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Abstract

Relatively little is known about serotonergic involvement in pair-bonding despite its putative role
in regulating social behavior. Here we sought to determine if pharmacological elevation of
serotonin 1A (5-HTq4) receptor activity would lead to changes in social behavior in pair-bonded
male titi monkeys ( Callicebus cupreus). Adult males in established heterosexual pairs were
injected daily with the selective 5-HTq 4 agonist 8-OH-DPAT or saline for 15 days using a within-
subjects design. Social behavior with the female pair-mate was quantified, and plasma
concentrations of oxytocin, vasopressin, and cortisol were measured. When treated with saline,
subjects showed reduced plasma oxytocin concentrations, while 8-OH-DPAT treatment buffered
this decrease. Treatment with 8-OH-DPAT also led to decreased plasma cortisol 15 minutes post-
injection and decreased social behavior directed toward the pair-mate including approaching,
initiating contact, lipsmacking, and grooming. The reduction in affiliative behavior seen with
increased activity at 5-HT 5 receptors indicates a substantial role of serotonin activity in the
expression of social behavior. In addition, results indicate that the effects of 5-HT 4 agonism on
social behavior in adulthood differ between rodents and primates.
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Introduction

Interpersonal relationships are greatly important for human health and wellbeing, and yet we
know relatively little about the neurobiology that underlies such relationships. Social bonds
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play a significant role in human mental health; in adulthood these most commonly take the
form of a close romantic relationship. Such relationships are one form of an attachment
similar to that seen in filial or parental relationships (Hazan and Shaver, 1987). This “pair-
bond”, the specific and enduring attachment relationship between an adult male and female,
is found in many socially monogamous species. Animals which possess the capacity to form
pair-bonds thus hold great utility for studying the underlying processes which are involved
in pair-bonding as a means to understand these processes in humans.

The pair-bond has been extensively studied in rodents, particularly in the monogamous
prairie vole (Aragona and Wang, 2004; Carter, 1998; Insel et al., 1998; Young et al., 2011;
Young et al., 2001). This work indicates critical roles of multiple neurochemical systems in
the regulation of behaviors associated with pair-bonding including oxytocin (Bales et al.,
2007b; Keebaugh et al., 2015; Ross et al., 2009; Williams et al., 1994), vasopressin (Lim et
al., 2004; Lim and Young, 2004; Pitkow et al., 2001), dopamine (Aragona and Wang, 2009;
Hostetler et al., 2011; Resendez et al., 2016), and opioid systems (Burkett et al., 2011;
Resendez et al., 2013; Resendez et al., 2016; Resendez et al., 2012). In contrast, no work to
our knowledge has examined serotonergic involvement in pair-bonding in the prairie vole,
and little work has examined serotonergic influences on social behavior more generally in
this species. Of the few studies which have examined social behavior, two indicate that
developmental interaction of oxytocin and serotonin underlie the neural substrates of social
behavior (Eaton et al., 2012; Martin et al., 2012).

Serotonin plays important roles in a multitude of processes arising from the central nervous
system including aggression, anxiety, mood, cognition, stress responses, and sexual behavior
(Olivier, 2015), and is intimately involved in shaping social responses (Kiser et al., 2012).
This variety of functions of serotonin is rooted in its widespread distribution throughout the
brain and a diversity of receptor subtypes. There are 7 classes of serotonin receptors, 5-
HT4-5-HT, and all are g-protein coupled receptors except for 5-HT3. 5-HTq4 is the primary
inhibitory receptor in the serotonin system and exists both as a presynaptic autoreceptor in
the raphe nuclei and as a postsynaptic heteroreceptor in higher brain areas. As a
somatodendritic autoreceptor in the raphe nuclei, 5-HTq receptors operate as part of a
negative feedback loop which functions to inhibit further serotonin signaling. This makes the
5-HT A receptor a powerful mediator of serotonergic activity throughout the brain, and has
been theorized to underlie developmental changes to sociality in autism spectrum disorder
(Khatri et al., 2014; Whitaker-Azmitia, 2005). However, the majority of studies in rodent
species have indicated 5-HTq agonism as having anxiolytic (Cheeta et al., 2001; Feighner
and Boyer, 1989) and prosocial (Bell and Hobson, 1994; Olivier et al., 1989; Picazo et al.,
1995; Thompson et al., 2007) effects during adulthood which are linked to acute oxytocin
release (Jorgensen et al., 2003; Osei-Owusu et al., 2005; Uvnas-Moberg et al., 1996). It
remains to be determined how serotonergic manipulations affect social behavior in a pair-
bonding rodent.

Likewise, little is known about serotonergic involvement in pair-bonding in primates. Much
of our understanding of pair-bonding in primates comes from the study of the socially
monogamous titi monkey (Callicebus cupreus), which forms selective and enduring pair-
bonds between a single adult male and female (Mason, 1966). This relationship, and

Horm Behav. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Larke et al.

Page 3

attachment relationships more broadly, involve specific preference for and proximity
maintenance to the attachment figure (Carp et al., 2015), physiological and affective
response to involuntary separation from the attachment figure (Hennessy, 1997), and social
buffering of stress responses in the presence of the attachment figure that does not occur in
the presence of another individual (Mason and Mendoza, 1998).

The neurochemical systems involved in the pair-bond in titi monkeys indicate that pair-
bonding in primates employs many of the same neural substrates as in pair-bonding in
rodents (Bales et al., 2007a; Jarcho et al., 2011; Ragen et al., 2013). To our knowledge, no
work has yet examined the involvement of serotonin in social behavior of a pair-bonding
primate. This was addressed in the current study by treating adult male titi monkeys with the
selective 5-HTq 4 receptor agonist 8-hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT) or
saline vehicle in two experiments to examine its impact on behavior and peripheral hormone
release.

Methods and Materials

Subjects

Subjects were nine adult male titi monkeys (Callicebus cupreus) housed at the California
National Primate Research Center. Four males were used in experiment 1, and eight males
were used in experiment 2. Three of the four males used in experiment 1 were also subjects
in experiment 2.

Subjects had a mean age of 6.89 years (range = 2.9-14.4) at the start of participation in the
experiment and had been housed with their female pair-mate for a mean (xSEM) of
23.07+6.28 months (range = 3.0-47.9). Female pair-mates were a mean age of 7.1 years
(range = 2.0-14.0). Subjects’ mean (£SEM) weight at the start of the experiment was
1.28+0.04 kg. All males were housed continuously with their mates. Two males also had
dependent offspring at the start of the study and during the course of experiment 2, two
females gave birth causing their male pair-mates to be dropped from the study on the day of
parturition. Table 1 provides information on group composition of all subjects.

Animals were housed indoors identical to that reported in Mendoza (1999) in cages sized
1.2mx 1.2m x 3.1m on a 12:12 light: dark cycle with lights turned on at 0600 and off at
1800 (Valeggia et al., 1999). Subjects were fed a diet of new world monkey chow, apple,
carrot, rice cereal, and banana at 0800 and 1300 daily. Water was available ad /ibitum. All
procedures were approved by the University of California, Davis Institutional Animal Care
and Use Committee.

Experiment 1

The purpose of experiment 1 was to assess the behavioral and hormonal response to acute
doses of 5-HT 4 receptor agonist 8-OH-DPAT in male titi monkeys in order to determine an
appropriate dose of 8-OH-DPAT to be used in experiment 2. Furthermore, we wanted to
determine whether titi monkeys show the increased social behavior and increased peripheral
OT that is seen in rodents.
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Design and Procedures

In experiment 1, four male titi monkeys in established pair bonds (but with no dependent
offspring) were given each of three doses of 8-OH-DPAT (0.05, 0.1, 0.5 mg/kg) or saline
vehicle in randomized order with one week separating conditions. On each test day, each
subject was captured in a transport box, manually restrained using leather handling gloves,
given a subcutaneous (SC) injection of 8-OH-DPAT or saline vehicle at the nape of the neck,
and baseline rectal temperature was taken. The subject was returned to the transfer box,
placed in a quiet corner of the animal room, and covered with a towel during drug uptake. At
15 minutes post-injection, subjects were manually restrained and a 1 ml blood sample was
collected via femoral venipuncture using a heparinized needle and a second rectal
temperature was taken. The subject was then released back into his home cage with his
female pair-mate, and the subject’s behavior was video recorded for 30 minutes (see
Behavioral Observations and Quantification). After video recording, the subject was
captured in a transport box, manually restrained, a second 1 ml blood sample was collected
and a third rectal temperature was taken.

Experiment 2

The purpose of experiment 2 was to examine the effect of chronic treatment with 8-OH-
DPAT on behavior within the pair-bond, peripheral hormone release, and the relationship
between hormone release and behavioral changes. Chronic treatment was employed to
examine the effect of autoregulatory negative feedback at the 5-HT 5 receptor over time.

Design and Procedures

In experiment 2, 0.1 mg/kg 8-OH-DPAT or saline vehicle was administered SC once daily
for 15 days to eight male titi monkeys in established pair bonds using a within-subjects
design. Each subject received both conditions with a minimum of four weeks between
conditions, and condition order was counterbalanced. All testing sessions occurred between
1000 and 1200 h. Daily testing sessions followed the same procedure as those used in
experiment 1, with the exception that blood was collected on days 1, 3, 8, 10, and 15. For the
two subjects with preexisting offspring (Table 1), offspring were removed from the home
cage after the subject was removed from the cage and placed out of visual contact for the
duration of the daily test session.

Drugs
8-hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT) hydrochloride (Sigma-Aldrich, St.
Louis, MO) was dissolved in 0.9% isotonic saline using gentle warming below 60° C. The 8-
OH-DPAT solution was filtered using a 0.2 pm sterile syringe filter and stored at —20° C
until use. 8-OH-DPAT and saline vehicle were injected SC at the nape of the neck in a
volume of 0.1 ml/kg.

Blood Sampling and Hormone Analysis

Animals were trained to enter 0.3m x 0.3m x 0.3m transport boxes prior to the start of the
experiment. Once captured, subjects were manually restrained using leather handling gloves
and a 1 ml blood sample was collected via femoral venipuncture using a heparinized needle.
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Baseline blood samples were collected five days prior to the start of daily dosing. Blood
samples were stored on ice and subsequently centrifuged at 4°C, the plasma fraction
extracted, and stored at —80° C until assay. Plasma concentrations of OT and AVP were
measured in duplicate using commercial enzyme immunoassay kits (Enzo Life Sciences,
Farmingdale, NY) previously validated for titi monkeys (Bales et al., 2005). Intra- and inter-
assay coefficients of variation (Jordan et al.) were 2.05% and 6.69%, respectively for OT,
and 3.63% and 10.64%, respectively for AVP. Plasma cortisol concentration was estimated
in duplicate using commercial radioimmunoassay kits (Siemens Healthcare, Malvern, PA)
previously validated for titi monkeys (Bales et al., 2007a; Hoffman et al., 1995; Jarcho et al.,
2011; Ragen et al., 2013). Intra- and inter-assay CVs were 6.4% and 6.01% respectively.

Behavioral Observations and Quantification

Following drug injection and uptake in a transfer box, the male was returned to his home
cage with his female pair-mate and behavior of the male was video recorded for 30 minutes.
At a later time, a coder blind to drug condition quantified each subject’s affiliative,
locomotor, sexual, aggressive, and arousal behavior (see ethogram in Table 2) from the focal
video recordings using Behavior Tracker 1.5 software (behaviortracker.com). Rodent-
specific behaviors associated with the serotonin syndrome (e.g. limb extensions, flat body
posture, forepaw treading, and head weaving) which were not observed in experiment 1
were excluded from the ethogram, while those that were observed were included (twitching).

Body Temperature

In order to assess the hypothermic effects of 8-OH-DPAT, rectal body temperature was
collected at three time points with a Mabis 8-Second Ultra-Premium digital thermometer
(Briggs Healthcare, Waukegan, IL): immediately post-injection, 15 minutes post-injection at
peak effect, and 45 minutes post-injection.

Data Analysis

Statistical analyses were carried out using generalized linear mixed models (GLMM) for
both experiments in SAS 9.4 (SAS Institute, Cary, NC) utilizing backward selection to
eliminate non-significant variables from the model. For both experiments, the GLMM
included animal ID (identification) as a random factor. For experiment 1, the model included
drug treatment (saline or 0.05, 0.1, or 0.5 mg/kg 8-OH-DPAT) in addition to animal ID. The
dependent variables for both experiments were body temperature, hormones, and behavior.
For behavioral analyses in experiment 2, the model included day of treatment (1-15), drug
condition (saline or 0.1 mg/kg 8-OH-DPAT), a drug condition by day interaction term, and
order of condition (saline first or 8-OH-DPAT first). Duration of locomotion was also
included in the model as a covariate to control for motor effects of 8-OH-DPAT on behavior.
Twitching did not significantly account for any additional variability and was thus not
included in the model. Locomaotion, order of condition, the interaction term, day of
treatment, and animal ID were removed from the model if non-significant in this order. In
both experiments, hormones were examined as change from baseline concentrations and
change from 15 to 45 minutes post-injection to account for trait-like individual differences in
OT and AVP, and to examine stress reactivity in cortisol. For these hormone analyses, drug
condition, day of treatment, a drug condition by day interaction term and order of condition
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were included in the model. Time (referring to 15 or 45 minutes post-injection) was also
included in the model, and removed if non-significant.

To examine hormonal effects on behavior in experiment 2, separate analyses were conducted
including only days on which both hormones and behavior were concurrently measured
(days 1, 3, 8, 10, and 15). All behaviors were analyzed using identical modeling procedures
as those used for behavior mentioned above, with change in OT, AVP and cortisol
concentration included in the model in this order and removed if non-significant. If data
were not normally distributed, square root, quad root, or log transformations were used.

If the data could not be transformed to normality, a GLMM was still used as recommended
by Feir-Walsh and Toothaker, 1974 (Feir-Walsh and Toothaker, 1974). Post-hoc analyses
utilized least squares means when the omnibus test was significant. False discovery rate was
used to correct for multiple comparisons (Benjamini and Hochberg, 1995). Effect size
estimations utilized Cohen’s d for pairwise comparisons and n? for within-subjects data
even when analyzed using a mixed model to prevent data loss due to missing data. Effect
size estimations for data analyzed in a truly mixed model utilized np2 to approximate
relative contribution of the individual predictor, and should be interpreted carefully given the
mixed design employed for these analyses. Statistical significance was set at p<.05, and all
tests were two-tailed.

Experiment 1

Acute 8-OH-DPAT treatment at any dose did not significantly alter involuntary motor
movement or affiliative behavior, nor was there a significant effect on plasma OT or AVP
concentrations compared to saline (Table 3). However, the 0.1 mg/kg dose of 8-OH-DPAT
led to a 24.2% greater plasma OT concentration than saline and was thus selected to be used
in experiment 2 despite statistical non-significance. Body temperature was not significantly
altered by any dose of 8-OH-DPAT compared to saline.

Experiment 2

Indicators of the Serotonin Syndrome—\We examined body temperature and
behavioral changes caused by treatment with 8-OH-DPAT indicative of the serotonin
syndrome. High levels of 5-HT activity can alter an individual’s ability to move, thus we
wanted to make sure that social behavior was not reduced due to locomotor impairment or
limb twitching. The frequency of twitching of the hands, feet, and tail was greater in the 8-
OH-DPAT group on day one (mean = SEM = 349.38 + 226.86) compared to the saline
condition on day one (mean + SEM = 6.38+5.68), and on day one in the 8-OH-DPAT
condition compared to all other days (F1 201=16.67, p<.0001, np2:0.06). Other effects of 5-
HTq 4 stimulated serotonin syndrome typically seen in rodents, such as limb extensions, flat
body posture, forepaw treading, or head weaving, were not seen during the course the
experiment.

Body temperature was increased from baseline at 15 minutes post-injection, but more so in
the saline condition than 8-OH-DPAT condition (/1 219=35.94, p<.001, 12=0.10; Figure 1).
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Body temperature was significantly altered by condition at 45 minutes post-injection
(F1,219=51.40, p<.0001, 12=0.13), with a decrease in the 8-OH-DPAT condition and an
increase in the saline condition compared to baseline. There was a significant reduction in
body temperature from 15 to 45 minutes post-injection in both the 8-OH-DPAT condition
(£9.66, p<.0001, ¢=0.53) and the saline condition (£8.36, p<.0001, ¢=0.53), but this
reduction was significantly greater in the 8-OH-DPAT condition than the saline condition
(F1,210=4.56, p<.05, 12=0.02).

There was a significant effect of day of treatment on body temperature 15 minutes post-
injection (F14 219=5.45, p<.001, 12=0.22) and 45 minutes post-injection (F1a,219=4.72, p<.
001, 12=0.17), but did not interact with drug condition (Figure 1B).

Behavior—Drug condition significantly altered locomotor and affiliative behaviors. 8-OH-
DPAT decreased duration of locomotion compared to saline (F1 211=8.62, p<.01, 12=0.18).
Thus, locomotion was included in the subsequent models in order to control for sedative
effects of 8-OH-DPAT on other behavior. Subjects approached their pair-mate less
frequently in the 8-OH-DPAT condition compared to saline (/1 197 = 79.11, p<.0001,
12=0.22, Figure 2A). There was no significant interaction of day by condition for subjects
approaching the pair-mate (£14 1g83= 0.99, p=.46). Subjects initiated physical contact with
their pair-mate less frequently in the 8-OH-DPAT condition compared to saline (/1 187 =
59.94, p<.0001, n2=0.19 Figure 2B). Subjects also lipsmacked less frequently in the 8-OH-
DPAT condition (£ 211 = 72.24, p<.0001, 12=0.21, Figure 2C) and groomed their pair-mate
for a shorter duration (£ 218 = 7.46, p<.01, 12=0.03 Figure 1D) compared to saline. There
was no significant effect of drug condition on any other affiliative behaviors measured.

Female approach frequency was not altered by their pair-mates’ drug condition (£ 203 =
2.17, p=.14), nor did subjects’ approach frequency alter the rate at which females
approached their pair-mate (£ 292 = 0.01, p=.92). Females’ leave frequency was altered by
subjects drug condition (£ 508 = 3.80, p=.05, 12<.01) with females leaving proximity of
their pair-mate more often in the 8-OH-DPAT condition.

Subjects displayed fewer behaviors indicative of arousal with 5-HT 14 agonism. Subjects did
significantly fewer back-arches (/1 197 = 7.22, p<.01, 12=0.03) and tail lashes (F1211=
27.14, p<.0001, 12=0.09) in the 8-OH-DPAT condition compared to the saline condition.
Subjects also showed decreased sexual behavior, spending less time inspecting the
anogenital region of their pair-mate (/7 211 = 16.62, p<.0001, 12=0.06), and displayed fewer
mounting attempts/copulations (Fq 211 = 12.78, p<.001, 12=0.05) with 8-OH-DPAT
treatment. There was no significant effect of drug condition on aggressive behavior.

Day of treatment altered subjects’ frequency of approach to the pair-mate (F14 197 = 2.97,
p<.001, 1?=0.11), initiation of physical contact (£ 197 = 2.13, p=.01, n?=0.09), and back-
arching (F14,197 = 1.98, p<.05, 12=0.10) such that these behaviors were more frequent at the
beginning of daily testing and then stabilized at lower levels. Other social, arousal, or sexual
behaviors were not significantly impacted by day of treatment. There was no significant
interaction of drug treatment and day of treatment on any behaviors examined.
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Oxytocin—Mean change in OT concentration (Figure 3) from baseline to 15 minutes post-
injection was lower in the saline condition compared to the 8-OH-DPAT condition (£ g1
=4.49, p<.05, np2:0.07). In the saline condition, mean change in plasma OT was negative
because it was lower at 15 minutes post-injection compared to baseline. In the 8-OH-DPAT
condition, mean plasma OT was not different from baseline. Mean change in OT
concentration from baseline to 45 minutes post-injection was also lower in the saline
condition compared to the 8-OH-DPAT condition (£ g1=11.86, p=.001, np2=0.16).

Order of drug treatment altered mean OT concentration change from baseline 15 minutes
post-injection. Subjects treated with 8-OH-DPAT prior to saline had lower OT concentration
than subjects treated with saline first (F;,6,=5.03, p<.05, np>=0.08).

When we compared OT concentration change from 15 min to 45 min, we observed no
significant effect of drug condition. There was no significant effect of day of treatment (/4 55
=1.10, p=.36) or an interaction of drug condition and day of treatment on change in OT
concentrations (/4 5g = 1.10, p=.36).

Vasopressin—Mean AVP concentration change from baseline to 15 min post-injection
was not different with 8-OH-DPAT compared to saline treatment (£ g5 = 1.78, p=.19). There
was no significant effect of day of treatment at 15 minutes post-injection (/4 55=1.16, p=.34)
or 45 minutes post-injection (/1 g5=.06, p=.08), nor was there an interaction of drug
condition and day of treatment at 15 minutes post-injection (/4 5g=.40, p=.80) or 45 minutes
post-injection (/4 58=1.27, p=.29).

Cortisol—We found a time by condition interaction (£ 131 = 4.28, p<.05, np2:0.03, Figure
4) such that the increase in cortisol was greater in the saline condition at 15 minutes post-
injection compared to 8-OH-DPAT, while there was no difference between saline and 8-OH-
DPAT at 45 minutes post-injection (£ 131 = 0.78, p=.38). However, there was a significant
increase in cortisol from 15 to 45 minutes post-injection (£ 135=23.90, p<.0001, np2:0.08)
which was greater with 8-OH-DPAT treatment compared to saline (£3.49, p<.001, ¢=0.47).
Day of treatment had no effect on plasma cortisol (#4135 = 0.42, p<.79).

Increased mean change in cortisol concentration from baseline to 15 minutes significantly
increased frequency of male approach (£ 6o=11.96, p=.001, np2:0.17) and decreased
duration of mounting attempts/copulation (£ 64=6.54, p=.01, an:0.0Q).

Discussion

The present study investigated whether chronic 5-HTq o agonism altered social behavior in
pair-bonded adult male titi monkeys. As this was the first study to examine serotonergic
manipulation in titi monkeys, we sought to confirm the activity of 8-OH-DPAT by evaluating
measures indicative of the serotonin syndrome. In experiment 2, we found greater twitching
on day 1 with 8-OH-DPAT treatment compared to saline and all other days of 8-OH-DPAT
treatment, as well as lower body temperature with 8-OH-DPAT treatment compared to saline
at both 15 and 45 minutes post-injection. Together these indicate that 8-OH-DPAT worked as
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predicted in titi monkeys, acutely inducing both spontaneous motor behavior and
hypothermia characteristic of the serotonin syndrome.

In rodents, 5-HT1 5 agonists acutely increase social behavior and peripheral OT (Bagdy and
Kalogeras, 1993; Bell and Hobson, 1994; Jorgensen et al., 2003; Picazo et al., 1995;
Thompson et al., 2007), but here we found that treatment with 8-OH-DPAT in the titi
monkey does not increase peripheral OT, nor does it increase social behavior acutely. Rather,
it had the opposite effect, inhibiting affiliative behavior directed at the pair-mate in pair-
bonded males. This result suggests substantial differences between rodents and primates
with regard to the 5-HT 5 receptor. Indeed, in female marmosets, chronic 8-OH-DPAT
treatment induces social rejection (Aubert et al., 2013), suggesting the effect of 5-HT1a
agonism is consistent across new world primates and indicating the utility of primate species
as translational models for humans in this area (Phillips et al., 2014).

Interestingly, day of treatment had minimal impact on behavior or hormones across 15 days
of chronic treatment. Autoregulatory negative feedback caused by chronic activity at the 5-
HT 14 receptor is thought to decrease serotonergic activity (McDevitt and Neumaier, 2011)
and synthesis (Brambilla et al., 1999), ultimately leading to a reduction in sociality. Thus we
expected that, like is seen in rodents, 8-OH-DPAT would cause an acute increase in social
behavior, followed by decreasing sociality with adaptation to reduced serotonergic activity
consequent to negative feedback. We did not find significant interactions of day of treatment
and drug condition in any behaviors or peripheral hormone concentrations examined here,
indicating that the suppression of sociality seen was not due to adaptation consequent to
negative feedback.

In addition to suppression of social behavior, we found that arousal and sexual behavior
were decreased by 8-OH-DPAT treatment. 8-OH-DPAT functions as an agonist at both pre-
and postsynaptic 5-HT1 4 receptors, however both sexual behavior and arousal are postulated
to be influenced specifically by presynaptic 5-HT1a receptor activity (De Vry, 1995). 8-OH-
DPAT has higher selectivity for presynaptic than postsynaptic receptors, making a
presynaptic mechanism likely to have been responsible for these changes. In addition, 8-OH-
DPAT may be active at both postsynaptic 5-HT; 4 and 5-HT7 receptors (Bard et al., 1993).
Although it has higher affinity for 5-HT, 5 compared to 5-HT7, the action of 8-OH-DPAT
may be more complex than intended. Future work should utilize pharmacological agents
with more specific activity, or concurrently block activity at 5-HT7 receptors to more clearly
elucidate the mechanism of action responsible for changes to behavior.

We examined cortisol and AVP because they are stress responsive and interact with the
serotonin system. The lack of a change in AVP is not surprising given that the 5-HT1a
receptor does not directly act to stimulate AVP release (Jorgensen et al., 2003). In addition to
being stress responsive, it is also closely related to oxytocin activity, thus we chose to
examine it nonetheless, but did not find any alteration dependent on drug condition. In
rodents, 8-OH-DPAT increases plasma corticosterone in a dose-dependent manner (Fuller
and Snoddy, 1990; Gehlert and Shaw, 2014; Przegalinski et al., 1989; Vicentic et al., 1998).
Here we found that the increased cortisol concentration from baseline to 15 minutes was
greater with saline treatment than with 8-OH-DPAT, but that the increase from 15 to 45
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minutes post-injection was greater with 8-OH-DPAT treatment. The 15-minute post-
injection time point may have been too early for plasma cortisol concentration to reflect
changes in hypothalamic-pituitary-adrenal (HPA) activity subsequent to the initial stressor,
while the 45-minute time point concentration likely reflected response to the multiple and
repeated stressors employed in our testing procedure, including a social stressor (separation
from the pair-mate) and physical stressors (capture, restraint, injection, blood draw, rectal
temperature) across multiple time points. Thus the increased cortisol concentration from 15
to 45 minutes post-injection with 8-OH-DPAT treatment does not reflect response to any
single stressor, nor can it be tied to a specific time point as its origin. The greater increase
from 15 to 45 minutes post-injection with 8-OH-DPAT suggests that 5-HT1 o agonism alters
hypothalamic-pituitary-adrenal axis activity in a manner consistent with the response in
rodents. However, it is also possible that the alterations to social behavior found with 8-OH-
DPAT treatment precluded the social buffering of HPA activity typically found in the
presence of the pair-mate in titi monkeys (Hennessy et al., 1995; Ragen et al., 2013).

This study was the first to examine the effects of 5-HT 14 agonism on pair-bonding behaviors
in a monogamous primate. We found a reduction across multiple social behaviors in 8-OH-
DPAT treated males, indicating that 5-HT1 A activity is involved in the regulation of
behaviors expressed in the pair-bond. Greater understanding of the mechanisms underlying
serotonergic effects on sociality is needed to more fully elucidate how it is involved in pair-
bonding, and in sociality more generally. This in turn, will be important to understanding the
neurobiological basis of adult attachment relationships and their impacts on health.
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Highlights
. Agonism of 5-HT1 5 receptors decreases adult social behavior in titi
monkeys.
. Serotonin activity plays an important role in social behavior within the
pair-bond.
. Effects of 5-HT1a agonism on social behavior differ between rodents

and primates.
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A) Mean (£SEM) body temperature change from baseline at 15 and 45 minutes post-
injection comparing saline and 8-OH-DPAT treatment. B) Mean (+SEM) body temperature
across 15 days of treatment. **p<.01, ***p<.0001.
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A) Mean (£SEM) frequency of subject approach to female pair-mate comparing saline and

8-OH-DPAT treatment. B) Mean (+xSEM) frequency of subject initiation of physical contact
with pair-mate comparing saline and 8-OH-DPAT treatment. C) Mean (zSEM) frequency of
subject lipsmack comparing saline and 8-OH-DPAT treatment. D) Mean (xSEM) duration in
seconds of subject grooming female pair-mate comparing saline and 8-OH-DPAT treatment.
**p<.01, ***p<.0001.
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Mean (zSEM) plasma oxytocin concentration change from baseline to 15 and 45 minutes
post-injection comparing saline and 8-OH-DPAT treatment.*p<.05.
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Ethogram for behavioral quantification.
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o
Behavior

Description

Affiliative
Proximity (d)
Contact (d)
Male Grooms Female (d)
Female Grooms Male (d)
Male Approach
Female Approach
Male Leave
Female Leave
Tail Twine (d)
Lipsmack
Initiate contact
Withdraw from Contact
Solicit Grooming
Arousal
Back Arch
Tail Lash
Sexual
Anogenital Explore (d)
Mount/Sex (d)
Aggressive
Grab/Hit/Bite
Locomotor
Locomotion (d)
Other
Eat (d)
Drink (d)
Twitch

Male’s body is within arm’s length (6 inches) of female’s body excluding the tail.

Male’s body is in contact with female.

Male examines/picks through hair of female by parting fur with hands or mouth.

Female examines/picks through hair of male by parting fur with hands or mouth.

Male moves to within proximity (6 inches) of female and remains in proximity for 1 second.
Female moves to within proximity (6 inches) of male and remains in proximity for 1 second.
Male withdraws from proximity (6 inches) of female.

Female withdraws from proximity (6 inches) of male.

Male and female in contact wrap tails around one another forming at least one full rotation.
Male makes rapid lip movement accompanied by smacking sound.

Male moves any part of body into physical contact with female.

Male withdraws all body parts from contact with female.

Male stretches out body or limbs to invite grooming from female.

Male raises dorsal surface of the back. May be accompanied by piloerection.

Lateral whipping of the tail to at least 45°.

Male inspects female’s ano-genital region visually, orally, olfactorily, or manually.

Engagement in copulation or behaviors that could lead to copulation including mount, thrust, or insertion.

Male grabs, hits, or bites female. Low intensity display of aggression.

Male moves at least one body length.

Male touches or eats food, includes time spent chewing.

Male drinks water. Begins when mouth touches lixit and ends when drinking terminates.

Male’s hands, feet, or tail make a rapid twitching movement.

*
Behaviors marked (d) were measured as duration. All others were measured as frequency.
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