a
masculine behavioral phenotype. Oxytocin is anti-inflammatory
(Yuan et al., 2016), and thus might indirectly inhibit the actions
of androgens on the masculine phenotype.

Socially monogamous species, including prairie voles, often
have high levels of oxytocin (Kramer et al., 2004), and might
be less responsive to both the masculinizing and inflammatory
effects of testosterone. In addition, a brain imaging study from
our group indicates, at least in prairie voles, that a brief perinatal
exposure to oxytocin can demasculinize the nervous system (Yee,
Ferris et al., ms in preparation). Other studies have revealed that
early life manipulations of the oxytocin system alter several traits
of monogamy, facilitating pair bonding and alloparental behavior
in males, with little effect in females (Carter et al., 2009).

At least one source of variation in oxytocin in early life
is exposure to differential parenting. The neural systems that
regulate social experiences in adulthood, also are epigenetically
tuned by social experience and peptides in early life (Perkeybile
et al., 2018). As one other example, in prairie voles a single
exposure to oxytocin on the first day of life altered the expression
of the vasopressin receptor in adulthood (Bales et al., 2007b).
In contrast blocking the oxytocin receptor interferes with the
behavioral traits of social monogamy, again with effects that thus
far have been most apparent in males (Bales et al., 2004a; Carter
et al., 2009).

CONCLUSIONS

Individual differences in social behavior are regulated by genetics,
epigenetics, and patterns of short-term change in peptides and
steroids. While many factors contribute to the expression of
social behaviors across species, at present the best studied
are variations in steroids and more recently in oxytocin
and vasopressin pathways. Comparative analyses, especially
in closely related yet behavioral distinct species, have been
useful in identifying mechanisms through which evolutionary
and proximate pressures could shape the features of social
monogamy. Each of the social behaviors reviewed here, as
well as several others related to social monogamy, such as the
social regulation of reproduction, are adaptive and exist along
a continuum. Where an individual or a species falls on that
behavioral continuum is controlled at least in part by peptide and
steroid systems and the interactions among these. Further adding
to these variations, experiences across the life cycle serve to
change and refine these systems. The same hormones necessary
for the expression of the features of social monogamy, also are
implicated in the development of a nervous system capable of
being epigenetically tuned to high levels of sociality.
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FIGURE 3 | In comparison to non-monogamous montane voles, the socially monogamous prairie vole shows higher unstimulated levels of hormones of the

The full array of unique features seen in social monogamy
is observed in only a small fraction of mammalian species.
However, understanding these prosocial traits, such as social
attachment and parenting, has translational implications for
human behavior. A topic as apparently esoteric as social
monogamy in voles has uncovered neural systems relevant to the
biology of love (Carter, 1998, 2017), and the role of relationships
in coping with stress or trauma (Smith and Wang, 2014; Sun
et al., 2014; Perkeybile and Carter, 2018). Understanding natural
variations, within and across species, provides knowledge that
has energized multidisciplinary sciences ranging from ethology
and evolution (Ophir et al., 2008, 2012) to molecular biology
(Bendesky et al., 2017), to psychology (Feldman, 2017) and
emerging fields such as “precision” medicine. Findings arising
from the study of socially monogamous mammals have even
helped to generate interest in the broad therapeutic usefulness
of peptide hormones, such as oxytocin agonists or vasopressin
antagonists in the treatment of developmental disorders or other
illnesses, such as autism, schizophrenia, and substance abuse
(Carter, 2007; Buisman-Pijlman et al., 2014; Pedersen, 2017).

It has been suggested by French et al. (2018) that social
monogamy should be treated as a “menu.” However, items on
a menu can occur independently. We suggest here that social
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