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Abstract

Rationale: Anandamide is an endocannabinoid that contributes to certain aspects of social
behavior, like play and reward, by binding to cannabinoid receptor type 1 (CB1). Most interesting
is the recent discovery that anandamide may be mobilized by oxytocin receptor activation under
certain contexts, particularly in the nucleus accumbens.

Objectives: Given the established role of oxytocin and the nucleus accumbens in the
neurobiology of pair bonding, we investigated whether systemic administration of brain-permeable
modulators of the endocannabinoid system could alter preferential partner contact in both male
and female prairie voles.

Methods: Specifically, we tested whether intraperitoneal administration of the neutral CB1
antagonist AM4113 (4.0-16.0 mg/kg) or the anandamide hydrolysis inhibitor URB597 (5.0-20.0
mg/kg) could prevent or facilitate partner preference formation, respectively. To further investigate
the specificity of effects on partner preference, we repeated our URB597 dosing regimen on an
additional group of females and tested their anxiety-related behavior in both an elevated-plus maze
and a light/dark test.

Results: AM4113 administration had no effect on partner preference. But while URB597 also
had no effect on partner preference, low-dose females did increase absolute preferential contact
with either the partner or the stranger; individual females spent significant contact time with either
the partner or the stranger. None of our outcome measures in either anxiety test showed significant
effects of treatment.

Conclusions: Our results reveal that experimentally increasing anandamide levels in female
prairie voles can increase social contact with both a familiar and novel male via unknown
mechanisms that are likely separate from anxiety reduction.
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Introduction

Endocannabinoids are lipid metabolites that function within a relatively newly discovered
physiological signaling system that is most widely studied for its role in mediating the
effects of Cannabis sativa. The endocannabinoid system (ECS) includes an ever-growing list
of endogenous neurotransmitters, receptors, and metabolic enzymes that operate within the
same framework (Battista et al. 2012). Endocannabinoids are produced “on demand” from
membrane phospholipid precursors and are rapidly degraded through local enzymatic
activity, but not before acting as synaptic modulators (Battista et al. 2012). The signaling
mechanism of endocannabinoids generally involves retrograde neurotransmission and the
subsequent inhibition of neurotransmitter release; most of their receptors are found on the
presynaptic terminals of neurons that produce glutamate and GABA (Castillo et al. 2012).
The ECS regulates a wide variety of physiological processes, most relevantly the
motivational salience of rewards (Vlachou and Panagis, 2014) and mediating the effects of
glucocorticoids (Balsevich et al. 2017).

One of the many endocannabinoids is anandamide (AEA), a fatty acid neurotransmitter that
has recently been studied for its role in mediating the effects of oxytocin. In C57BL/6J mice,
researchers demonstrated that acute socialization increased AEA density in the nucleus
accumbens and that oxytocin receptor antagonism inhibited this effect (Wei et al. 2015).
These findings were reproduced with more direct approaches; both oxytocin receptor agonist
and DREADD activation of oxytocinergic neurons within the paraventricular nucleus of the
hypothalamus also mobilized AEA in the nucleus accumbens. Knockout of the enzyme
responsible for the hydrolysis of anandamide, fatty acid amide hydrolase (FAAH), increased
preference for the social context in a socially conditioned place preference paradigm, while
antagonism of cannabinoid receptor type 1 (CB1) blocked this effect (Wei et al. 2015). Other
studies have also functionally linked manipulation of the endocannabinoid system to
sociality. Inhibition of FAAH increased social play in rats (Trezza et al. 2012, 2010) and
CB1 antagonism impaired maternal behavior in mice (Schechter et al. 2012). These findings
collectively warrant an investigation of endocannabinoid-centric mechanisms for sociality
across other contexts.

One model species that has been predominantly used for research into social processes is the
socially monogamous prairie vole. Unlike most rodents, prairie voles selectively form
enduring social attachments that have been well-characterized on both a behavioral and
physiological level (McGraw and Young 2010). In laboratory settings, the propensity of
voles to form a pair bond has been measured using a partner preference test. This behavioral
paradigm has helped elucidate the functional significance of several signaling systems in the
regulation of social attachments, including oxytocin, dopamine, and opioids. To our
knowledge, no study has ever explored the endocannabinoid system in prairie voles nor
investigated the functional relationship between this system and social attachments. Our
objective with this study was to merge these approaches.

With studies confirming a role for anandamide and CB1 in mediating social reward, we
predicted that FAAH inhibition would increase social contact with a partner and that CB1
blockade would decrease social contact. We explored the effects of FAAH inhibition using
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URB597, a brain-permeable drug that is gaining prominence in the literature (Lodola et al.
2015; Piomelli et al. 2006). Traditional CB1 antagonists, however, have recently been
scrutinized for exhibiting inverse agonist effects with high affinities for off-target signaling
systems. Most notable is the ability of AM251 and rimonabant, the two most commonly
used CB1 antagonists, to bind with mid-nanomolar affinities to mu opioid receptors (Seely
et al. 2012), which have been shown to mediate pair-bond formation (Resendez et al. 2013).
AMA4113, on the other hand, is a neutral CB1 antagonist that does not exhibit inverse agonist
capabilities or bind to opioid receptors. We tested whether CB1 antagonist could block
partner preference formation by administering AM4113 systemically to both male and
female prairie voles who were cohoused with a partner long enough to successfully form a
social preference. We also tested whether FAAH inhibition could facilitate partner
preference formation by administering URB597 to voles who underwent sub-optimal
cohabitation times with a partner. Finally, we complemented any findings with additional
tests of anxiety since stress differentially modulates partner preference formation in both
male and female prairie voles (DeVries et al., 1996).

Materials and Methods

Subjects

Our experiments employed 224 prairie voles (132 females, 92 males) from our breeding
colony located in the Department of Psychology at the University of California, Davis. We
maintained the animals on a 14:10 h light cycle at approximately 21°C. The animals had
access to food (Purina High Fiber Rabbit Chow, PMI Nutrition International, Brentwood,
MO, USA) and water ad /ibitum. All animals were housed with their parents in large
polycarbonate cages (44 x 22 x 16 cm) until weaning at postnatal day (P) 20. Subjects were
then separated from their parents, given ear-clip markings for identification, and placed with
a same-sex sibling in smaller cages (27 x 16 x 13 cm) until the time for behavioral testing.
Our subjects were recruited into three experiments with varied testing regiments. Animals in
Experiment 1 were paired with an opposite sex conspecific for testing and remained with
this partner until sacrifice shortly after. Animals in experiments 2 and 3 were paired with an
opposed-sex conspecific for testing and then were returned to their same-sex sibling until
sacrifice. Please see the Behavioral Testing section for more specific details on the different
conditions for each experiment.

Compliance with Ethical Standards

All procedures described were approved by the UC-Davis Animal Care and Use Committee.

Drug Preparation and Administration

AMA4113 and URB597 were obtained from Tocris Bioscience (Ellisville, MO, USA) and
dissolved in a vehicle of dimehthylsulfoxide (DMSO; Avantor, Allentwon, PA, USA),
Tween-80 (Avantor, Allentown, PA, USA), and 0.9% saline in a 1:1:8 ratio. This vehicle was
also used as the control group for all experiments. The drug pretreatment times, doses, and
vehicle solution were selected using previously published research (Balla et al. 2018;
Murillo-Rodriguez et al. 2016; Sink et al. 2008). Intraperitoneal administration was used for
all treatments. For a timeline of our treatment procedures, please see Figure 1.
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Behavioral Testing

As mentioned previously, our subjects were organized into three separate experiments with
varied testing conditions (Figure 1). All tests were conducted by a male experimenter and
subsequently recorded and manually scored by validated observers using Behavior Tracker
1.5 (www.behaviortracker.com). Our observers remained blind to subject group assignments
and were trained to 95% or greater reliability on all behaviors before any data was collected.

Partner Preference Testing—Animals in Experiment 1 were treated with AM4113 as
sexually mature adults and then immediately cohoused with opposite-sex conspecifics; male
subjects were given 24 h cohabitations with a female while female subjects had 6 h
cohabitations with males. These cohabitation times represent sex differences in the latency
to form a partner preference with a potential mate (DeVries and Carter 1999). At the end of
the cohabitation period, the partner was removed from the home cage and loosely tethered to
a distinct chamber within the partner preference test (PPT) apparatus, which consisted of
three identical polycarbonate cages (27 x 16 x 13 cm) connected by Plexiglas tubes (8.5 x
16 cm). In addition to the partner, a novel conspecific (“stranger”) selected to match the size
and sex of the partner was also tethered within the apparatus. Once both the partner and
stranger were securely confined to separate chambers, the test subject was introduced to the
test and allowed to move freely throughout the apparatus for 3 h. Food and water was readily
available in all chambers throughout the testing period.

Subjects from Experiment 2 also underwent a PPT but with URB597 treatment and
shortened cohabitation periods (males 1 h, females 30 min). These periods were used
because we have previously shown them to be insufficient to form a significant partner
preference in an untreated animal, whereas even an hour was sufficient for females in our
laboratory to form a preference (Bales and Carter, 2003; Bales et al., 2007; Bales,
unpublished data). These subjects were also given a 2 h loading period prior to the
cohabitation to ensure drug efficacy (Trezza and Vanderschuren 2008). The cohabitation
times for Experiment 1 are designed to test for deficits in partner preference formation
(Simmons et al. 2017) while those for Experiment 2 were used to test for facilitations (Bales
and Carter 2003). The ethogram included time spent in social contact with the partner, time
spent in social contact with the stranger, total social contact (time in contact with the partner
and the stranger added together), the total time in each chamber, and the number of entries
into each chamber.

Elevated-Plus Maze—Animals in Experiment 3 were treated with URB597
approximately 2 h before testing in the elevated-plus maze (EPM). The maze had four
explorable arms with two opposing closed arms and two open arms. The closed arms had a
dark floor and walls with an exposed ceiling while the open arms only had a clear Plexiglas
floor. Each arm was 67 cm long and 5.5 cm wide, intersecting at a center Plexiglas square
(5.5 cm x 5.5 cm). The entire apparatus was raised 1 m above the floor. All subjects were
introduced to the maze at the center square and allowed to explore for 5 min. The test was
paused whenever an animal jumped off the apparatus and resumed when it was reintroduced
to the maze. However, the test was stopped and any collected data was removed from
analysis if the subject jumped three times (as no animals actually jumped three times, none
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were actually removed). The ethogram was designed to measure anxiety-like behavior and
included time spent in either the open or closed arms, the time in the center, the number of
entries, and the time spent autogrooming.

Light/Dark Test—Animals in Experiment 3 were also examined using the light/dark test
(LDT) approximately 2 h after completing the EPM. This timeline was chosen to give
subjects time to recover from the EPM, but also to be well within the pharmacological
profile of URB597, which suppresses FAAH activity for at least sixteen hours (Piomelli et
al., 2006). The test apparatus consisted of two adjoining polycarbonate cages (27 x 16 x 13
cm) which were connected by a single Plexiglas tube (8.5 x 16 cm). One of the chambers
was exposed to ambient light in the room while the second was encased in a cardboard box.
All subjects were placed in the tube at the beginning of the test facing the darkened chamber
and allowed to explore for 10 min. The ethogram was designed to measure anxiety-like
behavior and included time spent in each chamber and the number of corresponding entries.

Statistical Analysis

We elected to prioritize comparisons across treatment groups and not between sexes because
the experimental conditions varied by sex. In order not to bias results by litter, for
experiments 1 and 2 we recruited only one animal per sex per litter. Experiment 3 only
utilized female subjects because we wanted to follow-up on our sex-specific results from
Experiment 2. We controlled for litter differences in Experiment 3 by representing all
treatment groups in each litter we recruited. Litter was then added to these analyses as a
blocking variable.

To analyze within-group partner preference, we created scores for each subject by
subtracting the time in contact with the stranger from the time spent in contact with the
partner (“preferential contact”). We then compared these preferences to zero.

For between-group analyses, we also analyzed the absolute values of these difference scores
to explore whether preferences formed generally for one animal over the other (“absolute
preferential contact”). Therefore, while a significant positive value of preferential contact
indicated a preference for the partner over the stranger, a significant value of absolute
preferential contact indicated a social preference for eitherthe partner or the stranger.
Chamber preference was the time spent in the chamber with the stranger subtracted from the
time spent in the chamber with the partner. For EPM analyses, we calculated arm preference
scores by subtracting time spent in the closed arms from the time spent in the open arms.
Similar calculations were completed for LDT outcomes to create preference scores for the
light chamber compared to the dark chamber.

We used R version 4.0.0 (R Core Team, 2019) to conduct all analyses. Within-group partner
preferences (preferential contact) were analyzed using one-sample t-tests; p-values were
adjusted for the false discovery rate using the procedure outline by Benjamini and Yekutieli
(2001). One-tailed t-tests were used for Experiment 1 since the conditions were chosen
specifically to create preferences for the partner. Two-tailed t-tests were used for Experiment
2 since no preference was expected to be formed at baseline.
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Between-group differences for each dependent variable were analyzed using Dunnett tests.
These tests are generally used as a post-hoc analysis to contrast treatment groups with a
control after first finding a significant ANOVA F-test. However, we elected to use them in
lieu of an ANOVA according to the recommendation by Hothorn (2016), who reported that
using a conditional F-test before the Dunnett-test may increase type Il error. Assumptions
for t-tests were confirmed for each dependent variable using the Shapiro-Wilk and Levene’s
tests. Alpha was set to 0.05.

Experiment 1

The purpose of Experiment 1 was to determine whether administration of CB1 antagonist
AMA4113 could block the successful formation of a partner preference. One sample t-tests
were conducted to determine whether the difference in time spent between the partner and
the stranger (preferential contact) was significantly greater than 0. Preferential contact was
not significantly greater than 0 for females treated with vehicle, or for females treated with
any dose of AM4113 (Fig. 2). However, preferential contact was significant for males
treated with drug vehicle and those treated with either 4.0 mg/kg or 8.0 mg/kg of AM4113
(Fig. 2). These results indicate that none of the female groups independently formed a
partner preference, while all male groups—except those treated with 16.0 mg/kg AM4113—
did successfully prefer their partner over the stranger. The lack of a partner preference in
control females is contrary to expectation since their testing conditions (6 hr cohabitation)
should have provided sufficient time for preferences to form (DeVries and Carter, 1999). It
is worth noting that the only male group that failed to form a partner preference included
those treated with the highest dose of AM4113. Please see Table 1 for all Experiment 1 test
statistics.

Dunnett tests were used to analyze between-group differences in partner preference
(preferential and absolute preferential), chamber preference, and activity levels (measured as
chamber entries). No statistically significant differences in any of the dependent variables
were found between control females and each treatment group, respectively (Fig. 2). There
were also no statistically significant differences in any of the dependent variables analyzed
for these comparisons in males (Fig. 2). These results suggest that AM4113 did not
substantively alter preference behavior compared to vehicle control during the partner
preference test for either sex.

Experiment 2

The objective of Experiment 2 was to test whether administration of FAAH inhibitor could
facilitate the formation of partner preferences in suboptimal conditions (e.g. less
cohabitation time). One sample t-tests were conducted to determine whether the difference
in time spent between the partner and the stranger (preferential contact) was different than 0.
These differences were not statistically different from 0 for any group, regardless of sex
(Fig. 3). These results were expected for control groups as cohabitation times were shorter
than what would generally lead to a partner preference (DeVries and Carter 1999). Thus,
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these results suggest that URB597 administration may not facilitate a selective preference
for the partner over the stranger.

As with Experiment 1, we used Dunnett tests to analyze between-group differences in
preferential and absolute preferential contact, chamber preference, and chamber entries. No
statistically significant differences were found between each treatment group and control for
preferential contact, chamber preference, or chamber entries, regardless of sex (Fig. 3).
However, analyzing absolute preferential contact revealed a significant increase in females
treated with 5.0 mg/kg of URB597 (Fig. 3). These results suggest that URB597 may have no
impact on measured male behavior during the partner preference test. URB597 may also not
facilitate female preferences for the male partner consistently, but may increase the degree of
preference in side-to-side contact with either partner or stranger. In other words, these
females are more likely to form a preference for one animal versus another, but this
preference is not always for the partner. Please see Table 2 for all Experiment 2 test
statistics.

We did note that the finding on absolute preferential contact in females treated with 5.0
mg/kg appeared to be driven by one point in particular. A Dixon test indicated that this point
was not actually a statistical outlier (Q = 0.43289, p = 0.13). Removal of that animal from
the analysis resulted in a p-value of 0.06; however, the effect size was still very large (d =
1.1694). Based on these considerations, we believe the conclusions of a drug effect on
absolute preferential contact to be robust.

Experiment 3

To follow-up on our findings from Experiment 2, we recruited a third group of females and
tested whether the increase in stimulus animal preference experienced by those treated with
URB597 could be attributed to reductions in anxiety. We used Dunnett tests to analyze
whether chamber preferences (e.g. light versus dark chamber) or activity levels (e.g. arm or
chamber entries) were different between controls and each treatment group. We found no
evidence of an effect for URB597 treatment on any outcome measured during the EPM,
including the arm preference and total arm entries (Fig. 4). We similarly found no evidence
of a treatment effect for behaviors measured during the LDT, including preference for the
light chamber versus the dark chamber, and total entries (Fig. 4). The results indicate that
URB597 may not alter anxiety-related behavior in female prairie voles under these contexts.
Please see Table 3 for all Experiment 3 test statistics.

Discussion

The present study provides evidence that supports a role for AEA in modulating female
social behavior. We show that lower doses of FAAH inhibitor administered systemically in
females can facilitate the formation of a preference for a specific male, although not
necessarily with the familiar partner. We pursued this finding by confirming that URB597
was not acting through changes in anxiety-like behavior. Finally, our male subjects
demonstrated no effect of treatment in any of our outcome measures across all our
behavioral paradigms and experiments.
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In Experiment 1, we designed our cohabitation periods to reflect the well-established sex
difference in time it takes for males and females to form a partner preference. Previous
research from our lab (Bales et al., 2007, 2013; Hostetler et al., 2011) and others (DeVries
and Carter, 1999) supports the use of 24 h cohabitations for males and 6 h for females to
form a preference for a familiar partner. Our vehicle-treated males in this experiment did
successfully prefer their partner but our control females did not. We suspect two potential
explanations for these findings. First, the stress of receiving the intraperitoneal injection may
have interfered with the initial interactions between the subject and mate during the
cohabitation. We treated our female subjects in Experiment 1 immediately before the
cohabitation. Previous research suggests that stress affects vole social preferences in
sexually dimorphic ways (DeVries et al. 1996). The formation of partner preferences in
males is facilitated by swim stress or injections of corticosterone while adrenalectomies
inhibit them; this may partially explain why our control males were not inhibited by the
injection procedure. Conversely, females do not form partner preferences when exposed to
swim stress or corticosterone treatment beforehand; adrenalectomy also facilitates the
formation of partner preferences in females. It is worth mentioning that intracranial
injections of oxytocin do not seem to impair partner preferences in females despite the
differences in handling intensity between the two administration techniques (Liu and Wang
2003). While the process of intracranial administration is arguably more stressful to the
rodent, oxytocin has been shown to play a role in fear extinction (Triana-Del Rio et al. 2019)
and social reward (Ddlen et al. 2013), which may mitigate the stress of the administration
procedure.

Second, there may be some component of the vehicle control that is impairing social
behavior. Saline is often used as a solvent for drugs in prairie vole studies, but the specific
use of DMSO and Tween-80 for intraperitoneal administration is uncharted territory in this
species. A study using male CD2F1 mice found that intraperitoneal administration of
Tween-80 decreased locomotor activity at concentrations above 16%, while DMSO had a
similar effect above 32% (Castro et al. 1995); the concentrations in our experiments were
10% for both Tween-80 and DMSO. This may also explain why only control males and not
females successfully formed a partner preference, as the longer cohabitations for males
could have buffered any potential effects of the vehicle.

Regardless of the reason that control females did not form a preference in Expt 1, we still
believe that the data are interpretable, given that these same conditions were experienced by
all groups.

However, further testing, with a longer cohabitation time, would be necessary before
concluding that CB1 receptor inhibition does not impair partner preference in females.

Experiment 1 also revealed that the only male group which was unsuccessful in forming a
partner preference included animals treated with the highest dose of CB1 inhibitor. However,
it is difficult to say that AM4113 uniquely impaired partner preference in that group, since
the magnitude of preferential contact for the partner across groups was not significantly
different from control. Repeating this experiment with a larger sample size and alternate
doses should help clarify these results.
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Experimental manipulations that increase absolute preferential social contact (a preference
for either a familiar or novel mate, as found here) are uncommon in the prairie vole
literature, especially with suboptimal cohabitation times. Prairie voles are most likely to
form a preference to the animal with whom they were cohoused. However, it is important to
note that in females treated with URB597, while many formed a social preference (i.e. they
chose a male, they did not spend equal time in contact with both), they did not consistently
prefer the partner over the stranger. There are a number of behavioral mechanisms that could
be responsible for this effect. We investigated and eliminated one possibility, changes in
anxiety, which fits with the data from mice suggesting that AEA’s effects on social behavior
are not secondary to anxiety (Wei et al., 2015). A second possibility might be an impairment
in social memory or social reward — in other words, maybe the female did not appropriately
form memories or reward-related associations with her familiar partner. These processes are
oxytocin-dependent in female voles (Lieberwirth and Wang, 2016), and interference with
oxytocin’s ability to mobilize AEA could have resulted in alterations in memory or reward.
This hypothesis is consistent with results from social discrimination tests in rats (Scheyer et
al., 2020). Further research would be necessary to test these possibilities.

It is also possible that this variability in social choice may be explained by the nature of the
drug itself. As mentioned previously, AEA is produced “on demand” and URB597 increases
AEA levels by inhibiting its degradative enzyme, FAAH, rather than directly activating
cannabinoid receptors. Thus, the impact of the drug is contingent on the natural release of
AEA that likely varies from subject to subject depending on the nature of the social
interactions on an individual level with either the partner or stranger during the early stages
of the partner preference paradigm. If this were the case, more direct approaches like
microinjections of CB1 agonist into targeted regions of the brain would likely produce
effects that contrast those in this study. Given our findings and the interaction between the
oxytocin and endocannabinoid systems, targeted central manipulations are warranted.
Finally, we do not know whether the preference demonstrated while still under the effects of
URB597 would be long-lasting or exist only during acute treatment, suggesting that
additional retests of animals would be valuable.

While we found interesting effects of endocannabinoid effects on female pair bonding
behavior in prairie voles, these effects were smaller than we expected; we also found no
effects on male pair bonding behavior. Removal of one data point (which while a visual
outlier, was not a statistical outlier) from the analysis of female absolute preferential contact,
resulted in loss of the significant effect. It is worth noting that with the sample size used in
this study, removal of any data point is a substantial loss that would affect power.

However, consideration of the negative findings in this paper may be important to our
understanding of the relationship between CB1 receptors and pair bonding. Previous studies
have shown that oxytocin receptor agonism mobilizes AEA and therefore CB1 activity in the
nucleus accumbens (Wei et al., 2015). One possibility is that any reduction in the effects of
oxytocin subsequent to CB1 manipulation may be compensated for by arginine vasopressin,
another neuropeptide critical to pair bonding, and which is particularly important for pair
bonding in males (Walum and Young, 2018). Following that logic, any increase in oxytocin
effects with CB1 manipulation may encounter a ceiling effect. Alternatively, the effects of
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oxytocin on pair bonding specifically, as opposed to more general types of social behavior
tested in previous studies, may rnot be dependent on CB1 activation. Species differences in
oxytocin receptor distribution may be relevant, as prairie voles and other pair bonding
species differ from non-pair-bonding species such as mice (Freeman and Young, 2016).
Another possibility is that we might see stronger effects with chronic rather than acute
exposures. Finally, our results in females should be replicated to confirm whether or not the
effect is consistent.

Human research suggests that marijuana, an activator of CB1 receptors, has effects on social
salience that can vary in direction depending on many factors including context and dose (de
Wit and Sayette, 2018; Wei et al. 2015, 2017). The psychological and neurobiological
mechanisms subserving these effects are not well understood. A reduction in social anxiety
is sometimes credited, and there is evidence that cannabinoids reduce the amygdala’s
responsiveness to social threat (Gorka et al., 2015). Another possible cause might be
emotional disinhibition (Salzman et al., 1978). Our study confirms that endocannabinoid
manipulations may impact social behaviors in prairie voles as well. The vole model provides
a utility to questions of social attachments and pair-bonding behavior that few other models
replicate. Our study provides the foundational insight that informs future vehicle
considerations and approaches when addressing these questions.
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Figure 1 -

Ti?neline of experimental procedures. Subjects in Experiment 1 were treated with AM4113
immediately before entering a cohabitation period with a mate (“partner”). After the
cohabitation, subjects were tested using the PPT. Subjects in experiments 2 and 3 were
treated with URB597 2 hours before the cohabitation period and EPM, respectively. A 2-
hour resting period was given between the EPM and LDT for the subjects of Experiment 3.
Abbreviations: PPT = partner preference test; EPM = elevated-plus maze; LDT = light/dark
test.
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Partner preference test results from Experiment 1 using AM4113. Females from each
treatment group spent similar time in preferential contact (calculated for each subject by
subtracting the time in contact with the stranger from the time spent in contact with the
partner) (A) or in absolute preferential contact (the absolute values of preferential social
contact) (C). Males treated with either vehicle, low dose, or medium dose of AM4113
preferred their partner over the stranger (B) while absolute preferential contact was similar
across the groups (D). Error bars are 95%-confidence intervals. Symbols: * p < 0.05.
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Figure 3 -

Pagrtner preference test results from Experiment 2 using URB597. Females from each
treatment group spent similar time in preferential contact (calculated for each subject by
subtracting the time in contact with the stranger from the time spent in contact with the
partner) (A) but low-dose females increased absolute preferential contact (the absolute
values of preferential social contact) (C). Males from each treatment group spent similar
time in preferential contact (B) or in absolute preferential contact (D). Error bars are 95%-
confidence intervals. Symbols: * p < 0.05).
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Anxiety-related paradigm results from Experiment 3 using URB597. Females tested using
the elevated-plus maze spent similar amounts of time in either the open or closed arms (A)
and entering the arms (C). Females tested using the light/dark test spent similar amounts of
time in either the light or dark chambers (B) and in chamber entries (D). Error bars are 95%-

confidence intervals.
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Table 1.
Partner Preference Test Statistics for Experiment 1
Within-group T-Test Between-groups Dunnett Test
Sex Outcome Dose M (SD) T(df)=p Contrast  Estimate (SE) T (df)
0 1334 (1182) - - - -
1692 (1353) - 4-0 358 (434) 0.82 (48) = 0.747
Absolute Preferential Contact
1064 (871) - 8-0 -270 (434) -0.62 (48) = 0.869
16 1562 (960) - 16-0 228 (434) 0.52 (48) =0.915
0 779 (3326) - - - -
4 -239 (5040) - 4-0 -1017 (1809) —0.56 (48) = 0.898
Chamber preference
8 433 (4212) - 8-0 -345 (1809) -0.19 (48) = 0.995
16 2766 (5558) - 16-0 1987 (1809) 1.10 (48) = 0.560
Females
0 219 (1809) 0.44 (12) =0.335 - - -
4 565 (2142) 0.95 (12) = 0.324 4-0 346 (690) 0.50 (48) =0.924
Preferential Contact
8 275 (1380) 0.72 (12) = 0.324 8-0 56 (690) 0.08 (48) = 1.000
16 929 (1622) 2.06 (12) =0.123 16-0 710 (690) 1.03 (48) = 0.608
0 273 (142) - - - -
4 211 (104) - 4-0 -62 (52) -1.20 (48) = 0.490
Chamber Entries
8 254 (163) - 8-0 -19 (52) -0.38 (48) = 0.965
16 229 (108) - 16-0 -45 (52) -0.86 (48) = 0.721
0 1121 (881) - - - -
4 1533 (598) - 4-0 412 (354) 1.16 (48) = 0.517
Absolute Preferential Contact
1332 (974) - 8-0 211 (354) 0.60 (48) = 0.882
16 1092 (1087) - 16-0 -29 (354) -0.08 (48) = 1.000
0 1248 (3862) - - - -
4 2015 (3470) - 4-0 767 (1408) 0.54 (48) = 0.906
Chamber Preference
8 2846 (2868) - 8-0 1598 (1408) 1.13 (48) =0.536
16 410 (4049) - 16-0 -838 (1408) -0.60 (48) = 0.882
Males
0 686 (1276) 1.94 (12) = 0.051 - - -
4 1168 (1193) 3.53 (12) = 0.008 4-0 482 (517) 0.93 (48) =0.674
Preferential Contact
8 1044 (1300) 2.90 (12) = 0.013 8-0 358 (517) 0.69 (48) = 0.829
16 496 (1486) 1.20 (12) =0.126 16-0 -190 (517) -0.37 (48) = 0.968
0 296 (148) - - - -
4 268 (104) - 4-0 -28 (50) -0.57 (48) = 0.894
Chamber Entries
8 247 (86) - 8-0 -49 (50) -0.98 (48) = 0.639
16 331 (154) - 16-0 35 (50) 0.70 (48) = 0.822

Notes. Within-group analyses composed of one-sample t-tests analyzing whether group means were statistically greater than 0. P values for within-
group analyses were adjusted for the false discovery rate using the procedure suggested by Benjamini & Yekutieli (2001). P values for between-
groups analyses were adjusted using Dunnett test procedure.
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Partner Preference Test Statistics for Experiment 2

Table 2.
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Within-group T-Test

Between-groups Dunnett Test

Sex Outcome Dose M (SD) T(df)=p Contrast  Estimate (SE) T@f=p
0 205 (355) - - - -
Absolute Preferential 5 1557 (1601) - 5-0 1352 (474) 2.85 (36) = 0.020
Contact 10 943 (890) - 10-0 738 (474) 1.56 (36) = 0.292
20 804 (1009) - 20-0 599 (474) 1.26 (36) = 0.454
0 843 (2684) - - - -
5 -948 (4394) - 5-0 -1791 (1664)  -1.08 (36) = 0.577
Chamber Preference
10  -875(3961) - 10-0  -1718(1664) -1.03 (36) = 0.607
20 1297 (3627) - 20-0 454 (1664) 0.27 (36) = 0.986
Females
0 53 (412) 0.40 (12) = 0.750 - - -
5 —648 (2188) -0.94 (12) =0.748 5-0 —700 (641) -1.09 (36) = 0.567
Preferential Contact
10  -138(1327)  -0.33(12)=0.750 10-0 -191(641)  -0.30 (36) = 0.982
20 450 (1229) 1.16 (12) = 0.748 20-0 397 (641) 0.62 (36) = 0.870
0 204 (112) - - - -
5 182 (96) - 5-0 -23(39) -0.57 (36) = 0.894
Chamber Entries
10 174 (59) - 10-0 -30 (39) -0.76 (36) = 0.790
20 148 (77) - 20-0 -56 (39) -1.41 (36) = 0.366
0 688 (746) - - - -
Absolute Preferential 5 821 (606) - 5-0 133 (332) 0.40 (36) = 0.958
Contact 10 786 (591) - 10-0 98 (332) 0.30 (36) = 0.982
20 846 (965) - 20-0 159 (332) 0.48 (36) = 0.933
0  -1399 (3008) - - - -
5 756 (3767) - 5-0 2155 (1778)  1.21 (36) = 0.487
Chamber Preference
10  -808 (4153) - 10-0 591 (1778) 0.33 (36) = 0.975
20 -948 (4767) - 20-0 451 (1778) 0.25 (36) = 0.989
Males
0 -276 (998) -0.88 (12) = 0.808 - - -
5 ~74 (1053) -0.22 (12) = 0.829 5-0 202 (468) 0.43 (36) = 0.949
Preferential Contact
10  -114(1011)  -0.36 (12) = 0.829 10-0 162 (468) 0.35 (36) = 0.972
20 -652(1121)  -1.84 (12)=0.397 20-0 -375(468)  —0.80 (36) = 0.763
0 205 (81) - - - -
5 250 (150) - 5-0 44 (63) 0.70 (36) = 0.825
Chamber Entries
10 203 (150) - 10-0 -2 (63) -0.04 (36) = 1.000
20 250 (168) - 20-0 45 (63) 0.70 (36) = 0.823

Notes. Within-group analyses composed of one-sample t-tests analyzing whether group means were statistically different than 0. P values for
within-group analyses were adjusted for the false discovery rate using the procedure suggested by Benjamini & Yekutieli (2001). P values for
between-groups analyses were adjusted using the Dunnett test procedure.
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Anxiety Test Statistics for Experiment 3

Table 3.

Between-groups Dunnett Test

Test Outcome Dose M (SD) Contrast  Estimate (SE) T@hH=p
0 -12 (172)
5 64 (157) 5-0 76 (67) 1.13 (48) =0.544
Arm Preference
10 62 (150) 10-0 74 (67) 1.09 (48) = 0.567
20 -29 (119) 20-0 -17 (67) -0.26 (48) = 0.988
Elevated Plus Maze
0 32 (19)
5 20 (14) 5-0 -12 (7) -1.74 (48) = 0.212
Arm Entries
10 33(19) 10-0 1(7) 0.15 (48) = 0.997
20 28 (11) 20-0 -4 (7) -0.55 (48) = 0.904
0 -86 (193)
5 -106 (198) 5-0 -20 (85) -0.23 (48) = 0.991
Chamber Preference
10 -9 (189) 10-0 77 (85) 0.91 (48) = 0.691
20 -116 (179) 20-0 -30 (85) -0.35 (48) = 0.972
Light/Dark Test
0 35(17)
5 26 (14) 5-0 -9 (6) -1.40 (48) = 0.376
Chamber Entries
10 28 (11) 10-0 -7 (6) -1.06 (48) = 0.589
20 28 (12) 20-0 -7 (6) -1.12 (48) = 0.546

Note. P values were adjusted using the Dunnett test procedure.
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