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Abstract

Pair bonding leads to increases in dopamine D1 receptor (D1R) binding in the nucleus accumbens 

of monogamous prairie voles. In the current study, we hypothesized that there is similar 

upregulation of D1R in a monogamous primate, the titi monkey (Callicebus cupreus). Receptor 

binding of the D1R antagonist [11C]-SCH23390 was measured in male titi monkeys using PET 

scans before and after pairing with a female. We found that within-subject analyses of pairing 

show significant increases in D1R binding in the lateral septum, but not the nucleus accumbens, 

caudate, putamen, or ventral pallidum. The lateral septum is involved in a number of processes 

that may contribute to social behavior, including motivation, affect, reward, and reinforcement. 

This region also plays a role in pair bonding and paternal behavior in voles. Our observations of 

changes in D1R in the lateral septum, but not the nucleus accumbens, suggest that there may be 

broadly similar dopaminergic mechanisms underlying pair bonding across mammalian species, but 

that the specific changes to neural circuitry differ. This study is the first research to demonstrate 

neuroplasticity of the dopamine system following pair bonding in a non-human primate; however, 

substantial variability in the response to pairing suggests the utility of further research on the topic.
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Introduction

The dopamine (DA) system plays a key role in both the formation [Hostetler et al., 2011; 

Wang et al., 1999] and maintenance [Aragona et al., 2006] of pair bonds in monogamous 

prairie voles. The prairie vole model has been invaluable for identifying neuroendocrine 

systems underlying social attachment in mammals [Gobrogge and Wang, 2015; Young et al., 

2010]. However, the specific neural mechanisms that regulate prairie vole pair bonding do 

not always generalize to other monogamous species [Fink et al., 2006; Turner et al., 2010]. 

Therefore it is important not to rely on a single animal model, but to maintain a comparative 

approach across many taxa in order to truly understand the biology and evolution of social 

attachment.

Titi monkeys (Callicebus cupreus) are monogamous New World primates that form selective 

pair bonds between mates and raise offspring biparentally [Mendoza and Mason, 1986b; 

Mendoza and Mason, 1997]. Pair bonding is characterized as a strong motivation to maintain 

proximity to a partner, distress upon separation from the partner, and selective aggression 

toward novel opposite-sex conspecifics. The neural substrates of pair bonding in titi 

monkeys appear to be generally similar to those identified in prairie voles. A previous brain 

imaging study found differences in glucose utilization in a number of brain regions between 

pair bonded versus lone-housed male titi monkeys [Bales et al., 2007]. Specifically, the 

regions affected by pair bonding were brain areas involved in social memory, reward, and 

limbic processes that have also been shown to play a role in prairie vole pair bonding. These 

included dopaminergic regions such as the nucleus accumbens (NAcc), lateral septum (LS), 

and ventral pallidum (VP).

While there appear to be similarities to rodent pair bonding, we have already identified a 

number of ways in which the neural substrates of titi monkey pair bonding may differ from 

that of voles. Titi monkeys have oxytocin receptor (OTR) and vasopressin receptor (V1aR) 

binding in quite different areas than do prairie voles [Freeman et al., 2014; Freeman and 

Young, 2016]. In particular, titi monkeys do not have OTR in the NAcc, an area strongly 

implicated in OT-DA interactions involved in prairie vole pair bonding. In voles, pair 

bonding leads to increases in D1 receptor binding in the NAcc shell, and this change is 

associated with direct effects on aggression towards intruders that might threaten the bond 

[Aragona et al., 2006], as well as indirect protective effects on drug-related behaviors [Liu et 

al., 2011]. In contrast to voles, titi monkeys have V1aR rather than OTR in the NAcc, and no 

OTR or V1aR at all in the ventral pallidum (VP) [Freeman et al., 2014]. However, titi 

monkeys do have OTR in the lateral septum [Freeman et al., 2014], an area also innervated 

by the dopamine system in primates [Sheehan et al., 2004].

In the current study, we hypothesized that there would be an upregulation of D1 receptors in 

pair bonded titi monkeys, particularly in areas that contain OTR or V1aR – the LS and 

NAcc. We investigated this hypothesis by measuring receptor binding of the D1 receptor 

antagonist [11C]-SCH23390 in male titi monkeys using PET scans before and after forming 

pair bonds. We focused on dopaminergic regions, predicting that we would be more likely to 

see changes in areas in which titi monkeys also have OTR or V1aR (LS and NAcc); rather 

than regions void of these receptors (VP, caudate, and putamen).
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We also measured blood plasma levels of the hormones oxytocin (OT), arginine vasopressin 

(AVP), and cortisol. There is some evidence that plasma levels of neurohypophyseal 

peptides, including OT and AVP, may reflect central activity [Kenkel et al., 2012; Landgraf 

and Neumann, 2004]; at the least, they will represent the output of the pituitary. We 

measured OT and AVP to examine basal levels of these hormones as an indirect measure of 

potential central changes in these neuropeptide systems following pairing. Plasma cortisol 

was measured to assess the subjects' physiological status at the time of the scan.

Methods

Subjects

Thirteen captive-born and reproductively naïve adult male titi monkeys (Callicebus cupreus) 

housed at the California National Primate Research Center (CNPRC) in Davis, CA were 

used in this study. Subjects were removed from their natal group and housed alone for 

greater than one month prior to the beginning of the study. Animals were fed twice daily 

(0830 and 1330 h) a commercial primate diet (Mazuri) supplemented with rice cereal, 

banana, apples, raisins, and baby carrots at each feeding. Water was available ad libitum. 

Animals were housed in cages (2.13 m high × 1.27 m wide × 1.27 m deep) throughout the 

study [Jarcho et al., 2011; Mendoza, 1999; Tardif et al., 2006].

Experimental Design

All 13 males (mean±SE age: 4.09±0.35, range 2.2-5.5 years) underwent a baseline 

“unpaired” positron emission tomography (PET) scan. Males had been separate from their 

natal group and housed alone for at least one month to minimize the impact of separation 

from their attachment figure (the father). After the unpaired baseline scan (“Timepoint 1”), 

seven males (“Experimental group”) were paired with females and six males served as their 

unpaired age-matched controls (“Control group”: see experimental design in Figure 1). It is 

however, important to note that at all times during the study all males had visual, olfactory, 

and auditory access to other titi monkeys. “Unpaired” housing was thus not isolation 

housing. There is also evidence from field studies that males travel alone for a “bachelor” 

period after leaving their natal group, thus lending ethological validity to this control group 

(Bossuyt, unpublished data). Age-matched controls were included in order to be sure that the 

inherent change in age with a longitudinal design does not lead to confusion of changes 

associated with aging, with changes induced by pair-bonding.

The newly-paired subjects and age-matched controls underwent another PET scan 4-8 weeks 

after pair formation (“Timepoint 2”; 6.0±0.45weeks post-pairing). After serving as age-

matched controls, five of the six control males were paired with females and scanned 4-9 

weeks after pairing (6.2±0.76 weeks post-pairing). All experimental procedures were 

approved by the Animal Care and Use Committee of the University of California, Davis; 

adhered to the legal requirements of the United States to the American Society of 

Primatologists Principles for the Ethical Treatment of Non Human Primates; and complied 

with National Institutes of Health ethical guidelines as set forth in the Guide for Lab Animal 

Care.
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Preparation of [11C]SCH23390

[11C]CO2 was produced with a Siemens RDS111 cyclotron via the 14N(p,α)11C reaction. 

Typical yields for a 45 minute bombardment with a 40 μA beam were on the order of 1.5 Ci. 

[11C]CO2 was converted to [11C]CH3I in the gas phase, using a GE Tracerlab FX-C Pro 

synthesis unit. [11C]CH3I was bubbled into a freshly prepared slurry of precursor SCH24518 

(ABX; 0.5 mg) and NaHCO3 (0.25 mg) in DMF (0.5 mL) at -20 °C. The reaction solution 

was heated to 50 °C and incubated for 7 minutes. [11C]SCH23390 was then purified by 

HPLC, using a Phenomenex C18 (5 μ) 250 × 10 mm column eluted in 65:35 (v/v) 0.1 M 

ammonium acetate (aq), pH 6.5/acetonitrile at 5 mL/min. In this system, the tR of precursor, 

major radioactive side product, and [11C]SCH23390, were 5.1, 7.7, and 9.4 minutes, 

respectively. The product peak was diluted in water (25 mL), applied to a Sep-Pak Plus C18 

solid phase elution cartridge (Waters), washed in water (5 mL), and eluted in ethanol (2.5 

mL). [11C]SCH23390 was dried at 80 °C under a gentle stream of helium, formulated in 

PBS, and filtered (0.22 μm; Millipore). Identity and purity were evaluated by analytical 

HPLC of [11C]SCH23390 coinjected with authentic 12C standard (ABX). The total synthesis 

time, including formulation, was 65 minutes. Typical decay-corrected yields from [11C]CH3I 

were 40 to 60%. The radiopurity of all doses was >95%, and the mean specific activity EOS 

was 2300 Ci/mmol.

Positron Emission Tomography (PET)

Males were fasted 6-12 h prior to the scan, with water available throughout the pre-scan 

period. On the day of the PET scan, the subject was caught and manually restrained for 

intramuscular administration of sedative [ketamine (25 mg/kg IM) and medetomidine (0.05 

mg/kg IM)]. Anesthesia for the PET imaging was induced and maintained with isoflurane 

(1–2%) and the animal positioned in the microPET P4 scanner at the CNPRC. Image 

acquisition began immediately following administration of [11C]SCH23390 and scanned for 

90 minutes to generate the dynamic binding activity of [11C]SCH23390. As a precautionary 

measure, the subject's EtCO2, oxygen saturation, heart rate and blood pressure were 

monitored throughout the scanning procedure [Bales et al., 2007].

Following imaging, subjects were maintained in metabolism cages for 24 h after scanning, at 

which time radiation decayed to background levels and animals returned to home cage. The 

90 minute PET listmode data was binned (full 3D binning, span 3 and ring difference 31) 

into 24 frames (10 frames at 60s, 5 frames at 120s, 4 frames at 5 minutes and 5 frames at 10 

minutes). Sinogram data was further reconstructed into PET images with a 3DRP 

reconstruction (vendor-supplied algorithm) resulting in images with an isotropic spatial 

resolution of approximately 1.8 mm [Qi et al., 1998]. Image voxels size was 1.8973 × 

1.8973 × 1.2115 mm3. Because the head is small and similar across all subjects, and 

comparisons are made across the same structure in different animals, the PET data were not 

corrected for photon attenuation or scatter.

Blood sampling and hormone analysis

When animals were sedated for PET scanning blood samples were collected via femoral 

venipuncture. Immediately after collection blood samples were placed on ice. Blood samples 

were centrifuged at 3000 RPM for 15 minutes at 4° C. Plasma was extracted and stored at 
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-70° C until assay. Plasma samples were assayed for OT, AVP, and cortisol. AVP and OT 

concentrations were estimated in duplicate using commercial enzyme immunoassay kits 

(Enzo Life Sciences, Farmingdale, NY) previously validated for titi monkeys [Bales et al., 

2005]. Assay sensitivity was determined to be 2.34 pg/ml for AVP and 15.55 pg/ml for OT. 

Intra- and inter-assay coefficients of variation (CV) were 3.36% and 14.34% respectively for 

AVP, and 10.62% and 12.78%, respectively for OT. Plasma cortisol concentrations were 

estimated in duplicate using commercial radioimmunoassay kits (Siemens Healthcare, 

Malvern, PA). Prior to assay, samples were diluted 1:4 in PBS gel buffer. Assay procedures 

were modified with the addition of 0.5 and 2.35 μg/dl concentrations of standards along with 

the provided range of 1.0-49 μg/dl. Assay sensitivity has been determined to be 0.261 μg/dl. 

Intra- and inter-assay CV were 3.20% and 6.26%, respectively.

Magnetic Resonance Imaging (MRI)

Structural magnetic resonance imaging (MRI) scans were performed to define regions of 

interest for each subject. MRI scans were conducted in a GE Signa LX 9.1 scanner (General 

Electric Corporation, Milwaukee, WI) with a 1.5 T field strength and a 3” surface coil. Each 

male was fasted 8-12 h before the procedure. At the start of the procedure, the male was 

sedated with ketamine (10 mg/kg IM) and medazolam (0.1 mg/kg IM), and an endotracheal 

tube was placed. A catheter was also placed in the saphenous vein in order to administer 

fluids as necessary. Anesthesia was maintained with isoflurane (1-2%) while the male was 

positioned in the MRI scanner. Each scan lasted approximately 20 min and consisted of a 3D 

SPGR pulse sequence in a coronal plane. Images of the entire brain were collected using the 

following parameters: echo time TE=7.9 ms, repetition time TR=22.0 ms, flip angle=30.0°, 

field of view=8 cm, number of excitations=3, matrix=256×256, and slice thickness=1 mm. 

Similar to PET scanning, as a precautionary measure, the male's EtCO2, oxygen saturation, 

heart rate and blood pressure were monitored throughout.

Co-Registration of MRI and PET Scans and Calculation of Binding Potentials

The images were reconstructed using the 3DRP algorithm with no projection filter. There 

was no additional post-smoothing applied on the reconstructed images. The volume of the 

septum is about 2-3 PET voxels. Note that quantitative values will be in error due to the 

partial volume effect, but they typically are in PET imaging of the brain as most structures 

are small or similar in size to the resolution of the scanner. The current work is focused on 

group comparison using ANOVA. Given there is no size difference expected between groups 

and any systematic bias in binding potential estimates can be cancelled out in the group 

difference, the results on the statistical test are less affected than that of absolute 

quantification [Martinez et al., 2001].

Regions of interest (listed in Table 1) were drawn on structural MRI images using Siemen's 

Inveon Research Workplace software (IRW, Siemens Healthcare, USA) (Figure 2). These 

regions were examined as each has been implicated in either prairie vole or titi monkey pair 

bonding. MRI images were co-registered with PET scan images using automatic rigid 

registration in IRW. Binding potentials of [11C]SCH23390 to dopamine D1 receptors in the 

brain were calculated using a simplified reference tissue model (SRTM) and nonlinear least 
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square fitting with the basis function method [Gunn et al., 1997]. The cerebellum was 

chosen as the reference region [Chan et al., 1998].

Statistics—Two separate analyses were performed to investigate changes in 

[11C]SCH23390 receptor binding following pair bonding. One male (Animal 35892) from 

the Paired group showed a consistently aggressive dynamic with his pairmate. In fact, this 

pair was dissolved subsequent to the current study. We performed all analyses with and 

without this male, and his removal did not change the significance of any results. Therefore, 

all results are presented with him included.

We did not have any a priori reason to suspect that we would find differences between 

hemispheres. For this reason and to avoid potential Type I error, we combined the 

hemispheres for each ROI and examined only the five ROIs: LS, VP, NAcc, C, and P.

In the first analysis, we used repeated measures analysis to perform between-subjects 

comparison between males that had been paired with a female at the second timepoint 

(“Experimental,” n=7) and males that were unpaired at both timepoints (“Control”, n=6). 

This allowed us to assess whether group (“Control” versus “Paired”) differences existed in 

D1 receptor binding potential in the regions of interest. Within-subjects effects were also 

assessed at this point.

We then paired Control males, which allowed a within-subjects approach to investigate 

changes in D1 receptor binding potential following pairing. One male was not paired or 

given a final scan (due to a removal unrelated to the study), leading to a final sample size of 

12 males. A mixed model ANOVA was performed with male ID as the random effect, using 

Baseline and Post-Pairing scans for all subjects. All tests were two-tailed and significance 

was set at p < 0.05.

Results

Analysis I (Between-subjects)

Control and Experimental animals did not differ in dopamine D1 receptor binding at either 

Timepoint 1 (“Baseline”), or Timepoint 2 (“Paired”) (p>0.05 for all measures). Means and 

standard errors (SE) for the between-subjects analysis are presented in Figure 3. For the LS, 

there was a significant effect of the repeated measure “male ID” (F = 6.62, p = 0.026). All 

other brain regions showed no difference in D1R BP between groups (Figure 3). Final 

sample size was n = 6 for control males and n =7 for experimental males.

Animals housed with a pair-mate at Timepoint 2 had significantly lower plasma cortisol 

levels (n = 13, F=7.14, p=0.023) compared to those than remained unpaired. Neither plasma 

OT nor AVP differed between groups (p≥0.05).

Analysis II (Within-subjects)

All but one control animal was subsequently paired with a female and scanned for 

[11C]SCH23390 BP a third and final time. This allowed us to perform an additional within-

subjects analysis between baseline and post-pairing [11C]SCH23390 binding in a total of 12 
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males. For the second PET scan, the average time since initial pairing with a female was 

6.07 weeks (range: 4.3-9.1 weeks). Means and SE are presented in Table 2.

Dopamine D1 receptor binding was increased following pairing in the lateral septum (F = 

4.97, p = 0.047; Figure 4). Effect size was Cohen's d = 0.4897, suggesting a medium effect 

size. Changes in D1 binding were characterized by significant variability between males: 4 

of the 11 males experienced a decrease with pairing. No other brain regions showed a 

change in D1R BP.

Although plasma cortisol was reduced from Baseline to Post-Pairing (Table 2), this 

difference was not significant (F = 1.08, p=0.320). Upon closer examination of the data, the 

lack of significance appeared to be driven by a single individual whose cortisol nearly tripled 

from a baseline of 42.7 to 113.5 ug/dL following pairing. Removal of this individual from 

analysis yielded a highly significant (F = 10.41, p = 0.009) decrease in plasma cortisol 

following pairing (Baseline: 66.4±4.9 ug/dL; Post-Pairing: 50.2±5.4 ug/dL). Neither plasma 

OT nor AVP changed over time (p≥0.05).

Discussion

In this study we present findings that suggest that heterosexual pairing leads to site-specific 

increases in D1 receptor binding in a monogamous primate, the titi monkey. These findings 

are similar to observations of upregulation of D1 receptor binding in the NAcc shell of the 

monogamous prairie vole [Aragona et al., 2006]. In our data, we do see a suggestion of 

increased D1 receptor binding across most of the regions studied (Figure 4). However, in 

contrast to prairie voles, we observed statistically significant changes in D1 receptor binding 

in the lateral septum (LS), not the NAcc. This suggests that there may be broadly similar 

dopaminergic mechanisms underlying pair bonding across mammalian species, but that the 

specific changes to neural circuitry differ.

The LS is important for assessing the affective salience of sensory input and sending this 

information to limbic and reward-related regions. As such, this region is involved in a 

number of processes that may contribute to social behavior, including motivation, affect 

[Sheehan et al., 2004], reward and reinforcement [Olds and Milner, 1954]. The LS has been 

shown to play a role in social memory [Dantzer et al., 1988] and aggression [Clarke and 

File, 1982], both of which are required for pair bonding. We have also previously found that 

glucose utilization in the LS is affected by long-term pair bonding in the titi monkey [Bales 

et al., 2007].

Previous research has identified the LS as a key region for formation of pair bonds and 

parental behavior in prairie voles. Specifically, injection of AVP directly into the LS 

facilitates partner preference formation [Liu et al., 2001]. Partner preference is also inhibited 

by either V1a or OT receptor antagonists of in this region. Similarly, intraseptal AVP 

promotes, whereas V1a receptor blockade inhibits, parental behavior in sexually naïve male 

prairie voles [Wang et al., 1994]. Male voles also have changes in LS AVP-immunoreactivity 

following pair bonding that are dynamic across the female partner's reproductive status 

[Bamshad et al., 1993; Bamshad et al., 1994]. However, the specific role of the DA system 
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in the LS remains unexplored in voles. The current findings suggest this may be an 

intriguing area for future research.

We did not observe an upregulation of D1R binding in the NAcc, as has been previously 

described in prairie voles [Aragona et al., 2006]. Dopamine's effects on pair bonding in voles 

are largely due to interactions with neuropeptide systems [Liu and Wang, 2003; Pitkow et 

al., 2001]. There are significant differences in OT and V1a receptor distribution between 

prairie voles [Insel and Shapiro, 1992; Insel et al., 1994] and titi monkeys [Freeman et al., 

2014]. Anatomical differences in OT and AVP V1a receptor systems between voles and titi 

monkeys suggest that the specific role of neuropeptides in pair bonding would differ 

between these species [Freeman et al., 2014]. For voles, the dominant neuropeptide receptor 

in the NAcc is the OT receptor [Lim et al., 2004], whereas titi monkeys have no OT 

receptors but high V1a receptor binding in this region [Freeman et al., 2014]. There are OT 

receptors present in the LS of titi monkeys, which may make this region an alternate site for 

dopamine-oxytocin interactions that are associated with pair bonding [Freeman et al., 2014]. 

Therefore, underlying species differences in these neuropeptide systems may influence the 

specific (i.e. regional) role of dopamine on similar attachment behavior.

Given the role the LS plays in social memory and aggression, the observed increase in D1R 

may promote mate guarding behaviors in response to unfamiliar animals. We have observed 

increases in cerebral glucose metabolism in the LS when male titi monkey males view their 

female pair-mates next to a strange male [Maninger and Bales, unpublished data], which 

supports the hypothesis that upregulation of D1R in the LS facilitates mate guarding 

behavior. In prairie voles, the post-pairing increase in D1R is associated with aggression 

towards opposite-sex strangers, and is viewed as a mechanism for maintenance of the pair-

bond [Aragona et al., 2006]. Although we did not include behavioral observations in the 

current study, such an approach is warranted in future research. Future studies should 

include measures of aggression and other mate guarding behaviors to see which may be 

correlated with changes in LS D1 receptor binding. We have now validated a method for 

measuring mate-guarding in titi monkeys [Fisher-Phelps et al., 2016].

Despite our discussion above, we are reluctant to overstate our findings regarding D1 

binding in the LS. There were no differences in LS D1R when using a between-subjects 

analysis. This may be due to being statistically under-powered for the between-subjects 

analysis, given the level of variability. We did observe significant variability in the responses 

of individual males in the between subjects analysis, which argues for examining this 

variable again in a future, larger study and with attention to behavioral differences in the pair 

bonds.

Other caveats include the choice of control condition and sequence of treatments. 

Specifically, we chose to complete our initial scan while males were in an “unpaired” state 

rather than housed with another titi monkey, either their parents or another male. This choice 

was made because while housed in the natal group, titi monkeys show an attachment to their 

father [Hoffman et al., 1995; Mendoza and Mason, 1986b]. We were specifically seeking a 

control group that was not currently in an attachment relationship. It was also not possible to 

house the males with an unrelated male, as unrelated adult males are aggressive towards one 
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another [Tardif et al., 2006]. However, the lack of an additional social control means that 

there is a possibility that the change we saw was due to a general change in social setting 

rather than the specific effect of pair-bond formation.

Finally, we used sequential rather than counter-balanced treatments (i.e., the unpaired 

condition always preceded the paired condition). This was chosen because we did not know 

whether or not changes in D1 binding induced by pairing would persist after a pair bond is 

ended, thus introducing the possibility of a carry-over effect post-pairing. It also introduces 

the possibility of grief at the loss of the pair-mate [Sun et al., 2014].

If the increases that we saw in D1 binding were caused by research design rather than 

pairing, the two most reasonable alternative hypotheses would be changes due to aging or to 

stress. The time between baseline to post-pairing scans was less than 6 months (Table 2); 

moreover, aging is normally associated with a decline in D1 binding, not an increase 

[MacDonald et al., 2012]. Stress is also a possibility, though not a particularly compelling 

explanation. One study in California mice found no effect of social defeat stress on D1 

receptors in the only area examined, the NAcc [Campi et al., 2014]. Dopamine neurons, and 

specifically D1 receptors [Taylor et al., 2013], are involved in the arousal from anesthesia 

[Zhou et al., 2015]; and chronic stress can cause a reduction in dopamine transmission 

[Mizoguchi et al., 2000]. It is thus theoretically possible that reduced dopamine transmission 

caused by the stress of anesthesia could result in an up-regulation of D1 neurons. While we 

believe that this is not probable based on the less than chronic nature of our stressor, it 

provides testable predictions for future research.

In both analyses we also found that plasma cortisol decreased following pairing. This is 

consistent with previous findings in this species that heterosexual pairing decreases cortisol 

[Mendoza et al., 2000; Muth et al., 2015]. Conversely, separation from an attachment figure 

(such as the father or a mate) leads to increased cortisol which is reversed upon reunion 

[Mendoza et al., 2000; Mendoza and Mason, 1986a]. If the separation from the attachment 

figure is maintained, even in the presence of other familiar animals, elevations in cortisol are 

sustained. Moreover, other aspects of the stress response (e.g. acute activation of the HPA 

system) are similar in lone and paired animals, leading to the suggestion that the elevations 

in cortisol attendant to long-term separation are shifts in the regulation of basal cortisol 

[Mendoza et al., 2000]. Similar to these past studies, in the current study provision of an 

appropriate mate leads to a regulatory shift similar to return to the attachment [Mendoza et 

al., 2000; Mendoza and Mason, 1986a]. It is also worth noting that the conditions 

necessarily employed in this study were not ideal for examining changes in basal HPA 

activity. Exposure to novel environment activates the acute HPA stress response and masks 

social buffering effect to acute stress. Fasting likewise can lead to elevations in HPA activity 

[Dallman et al., 2004]. Thus, the down-regulation of HPA activity in paired animals across 

both analyses in the current study underscores the robust impact social bonding can have on 

physiological processes.

We do not believe that the differences in cortisol between groups account for D1R binding. 

This is based on research in prairie voles. In contrast to titi monkeys, chronic isolation in 

adult voles does not affect basal corticosterone [Grippo et al., 2007]. Therefore in voles, 
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changes in D1R are independent of glucocorticoids, and it is likely that these measures are 

similarly dissociated in titi monkeys, but this should be clarified in future studies.

We did not observe any differences in plasma OT or AVP in either analysis. This suggests 

that there may be no major alterations in basal OT or AVP following pairing. This is not 

entirely surprising given that data from prairie voles indicate that these peptides are 

important for forming, whereas D1R play a role in maintenance of, pair bonds. Therefore we 

would not necessarily expect to see changes in OT or AVP under the current experimental 

conditions. It is also possible that our plasma measures do not reflect central activity, as the 

correlation between plasma and hypothalamic levels of neurohypophyseal peptides appears 

to be stimulus-specific [Kenkel et al., 2012; Landgraf and Neumann, 2004]. However, it is 

also pertinent to note that these hormones were assessed under extreme conditions, including 

fasting and a novel environment, and group differences may exist under undisturbed, basal 

conditions. Acute measurements of these neuropeptides in response to a social stimulus may 

prove more interesting [Kenkel et al., 2012]. Therefore, the present findings should not 

preclude further study of the central role of OT and AVP in pair bond maintenance in the titi 

monkey.

This study is the first research to demonstrate neuroplasticity of the dopamine system 

following pair bonding in a non-human primate. These findings also highlight the necessity 

of primate models for understanding the neuroscience of social behavior [Phillips et al., 

2014]. Rodent models are useful for broadly identifying neural substrates of attachment and 

enabling nuanced experimental manipulation. Our findings in part replicate rodent research; 

however species differences exist for many molecular mechanisms of monogamy. Therefore 

examining these processes in non-human primates importantly extends our understanding of 

the evolution and biology of social behavior more systematically across mammals, with 

implications for the primate with which we are all most familiar: humans.
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Figure 1. 
Study Design Schema. All subjects (n=13) were scanned in the “unpaired” condition prior to 

pairing (“Timepoint 1”). Six of these subjects (“Experimental group”) were paired while 

age-matched controls remained in the unpaired condition, and all underwent a second scan 

4-9 weeks later (“Timepoint 2”). Finally, the Control group was paired and PET scanned 4-9 

weeks post-pairing.
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Figure 2. 
Representative figure showing: (top) titi monkey MRI with several regions of interest drawn; 

(bottom) MRI overlaid with PET data. LS = lateral septum.

Hostetler et al. Page 15

Am J Primatol. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
D1 receptor binding did not significantly differ in the Control or Experimental groups 

between Timepoint 1 (baseline) and Timepoint 2 (when the Experimental group had been 

paired), in any region of interest.
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Figure 4. 
D1 receptor binding ([11C]-SCH23390) is significantly increased (*p<0.05) in the lateral 

septum after pair bonding, when analyzed in a within-subjects analysis.
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