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A B S T R A C T

The rewarding properties of social interactions play a critical role in the development and maintenance of social
relationships, and deficits in social reward are associated with various psychiatric disorders. In the present study,
we used a novel Operant Social Preference (OSP) task to investigate the reinforcing properties of social inter-
actions under conditions of high or low reward value, and high or low behavioral effort in male Syrian hamsters.
Further, we investigated the role of oxytocin (OT) in a key structure of the mesolimbic reward system, the
ventral tegmental area (VTA), in mediating the reinforcing properties of social interaction. Adult male hamsters
were placed in a three-chambered apparatus, and allowed access to either a social chamber containing an un-
restrained conspecific or a non-social chamber, by pushing through a one-way entry, vertical-swing door.
Increasing the duration of social interaction (reward value) decreased the frequency of entering the social in-
teraction chambers, whereas decreasing the duration of social interaction conversely increased the frequency of
entries. Moreover, increasing behavioral effort required to access social interaction decreased the frequency of
entries, especially under conditions when the duration of social interaction was only 5 s. OT injected into the
VTA decreased the frequency of entering social interaction chambers in a manner similar to that observed when
duration was increased, whereas injection of an OT receptor antagonist in the VTA increased the frequency of
seeking social interaction. Taken together, these data support the hypothesis that activation of OT receptors in
the VTA are critical for the reinforcing properties of social interactions. Furthermore, social interactions may
exhibit duration and cost dependent reinforcing effects on behavior similar to those observed with food and
drugs of abuse.

1. Introduction

Social reward is a critical element in the development, expression,
and maintenance of social behaviors and relationships (Suomi et al.,
1971; Krach et al., 2010; Trezza et al., 2011). Despite the importance of
social reward in adaptive and maladaptive behaviors, much remains to
be learned about the reinforcing properties of social interaction and the
neurobiological mechanisms underlying its rewarding properties. Var-
ious types of social interactions can serve as behavioral reinforcers
(Everitt et al., 1987; Lee et al., 2000; Matthews et al., 2005; Trezza
et al., 2011). To extend our ability to investigate social reward and
reinforcement, we developed a new operant social preference (OSP)
task for Syrian hamsters (Borland et al., 2017), a species in which social
interactions are highly rewarding (Meisel and Joppa, 1994; Gil et al.,
2013) and which serves as an important model for pre-clinical studies
of psychiatric disease (Terranova et al., 2016). Hamsters are provided
the choice to push through a vertical swing door into a chamber for
brief social interaction, push into an empty chamber, or remain in a
start chamber. As in other new operant social tasks (Cummings and

Becker, 2012; Achterberg et al., 2016; Golden et al., 2017), animals
demonstrated a preference for the social chamber within 2–3 test ses-
sions, in a manner similar to preference for access to reward of a dif-
ferent modality, palatable food (sunflower seeds) (Borland et al., 2017).
With this novel method, the parameters and neural underpinnings for
behavioral reinforcement by social reward can be examined in great
depth.

In the present study, we aimed to test the effects of both reward
value and behavioral cost on the reinforcing effects of social interac-
tions. Specifically, we investigated whether the duration of social in-
teractions between adult males alters the motivating and reinforcing
properties of those interactions. Because studies investigating the re-
warding properties of other stimuli (e.g., drugs) have found that in-
creasing reward value (e.g., dose) decreases the number of rewards
obtained in a test session (Maldonado et al., 1993; Doherty et al., 2013),
we predicted that increasing the duration of social interaction would
decrease the frequency of seeking social interaction. Conversely, de-
creasing the duration of social interaction would increase the frequency
of seeking social interaction. Moreover, based on behavioral economics
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and progressive ratio schedules of reinforcement in drug and food re-
inforcement studies (e.g. (Rowlett, 2011; Beeler et al., 2012; Doherty
and Frantz, 2012; Bentzley et al., 2014), we also predicted that in-
creasing the behavioral cost (i.e., weight of an access door) to gain
access to social interaction would decrease the frequency of seeking
social interactions in a test session, especially when the duration of
social interaction was relatively short. As such, the present study in-
vestigates whether the relationships between reward value (i.e. dura-
tion of interaction) and the effort required (i.e. weight on the vertical
swing door) to obtain rewards are similar to those reported for other
rewarding stimuli (e.g., drugs of abuse).

In a second set of experiments, we investigated the role of oxytocin
(OT) in mediating the reinforcing properties of social interactions. OT is
a neuropeptide that influences many different social processes and
behaviors (Caldwell and Albers, 2016; Johnson and Young, 2017), in-
cluding play behavior (Bredewold et al., 2014), social recognition
(Albers, 2012; Wacker and Ludwig, 2012), and aggression (Harmon
et al., 2002; Kelly and Goodson, 2014). Studies in humans also support
a role for OT in regulating social behavior (Groppe et al., 2013; Rilling
et al., 2014), and OT has been proposed as a potential treatment for a
range of psychiatric disorders including autism spectrum disorder
(Dichter et al., 2012; Stavropoulos and Carver, 2013; Young and
Barrett, 2015). Because of the strong link between deficits in social
reward and psychiatric disorders, understanding how OT contributes to
the neural mechanisms controlling social reward is a critical gap in
current knowledge.

OT administered peripherally or in the cerebroventricular system
can increase reward in the context of conditioned place preference
models (CPP) (Liberzon et al., 1997; Kent et al., 2013; Kosaki and
Watanabe, 2016). These effects may be mediated by OT in the meso-
limbic reward system. Activation of oxytocin receptors (OTRs) in the
nucleus accumbens appears necessary for social reward in male mice
(Dolen et al., 2013), and activation of OTRs in the ventral tegmental
area (VTA) also appears necessary for social reward in male hamsters
and mice (Song et al., 2016; Hung et al., 2017). Yet in these studies, the
possibility that activation of OTRs influences the memory of the reward
stimulus instead of the reward value itself cannot be excluded (Bardo
and Bevins, 2000). Indeed, OT can influence memory processes in
general and social memory in particular (de Wied and Versteeg, 1979;
Albers, 2012; Gabor et al., 2012). Therefore, we used a direct test of
social reinforcement, per se, with the operant social preference task,
focusing on the role of OTRs in the VTA. We predicted that if activation
of OTRs in the VTA mediates the reinforcing properties of social in-
teractions, then injection of OT into the VTA will decrease the fre-
quency of seeking social encounters, whereas injection of an OTR an-
tagonist will increase the frequency of seeking social encounters.

2. Materials and methods

2.1. Subjects

Male Syrian hamsters (N=73, 11 wks of age; 120–140 g) were
purchased from Charles River Laboratory (Wilmington, MA) and
housed singly, in solid-bottom, Plexiglas cages (43× 22 x 20 cm),
containing corncob bedding and cotton nesting material (Neslets;
Ancare, Bellmore, NY) in a humidity and temperature controlled (22 °C)
vivarium. Hamsters were provided food and water ad libitum, and
housed on a reverse light-dark (LD) cycle (14L:10D; lights off at 13:00)
for 4 weeks before experiments. All behavioral tests were performed
under red light during the first 3 h of the dark phase. All procedures
were carried out in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and approved by the
Georgia State University Institutional Animal Care and Use Committee.

2.2. Operant social preference (OSP) apparatus

For a detailed description of the OSP apparatus, see (Borland et al.,
2017). Briefly, the test apparatus consisted of three chambers: a main
chamber, and two smaller chambers, each separated from the main
chamber by one-way entry vertical-swing doors equipped with buckets
that can hold weights (Fig. 1). Test and stimulus hamsters can be placed
in any of the chambers. The entire apparatus is made of clear Plexiglas
with an open top, allowing detection of visual, olfactory and auditory
cues among the chambers, thereby reducing memory requirements in
the choice of whether or not to enter through the swing doors, e.g. to
interact with a conspecific.

2.3. Operant social preference (OSP) conditioning

For a detailed description of conditioning sessions, see (Borland
et al., 2017). Briefly, male test hamsters (120–140 g) were allowed to
move throughout the apparatus, while a smaller (100–120 g) male sti-
mulus hamster was confined to one of the small chambers. Stimulus
hamsters were group-housed five per cage, and subjects were paired
with a different stimulus hamster every test session. If a subject chose to
enter a small chamber, time allowed in that chamber was either 20 s
(baseline), 5 s, or 60 s. After the designated time course expired, the
subject hamster was removed from the small chamber by the experi-
menter and placed back into the main chamber, facing the back wall,
equidistant from the two small chambers. All test sessions were 10min
in total length. To assess chamber entries under higher effort require-
ments after conditioning sessions, door weights were progressively in-
creased over consecutive days, from baseline at 113 g (4oz), to 227 g
(8oz), 340 g (12oz), 454 g (16oz) and 624 g (22oz). Only subjects that
met acquisition criteria (at least 2 entries into chambers containing
stimulus hamsters per session and more entries into social chambers vs.

Fig. 1. Operant Social Preference Apparatus:
schematic (left) and vertical view (right). The
main chamber contains an experimental sub-
ject whereas, one of the side chambers is oc-
cupied by a stimulus hamster; the subject and
stimulus hamster are separated by a vertical-
swing door. Visual, auditory and olfactory cues
are shared between the chambers through the
open top and holes in the door. An acrylic
bucket positioned on the stimulus hamster side
of the doors serves to hold weights.
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non-social chambers, for at least 2 consecutive test sessions) were in-
cluded in the analysis.

2.4. Behavioral scoring

All behavioral tests were video recorded (Panasonic-WVCP294) and
analyzed using the Noldus Observer system (11.5, Leesburg, VA). A
scorer blind to treatments scored each videotape for the following
measures: the number of entries into chambers, latency to enter
chambers (first latency and subsequent latencies, i.e. post reinforce-
ment pause), social preference score (entries into chambers containing
stimulus hamsters – entries into non-social chambers), and social en-
tries per minute (number of social entries divided by the total time
spent in the main chamber). Post reinforcement pause was calculated as
the time to re-enter chambers containing stimulus hamsters or non-
social chambers respectively once subjects are returned to the main
chamber. The quality of social interaction was also scored: duration of
aggression, social investigation, submission (e.g. fleeing, avoidance),
grooming, and non-social behavior were considered mutually exclusive,
and the proportions of time spent in each were calculated. The fre-
quency of attacks was calculated based on point events during displays
of aggression, and flank marks were scored as point events during non-
social behavior. Flank marks were scored due to their strong link to
dominance status and territoriality in rodents (Ferris et al., 1987;
Terranova et al., 2017). For operational definitions of these behaviors,
see (Drickamer et al., 1973; Gray et al., 2015). Locomotor activity was
also scored as the number of entries into any of the six equal-sized
squares (16.9 x 16.5 cm) into which the OSP apparatus was subdivided
for analysis.

2.5. Stereotaxic surgery

Hamsters were anesthetized with isofluorane (induced at 5% and
maintained at 2–4%), a 4mm 26-gauge cannula was implanted uni-
laterally and was aimed at the VTA (from bregma; anteroposterior (AP)
-3.80 mm; mediolateral (ML)+0.55mm; dorsoventral (DV) -3.20mm;
0° angle). Previous studies investigating the effects of OT in the VTA on
social reward have also used unilateral injections (Song et al., 2016;
Hung et al., 2017). All hamsters were injected subcutaneously with the
anti-inflammatory agent, ketoprofen (5mg/kg), and were allowed to
recover for at least 4–6 days prior to behavioral testing.

2.6. Intra-VTA drug treatment

Microinjections were administered using a 12mm, 32-gauge needle
attached to a 1 μl Hamilton syringe that extended an additional 4.2 mm
beyond the cannula to a final depth of 7.4 mm below the skull surface.
Drug was delivered in a volume of 200 nl at a rate of 0.400 μl per min
using an infusion pump (Harvard Apparatus, Holliston, MA). The
needle was left in place for an additional 30 s to allow diffusion away
from the tip of the injection needle. Approximately 5min after micro-
injection, hamsters were tested in the OSP apparatus. The drugs used
were oxytocin (Bachem, CA, USA) dissolved in sterile saline to a final
concentration of 9 μM or 90 μM; and desGly-NH2-d(CH2)5[D-
Tyr2,Thr4]OVT, a highly selective OTR antagonist (Manning et al.,
2012; gift from Dr. Maurice Manning), dissolved in sterile saline to a
final concentration of 0.9 μM or 9 μM. Drug doses were based on pre-
vious studies indicating effects on social CPP in Syrian hamsters (Song
et al., 2014, 2016).

2.7. Histology

Within 24 h of the final behavioral tests, hamsters were euthanized
with a lethal dose of sodium pentobarbital (0.25 ml, i.p. Henry Schein
Animal Health, Dublin, OH), and 200 nl of India Ink was microinjected
through the guide cannula to mark the injection site. Hits were

categorized if ink was seen within the caudal VTA, referenced to the
hamster stereotaxic atlas (Morin and Wood, 2001).

2.8. Experimental design and statistical analysis

Data were analyzed using SPSS software (SAS Institute, 23.0 for
Windows). All data were examined to determine if the assumptions of
parametric statistical tests were met (normality, equal variance,
sphericity). When assumptions were violated, data were cube-root
transformed (Exp. 1 the latency to re-enter chambers, Exp. 2 the
number of entries into chambers, social preference score, social entries
per minute in main chamber score, Exp. 3 the duration of grooming and
the number of flank marks). All tests were two-tailed, and results
considered statistically significant if p ≤ 0.05. All data are presented as
mean ± standard error of the mean.

2.8.1. Experiment 1: effect of the duration of social interactions on social
preference

After stable acquisition of a social preference (more entries into the
chamber containing a social stimulus vs. the non-social chamber) at
113 g door weights and 20 s per entry, subjects (n= 11) experienced
different duration conditions: 5, 20 (baseline) or 60 s in chambers per
entry. Door weights were maintained at 113 g. Assignment of duration
was counter-balanced within-subjects, such that each subject experi-
enced each duration for one session. A repeated measures one-way
ANOVA was carried out to examine effect of the duration of social in-
teraction on behavior. Two subjects failed to meet acquisition criteria.

2.8.2. Experiment 2: interaction between duration of chamber exposure and
door weights on social preference

After stable acquisition of a social preference at baseline duration
(20 s) and door weights (113 g), subjects were assigned to experience 5
(n= 9) or 60 (n= 8) sec in chambers after every entry into social in-
teraction and non-social chambers. The weights on doors were pro-
gressively increased over 5 consecutive days to 113 g (4 oz), 227 g (8
oz), 340 g (12 oz), 454 g (16 oz) and 624 g (22 oz). A 2×5 mixed
measures, between-within ANOVA was carried out to test the effects of
the duration of social interaction and the weights of the doors on be-
havior. Binomial distributions were also carried out to test for the ef-
fects of the duration of social interaction on the ability to successfully
achieve entries into chambers versus not during a test session. Binomial
distributions were compared by calculating z scores (test statistic). All
subjects met acquisition criteria.

2.8.3. Experiment 3: effect of OT or OTR antagonist in the VTA on social
preference

After stable acquisition of a social chamber preference, subjects
were surgically implanted with a guide cannula aimed at the caudal
VTA. Subjects received injections of saline, 9 μM OT (n=18), and
90 μM OT (n= 14) in a counter-balanced order: other subjects received
saline, 0.9 μM OTR antagonist, and 9 μM OTR antagonist (n= 14) in a
counter-balanced order. Injections and behavior testing occurred over 3
consecutive days. Since the high dose of OT (90 μM) resulted in sec-
ondary behavioral effects (flank marking and grooming), subjects re-
ceived injections of only saline or the low dose of OT (9 μM) in sub-
sequent experiments. In this experiment, subjects experienced 20 s in
small chambers per entry and door weights were 113 g. Paired sample t-
tests were carried out to examine drug effects on behavior (saline versus
specific drug treatments). Nine subjects had cannulas outside the caudal
VTA and were not included in the analysis. Four subjects did not meet
acquisition criteria.
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3. Results

3.1. Experiment 1: effect of duration of social interactions on social
preference

The duration of social interactions influenced the number of entries
into the social chambers (i.e., chambers containing a stimulus hamster),
according to a main effect of duration (p < 0.001, F(220)= 25.278)
(Fig. 2a). Specifically, 20 s of social interactions following entry de-
creased the number of entries into chambers containing stimulus
hamsters, compared to 5 s of social interaction (p=0.050; 5 s 6.227
+/−0.740; 20 s 5.091 +/−0.653). Furthermore, 60 s of social inter-
action decreased the social chamber entries, compared to 20 s
(p=0.001; 60 sec 1.909 +/−0.241). On the other hand, the duration
in stimulus chambers had no effect on the number of entries into the
non-social chambers (p=0.525, F(220)= 0.665; Fig. 2a). As expected,
there were no differences in the latency to the first entry into chambers
in groups assigned to different durations of time in the chambers con-
taining a social stimulus (p=0.482; F(220)= 0.600) or to groups as-
signed to different durations of time in non-social chambers (p= 0.398;
F(220)= 0.966) (Fig. 2b). There was, however, a significantly shorter
latency to the first entry into chambers containing a stimulus hamster
compared to the latency to the first entry into non-social chambers
(p=0.002; F(120)= 16.667) (Fig. 2b inset).

The duration of social interactions influenced the social preference
score, according to a main effect (p= 0.001, F(220)= 11.347)
(Fig. 2c). Pairwise comparisons revealed that 60 s interactions de-
creased social preference scores compared to 20 s interactions
(p=0.010: 60 s 1.045 +/-0.396; 20 s 4.000 +/-0.874) or 5 s interac-
tions (p < 0.001; 5 s 4.773 +/-0.651), but no difference in social
preference scores occurred between 5 s and 20 s social interactions
(p=0.385). An important caveat to the design of this experiment is
that although the test session was 10min in length for all subjects,
subjects that spent 60 s in chambers per entry spent less time in the
main chamber, and thus had fewer opportunities to enter small cham-
bers compared to subjects that spent 5 s in chambers per entry. To

control for differences in time spent in the main chamber, social entries
per minute in the main chamber scores were calculated. The number of
entries into chambers with stimulus hamsters a subject made during the
test session was divided by the time over which each subject had to
choose to enter one or the other small chamber, i.e. time spent in the
main chamber. Results were the same as the raw frequency scores, such
that the duration of social interaction had a main effect on social entries
per minute score (p < 0.001, F(220)= 13.444; Fig. 2d). Pairwise
comparisons revealed that when subjects spent 60 s in chambers there
was a slower rate of entering chambers containing stimulus hamsters
(i.e., number of entries per minute) compared to when subjects had
social interactions for 20 s (p=0.005; 60 s 0.278 +/-0.044) or 5 s
(p= 0.001). However, there was no difference in rate of entry into
chambers containing stimulus hamsters between conditions in which
subjects experienced 5 s and 20 s in chambers (p= 0.895; 5 s 0.672
+/-0.085; 20 s 0.663 +/−0.102).

Next, we examined whether the duration of time spent in the
chambers had an effect on the latency to re-enter chambers following
the first and second entries (first and second post reinforcement
pauses). Spending 60 s in the chambers containing stimulus hamsters
increased the latency to re-enter the social chambers (p= 0.003, F
(220)= 8.080) compared to spending 20 s (p= 0.033) and 5 s
(p= 0.007) in the chambers (Fig. 3a). Spending 60 s in the chambers
containing stimulus hamsters also increased the second post re-
inforcement pause (p= 0.012, F(212)= 6.484) compared to spending
20 s (p=0.010) in the chambers. The duration of time in the chambers
had no effect on the latency to re-enter the non-social chambers
(p > 0.05). Overall, increasing the duration of time spent in social
stimulus chambers to 60 s increased the latency to enter those cham-
bers, compared to 5 or 20 s durations in the social chambers.

Finally, we explored the quality of social interactions in the social
chambers, specifically by considering whether the duration of the time
spent in the social chambers per entry influenced the nature of the
interaction. The duration in the social chambers did affect the pro-
portion of time spent in social investigation (p=0.014, F
(220)= 5.327); such that the proportion of time spent in social

Fig. 2. Effect of Time Allowed in Chambers
Containing a Stimulus Hamster (Social
Chamber) and Time Allowed in Non-Social
Chambers on Social Preference. a) More time
allowed in chambers decreased number of en-
tries into social chambers, but had no effect on
entries into non-social chambers (n= 11; *
p≤ 0.050; *** p≤ 0.001). b) There were no
differences in the latency to the first entry into
chambers in groups assigned to different
durations of time in the chambers containing a
social stimulus or to groups assigned to dif-
ferent durations of time in non-social cham-
bers. There was, however, a significantly
shorter latency to the first entry into chambers
containing a stimulus hamster compared to the
latency to the first entry into non-social
chambers (* p= 0.002; inset). c) More time in
chambers decreased social preference score (**
p≤ 0.010). d) More time in chambers de-
creased the rate of social chamber entries as a
proportion of time in the main chamber.
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investigation was lower in the 60 s condition group compared to the
20 s condition group (p < 0.001) (Fig. 3b). On the other hand, time in
the social chambers had no effect on the proportion of time displaying
aggression (p=0.294, F(220)= 1.301) nor the frequency of attacks
(p=0.166, F(220)= 1.966). The 60 s condition group did spend more
time grooming (p=0.032) and displayed a higher rate of flank
marking (p= 0.017) (Fig. 3c) compared to the 20 s condition group
when in the main chamber.

3.2. Experiment 2: interaction between duration of social interaction and
behavioral cost on social preference

Because a decrease in the frequency of the number of rewards ob-
tained could be interpreted as either an increase in reward value (fewer
rewards needed to reach satiety) or a decrease (less motivation for re-
ward), we investigated the effects of varying the behavioral cost of
obtaining the reward on social preference between the two reward
durations (i.e., 5 or 60 s of social interaction) to help discriminate be-
tween these alternative interpretions. While all hamsters entered the
chambers containing stimulus hamsters when the door weighed 113 g
or 227 g, significantly fewer hamsters entered the social chambers at
least once as the door weights increased (z score= 4.246, p < 0.001)
(Fig. 4a). Interestingly, however, and consistent with the possibility
that a longer duration in the social chambers is more rewarding, sig-
nificantly more hamsters in the 60 s group entered the social chamber
at least once in the session compared to the 5 sond duration group (z
score= 1.917, p= 0.027) (Fig. 4a). An interaction between the dura-
tion of social interaction and the weight of the entry door (i.e., beha-
vioral cost) on the total number of entries into social chambers was also
observed (p= 0.005, F(460)= 4.132) (Table S1). Progressively in-
creasing the weight of the door decreased social entries when the

duration in the chambers was 5 s, such that 227 g (p= 0.002), 340 g
(p= 0.002), 454 g (p < 0.001), and 624 g (p < 0.001) all resulted in
fewer entries than at baseline (113 g). However, when the duration in
stimulus chambers was 60 s, only the three heaviest weights (i.e., 340 g
(p= 0.030), 454 g (p= 0.019) and 624 g (p < 0.001)) significantly
decreased the number of social chamber entries below baseline (113 g)
(Fig. 4b). The duration of social interaction interacted with weight of
the door to influence social preference score as well (p= 0.006, F
(460)= 3.996) (Fig. 4c) (Table S2). For subjects that experienced 5 s in
chambers, all door weights decreased social preference score (227 g
(p= 0.028), 340 g (p= 0.003), 454 g (p < 0.001), and 624 g
(p < 0.001)). However, for subjects that received 60 s in chambers,
only the heaviest door weight (624 g) was effective (p=0.021) in de-
creasing the social preference score (Fig. 4c). With regard to social
chamber entries per minute in the main chamber, duration of social
interaction and door weight also interacted to influence outcomes
(p= 0.049, F(460)= 2.540). For subjects that were allowed 5 s social
interactions, all heavier weights decreased the social chamber entries
per minute: 227 g (p=0.003), 340 g (p=0.001), 454 g (p < 0.001),
624 g (p < 0.001). However, for subjects that received 60 s social in-
teractions, only 340 g (p=0.030), 454 g (p=0.018) and 624 g
(p= 0.001) door weights decreased the social chamber entries per
minute (Fig. 4d).

To examine the relationship between the number of entries into
social chambers and door weights, simple linear regressions were cal-
culated. Social entries correlated negatively with door weights, both for
subjects allowed 5 s social interactions (F(1,3)= 22.516, p= 0.018; R2

of 0.882) and those allowed 60 s social interactions (F(1,3)= 29.727,
p=0.012; R2 of 0.908). Comparison of slopes between the 5 and 60 s
condition correlations revealed a z score of 3.638 (p < 0.001). Thus,
the rate at which increasing the weight of the chamber doors

Fig. 3. Effect of Time Allowed in Social and
Non-Social Chambers on the Post
Reinforcement Pause and Social Behavior. a)
More time in the chambers increased the la-
tency to re-enter the chambers containing sti-
mulus hamsters, but had no effect on the la-
tency to re-enter the non-social chambers, an
effect observed on both the first and second
post reinforcement interval (n= 11; *
p≤ 0.050; ** p≤ 0.010). b) More time al-
lowed in the chambers decreased the propor-
tion of time spent socially investigating sti-
mulus hamsters when in the social interaction
chambers, but an increase in the proportion of
time spent grooming when in the main
chamber (*** p≤ 0.001). c) More time al-
lowed in the social interaction chambers also
increased the rate of flank marking when in the
main chamber.
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(behavioral cost) decreased the number of entries (rewards acquired)
was greater in 5 s social interaction conditions, compared with 60 s
interaction conditions (Fig. 4e). There was no correlation between door
weights and entries into the non-social chambers for 5 s group
(p=0.229, R2=0.430) nor the 60 s group (p=0.413, R2=0.069).

3.3. Experiment 3: effect of OT and OTR antagonist injected into the VTA
on social preference

OT (9 μM or 90 μM) injected into the caudal VTA decreased the
number of entries into chambers containing stimulus hamsters, com-
pared to saline (p < 0.001, t(17) = -4.389; 9 μM OT 3.11 +/-0.411,
saline 4.67 +/-0.524; p= 0.041, t(13) = -2.271; 90 μM OT 2.21
+/-0.793, saline 3.86 +/-0.443; Fig. 5a). Conversely, injections of
0.9 μM or 9.0 μM OTR antagonist into the VTA increased the number of
entries into chambers containing stimulus hamsters (p= 0.006, t
(13)= 3.214; 0.9 μM OTR antagonist 5.33+/-0.52, saline 3.87+/-
0.60; p= 0.119, t(13)= 1.669; 9.0 μM OTR antagonist 5.00+/-0.94;
Fig. 5b). Neither OT nor the OTR antagonist affected the number of

entries into non-social chambers (p > 0.050; Table S3). Although not
statistically significant, comparisons of the latency to re-enter the
chamber containing the stimulus hamsters tended to be longer for
hamsters given 9 or 90 μM OT compared to saline controls p= 0.132, t
(7)= 1.706; Fig. 6a), whereas hamsters given the OTA at 0.9 and 9 μM
trended towards shorter re-entrance latencies than saline controls
(p= 0.096, t(11) = -1.822; Fig. 6b).

Neither OT nor the OTR antagonist affected social investigation or
aggression (proportion of time displaying social investigation and ag-
gression (Fig. 7a and b)) nor the rate of attacks per minute (Fig. 7c, e).
There was a trend for the 90 μM concentration of OT to increase the
duration of grooming (p= 0.066, t(11)= 2.042; OT 80.8 +/-34.5,
saline 32.5 +/-11.8), but there was no effect of the OTR antagonist on
these behavioral measures compared to saline (Fig. 7d and f). The
90 μM concentration of OT increased the number of flank marks ob-
served (p= 0.043, t(11)= 2.288; OT 12.17 +/-4.78, saline 2.25
+/-0.94), although the OTR antagonist had no effect compared to
saline (Fig. 7g, and i). The 0.9 μM concentration of the OTR antagonist
significantly increased the amount of locomotor activity (p=0.021, t

Fig. 4. Effect of the Duration of Social
Interaction on Social Preference under
Conditions Requiring Increasing Effort. a)
While all hamsters (n=9) entered the cham-
bers containing stimulus hamsters when the
door weighed 113 g or 227 g, significantly
fewer hamsters entered the social chambers at
least once as the door weights increased
(n= 9; * p < 0.05). Significantly more ham-
sters in the 60 s group entered the social
chamber at least once in the session compared
to the 5 sond duration group (p=0.05). b) All
door weights (compared to 113 g) decreased
the number of entries into chambers containing
stimulus hamsters for subjects that were al-
lowed 5 s of social interaction. Only the hea-
viest three door weights decreased the number
of entries into chambers containing stimulus
hamsters for subjects that were allowed 60 s of
social interaction. c) Compared to a door
weight of 113 g, all door weights decreased the
social preference score for subjects that were
allowed 5 s of social interaction. Only the
heaviest door weight decreased social pre-
ference score for subjects that were allowed
60 s of social interaction. d) Compared to a
door weight of 113 g, all door weights de-
creased the number of entries per minute for
subjects allowed 5 s of social interaction. Only
the heaviest 3 door weights decreased social
entries per minute in the main chamber for
subjects that were allowed 60 s of social inter-
action. e) Correlation between door weights
and the number of entries into chambers con-
taining stimulus hamsters revealed that both
5 s and 60 s treatment conditions show a linear
decrease in number of entries with increasing
door weights. The slope is greater in the 5 s
condition than the 60 s condition. Asterisks in
graphs (b, c, d) indicate a significant difference
from the door weight of 113 g, with asterisks
and lines color-coded (gray 5 s Condition; black
60 s Condition) (* p≤ 0.050; ** p≤ 0.010; ***
p≤ 0.001).
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(13)= 2.595; OTR antagonist 120 +/−7, saline 102 +/−7) com-
pared to saline. There was also a trend for the 9 μM concentration of the
OTR antagonist to increase the amount of locomotor activity
(p=0.061, t(13)= 2.047; OTR antagonist 118 +/−11) compared to
saline (Fig. 7h).

Histological analysis of injection sites, which can be seen in Fig. 8,
revealed 9 subjects for which injections were outside the caudal VTA.
No drug effects were observed among the nine hamsters for which in-
jection sites were found to be outside of borders of the caudal VTA (data
not shown).

4. Discussion

From the present findings that increasing the duration of time al-
lowed in the stimulus chambers decreases the number of entries and
increases the latency to re-enter those chambers (post reinforcement
pause), we infer a more general conclusion that this operant social
preference task reveals the expected relationship that increasing reward
value decreases the number of rewards obtained. We interpret the
findings that increasing the weights on the doors decreases the number
of entries into chambers containing a stimulus hamster, as an indicator
that increasing behavioral effort required to obtain rewards will de-
crease the number of rewards obtained. Moreover, reward value and
behavioral effort interacted in predictable ways, such that the influence
of behavioral cost was greater in conditions of lower reward value than
higher reward value. Finally, the present results also supported a role
for OT within the VTA in these relationships. OT injected into the
caudal VTA decreased the number of entries into chambers containing
stimulus hamsters, and did so in the same manner as increasing the
duration of time in the stimulus chambers. Conversely, an OTR an-
tagonist injected into the VTA increased the number of entries into
chambers containing stimulus hamsters, in the same manner as de-
creasing the time in the stimulus chambers. There was also a trend that
OT increased the latency to re-enter social chambers and that the OTR
antagonist reduced the latency to re-enter chambers.

In general, none of the manipulations of reward value, behavioral
effort, or neural activity affected entries into non-social chambers. The

effects of OT and the OTR antagonist on other behaviors were not
statistically significant except that the high concentration of OT in-
duced flank marking and increased the duration of grooming; an effect
that may be due to the activation of arginine-vasopressin V1a receptors
(Song and Albers, 2017). This is particularly interesting considering
that there was also an increase in the proportion of time spent flank
marking and grooming in the main chamber for subjects that experi-
enced 60 s of interaction per entry. There was also a decrease in the
proportion of time spent socially investigating the stimulus hamster for
subjects that experienced 60 s of interaction. However, these effects
may be due to differences in the total time in the main chamber versus
social interaction chamber between the different duration conditions.
In other words, although there was a decrease in the proportion of time
spent per entry socially investigating for subjects that experienced 60 s
of interaction, the total time spent socially investigating was greater
compared to subjects that experienced 20 s and 5 s. Subjects that ex-
perienced 60 s in the chambers per entry spent on average 120 s in the
social interaction chambers per test session, while subjects that ex-
perienced 20 s spent on average 60 s in the social chambers, and the 5 s
group spent on average only 30 s in the social chambers. Likewise, the
increase in the proportion of time spent grooming and flank marking
may be due to a decrease in the total time.

We also found that OTR inactivation in the VTA increases locomotor
activity. Previous studies have reported similar effects of OTR activa-
tion and inactivation in the substantia nigra in male and female rats
(Angioni et al., 2016; Leong et al., 2016). However, the OTR antagonist
did not increase the number of entries into the non-social chamber. To
our knowledge, this is the first study to show that OT injected into the
VTA is sufficient to modulate the value of social reward in a behavioral
reinforcement paradigm, or that OTR activation in the VTA is critical
for normal expression of such behaviors. Furthermore, OT’s effects on
social reward are likely due to activation of OTRs and not V1aRs in the
VTA (Song et al., 2016). Taken together, these data support the hy-
pothesis that OT in the VTA regulates social reward and reinforcement.

The operant task used in the present study provides a rich set of
dependent measures of reward and motivation including the number of
entries into chambers, the first latency to enter chambers, subsequent

Fig. 5. Effect of injection of OT and an OTR
Antagonist in the VTA on Social Preference. a)
OT (9 μM n=18; 90 μM n=14) injected in
the VTA 5min before the test decreased the
number of entries into chambers containing a
stimulus hamsters (i.e., Social Chamber), but
had no effect on the number of entries into
non-social chambers (i.e., non-social chamber;
* p≤ 0.050; *** p≤ 0.001). b) Injection of the
OTR antagonist at 0.9 μM (n=14) but not
9 μM (n=14) increased the number of entries
into the Social Chamber, but neither dose af-
fected the number of entries into the non-social
chamber (** p≤ 0.010).

Fig. 6. Effect of Injections of OT and an OTR
Antagonist in the VTA on the latency to re-
enter chambers containing stimulus hamsters
(post reinforcement pause). a) OT (90 μM) in-
jected into the VTA increased the latency to re-
enter chambers containing stimulus hamsters
trended towards significance (p=0.132). b)
Likewise, injections of the OTR antagonist
(9 μM) decreased the latency to re-enter
chambers containing stimulus hamsters also
just missed significance (p= 0.096).
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latencies to re-enter chambers and chamber preference score (Borland
et al., 2017). Also unique to this operant task, adding weights to the
doors provides a powerful approach for increasing the behavioral cost
to access a social stimulus. Finally, the simplicity of the apparatus and
utility of the two small chambers can support a myriad of economic
decision models for the study of social motivation or other rewarding
modalities.

A main goal of this study was to determine whether the same ex-
perimental parameters regulate social reinforcement in this operant
social preference task, as influence drug and food reinforcement in
classic drug and food self-administration studies. Both our prior report
and the present results suggest that they do. In (Borland et al., 2017),
we noted palatable food (sunflower seeds) reinforces entries into
chambers to a similar intensity as social interactions, and removal of
the social stimulus decreases entries into chambers. Here, we demon-
strate further that when the social stimulus is present, there is an in-
verse relationship between duration of social interaction and frequency
of entries into social chambers. Indeed, substantial evidence demon-
strates an inverse relationship between reward value and reward con-
sumption (e.g. cocaine dose and cocaine infusions) (Maldonado et al.,
1993; Veeneman et al., 2012; Doherty et al., 2013). We also report a
direct relationship between duration of social interaction and post re-
inforcement pause (latency to re-enter social interaction chamber).
Additional studies over many decades have demonstrated the inverse
relationship between behavioral cost and reward consumption as well
(Salamone et al., 2009; Bentzley et al., 2013). Furthermore, we de-
monstrate that the correlation between behavioral cost and reward
consumption interacts with reward value, such that reward consump-
tion declines at faster rates with increased behavioral cost if the reward

value is relatively low. These outcomes fit well with models of beha-
vioral elasticity (Salamone et al., 2009; Rowlett, 2011), all of which
stem from interpretations based in behavioral economics.

Finally, injections of OT or OTR antagonist into the VTA produce
results similar to classic manipulations of dopamine signaling in the
mesolimbic circuitry. For example, administration of a dopamine an-
tagonist (SCH 23,390) into the nucleus accumbens, amygdala or
striatum increased cocaine self-administration (Maldonado et al., 1993;
Caine et al., 1995). At certain concentrations, dopamine perfusate in
the nucleus accumbens decreases cocaine self-administration (Hurd and
Ponten, 2000). Enhancement of OT signaling by direct OT administra-
tion to VTA appears similar to enhancing dopamine transmission,
whereas blocking OT receptors produced results similar to blocking
dopamine transmission. For example, OT injected into the caudal VTA
decreased sucrose consumption, while an OTR antagonist injected into
the caudal VTA increased sucrose consumption in rats (Mullis et al.,
2013). Notably, experimental conditions that decrease the number of
rewards obtained in an operant task can be interpreted as an increase or
a decrease in reward value, and various schedules of reinforcement are
often used to differentiate between these possibilities. Although in the
present study we provide evidence that the reduction in operant re-
sponding resulting from OT administion in the VTA is consistent with
an increase in social reward value, others have interpreted similar ef-
fects of OT as reducing reward value (Peters et al., 2017). Future studies
using various schedules of reinforcement could be used to help dis-
criminate between these interpretations. Together, our results suggest
that activation of OTRs in the VTA modulates reward value to influence
reinforced behavior in this social preference task.

Although beyond the scope of the present experiment, circuit

Fig. 7. Effect of injection of OT and an OTR Antagonist in the VTA on Social Investigation, Aggression, Grooming and Flank Marking, and Locomotor Activity. a) OT
(9 μM n=18; 90 μM n=12) injected into the VTA had no effect on social investigation, aggression or c) attacks per minute. b) Injection of the OTR antagonist
(0.9 μM n=14) had no effect on social investigation, aggression or e) attacks. d) A trend for the 90 μM concentration of OT to increase the duration of grooming that
just missed significance (p=0.066) was observed. f) Injections of the OTR antagonist had no effect on grooming. g) The 90 μM concentration of OT increased the
number of flank marks (* p≤ 0.050). i) The OTR antagonist injected into the VTA had no effect on the number of flank marks observed. h) Injection of OT had no
effect on the amount of locomotor activity. j) Injection of 0.9 μM OTR antagonist increased locomotor activity (p≤ 0.050) and a trend for 9 μM OTR antagonist to
increase locomotor activity just missed significance (p= 0.061).
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analyses suggests that inputs from OT-containing neurons in the para-
ventricular nucleus into the VTA may be critical for social reward in
adult male mice (Hung et al., 2017). Furthermore, projections from the
VTA to the nucleus accumbens regulate social behavior (Gunaydin
et al., 2014). In terms of mechanisms by which OT influences dopamine
transmission in this pathway, OT receptors are located on dopamine
and glutamate-containing neurons in mice (Peris et al., 2017) and in-
jections of OT in the caudal VTA increased extracellular dopamine in
the nucleus accumbens (Melis et al., 2007).

In conclusion, these data support the hypothesis that OT can en-
hance social reward (Groppe et al., 2013; Feng et al., 2015; Chen et al.,
2017) via activity in the mesolimbic dopamine system (Melis et al.,
2007), consistent with clinical research. Furthermore, economic de-
mand models of motivation can serve as important tools for identifying
promising addiction treatments (Bentzley et al., 2014), such as OT
administration (Cox et al., 2017). As such, drugs that activate OTRs and
thereby modulate social motivation may represent an approach that
will contribute to the development of new treatments for psychiatric
and mental health disorders (Meyer-Lindenberg et al., 2011; McGregor
and Bowen, 2012; Caldwell and Albers, 2016), such as Autism Spec-
trum Disorder (Stavropoulos and Carver, 2013; Gordon et al., 2016).
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