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One major neurobiological substrate regulating social processes is dopamine (DA).

DA is implicated in social behavior in species as diverse as fish and birds, and has

an established role in regulating relationships between mates in socially monogamous

rodents. Marmoset monkeys display traits associated with social monogamy including

high rates of affiliation, biparental care, distress upon separation, and aggression toward

strangers; several of these behavioral patterns change throughout the development of

relationships. This temporal change may represent changing demands, as pairs are likely

to jointly face new experiences (e.g., parenthood) throughout pairing. We investigated the

role of DA and pairing length on social behavior during reunion after separation from the

mate. Marmosets were removed from their home environment and treated with agonists

and antagonists for the D1 and D2 receptor subtypes. They were exposed to a novel

environment containing an opposite-sex stranger and their pair mate, and then reunited

with their mate in the home enclosure. Marmosets in long term pairs exhibited higher

levels of food sharing during reunion than marmosets in short term pairs, with females

in long term pairs sharing food more than males; no sex difference was observed in

short term pairs. Subjects in short term pairs spent more time grooming their mate

than receiving grooming during reunion, while marmosets in long term pairs displayed

similar amounts of both initiated and received grooming. DA treatment altered pair-level

behavior. When females received either a D2 agonist or antagonist, short term pairs spent

less time in proximity, compared to when males received the same treatments. In long

term pairs, treatment of females with either a D1 agonist or antagonist resulted in pairs

spending less time in social proximity than when males were treated. These findings

suggest that the function of the DA system in mate behavior may be similar between

rodents and primates, with the D1 system modulating the expression of behavior in long

term pairs and the D2 system regulating behavior in short term pairs. Furthermore, these

results supplement a large body of work suggestive of deep evolutionary roots of the DA

system in regulating social behavior.
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INTRODUCTION

A close, selective, though not necessarily exclusive, social and
sexual relationship with a single partner is a hallmark of social
monogamy. There are several behavioral components of social
monogamy, all of which reference this relationship between
partners. Within the construct of social monogamy there is
variability both within, and especially among, species in the
specific social and behavioral components that are displayed
(Díaz-Muñoz and Bales, 2015; Tecot et al., 2016). In nonhuman
primates, social monogamy is associated with a host of behavioral
traits, including a selective social preference for the mate over
other conspecifics, biparental care, and aggression toward same-
or opposite-sex conspecifics (French et al., 2017). Of particular
interest are several phenomena associated with separation of
the mating pair, which include distress upon separation from
the mate, social buffering of stressful experiences while in the
presence of the mate, and high rates of affiliative behavior upon
reunion with the mate after a period of social separation (French
et al., 2017).

Marmoset monkeys (Callithrix spp.) display many
characteristics associated with social monogamy. These features
include social buffering of stress responses by the presence of
the pair mate (Smith et al., 1998; Rukstalis and French, 2005;
Cavanaugh et al., 2015), affiliation toward the mate (Ågmo et al.,
2012), biparental care (Snowdon, 1996; Ziegler et al., 2009),
and aggression toward same-sex conspecifics (Evans, 1983; Ross
et al., 2004; Ross and French, 2011). However, marmosets do
not display a strong selective social preference for their mate in
standard partner preference tests (Smith et al., 2010; Cavanaugh
et al., 2014), and they also demonstrate high levels of social
and sexual interest in opposite-sex strangers (Cavanaugh et al.,
2014; Mustoe et al., 2015). In addition, there is variability in
group demography in wild marmosets, ranging from single
pair and offspring to multimale/multifemale groups (Digby,
1999; Sousa et al., 2005). Thus, marmosets demonstrate traits
that are associated with social monogamy, as well as flexible
and conditional social responses in ways that resemble the
complexities of human “social monogamy” (Chapais, 2013).

One behavioral trait that may be particularly important to
the stability of a mating pair is the degree to which pairs
re-establish their relationship during reunion after a period
of separation, stress, or disruption. Separation from social
partners is often accompanied by behavioral signs of distress,
and increased glucocorticoid concentrations (Smith et al., 1998;
DeVries et al., 2003; Hennessy et al., 2009; French et al.,
2012; Ziegler and Crockford, 2017). Monogamous male titi
monkeys demonstrate differential brain activation in regions
associated with the regulation of social behavior (limbic and
striatal) during separation from a mate, and release of the
neuropeptide oxytocin upon reunion with the mate (Hinde
et al., 2016), indicating physiological responses to both separation
from, and reunion with, a mate. In marmosets, separation
from a mating partner and short- or long-term exposure to a
novel environment is associated with elevated hormonal stress
responses (cortisol increases) (Smith et al., 1998; Cavanaugh
et al., 2016). Furthermore, levels of affiliation are higher between

mates after a separation, compared to pre-separation levels,
suggesting that elevated rates of affiliative behavior upon reunion
in marmosets is an important mechanism for down-regulating
the negative affect and stress response associated with partner
separation (Shepherd and French, 1999; Cavanaugh et al., 2018).
High rates of affiliative behavior upon reunion among other
classes of social relationships in marmosets is also associated with
regulation of the arousal associated with separation from close
social contacts. Juvenile marmosets that engage in high levels
of affiliation during reunion after social isolation demonstrate a
faster return to baseline glucocorticoid levels (Taylor et al., 2015),
highlighting the importance of reunion behavior across social
contexts in marmosets.

The notion that reunion behavior modulates stress responses
to separation is supported by the observation that marmosets
experiencing a stressor with their partner exhibit no difference
in affiliative behavior upon reunion from pre-stressor levels
(Smith et al., 1998). This suggests that in marmosets when a
mate is present during a stressor, behavioral and physiological
responses during the stressor are reduced (e.g., social buffering),
and the need to downregulate stress upon reunion in the home
enclosure is hence less important (Cavanaugh et al., 2016).
The duration of separation also shapes the nature of affiliative
interactions upon reunion. Marmoset pairs separated for an
extended period of time (7 days) showed elevated pair-directed
affiliation upon reunion, while short separations (5–15min) did
not increase rates of affiliative behavior (Duarte et al., 2017),
suggesting that longer separations require larger behavioral
responses during reunion, presumably to aid in re-establishment
of the social relationship. Together, these data suggest that high
rates of affiliative interactions with significant social partners
after a period of separation has important consequences for
regulating the biobehavioral responses associated with social
separation. Thus, reunion after separation represents a time at
which individuals in the pair are engaging in behavior to reduce
behavioral and endocrine components of the stress response and
to re-establish social relationships.

The expression of reunion behavior with a pair mate may
be dependent on the phase of the relationship. The underlying
relationship between mating partners in socially monogamous
rodents has been delineated into two phases: formation and
maintenance. Each of these phases is associated with distinct
behavioral traits, as well as neurobiology, in rodent models
of social monogamy (i.e., prairie voles) (Young and Wang,
2004; Curtis et al., 2006; Lim and Young, 2006; Young et al.,
2008, 2011; Aragona and Wang, 2009). Social preference for the
mate is a key marker of pair bond formation, and in voles is
observed after 24 h of cohabitation (Williams et al., 1992), while
selective aggression toward conspecifics is considered a marker
of pair bond maintenance and is tied to onset of mating with
a mate (Carter et al., 1995). While the phases of pair formation
and maintenance in prairie voles appear to follow a strict and
short timeline, primates tend to show longer and more variable
transitions in relationships (Maninger et al., 2017). Patterns of
behavior betweenmates inmarmosets shift across time, including
levels of sexual behavior (typically, high in the beginning and
lower with increased length of pairing) and affiliative social
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behavior across pairing (typically, lower in the beginning and
increasing with pairing length) (Schaffner et al., 1995; Ågmo
et al., 2012; c.f. Evans and Poole, 1984). Thus, while there are
differences in affiliative behavior in marmosets between short
and long term pairs, there is no clear behavioral marker of an
“established” pair. Furthermore, social monogamy is theorized
to have evolved from an environment in which females were
highly dispersed and males experienced fitness benefits from
guarding and maintaining a relationship with a single female
(Lukas and Clutton-Brock, 2013). Thus, male and female mates
experience a suite of different evolutionary pressures in terms
of mating success. While males may benefit from engaging
in as many sexual encounters as possible given the minimal
cost associated with sperm production, they also benefit from
continuous presence near their femalemates (e.g., mate guarding,
proximity maintenance) to reduce the risk of her engaging in
extra pair copulations. Especially in species that exhibit paternal
care, it is critically important, from an energetic perspective, that
males raise offspring genetically related to them. It is therefore
likely that males and females will display different behavioral
profiles from one another at both initial and later stages of a
relationship.

The neurotransmitter dopamine (DA) has been identified as
a key player in decision making and social behavior in species
as diverse as invertebrate leeches, fish, birds, and mammals
(O’Connell and Hofmann, 2011). Of particular note is the role
that DA plays in the formation and maintenance of bonds
between mating partners in rodents. DA is a neurobiological
regulator of the reward system, and its role in associative learning
may facilitate its involvement in social behavior (Aragona et al.,
2003; Curtis et al., 2006; Brom et al., 2014). The DA system
has five receptor types that can be divided into two subfamilies
of receptors: D1-like (D1 and D5), and D2-like (D2, D3, and
D4). These subtypes differentially regulate bond formation and
maintenance in prairie vole pairs (Curtis et al., 2006; Aragona
and Wang, 2009): activation of the D2 system facilitates selective
social preferences and thereby formation (Wang et al., 1999;
Gingrich et al., 2000; Aragona et al., 2003, 2006; Edwards and Self,
2006) and activation of the D1 system regulates selective social
aggression associated with bond maintenance (Aragona et al.,
2006). In prairie voles, bond formation is accompanied by an
upregulation of D1 receptors in the nucleus accumbens, a brain
region central to the reward system (Aragona et al., 2006). To
date, there has not been a systematic assessment of the role of the
D1 and D2 system in regulating the formation and maintenance
of attachments in socially monogamous nonhuman primates.

There is, however, some evidence for the importance of the
DA system in mediating social relationships in primates. D1
receptor binding in monogamous male titi monkeys is increased
after pairing with a female in the lateral septum, a brain region
associated withmotivation, reward, and reinforcement (Hostetler
et al., 2016), suggesting that pairing with a social partner may
alter the expression of D1 receptors. Genetic variation in a DA
receptor in humans is associated with variability in measures of
fidelity and sexual promiscuity (Garcia et al., 2010), and brain
regions associated with DA show increased activation in human
males treated with oxytocin in response to viewing images of

a romantic partner (Scheele et al., 2013), indicating that other
neural systems may be working with, or through, the DA system
to induce social effects. General cooperative behaviors even
outside of a pairing context in humans appears to be mediated
through activation of brain regions rich in DA and involved in
reward processing (Rilling et al., 2002). Furthermore, blocking
either D1 or D2 receptor types in macaques, a polygynous
primate, reduced attention toward a social stimulus (Yamaguchi
et al., 2017), indicating that both the D1 and D2 systems function
in assessing social stimuli in nonhuman primates. While there
is evidence indicating that the DA system influences social
behavior in primates, it is unclear to what extent the DA
system has a conserved role in regulating relationships in socially
monogamous primates in relatively new vs. well-established
pairs.

The current study assessed the ways in which reunion
behavior after separation in marmosets was influenced by
manipulation of the D1 and D2 signaling systems, and whether
the effects of DA manipulation differed as a function of the
length of the social relationship between pair mates. Marmoset
pairs cohabiting for 8 weeks (short-term) or 3 years (long-
term) were physically separated from pair mates and housed
in a novel environment for 60–75min, and affiliative behavior
upon reunion was quantified. D1 and D2 receptor activation was
pharmacologically manipulated with selective receptor agonists
and antagonists. If the role of the DA system in relationship
dynamics in marmosets is similar to voles, then we expected that
manipulation of the D2 system would alter reunion behavior in
short term, but not long term pairs, while manipulation of the D1
system would alter reunion behavior in long term, but not short
term pairs.

MATERIALS AND METHODS

Subjects
A total of 20 marmosets (Callithrix jacchus) were used in this
study. Subjects included animals in short term (n = 7 pairs,
average pair length = 8.76 weeks, SD = 3.07 weeks), and long
term (n = 5 pairs, average pairing length = 3.07 years, SD =

1.25 years) pairs. None of the pairs had parental experience with
their current mate, and one female in the study had previous
parental experience. Four animals were repaired and studied both
in a short term and a long term pair context, but the remaining
subjects were studied in only one pairing context. Both members
of a pair served as subjects on different days of testing, with
a minimum of 3 days between tests as a treated focal animal.
Marmosets were housed at the Callitrichid Research Center at
the University of Nebraska at Omaha. Animals were housed in
enclosures with minimum dimensions of 101× 76× 160 cm.

Marmosets received a daily diet of a prepared commercial
marmoset food (Zupreem R©) supplemented by fresh fruits,
vegetables, yogurt, apple sauce, eggs, and mealworms. The
production of offspring was prevented by either surgical
vasectomy of the male or monthly treatment of the female
with the luteolytic agent Estrumate R© (Merck). Hormonal states
of the subjects are not anticipated to be highly impacted by
these procedures and treatments. Surgical vasectomy is not
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known to reduce testosterone levels, and estrumate produces
a normative nonconceptive ovarian cycle, with post-ovulatory
progesterone levels equivalent to those of untreated females
(Hodges et al., 1988; Mustoe et al., 2012). Additional information
regarding animal care can be found in Schaffner et al. (1995).
This study was carried out in accordance with the PHS Policy
on the Humane Care and Use of Laboratory Animals. The
protocol was approved by the University of Nebraska Medical
Center/University of Nebraska at Omaha Institutional Animal
Care and Use Committee (protocol # 15-033-05-FC).

Drug Treatments
Subjects were treated with one of five treatments: D1 agonist (SKF
38393, 0.05 mg/kg), D1 antagonist (SCH 23390, 0.01 mg/kg), D2
agonist (Quinpirole, 0.05 mg/kg), D2 antagonist (Raclopride 0.03
mg/kg), or saline vehicle. Treatment order was counterbalanced
among subjects. Thus, each marmoset received five treatments
and served as an untreated pair mate five times for a total of
10 exposures to the testing paradigm. Treatment doses were
selected based on a systematic dose-response study conducted in
our lab that identified doses at which motoric side effects were
not observed (Carp, unpublished data). Injections were given
intramuscularly in a volume of 0.5 mL/kg. These compounds
have been documented to cross the blood brain barrier. Both
raclopride (Farde et al., 1986) and SCH 23390 (Hostetler et al.,
2016) are regularly utilized in PET imaging studies. Quinpirole
is able to cross the blood brain barrier (Kostrzewa et al., 1993).
It is unclear how well SKF 38393 penetrates the blood brain
barrier (Kamien andWoolverton, 1985), however, intramuscular
administration does alter neuronal activity (Boraud et al., 2001).
Therefore, peripheral administration of all compounds are
anticipated to produce effects through central activation. All
treatments were purchased from Sigma Aldrich and prepared in
sterile saline and kept frozen at −20◦C until day of treatment.
As per recommendations from the manufacturer, D1 and D2
antagonist treatments were reconstituted from stock every 30
days, while the D1 and D2 agonist treatment solutions were
reconstituted every 90 days.

Reunion Observations
Subjects were removed from their home enclosure and
administered a treatment, housed alone in a small transport
cage in an isolated room for 30min during the drug uptake
period, and then placed in a novel T-shaped enclosure in a
separate room for 30–45min. During the time in the T-enclosure,
the marmoset had simultaneous visual, auditory, olfactory, and
limited tactile access to their untreated mate and to an untreated
unfamiliar opposite-sex marmoset in stimulus cages at each end
of the T-portion of the cage [for more details on the preference
testing apparatus, see (Cavanaugh et al., 2014) and (Smith et al.,
2010)]. The T maze is a novel environment for subjects, and
simultaneous separation from a mate, and exposure to a novel
environment results in a reliable stress response in marmosets
(Smith et al., 1998). After this procedure, the treated marmoset
and mate were reunited in their home enclosure. Interactions
between males and females were recorded for 10min (long-
term pairs) or 15min (short-term pairs), and included rates
of food sharing, approaches to partner, instances of initiating

TABLE 1 | Ethogram of marmoset (Callithrix jacchus) behavior recorded during

reunion observations.

Behavior Definition

Proximitya,b Mates are within approximately 30 cm of each other, excluding

the tail

Contacta,b Mates are in physical contact with each other, excluding the tail

Huddlea,b Mates are inactive and in side-by-side contact

Approacha Individual enters within approximately 30 cm of their mate

Leavea Individual is within 30 cm of their mate and moves outside of

this range

Groominga,b Manipulating the fur of the mate with either hands or teeth

Solicit Groominga Individual presents an orientation of body or head in a position

for grooming

Food sharinga Offering or allowing the mate to take a food object without

aggression

Mounta Male places one or two hands on back of female with pelvic

thrusting

a Indicates the behavior was recorded for number of occurrences.
b Indicates the duration of the behavior was recorded.

and receiving grooming, and durations of grooming and time
spent in social proximity. Definitions for the behavioral patterns
are found in Table 1. Duration of separation and reunion were
different because data were collected for two projects, one with
short term and one with long term pairs. To correct for the
different observation lengths, all behaviors were converted to
duration or count per hour of observation for data analysis
purposes. This correction assumes that the rates of recorded
behavior did not vary across the observation period.

Data Analysis
To assess the effects of treatment, sex, and pair type (short
term or long term) we used a Linear Mixed Model analysis that
nested marmoset ID within Pair ID. This nesting allowed us to
account for the non-independence of marmosets being tested
in both the short term and long term pairing context. Because
age at testing varied between social conditions, this measure was
included as a covariate. For behavior that could be exhibited
by either the treated marmoset or the untreated mate, factors
were added to include behavior initiated and received. As such,
our template model is as follows: Behavior = DA Treatment ×

Sex × Pair Type × Initiate/Receive + Age + error(Pair ID) +
error(Subject ID) + error(residual), with those factors in bold
as the tests of our hypotheses, and those in italics added when
grooming behavior was analyzed. We calculated a Hinde index
for approach and leave behavior of subjects using the following
equation: [Number of Subject Approaches/(Number of Subject
Approaches + Number of Pair Mate Approaches)]–[Number of
Subject Leaves/(Number of Subject Leaves + Number of Pair
Mate Leaves)]. This index allows for a simultaneous measure
of responsibility of both initiation (approach) of proximity and
breaking proximity (leave) by the subject. Post hoc probing
was conducted only if significant main effects or interactions
were obtained. Statistical tests were conducted with Fisher’s
tests and a Satterthwaite approximation for degrees of freedom.
Cohen’s d effect sizes for post hoc Fisher’s t-tests were calculated
using model estimated marginal means and standard errors, and
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FIGURE 1 | Duration in proximity (model estimates ± SEM) to the

opposite sex mate during reunion among short and long term marmoset pairs.

There was no significant difference in time spent in proximity during reunion

between short and long term pairs of marmosets.

standard deviations were calculated from standard errors using
Satterthwaite approximated degrees of freedom +1 to estimate
n. ANOVA tables for all reported analyses can be found in
Supplementary Tables S1–S4.

RESULTS

Effects of Length of Relationship on
Reunion Behavior
Social Proximity
After a social stressor involving partner separation and exposure
to an opposite-sex stranger, marmosets in short and long term
pairs behaved differentially upon reunion. Marmosets in both
short and long term pairs spent similar amounts of time in
proximity during reunion, Figure 1; main effect: F(1, 14.11) = 2.69,
p= 0.123, but differed in the specific behavior patterns associated
with close spatial proximity.

Food Sharing
Marmosets in long term pairs engaged in higher levels of food
sharing upon reunion than did marmosets in short term pairs,
Figure 2A; main effect: F(1, 14.90) = 6.17, p = 0.025. There was
also a sex difference observed in long term, but not short term,
pairs of marmosets in frequency of food sharing, interaction
effect: F(1, 11.98) = 5.84, p = 0.032. In long term pairs of
marmosets, females engaged in higher levels of food sharing
during reunion than did male marmosets, Figure 2B; post hoc:
t(12.1) = 2.59, p = 0.024, 95% CI [0.009, 0.103], d = 0.695.
However, in short term pairs of marmosets females and males
displayed no difference in their rate of food sharing, Figure 2B;
post hoc: t(12.2) = −0.66, p = 0.519, 95% CI [−0.052, 0.028], d
=−0.181.

Grooming
Although overall duration of grooming did not differ in reunion
between short term and long term pairs, Figure 3A; main effect:

FIGURE 2 | Food sharing (model estimates ± SEM) among short and long

term marmoset pairs. (A) Long term marmoset pairs engaged in more food

sharing during reunion than did short term marmoset pairs. (B) Females in long

term pairs engaged in more food sharing during reunion than did males in long

term pairs. There was no significant difference in food sharing between males

and females in short term pairs. *Indicates significant difference at p < 0.05.

F(1, 14.798) = 0.33, p = 0.576, the duration of grooming initiated
by subjects or mates differed by pair length, interaction effect:
F(1, 215.99) = 4.87, p= 0.028. Regardless of DA treatment, treated
marmosets in short term pairs spent longer grooming their mate
than their mate spent grooming them upon reunion, Figure 3B;
post hoc: t(216) = 2.72, p = 0.007, 95% CI [0.154, 0.967], d =

0.450. However, treated subjects and their mates in long term
pairs displayed no difference in the duration of grooming during
reunion after separation, Figure 3B; post hoc: t(216) =−0.59, p=
0.556, 95% CI [−0.625, 0.337], d =−0.095.

Effects of Dopamine Treatment on Reunion
Behavior
Dopamine Effects in Short Term Pairs
During reunion, marmoset pairs spent similar amounts of time
in proximity regardless of DA treatment, main effect: F(4, 96.00)
= 1.91, p = 0.114. However, time in proximity differed between
short and long term pairs based on DA treatment and whether
the male or female received the treatment, interaction effect:
F(4, 96.00) = 2.50, p = 0.047. During reunion, male and female
marmosets in short term pairs spent similar amounts of time
in proximity when they received a saline treatment, Figure 4A;
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FIGURE 3 | Grooming (model estimates ± SEM) among short and long term

marmoset pairs. (A) There was no difference in time spent grooming during

reunion between short and long term pairs of marmoset monkeys. (B) Treated

marmosets in short term pairs initiated grooming more often than they

received grooming, regardless of treatment, whereas treated marmosets in

long term pairs initiated grooming equally as often as they received grooming.

*Indicates significant difference at p < 0.05.

post hoc: t(70.70) = −0.29, p = 0.772, 95% CI [−11.471, 8.556],
d = −0.047. However, marmosets in short term pairs spent less
time in proximity during reunion when females were treated
with either a D2 receptor agonist, Figure 4A; post hoc: t(70.70) =
−2.04, p = 0.045, 95% CI [−20.237, −0.213], d = −0.333, or
a D2 receptor antagonist, Figure 4A; post hoc: t(70.70) = −2.18,
p = 0.032, 95% CI [−20.973, −0.946], d = −0.356, compared
to when males received the same treatment. Additionally, pairs
spent less time in proximity when females were treated with a
D2 receptor agonist compared to when females were treated with
saline, post hoc: t(96.0) = −2.29, p = 0.024, 95% CI [−19.530,
−1.399], d = −0.336. No other treatments were significantly
different from saline. Short term pairs spent similar amounts of
time in proximity when either males or females were treated with
a D1 agonist, Figure 4A; post hoc: t(70.8) = 0.48, p = 0.634, 95%
CI [−7.607, 12.407], d= 0.078, or D1 antagonist, Figure 4A; post
hoc: t(70.8) = −0.37, p = 0.716, 95% CI [−11.842, 8.175], d =

−0.060.

Dopamine Effects in Long Term Pairs
A different pattern of treatment effects was observed in long term
pairs. There was no sex difference in time spent in proximity in
long term pairs when males and females were treated with saline,

FIGURE 4 | Duration in proximity (model estimates ± SEM) to the opposite

sex partner during reunion. (A) Short term marmoset pairs spent less time in

proximity during reunion when the female was treated with a dopamine

receptor subtype 2 agonist or antagonist compared to when the male was

treated with the same compound. Duration in proximity during reunion did not

differ when males or females in short term pairs were treated with a dopamine

receptor subtype 1 agonist or antagonist or saline. Bars marked with N denote

significant within sex differences from saline. Pairs spent less time in proximity

during reunion when females were treated with a D2 agonist compared to

when females received saline. There were no significant effects within males

compared to saline. (B) Long term marmoset pairs spent less time in

proximity during reunion when the female was treated with a dopamine

receptor subtype 1 agonist or antagonist compared to when the male was

treated with the same compound. Duration in proximity during reunion did not

differ when males or females in long term pairs were treated with a dopamine

receptor subtype 2 agonist or antagonist or saline (significant sex × pair type

× treatment interaction). There were no significant within sex treatment effects

for either males or females. *Indicates significant difference at p < 0.05. D1

Ant = D1 antagonist, D1 Ag = D1 agonist, D2 Ant = D2 antagonist, D2 Ag =

D2 agonist.

Figure 4B; post hoc: t(71.1) =−0.83, p= 0.412, 95% CI [−16.704,
6.925], d=−0.134. However, male and femalemarmosets in long
term pairs spent less time in proximity when females received
treatment with either a D1 agonist, Figure 4B; post hoc: t(71.00)
= −2.23, p = 0.029, 95% CI [−25.061, −1.415], d = −0.365,
or D1 antagonist, Figure 4B; t(71.00) = −2.03, p = 0.046, 95%
CI [−23.880, −0.238], d = −0.329, compared to when males
received the same treatment. Long term marmoset pairs spent
similar amounts of time in proximity upon reunion when males
and females were treated with a D2 agonist, Figure 4B; post hoc:
t(71.00) = 0.19, p = 0.846, 95% CI [−10.663, 12.971], d = 0.031,
or D2 antagonist, Figure 4B; post hoc: t(71.00) =−0.81, p= 0.421,
95% CI [−16.615, 7.028], d =−0.131.
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Responsibility for Proximity Maintenance
The Hinde index revealed no effect of DA treatment on the rate
at which treated subjects were initiating and breaking proximity
with their mates, main effect: F(4, 96.00) = 0.88, p = 0.477,
suggesting that the observed differences in proximity behavior
were not attributable to changes in approach or leave behavior
by the subject.

DISCUSSION

Reunion in marmoset pairs constitutes an important time for
assessing affiliative behavior. We noted several differences in
the ways in which pairs housed together for differing lengths
of time interact upon reunion. Marmosets in long term pairs
engaged in higher levels of food sharing than did marmosets
in short term pairs. Females in long term pairs demonstrated
higher rates of food sharing than their mates, while males and
females shared food at equal rates in short term pairs. It has
been hypothesized that in social settings in which females have
multiple mating partner options, males should share food with
females at high rates in order to enhance the chance for mating
opportunities (Jaeggi and Van Schaik, 2011). However, in our
study females in long term pairs were observed to share food
more often than males. Though the social context in the current
study differs from that in Jaeggi and Van Schaik (2011), females
were reunited with their mate after exposure to a strange male.
Presumably, males are cognizant of the odors/sounds of the other
marmoset in the testing room and therefore may be more likely
to behave during reunion as if their female mate had additional
mating opportunities. In a comparative analysis of food sharing
in primate species whose groups are composed of a single adult
male, high rates of male-to-female food sharing predominantly
occurs in socially monogamous species (Jaeggi and Van Schaik,
2011), however, that study did not measure female-to-male
instances of food sharing. Food sharing is a behavior that is
sensitive to the context of the pair (i.e., pregnancy). Monogamous
male and female owl monkeys share food at equal rates, however,
male-to-female food sharing increases when females are lactating
compared to when they are cycling or pregnant, while female-to-
male food sharing occurs at equal rates regardless of reproductive
status (Wolovich et al., 2010). Though male-to-female food
sharing may facilitate reduced energy expenditure by females and
shortened interbirth interval (Wolovich et al., 2010), underlying
proximate and ultimate causes of female-to-male food sharing are
less clear.

Marmosets in short term pairs displayed a different pattern
of grooming compared to that observed in long term pairs.
Grooming behavior was altered such that rather than initiating
and receiving comparable levels of grooming, as in long term
pairs, treated marmosets in short term pairs spent more time
grooming their partners upon reunion than their partner spent
grooming them. This difference in behavior may indicate that
while in long term pairs the context of the separation (e.g.,
experience as the treated subject vs experience as the untreated
mate) does not change the expression of grooming, members of
short term pairs are sensitive to the experimental context. Thus,

in short term pairs, treated subjects engaged in longer duration
of grooming than did untreated mates during reunion, thereby
displaying a behavioral difference dependent on experimental
experience. In prairie voles, the opposite effect is found: separated
voles receive, rather than initiate, higher rates of grooming
from their partners (Burkett et al., 2016). These contrasts point
to potentially important species differences in the roles of
initiated vs. received sociality upon reunion in regulating and
reestablishing relationships after separation.

There was no difference in the total amount of time spent
in proximity between short term and long term pairs. Though
there are documented differences in normative levels of affiliation
as measured by sexual behavior, time in proximity, and overall
time spent grooming in marmoset pairs dependent on length of
pairing (Evans and Poole, 1984; Schaffner et al., 1995; Ågmo et al.,
2012), we did not find these differences expressed during reunion.
Thus, while marmosets in short and long term pairs may use
slightly different strategies to reestablish their relationship upon
reunion (e.g., initiation of grooming and rates of food sharing),
they spent similar amounts of time in proximity. The pattern of
change in behavior dependent on the actions of both members of
the pair is largely consistent across findings in the current study.
Both food sharing and grooming (behaviors that differed between
short and long term pairs in reunion) can only occur when both
members of the pair engage in the appropriate dyadic interaction.
This dependence on both partners highlights the complexities
of studying pair-level interactions and the behavioral richness of
dyads.

The DA system appears to be involved in the way that pairs
behave during reunion, with DA treatment affecting pair-level
interactions. Marmoset pairs, of both short and long term, spent
similar amounts of time in proximity upon reunion under saline
conditions regardless of whether the male or female was treated.
However, alteration of the D2 system, either through receptor
agonism or antagonism, altered this pattern in short term pairs,
with pairs spending less time in proximity when females received
treatment compared to when males received the same treatment.
D1 treatments produced different effects in long term pairs, such
that pairs spent less time in proximity when the female was
treated with either a D1 receptor agonist or antagonist compared
to when males received the same treatment. Furthermore, short
term pairs spent less time in proximity when females were treated
with a D2 agonist compared to when females were treated with
saline, indicating that the sex difference observed between males
and females was likely due to a decrease in proximity when
females were treated. Though other treatments did not produce
significant differences from saline, this suggests that at least in
short term pairs, treatment of females may yield differences in
the way in which pairs regulate social proximity. Male marmosets
increase proximity regulation as their mate progresses through
pregnancy (Evans and Poole, 1984), suggesting that pairs may
be primed to be sensitive to alterations in female physiology,
and our data suggest that DA signaling in females may be
included in changes in female physiology that alter pair social
dynamics. DA, particularly D2 agonists, also reduce prolactin
release in marmoset monkeys (Almond et al., 2006), indicating
the potential for DA treatments to have off-target effects on
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other hormonal systems. Given the known role of prolactin
(PRL) in facilitating parental behavior (Ziegler et al., 2009)
and parent-infant bonding, it is likely that DA-PRL interactions
may have meaningful implications for behavior between mates.
This may provide another mechanism through which marmoset
females are more sensitive to manipulation of the DA system
than males. While overall proximity duration was affected by
both DA treatment and sex, other measures, such as initiating
and breaking proximity did not differ among DA treatment
conditions. Future research should evaluate aspects of individual
behavior that may underlie the observed differences in pair-
level behavior. In the current study individual initiation and
breaking of proximity (the Hinde index) was not able to explain
observed differences of time spent in proximity. However, other
measures of social interest, such as social gaze, a measure known
to be important in directing human social behavior (Frischen
et al., 2007), may help to illuminate the behavioral mechanisms
through which pairs are altering interactions in response to DA
treatment.

It is also worth noting that the same pattern of change in
social proximity to the partner during reunion is observed when
marmosets are treated with either the agonist or antagonist,
suggesting that pairs may be responding to an alteration of DA
signaling rather than enhancement or inhibition of the system.
The similarity in agonist and antagonist effects stands in contrast
to research in other species indicating differential effects of
agonist and antagonist treatment. One potential explanation for
the similarity in effect is differential efficacy of some of the
compounds. The D1 receptor agonist (SKF 38393) has been
documented to have a lower efficacy in primate than in rodent
brain tissue, and in both rodents and primates the efficacy of
the agonist is lower than that of DA itself (Arnt et al., 1988;
Pifl et al., 1991). Additionally, there is evidence of a U shaped
dose-response curve for agonists of the D1 system (Cai and
Arnsten, 1997), indicating the potential that observed effects
are dose-dependent. Therefore, at least within the D1 system,
it is possible that the effects of the agonist and antagonist
are both producing effects less potent than if DA were acting
alone.

The consistency of findings across pair types (D2
manipulation altering behavior in short term pairs, and D1
manipulation altering behavior in long term pairs) indicates that
there may be dynamic shifts in behavior that affect the dyadic
nature of pair interactions dependent on pairing length and DA
subsystem. Research in prairie voles has indicated a role for the
D2 system in measures of relationship formation (Gingrich et al.,
2000; Aragona et al., 2003, 2006), and the D1 system in measures
of relationship maintenance (Aragona et al., 2006). Thus, it is
interesting to note that social proximity in short term pairs of
marmosets is changed by manipulation of the D2 system, and
social proximity in long term pairs of marmosets is changed
by manipulation of the D1 system, as would be predicted if
the DA system has a conserved role in pair behavior during
reunion.

DA itself is an evolutionarily conserved neurotransmitter with
widespread effects on regulating behavior. Though commonly
recognized as having a role in motoric function, DA also

has known roles in decision making and social behavior
(O’Connell and Hofmann, 2011). DA receptor distribution has
been characterized in cichlid fish and D1 and D2 receptors
are found in regions homologous to those associated with
social behavior in other vertebrate species (O’Connell et al.,
2011). The effect of DA on mate behavior is not limited
to mammals. DA has been associated with male courtship
and pairing behavior in monogamous zebra finch birds
(Huang and Hessler, 2008; Goodson et al., 2009), and higher
levels of DA and its metabolites are found in paired than
unpaired zebra finches (Banerjee et al., 2013). Furthermore,
immediately early gene markers indicated increased neuronal
activity of dopamine rich brain regions after pairing compared
to unpaired finches (Banerjee et al., 2013). Together, these
studies highlight the conserved nature of DA in facilitating both
social behavior generally, and regulating interactions between
mates.

There is further evidence for the role of DA in primate
pair interactions from studies on humans. Subjects looking at
pictures of a partner with whom they considered themselves
to be in love showed increased activation of brain regions rich
in DA, compared to looking at pictures of an acquaintance
(Fisher et al., 2005). This indicates that the DA system
may be selectively important in romantic attachments rather
than overall sociality. Additionally, genetic variability in the
DA system has been linked to differences in human sexual
behavior. Variation in a D2-like receptor has been associated
with human male sexual desire and arousal (Ben Zion
et al., 2006), as well as self-reported levels of fidelity and
promiscuity (Garcia et al., 2010). Though DA has a role
in modulating sociosexual relationships, it is not the only
regulatory neurotransmitter that impacts sociality in mammals.
Other neural systems, especially oxytocin and vasopressin,
interact with dopaminergic signaling to facilitate social behavior
(Johnson and Young, 2015). Thus, research on the specific
roles of the D1 and D2 systems in primate pair behavior is
necessary in order to inform not only the independent role
of the dopaminergic system, but the potential co-modulatory
effects with other neural systems. Specifically, the current
study indicates that DA subsystems do maintain a role in
regulating reunion behavior in a primate species displaying
social monogamy. These findings fit into the larger emerging
evolutionary notion that there are neurobiological systems,
including those involving dopamine signaling, conserved across
vertebrate species that may play crucial roles in regulating
sociality.
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