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SOCIAL BONDS ARE FUNDAMENTAL TO with both internal and external stressors, and enhanc-
MAMMALIAN WELL-BEING es physical health and psychological well-being [3-5].
Among the social bonds exhibited within species, re-

Social bonding lays the foundation for a range of search spanning multiple disciplines has converged on
adaptive processes within a species. Bonding facilitates  the conclusion that the pair bond may be particularly cen-
group-level cooperation [1,2], fortifies the ability to cope  tra] to adaptive functioning [4,6]. Indeed, the quality of a
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Prairie Vole

Capable of forming strong adult
attachments (socially monogamous)

High levels of experimental control
Invasive experiments possible

Developmental experiments possible
on a shorter timeframe

Large body of work investigating
multiple neurotransmitters
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Titi Monkey

Capable of forming strong adult
attachments (socially monogamous)
High levels of experimental control

Some level of invasive experiments
possible

Developmental timeline shorter
than humans but longer than voles

Neurobiology much closer to

Human

Capable of forming strong adult
attachments

Low levels of experimental control
Non-invasive measures only

Long developmental timeline

Highest level of validity for testing
of clinical treatments

* Higher potential for technological humans
manipulation such as transgenics = Same form of oxytocin gene as
humans

+ Same form of oxytocin gene as
humans

Figure 1. Summary of advantages and disadvantages of studying the neurobiology of pair bonding in prairie voles, iti

monkeys, and humans.

pair bond is robustly associated with crucial survival out-
comes such as faster recovery from injury [7], decreased
risk of infection [8], and lower mortality rates [9,10]. Yet,
for all that is known about the influence pair bonds exert
on psychophysiological processes, comparatively little is
known about the psychophysiological processes that give
rise to, and maintain, those pair bonds.

The study of pair bonds is inevitably comparative
[11], in part because the cross-section of research concern-
ing social bonds and physiology is at an interdisciplinary
impasse: on one hand, the vast majority of work inves-
tigating the psychological features of the pair bond has
been conducted with human subjects (e.g., investment,
intimacy, attachment [12]); on the other hand, the most
rigorous attempts to identify the biological substrates of
the pair bond have been undertaken with non-human an-
imals whose neurobiology may vary widely from that of
humans (e.g., prairie voles, Microtus ochrogaster [13]).
The present review, therefore, aims to advance the study
of the pair bond by centering our investigation on a spe-
cies that exhibits comparatively more neurological and
social similarities to humans: the titi monkey (Callicebus
cupreus). In doing so, we expect that the proposed neuro-
biological model of pair bonding presented here will be
more readily, and appropriately, generalized to humans
(Figure 1).

A pair bond consists of a constellation of behavioral,

biological, cognitive, and affective features. Beginning
with the features that are most consistent across spe-
cies, pair bonds are typically dyadic and formed between
two adult conspecifics. Pair bonds may also be sexual-
ly monogamous, but the present work posits that a more
consistent feature is the tendency toward, but not strict
adherence to, sexual exclusivity. That is, whether refer-
ring to prairie voles, titi monkeys, or humans, those in a
pair bond are almost always one another’s primary sexual
partner, but they may also have secondary or tertiary sex-
ual relationships. As such, it is the long-term, enduring
nature of both social and sexual contact that distinguishes
a pair bond from other relationships [12,14].

Pair bonds developed during adulthood are thought
to stem from the attachment system established early in
life [15,16]. Bowlby’s attachment theory [17] proposes
that this biobehavioral attachment system supports prox-
imity seeking between infants and their primary caregiv-
ers; this is thought to promote caregiver investment and
offspring survival. Similarly, pair bonded partners across
a range of species demonstrate a degree of psychological
attachment to one another [18]. Accordingly, pair bond-
ed partners usually develop a preference for their partner
compared to alternative mates [19,20], seek and maintain
proximity to one another [15], experience distress upon
separation from one another [16], serve as a safe base
for exploration [21], and act as a buffer against stressful
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situations [22]. Additionally, many species have evolved
a repertoire of behaviors geared toward maintaining the
stability of the pair bond, such as mate guarding, cohab-
itation, merging resources and resource provision, and
social support.

PRAIRIE VOLES ARE THE MAIN RODENT
MODEL OF PAIR BONDING

Animal models are crucial to the study of pair bonds,
as they enable researchers to experimentally manipulate
and test specific neurobiological pathways and mecha-
nisms using more invasive techniques than are allowable
in humans. The premier model for research on mamma-
lian pair bonding is the prairie vole (Microtus ochro-
gaster). Prairie voles are socially monogamous rodents
which form stable female-male pair bonds in the field and
in the laboratory [23-25], as well as in semi-free-ranging
conditions [26]. This behavior, combined with their quick
maturation and easy habituation to breeding in the labora-
tory, makes them an ideal model for basic research.

The timeline for the formation of pair bonds has been
well studied in voles. In typical laboratory conditions, fe-
male prairie voles will reliably develop a selective pref-
erence for their partner over an unfamiliar potential mate
after six hours of cohabitation, while males will form a
preference for their partner after 24 hours of cohabitation.
This 'partner preference’ is used as a behavioral indicator
of the formation of a pair bond in this species [27-29].
Even in the absence of gonadal hormones [27,29,30],
both sexes are capable of forming partner preferences
through cohabitation alone, but mating further facilitates
pair bond formation in both sexes [13,27]. For example,
mating and pregnancy are necessary to elicit a marked
increase in selective aggression in males, but not females
[31], after two weeks of pairing [32,33]. Once formed, a
pair bond often persists for the duration of the vole’s life-
time. It is rare for individuals of either sex to form a new
bond following the death of a partner in the field [13].
Given the detailed body of work on pair bond formation
in prairie voles, this model has largely informed our con-
sideration of the potential neuroendocrine mechanisms
that contribute to formation and maintenance of the pair
bond in other socially monogamous mammals, including
titi monkeys and humans.

OXYTOCIN AND VASOPRESSIN PLAY KEY
ROLES IN PRAIRIE VOLE AND HUMAN
PAIR BONDING

The nonapeptides oxytocin (OT) and arginine vaso-
pressin (AVP), which are implicated in both parent-infant
bonds and adult pair bonds across a number of species,
appear to be key molecular mediators of mammalian
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pair bonding [34]. OT has a single receptor type (OTR)
[35]; AVP has several receptor types, but almost certain-
ly influences social behaviors via the AVP Vla receptor
(AVPR1a) subclass [36]. These receptors are encoded
by the OT receptor gene (OXTR) and AVP Vla gene
(AVPRI1A4).

The importance of OT and AVP in pair bonding has
been well established in prairie voles [37]. In the past,
it was thought that OT was responsible for female pair
bonding and AVP for male pair bonding [28], however,
our current understanding is more nuanced. Pharma-
cological blockade of either neuropeptide in either sex
results in loss of the pair bond [30]. In females, the en-
hancement of OTRs in the NAc increases the rate of pair
bond formation [38], whereas the reduction of OTRs in
the NAc via interference RNA disrupts pair bond forma-
tion [39]. In males, OTRs in the NAc coordinate sensory
and reward processing during the establishment of the
pair bond [40]. However, an increase in AVPR1a in the
ventral pallidum (VP) via viral vector is sufficient to fa-
cilitate the formation of a pair bond in otherwise social-
ly promiscuous meadow vole males. Similar studies of
AVPRI1a in female voles have yet to be conducted [41].

An emerging literature using peripheral hormone
measures, genotyping, brain imaging, and intranasal ad-
ministration in humans also supports the involvement of
OT and AVP in several facets of pair bonds, including
the formation and maintenance of romantic relationships
[42]. OT and AVP play documented roles in human sex-
ual behavior, but they are also integral to a number of
nonsexual features that distinguish pair bonds from other
sorts of sexual relationships. For instance, studies have
shown significantly higher plasma OT levels in newly
formed couples than in single controls [43-45], with cou-
ples expressing higher OT more likely to remain paired
six months later [44]. New couples with higher plasma
OT also had higher interactive reciprocity (including
social focus, positive affect, affectionate touch, and syn-
chronized dyadic states) [44]. Moreover, women who
reported frequent hugs and massages from their part-
ners had higher baseline levels of plasma OT [46], and
married couples who participated in a four-month rela-
tionship intervention involving warm touch showed in-
creased levels of salivary OT [47]. These findings support
the notion that the integration of physiological processes,
including the OT system, with social behaviors such as
eye-gaze, vocalization, and touch, support dyad-specific
affiliations [48].

AVP is also associated with differing qualities of the
pair bond. Specifically, among men in long-term relation-
ships, polymorphic variants of the AVPRIA gene were
associated with differences in self-reported relationship
bonding and the frequency of relationship crises [49].
Furthermore, among married couples, higher plasma AVP
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levels were associated with less negative communication
during an observed task [50] and greater self-reported at-
tachment security [51].

Changes in the OT and AVP systems may further fa-
cilitate pair bond maintenance in humans and other spe-
cies. For instance, when OT was nasally administered to
men before viewing pictures of their romantic partner it
enhanced the attractiveness of their partner, which in turn
corresponded with stronger responses in brain regions as-
sociated with reward [52]. Intranasal OT administration
also promoted greater distancing between romantically
involved men and an attractive female experimenter [53].
Collectively, these findings suggest that OT and AVP may
interact with reward regions in the brain to enhance the
reward response associated with the romantic partner,
while reducing the motivation to interact with other po-
tential mates.

NEUROIMAGING STUDIES OF ROMANTIC
LOVE IN HUMANS IMPLICATE SOCIAL AND
REWARD SYSTEMS

There are relatively few published imaging studies
that have investigated the neural correlates of the roman-
tic love associated with pair bonding in humans [54,55],
and as most were carried out on established couples, they
focus on pair bond maintenance rather than formation.
Despite this limitation, evidence points toward specific
patterns of neural activation that accompany strong, ro-
mantic bonds. Specifically, the experience of romantic
love is associated with heightened activity in dopaminer-
gic-related brain areas often associated with reward and
motivation systems, such as the ventral tegmental area
(VTA), medial insula, anterior cingulate cortex (ACC),
hippocampus (Hipp), striatum, nucleus accumbens
(NAc), and hypothalamus (Hyp) [56-62]. Romantic love
is also associated with increased functional connectivity
between these subcortical regions (i.e., caudate nucleus,
NAc, amygdala (Amyg), insula; [63]). These findings are
consistent with the hypothesis that the mesolimbic dopa-
minergic system functions in conjunction with systems
mediating emotion and memory to facilitate the mech-
anisms that enable humans and other mammals to enact
behaviors that maintain pair bonds [13,32,64].

Akin to the pattern of activation seen in romantic
love, there is also a corresponding pattern of deactivation
in several brain areas, including the posterior cingulate
cortex (PCC) and Amyg [57,58,62,65]. Activation of the
PCC is associated with the experience of grief [66], and
the region is thought to play a central role in the interac-
tion between emotion and memory [67]. Similarly, acti-
vation of the Amyg is tied to processing a variety of emo-
tions, particularly fear and anxiety [68]. Thus, being in
the presence of, or thinking about, a romantic partner may
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reduce experiences of fear and other negative emotions in
pair bonded individuals.

A study comparing patterns of brain activity showed
significant overlap in the brain regions activated or de-
activated by maternal and romantic love [58]. Howev-
er, activation of the periaqueductal gray was specific to
maternal love, which is consistent with rodent studies
showing that lesions in this area severely reduce maternal
behavior [69], and romantic love differentially activated
the dentate gyrus, hippocampus (Hipp), and hypothala-
mus (Hyp). The greater activation observed in hypotha-
lamic regions may reflect the sexually arousing nature of
romantic love [70]. Together these findings support the
proposition that infant-caregiver bonds and pair bonds
share similar biological substrates—presumably because
adult attachment evolved from the parent-child attach-
ment system [71,72]—yet, these biological substrates
also include divergent features that support the unique
characteristics of infant-caregiver or pair bonds.

THE DOPAMINE SYSTEM PLAYS A KEY
ROLE IN PRAIRIE VOLE AND HUMAN PAIR
BONDING

The mesolimbic dopamine system is an evolution-
arily well-conserved system that is comprised of con-
nections between the VTA, prefrontal cortex (PFC),
NAc, VP, Amyg, Hipp, Hyp, and lateral septum (LS). A
primary function of this system is to generate the mo-
tivation to seek rewards and to avoid aversive stimuli;
this has influences on many different behavioral systems,
including pair bonding. Although the main neurotrans-
mitter connections of the mesolimbic dopamine system
are GABAergic, glutamatergic, oxytocinergic, and dopa-
minergic [73], it is dopamine that is critical for reward
processing within this system, and in regard to pair bond-
ing. As mentioned previously, neural imaging evidence
in humans has repeatedly shown heightened activation
of these dopaminergic-related brain areas when romantic
love is experienced.

Dopamine signaling in the NAc is important for the
facilitation and maintenance of pair bonds in prairie voles
[33,74]. For instance, dopamine is released in the NAc in
response to mating, and this increase is necessary for the
formation of a pair bond [74]. Studies show that using
antagonists to block the activity of D2—but not D1—te-
ceptors is enough to prevent the formation of pair bonds
in prairie voles [75], indicating the importance of D2 re-
ceptors in the establishment of pair bonds. D1 receptors
on the other hand are implicated in the maintenance of
pair bonds. D1 receptors are upregulated in the NAc fol-
lowing the formation of a pair bond, and the activity of
these receptors contributes to maintenance by inducing
aggressive behaviors in mated prairie voles towards op-
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posite-sex strangers [74].

THE OPIOID SYSTEM PLAYS A KEY ROLE
IN PRAIRIE VOLE AND HUMAN PAIR
BONDING

Literature on mammalian social attachments sup-
ports the importance of opioids for the formation and
maintenance of pair bonds. For example, removal of an
attachment figure (usually the mother) has been found
to decrease endogenous opioid levels and activation in
several mammalian species, including dogs, guinea pigs,
talapoins, and rhesus monkeys [76]. Thus, activation of
n and « opioid receptors may facilitate different aspects
of monogamous pair bonds due to their roles in affective
responses.

Resendez and Aragona [77] suggest that p opioid re-
ceptors are important for pair bond formation in prairie
voles due to their regulation of pleasant affective respons-
es. Affiliative behaviors, such as grooming, naturally re-
lease B-endorphins [78], and over-activation of p opioid
receptors reduces the need for additional grooming in
primates [78] and side-to-side contact in prairie voles
[79]. Conversely, pair bond maintenance may be facili-
tated by activation of k opioid receptors due to their role
in producing unpleasant affective responses to stressors;
in other words, k opioid receptors may mediate the dys-
phoric effects of separation from the pair mate [33]. In
prairie voles, pair bond formation is prevented by either
systemic administration of naltrexone (a non-specific
opioid antagonist) or local administration of CTAP (a se-
lective p-opioid receptor antagonist) into the dorsal stri-
atum, confirming the importance of opioids in pair bond
formation [80]. In monogamous voles, contact is not in-
creased by blockade of p-opioid receptors [79]; howev-
er, in non-monogamous primates, physical contact does
increase following opioid blockade [81]. It will be im-
portant to determine whether this difference in behavioral
response to opioid antagonists is due to phylogenetic dif-
ferences or differences in social structure.

The x and p opioid receptors located in the limbic
regions are likely essential for various aspects of monog-
amous pair bonding. In particular, the cingulate gyrus,
striatum, and mediodorsal thalamus may play different
roles in attenuating emotional responses during pair bond
formation. The cingulate gyrus is important for emotion
regulation, and the presence of both nu and x opioid re-
ceptors in this brain region may help to regulate differing
responses to a pair mate versus an unfamiliar conspecif-
ic. For instance, activity in the cingulate gyrus is down
regulated in humans viewing pictures of loved ones [82],
whereas humans experiencing social rejection exhibit in-
creased activity in the dorsal cingulate gyrus [83]. Mean-
while, p opioid receptors in the striatum appear to be

377

particularly associated with positive affect [84]. In sum,
these opioid receptors may serve to regulate both hedonic
and dysphoric aspects of pair bonding.

PAIR BOND CHALLENGES ACTIVATE
SEVERAL NEUROENDOCRINE SYSTEMS
IN PRAIRIE VOLES AND HUMANS

While involvement in a pair bond can be very re-
warding, it can involve challenges, such as separation
or jealousy, that can lead to mental and physical distress
[85]. For instance, in male prairie voles, partner separa-
tion leads to greater anxiety and depressive-like behav-
iors during the elevated plus maze and forced swim test
respectively, as well as an increase in the density of OT,
AVP, and corticotropin-releasing hormone immunoreac-
tive cells in the PVN and the supraoptic nucleus (SON) of
the Hyp [85]. Prairie voles also show elevated plasma cor-
ticosterone levels for up to four weeks after the loss of a
partner, indicating the importance of the corticotropin-re-
leasing-factor system in modulating stress and coping af-
ter the loss of the partner [85-87]. Although no changes in
plasma OT or AVP are observed in response to separation
in voles, humans exhibit sex-specific changes in OT and
AVP in response to relationship distress [85,88]. For ex-
ample, reporting negative aspects of their relationship re-
sults in elevated plasma AVP concentrations in men, but
elevated plasma OT levels in women [89].

Much remains unknown about the neurobiology of
partner loss. Human studies focusing on the neurobiology
of grief suggest roles for a number of different regions
in mediating this response. For example, cingulate cor-
tex and cerebellum were activated in bereaved women in
response to words associated with the death of their de-
ceased husband, as well as in response to pictures of the
deceased (in comparison to pictures of a stranger) [66].
Another study focusing on complicated grief (e.g. pro-
longed, unabated grief), in humans showed activation of
the NAc following presentation of stimuli related to the
death of the loved one, indicating that after loss, mem-
ories of the attachment may still be rewarding and thus
may make it more difficult to move on [90]. Avoidance
of negative experiences such as separation may help to
maintain the pair bond; thus, they are important aspects
of the pair bond to study in both humans and animal mod-
els.

TITI MONKEYS ARE A NOVEL, NON-
HUMAN PRIMATE MODEL FOR THE
NEUROBIOLOGY OF PAIR BONDING

Titi monkeys are small, arboreal, New World mon-
keys (Figure 2) [91]. While they are not a common labo-
ratory model, a colony of titi monkeys was established at
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Figure 2. Titi monkey family; pair bonded male and female with infant. © Kathy West, California National Primate

Research Center.

the California National Primate Research Center in 1971
and exists as of 2017 [92]; for management procedures,
see [93]. Although titi monkeys are not the only potential
primate model for pair bonding, the alternatives possess a
number of disadvantages. For example, the Callitrichidae
(marmosets and tamarins), another group of small New
World primates common in laboratories, has been char-
acterized variously as monogamous, polyandrous, and
flexible [94]. Evidence for a pair bond is also equivocal,
in that stress can be buffered by a familiar non-pair mate,
the brother [95]. Another potential laboratory model, the
owl monkey (4otus azarae), has a number of visual sys-
tem adaptations associated with nocturnality, which differ
significantly from humans [96]. Finally, New World mon-
keys show a large number of amino acid substitutions in
the 9-amino acid structure of OT. Out of the available
New World monkey models, only titi monkeys share the
conserved form of OT with humans (Leu-OT) [97]. All
other potential socially monogamous primate models (ex.
some lemurs, gibbons, and siamangs) are not held in lab-
oratories, and many of these species are endangered.
Like prairie voles, titi monkeys display a preference
for their partner over other potential mates, which is a
key behavioral indicator that the pair bond has been es-
tablished [98,99]. Titi monkey pair bonds are character-
ized by coordinated behavior, allowing them to maintain
proximity during feeding and travel, and to spend time in
contact during resting periods—sitting side by side with

their tails entwined [100]. Titi pairs also display territori-
al behavior, aggression towards unfamiliar animals who
might represent a threat to the bond [101], behavioral and
physiological distress upon involuntary separation from
the pair mate [102], social buffering [103], and biparental
care [104]. The exact timing of the emergence of these
behaviors is still being studied in titi monkeys, and there
is a great variety of responses when two unfamiliar ti-
tis (female and male) are paired in the laboratory [105].
However, these behaviors appear to be similar in the field
and in the laboratory. [100,106]. Both wild and captive
pairs display a close affiliative relationship [104,106],
with most of the sexual interactions occurring within the
bonded pair [106], and extra pair sexual encounters being
brief [100]. In the wild, titi monkey groups are also com-
posed of a mated pair and their offspring. Titi monkey
pairs duet both in the field [100] and in the laboratory
[107]. Males are the primary carriers of offspring both in
the field [108] and in the laboratory [104], and the birth
of an offspring results in less time in contact between pair
mates in both contexts.

IMAGING STUDIES IN TITI MONKEYS

Positron emission tomography (PET) scans co-reg-
istered with structural magnetic resonance imaging have
been used to experimentally examine changes in regional
and global cerebral glucose metabolism during the forma-
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tion and maintenance of pair bonds in male titi monkeys.
Forty-eight hours after pairing, male titi monkeys showed
changes in cerebral glucose metabolism in the right NAc
and VP—two regions predicted to be involved in pair
bonding based on their dopaminergic innervation [105].
After being paired for one week, they showed global in-
creases in cerebral glucose metabolism [109], and these
gains were maintained or strengthened four months after
pairing [109]. These global increases in cerebral glucose
metabolism were driven by areas involved in motivation
(NAc, caudate, putamen, VP) and by areas involved in
emotion, reproduction, and social memory (Amyg, LS,
PCC, medial preoptic area) [109].

OT AND AVP MAY PLAY KEY ROLES IN TITI
MONKEY PAIR BONDING

The distributions of OTR and AVPR1a have been
well described in the prairie vole brain [110,111]; howev-
er, studies investigating these receptors in primates have
only recently been published [112,113]. In all non-human
primates studied to date (rhesus macaques, titi monkeys,
and common marmosets), OTR binding was far more re-
stricted than in rodents [114].

Across these three primate species, OTR and AVPR 1a
binding were observed in brain areas that modulate visu-
al and sensory stimuli, unlike many rodent species that
have high densities in areas that process olfactory stimuli.
This is consistent with the understanding that primates
rely more heavily on visual information, whereas rodents
depend primarily on olfactory cues to navigate their so-
cial environments. In titi monkeys, AVPR1a binding was
present in the lateral geniculate nucleus of the thalamus
(LGN), which transduces visual stimuli to downstream re-
gions such as the superior colliculus (SC) [115], a region
in which contains both OTR and AVPR 1a in the titi mon-
key. Moreover, both receptor types were detected in the
primary visual cortex (V1), an area that has bi-directional
neural projections with the SC [115]. OTR and AVPR1a
were also observed in the pulvinar nucleus (PUL) of the
thalamus, a region that transmits retinal and SC informa-
tion downstream to the Amyg [116]. These binding pat-
terns are similar binding to those observed in the rhesus
macaque [112], including AVPR 1a binding in the primary
and secondary visual cortices, which reaffirms the impor-
tance of processing social stimuli via visual pathways
across primate species. Furthermore, all primates studied
to date (including humans) show OTR expression in the
nucleus basalis of Meynert, a cholinergic region related
to attentional processes [114,117]. These findings point to
an important role for visual cues in the development and
maintenance of pair bonds.

While there are similarities, most areas that express
OTR in titi monkeys differ from those observed in rhe-
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sus macaques, a primate species that does not form pair
bonds. In titi monkeys, OTR expression was observed in
brain regions that are important for learning and memory,
including the presubiculum and two sub-regions of the
hippocampus—CA1 and dentate gyrus [118]. OTR and
AVPR1a binding were also found in other areas of the titi
monkey limbic system; AVPR1a binding was observed in
the central amygdala (CeA), and OTR in the LS. While
the CeA is critical to fear conditioning [119], and its role
in anxiety is modulated by OT and AVP [120,121], it is
also a crucial region for social recognition [122], as is the
LS [123].

As in rhesus monkeys and marmosets [124,125],
AVPR1a expression was found to be more prevalent than
OTR in the central nervous system of titi monkeys, sug-
gesting that AVP may play a more widespread role in the
social behavior of primates than might be expected from
work in rodents. For example, AVPR1a binding was pres-
ent in areas that are important for reward and reinforce-
ment, whereas OTR binding was not. Specifically, dense
AVPR1a binding was observed in the striatum, and in the
substantia nigra, a dopaminergic area that projects into
the striatum.

A pharmacological study in male titi monkeys ad-
ministered intranasal AVP [126] at two doses previously
shown increase AVP concentration in cerebrospinal fluid
(CSF) when given intranasally in humans [127]. Males
were then exposed to their partner, a strange female, or an
empty cage in a sequential (non-simultaneous) fashion.
Males treated with either dose demonstrated decreased
latencies to approach both females, but the high dose of
AVP increased the frequency with which they touched
their partner’s cage over the stranger’s cage [126].

THE OPIOID AND DOPAMINE SYSTEMS
PLAY KEY ROLES IN TITI MONKEY PAIR
BONDING

Recent studies have explored the role of opioids in
titi monkey pair bonding, and suggest that morphine, a
1 opioid receptor agonist, may have an anxiolytic effect
in titi monkeys, whereas naloxone, an opioid antagonist,
may have an anxiogenic effect [78]. While separated
from their mate, titi monkeys often display increased
locomotion, cortisol, and isolation peeps [102]. Using a
mate-separation paradigm, Ragen and colleagues found
that cortisol increases induced by partner separation were
highest following naloxone treatment, but that medium
and high doses of morphine attenuated cortisol respons-
es [78]. Similarly, AVP concentrations rose significantly
following naloxone administration when males were sep-
arated from their mates, but not when they remained with
their partners [128]. Pair mates likely act as a buffer to
the effects of stressors, which may explain why nalox-
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the complexity of the figure. Region shading corresponds to the justification for inclusion in the model; white regions
were hypothesized to be important for pair bond behavior based on a variety of factors (e.g. receptor presence, ana-
tomical connections), light gray regions were included based on importance in other models (e.g. vole), and dark gray
regions were included based on the results from PET studies we have previously conducted on titi monkeys. Abbrevi-
ations: CA3=hippocampus; CeA=central amygdala; LGN=lateral geniculate nucleus; LS=lateral septum; NAc=nucleus
accumbens; PUL=pulvinar; PVN=paraventricular nucleus of the hypothalamus; SC=superior colliculus; VTA=ventral

tegmental area; V1=primary visual cortex.

one treatment increased locomotion and AVP when males
were alone but not when they were with their partners
[129]. As opioid antagonists did not increase affiliation,
opioid receptor function in titi monkeys appears to be
more similar to that of other monogamous species (like
prairie voles) than that of non-monogamous primates
[78].

In addition to p opioid receptor manipulation, a fol-
low-up study by Ragen and colleagues [128] examined
the effects of a k opioid agonist (U50, 488) and antagonist
(GNTI) on titi monkey behavior and physiology. Given
that rats show increased isolation calls following activa-
tion of k opioid receptors, primates might also be expect-
ed to demonstrate separation behaviors when given « opi-
oid receptor agonists; however, agonist treatment failed
to sustain separation behaviors (e.g. isolation peeps).
This indicates further differences between non-human
primates and rodents. GNTI decreased male locomotion
during separation, but it did not attenuate isolation peeps.
The authors did not find effects of any treatment on plas-
ma AVP, OT, or cortisol. These findings suggest that «
opioid receptors may be important for regulating certain
behavioral stress responses, like increased locomotion,

but not the physiological components of distress in titi
monkeys. As such, the blockade of k opioid receptors
may attenuate the negative affective experience of sep-
aration.

Little is known about dopaminergic processing in titi
monkeys, though recent work suggests that neuroplasti-
city of the dopamine systems in the LS, as opposed to
the NAc, may be important for pair bonding in this spe-
cies [130]. For instance, PET scans of male titi monkeys
taken four to nine weeks post-pairing revealed increases
in dopamine-D1 binding in the LS, while there were no
changes in the NAc.

NEURAL RESULTS OF CHALLENGES TO
TITI MONKEY PAIR BONDS

Bales and colleagues examined neural and hormonal
changes of adult male titi monkeys in response to acute
and chronic separation from the pair mate [131]. An acute
separation of 48 hours resulted in elevated levels of cor-
tisol, CSF OT, and insulin compared to baseline levels
(when the pair mate was present). The authors think these
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changes reflect an increase in motivation to find social
proximity, and preparation to cope with the stress of sepa-
ration [132,133]. In addition, a decrease in glucose uptake
was observed in many regions which contain OTR and
AVPR1a [113], including the VP, LS, PVN, periaqueduc-
tal gray, and cerebellum. In contrast, a long term chronic
separation of two weeks resulted in reduced whole brain
glucose uptake—the converse of what is found during
the initiation of a pair bond [105,109,131] as well as in-
creased levels of CSF OT, and insulin. Chronic separation
also resulted in a decrease in glucose uptake in the central
Amyg, a region known to contain dense AVPR 1a binding
in titi monkeys, which has been previously linked with
mediation of stress responses in other species [113,134].

AN INTEGRATED NEURAL MODEL FOR
TITI MONKEY PAIR BONDING

Our model for the neural regulation of pair bonding
in titi monkeys (Figure 3) is based on several principles:
1) We incorporated data from our imaging studies with
titi monkeys, which indicated which brain areas experi-
enced changes in glucose uptake according to which so-
cial conditions; 2) We assumed special roles for areas that
contained OTR and AVPRIa, particularly when those
areas overlapped with dopaminergic and/or opioidergic
innervation or receptors; and 3) We used the prairie vole
model [135] for general guidance.

First, we posited that as primates, titi monkeys would
primarily use visual signals for courtship and mating. This
was supported by the distribution of OTR and AVPR1a
in the titi monkey brain; OTR binding is present in the
SC, PUL, and V1 [113]; AVPR1a binding is present in the
LGN, SC, PUL, and V1 [113]. OT release within visual
areas likely originates within the PVN. Given that rhe-
sus monkeys and humans both demonstrate OTR binding
and OT protein in the retina [136], OT peptide expression
within the retina could potentially provide another source
for OT release onto visual areas, though this has not yet
been established in titi monkeys. Over time, OT release
within visual areas might act to strengthen synapses and
allow certain neurons to respond preferentially to visual
stimuli from the partner. Given that the PUL extends to
the CeA in primates [137], it may bridge visual process-
ing (e.g. identification) and limbic activation in primates.

Several studies have demonstrated a role for the CeA
in social recognition [121,122,138]. The CeA projects to
the LS [139], another area crucial to social recognition
in many species [139,140], which receives dopaminergic
input from the VTA and regulates activity of dopaminer-
gic areas in the forebrain [139,141]. In contrast to the
rhesus monkey, a polygynous species that does not form
pair bonds, titi monkeys have OTR in the LS [112-114].
The LS also appears to be implicated in pair bonding as
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demonstrated by differences in glucose uptake between
paired and unpaired males [105], changes in glucose up-
take across the course of pair bonding [105,109], a re-
duction in glucose uptake during short separations from
the pair mate [131], and an up-regulation of dopamine
D1 receptors four to nine weeks following pairing [130].
The LS also has strong reciprocal connections to the Hipp
[139], which is involved in memory consolidation [142].
LS activation exerts inhibitory feedback on the NAc,
which exerts inhibitory feedback on the basal ganglia
[141]. Thus, the inhibition of the NAc would increase
basal ganglia output, enabling the motor aspects of pair
bonding.

The proposed model is detailed in Figure 3. Visual
stimuli from a potential mate are received by the retina
and propagated throughout visual processing regions.
Subsequent copulation should stimulate PVN activity, re-
leasing OT and/or AVP into visual areas. The synergistic
activation of visual processing centers by the retina and
the PVN may mediate individual recognition, condition-
ing certain neurons to respond preferentially to the asso-
ciated visual stimuli henceforward. Consequently, these
positively valenced neurons within the visual system then
activate the CeA, which also might be sensitive to co-in-
cidental OT/AVP conditioning from the PVN. Activation
of the CeA should stimulate the LS, inhibiting the NAc.
By decreasing output from the NAc, the basal ganglia
system subsequently increases its output, ultimately en-
abling the motor aspects of pair bonding. Stimuli from
mating episodes should also activate the VTA, mediating
the rewarding aspects of mating behavior. Initially, VTA
activation would be sufficient to activate affiliative motor
behavior through LS activation via D1 receptors and NAc
deactivation via D2 receptors.

Repeated mating episodes with paired visual stimuli
from the same mate should enable visual stimuli alone to
strongly activate the affiliative motor circuits associated
with pair bonding. After OT/AVP conditioning within the
visual system, visual stimuli from strangers should fail to
activate the positively valenced neurons. Instead, these
visual stimuli would activate negatively valenced neu-
rons which project to neural areas that increase aversive/
avoidance related behavior. The localization of opioid
receptors across the circuit provides inferential evidence
for the ability of the opioid system to modulate pair bond-
ing behavior. For example, opioid receptor binding with-
in the NAc should cause deactivation, increasing basal
ganglia derived affiliative motor behavior.
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Table 1. Summary of the current state of data on pair bonding from prairie voles, titi monkeys, and

humans.

Prairie voles

Titi monkeys

Humans

Oxytocin

Vasopressin

Dopamine

Opioids

Visual
system

OTR? in the NAc® are crucial to
pair bonding based on multiple
methods: pharmacology [30],
viral vectors [38], RNAI° technol-

ogy [39]

AVPR1a"in VP9 are crucial to
pair bonding based on multiple
methods: pharmacology [30],
viral vectors [41], RNAI technol-

ogy

Dopamine type D2 receptors
involved in formation [64]; type
D1 receptors involved in main-
tenance via up-regulation of
aggression [33]

u receptors regulate formation
and K receptors regulate
maintenance [33,77]; phar-
macology, gene expression in
striatum

Not studied, expected NOT to
be heavily involved

OTR present in some do-
paminergic areas, like the
LS9 [113]; these areas are
implicated in imaging studies
of pair bonding [105,109];
however, no OTR present in
the NAc as in voles

Intranasal AVP" causes chang-
es in partner contact [126];
AVPR1a present in NAc rather
than VP [113]; these areas
implicated in imaging studies
of pair bonding [105,109]

D1 receptors in LS up-regulat-
ed in males after pairing [130];
AVPR1a present in NAc [113]

M and K receptors involved in
maintenance, grooming [78]
and responses to separation
[128]

Contains OTR and AVPR1a in
titis [113]

Peripheral OT® responsive

to relationship cues [44-46];
intranasal OT enhances partner
attractiveness, distance from
strangers [52,53]; genotype as-
sociations [43]; OTR distribution
known only for brainstem [117]

Peripheral AVP associated with
relationship quality [50,51];
genotype associations [49];
AVPR1a distribution known only
for brainstem [117]

Dopaminergic areas implicated
in imaging studies [62]

U agonism promotes visual
attention to faces and eyes
[148]; touch from partner alters p
availability [149]; kappa system
not studied

Not studied directly, involvement
expected (but see above)

20TR = oxytocin receptor

®°NAc = nucleus accumbens

°RNAi = RNA interference

dLS = lateral septum

eOT = oxytocin

fAVPR1a = arginine vasopressin receptor type 1a

9VP = ventral pallidum

"AVP = arginine vasopressin

PERSPECTIVES ON THE TITI MONKEY
MODEL, IMPLICATIONS FOR FUTURE
RESEARCH, AND CONCLUSIONS

Our model for the neurobiology of titi pair bonding
is intended to provide testable predictions for future re-
search. Our assumption in creating this model was that
the basic systems underlying pair bonding, including
those underlying reward and emotion/social memory, are
somewhat similar between all three species (prairie vole,
titi monkey, and human). The findings presented in this
paper support overlap in the neurobiological mechanisms
underlying pair bonding across these three species (Table
1). For instance, we saw involvement of the reward sys-
tem and limbic areas in multiple paradigms including pair
bond formation, separation, and reunion.

Titi monkey imaging and receptor distribution stud-
ies have provided some interesting contrasts with prairie
vole neurobiology. One example is the involvement of

the LS in titi monkey pair bonding, detailed in the pre-
vious section. The LS has been studied in relation to
pair bonding in voles [143]; however, recent work has
emphasized other dopaminergic forebrain areas such as
the NAc and VP. While this may be a matter of differing
methodology or focus, it is also possible that it is a taxo-
nomic or species difference. For example, following pair
bonding D1 receptors are upregulated in the NAc in voles
and the LS in titi monkeys [130]. In addition, no OTR or
AVPRI1a are present in the VP of titi monkeys, while in
male voles AVPR1a in the VP are considered necessary
for pair bonding [144].

One caveat to the model above is that all of our infor-
mation is currently derived from males. Sex differences
are common in prairie vole pair bonding [28], and the
same is likely to be true for titi monkeys and humans.
This limitation highlights the need for additional studies
focusing on pair bonding in female titi monkeys. It is
also worth noting that some findings (like changes in D1
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receptors with pairing) currently rest on only one study,
while others (such as changes in global cerebral glucose
metabolism with pairing and separation) have been rep-
licated. This should be considered when weighting the
significance of each finding.

A titi monkey model presents exciting new opportu-
nities to explore the role of social bonds, and their neural
bases, in processes best studied in primates rather than
rodents. For instance, the use of visual tracking of eye
gaze in non-human primates was recently identified as a
priority area for development in animal studies of social
cognition [145]. Along these lines, titi monkeys offer a
novel model for studying the effects of treatments for so-
cial deficits on facial recognition and eye-tracking, tech-
niques which capitalize on differences between primates
and rodents in the use of the visual system for social be-
havior. Importantly, the extended period of development
in primates presents opportunities to realistically model
many aspects of maturation; in titi monkeys as in hu-
mans, offspring often stay in the natal group well past
sexual maturity [146]. Reproductive processes also differ
considerably between primates and non-primates. Thus,
when treatments for social deficits might also affect re-
productive hormones or maturation, a titi monkey model
presents the possibility of assessing effects of treatments
on social behavior and reproduction simultaneously
[147]. In summary, the titi monkey model may serve as
a novel, generalizable model for many aspects of human
health.
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