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The role of dopamine signaling in prairie vole peer relationships

Nicole S. Leel, Annaliese K. Beery1:2.3*
INeuroscience and Behavior Program, University of Massachusetts, Amherst, MA, 01003

°Neuroscience Program, Department of Psychology, Smith College, Northampton, MA, 01063

SDepartment of Integrative Biology, UC Berkeley, Berkeley, CA, 94720

Abstract

Dopamine signaling mediates the formation of some types of social relationships, including
reproductive pair bonds in the socially monogamous prairie vole (Microtus ochrogaster). In
addition to these pair bonds with mates, prairie voles demonstrate selective preferences for
familiar same-sex peers. The dependence of peer relationships on dopamine signaling has not been
tested, and the mechanisms supporting these relationships may differ from those underlying pair
bonds. We examined the effects of pharmacological manipulations of dopamine signaling on peer
partner preference and socially conditioned place preference in female prairie voles. Haloperidol
blockade of dopamine receptors at multiple doses did not alter selective preferences for familiar
same-sex partners, suggesting that dopamine neurotransmission is not necessary for the formation
of prairie vole peer relationships, unlike mate relationships. Dopamine receptor agonist
apomorphine facilitated peer partner preferences under conditions normally insufficient for partner
preference formation; however, in the absence of successful blockade, it is difficult to distinguish
between a role for dopamine in partner preference formation and the generally rewarding
properties of a dopamine agonist. Prairie voles also exhibited socially conditioned place
preferences for new but not long-term same-sex peers, and these preferences were not blocked by
haloperidol. These results suggest that prairie vole peer relationships are less dependent on
dopamine signaling than pair bonds, while still being rewarding. The data support distinct roles of
dopamine and motivation in prairie vole peer relationships relative to mate relationships,
suggesting that reproductive bonds are mediated differently from non-reproductive ones.
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INTRODUCTION

Dopamine signaling plays an important role in promoting and maintaining social
relationships in social animals, such as those between parent and offspring and those
between mates (reviewed in Curtis et al., 2006; O’Connell and Hofmann, 2011; Trezza et al.,
2011; Numan and Young, 2016). Relationships between same-sex conspecifics are
fundamental to the social systems of many group living species, but the mechanisms
mediating these peer relationships are poorly understood relative to those mediating
reproductive relationships. We investigated the role of dopamine signaling in peer
relationships in female prairie voles (Microtus ochrogaster), a species that has been largely
studied for its reproductive pair bonds, which are dopamine-dependent. Using
pharmacological manipulations of dopamine signaling, we sought to determine whether the
mechanisms supporting peer relationships in prairie voles are more like pair bonds with
mates in prairie voles (thus species-specific) or more like selective peer relationships in
meadow voles (relationship type-specific).

Prairie voles are socially monogamous rodents that have been extensively studied for their
ability to form pair bonds with mates (reviewed in Gobrogge and Wang, 2016; Carter, 2017;
Walum and Young, 2018). These pair bonds are selective, stable, and motivated (Williams et
al., 1992; Aragona et al., 2003; Bosch et al., 2009; Beery et al., 2019; Goodwin et al., 2019).
Prairie voles also exhibit selective, stable preferences for familiar same-sex peers (DeVries
etal., 1997; Beery et al., 2018; Lee et al., 2019), but these peer relationships have been
understudied compared to prairie vole pair bonds. Much of the research on peer relationships
in prairie voles has focused on the effects of isolation from same-sex cage-mates (Grippo et
al., 2008; Lieberwirth et al., 2012), as well as social buffering by same-sex cage-mates
(Smith and Wang, 2014; Burkett et al., 2016). Relationships between peers are a critical
component of animal social systems, including human societies, and the mechanisms
underlying the formation and maintenance of these relationships merit further investigation.
Prairie voles provide an excellent opportunity to assess the mechanisms mediating social
behavior across different relationship types. It is possible that non-reproductive relationships
between peers differ from reproductive relationships including pair bonding and biparental
care, which are highly motivated and reinforced by conserved reward pathways.

The role of reward in the contexts of sexual behavior and appetitive behaviors like drug
addiction is well established (reviewed in Young et al., 2011; Beloate and Coolen, 2017).
Social reward specifically has been well studied in the maternal behavior and social play of
rodents, especially rats and mice (Trezza et al., 2011). Prairie voles also exhibit behavioral
reward for mates: they show socially conditioned place preferences for mates but not long-
term same-sex cage-mates (Goodwin et al., 2019), and will lever-press at high rates for
access to their mates, with sex differences in the extent of pressing for peers (Beery et al.,
2019).

Several studies have focused on the mesocorticolimbic dopaminergic pathway as an
important factor mediating pair bonds in prairie voles. The rewarding properties of a mate
appear to be mediated in part by dopamine signaling, both for bond formation and
maintenance. In prairie voles, dopamine D2-type receptor activation, and interaction with
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oxytocin receptors, is necessary for pair bond formation (Wang et al., 1999; Liu and Wang,
2003). Whereas D2-like activation in the rostral shell of the nucleus accumbens promotes
pair bond formation, D1-like activation inhibits it (Gingrich et al., 2000; Aragona et al.,
2003, 2006; Liu and Wang, 2003). D1-type receptors are instead important for pair bond
maintenance (Aragona et al., 2006), and interact with x-opioid receptors to promote pair
bond maintenance (Resendez et al., 2016). Similarly, D1-type receptors mediate pair bond
maintenance in the socially monogamous titi monkey (Rothwell et al., 2019).

The meadow vole (Microtus pennsylvanicus) is a closely related species that does not form
pair bonds with mates, and is often studied as a comparison to prairie voles (Beery, 2019).
While meadow voles do not form pair bonds with mates in the wild, they exhibit group
living in winter months (Beery, 2018), and show selective peer preferences as in prairie
voles, but unlike rats and mice (Beery et al., 2018; Schweinfurth et al., 2017). Importantly,
comparative work in prairie and meadow voles suggests that the necessary role of dopamine
signaling may be specific to pair bonding with mates. Despite distinct mating systems, both
prairie and meadow voles show increases in extracellular dopamine in the striatum after
mating (Curtis et al. 2003). Prairie voles treated with dopamine receptor antagonist also
exhibit no change in mating bouts relative to control (Wang et al., 1999). In contrast to
prairie vole pair bonds, dopamine receptor blockade does not prevent same-sex peer partner
preference formation in meadow voles (Beery et al. 2010). Meadow voles also do not exhibit
socially conditioned place preferences for peers (Goodwin et al., 2019). Meadow voles
provide insight into how the roles of reward and dopamine signaling may differ across
species and across mating systems.

Differing involvement of dopamine receptors in prairie vole mate preferences and meadow
vole peer preferences gives rise to two competing hypotheses about prairie vole peer
relationships: (a) Prairie vole peer relationships depend on dopamine signaling (similar to
prairie vole pair bonds), and thus the role of dopamine signaling in the formation of selective
social relationships is more similar within than across species, regardless of relationship
type. OR (b) Prairie vole peer relationships do not depend on dopamine signaling (similar to
meadow vole peer relationships), and thus the role of dopamine signaling in the formation of
social preferences is specific to the relationship type (peer vs. mate).

We used pharmacological manipulations to evaluate the necessity and sufficiency of
dopamine signaling for the formation of peer partner preferences in female prairie voles, as
determined by partner preference tests. Our goal was to assess the extent to which prior
work on prairie vole pair bonds generalizes to prairie vole peer relationships. We also
assessed the ability of female prairie voles to form socially conditioned place preferences for
peer partners, in order to assess social reward associated with a partner, and to determine
whether these preferences are affected by changes in dopamine signaling. Prairie voles
provide an excellent opportunity to investigate the mechanisms underlying bond formation
in a comparative context (across species and across partner type). This research will allow us
to determine whether, in voles, reliance on dopamine signaling is reserved for reproductive
relationships.
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MATERIALS AND METHODS

Animal subjects

Prairie voles were bred locally at Smith College. Female prairie voles were group weaned at
21 + 1 days, then separated to pair-housing with either a same-sex sibling or an age-matched
same-sex non-sibling (cross-litter pairing) within one week. Voles were maintained on a
long day (LD) light cycle (14h light; 03:00 to 17:00 EST). Subjects were housed in clear
plastic cages (45x25x15cm) with aspen bedding (Harlan TekLab), nesting material (Lab
Supply Enviro-dri and a nestlet), and a PVC hiding tube. Food (Labdiet Mouse Chow 5015
supplemented with Labdiet Rabbit Chow 5326) and water were available ad /ibitum, with
every-other-day supplementation with fresh produce (apple or carrot). Rooms were
maintained at ~20°C.

All procedures adhered to federal and institutional guidelines and were approved by the
Institutional Animal Care and Use Committee.

Experimental timeline

Prior to performing experiments 1-3, sufficient and insufficient pairing times were
determined for both same-sex and opposite-sex pairings. Voles were paired with new
partners for 3, 6, or 24 hr before testing in a partner preference test. Under control (non-
treated) conditions, 6 hr of pairing were insufficient for peer partner preference formation
(figure S1), and were used as the insufficient duration in experiment 2.

For experiments 1-3, one week prior to pairing with a new same-sex partner, female prairie
voles were separated from their cage-mates and solo-housed until re-pairing. One week of
separation was chosen because female prairie voles display more fighting upon re-pairing
with a new same-sex partner after shorter separation times (24-48 hr) compared to longer
ones (1 wk) (personal observation). Only female prairie voles were tested because this study
focused on formation of new peer relationships, and a prior study revealed males could not
be safely re-paired with a same-sex partner in adulthood (Lee et al., 2019).

Experiment 1 (7=12-17/group): Voles were given one intraperitoneal injection of one of 4
doses of dopamine antagonist haloperidol or vehicle (control) immediately prior to 24 hr
cohabitation with a new same-sex partner, followed by a partner preference test. The highest
haloperidol dose has a slightly larger sample size (7=17) because it consists of two partial
groups. Experiment 2 (n=14-16/group): Voles were given one intraperitoneal injection of
dopamine agonist apomorphine or vehicle immediately prior to 6 hr cohabitation with a new
same-sex partner, followed by a partner preference test. Voles from the vehicle group then
underwent socially conditioned place preference testing. Experiment 3 (7=11-13/group):
\Voles were either re-paired or maintained with their partner since weaning, then went
through the socially conditioned place preference paradigm with no injection, a vehicle
injection, or one 5 pg injection of haloperidol 30 minutes prior to the post-test. Because
there was no effect of vehicle injection, injected and non-injected subjects were pooled in
the re-paired and not re-paired groups. Subjects in the re-paired group were pooled with an
initial set of animals tested at the conclusion of Experiment 2, for a total /7=26.
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Pharmacological manipulations

The non-selective dopamine receptor antagonist haloperidol (Sigma-Aldrich, St. Louis, MO)
was dissolved in a solution of 0.3% tartaric acid (Sigma-Aldrich) in ultra-pure water. Prairie
voles received approximately 0.5 pg (0.0125 mg/kg), 5.0 pg (0.125 mg/kg), 20 pg (0.5 mg/
kg), or a higher dose (100-120 pg/2.5-3.0 mg/kg) of haloperidol. Doses were scaled by
body weight, and doses in pg are listed for a sample 40 g vole. The first two doses
successfully blocked partner preference formation in a study of prairie vole mates (Wang et
al., 1999); the last dose was added after initial testing with lower doses suggested no effect
of haloperidol (as high as 100 pg of haloperidol has been used in prairie voles) (Lonstein,
2002).

The non-selective dopamine receptor agonist apomorphine (Sigma-Aldrich) was dissolved in
0.9% saline. Voles received approximately 50 pg (1.25 mg/kg) of apomorphine, which
successfully induced partner preference formation in a study of prairie vole mates (Wang et
al., 1999). Voles received one intraperitoneal injection of drug or vehicle (200 pl/40 g body
weight) immediately prior to pairing with a new same-sex partner (followed by partner
preference test), or 30 minutes prior to a socially conditioned place preference post-test.

Peer partner preference test

Peer partner preference testing was conducted as a classic partner preference test (Williams
et al. 1992), but with all female subjects. The testing apparatus consisted of three equal-sized
plastic compartments arranged linearly (75x20x30cm), as previously described (e.g. Ahern
et al., 2009; Anacker et al., 2016a; Beery et al., 2018; Lee et al., 2019). The cage-mate of the
focal prairie vole (the partner) was tethered at one end of the apparatus, and an age-matched,
unrelated, same-sex novel vole (the stranger) was tethered at the other end. Strangers were
pair-housed from weaning and used no more than 3 times each. The focal vole was placed in
the center chamber and allowed to move freely for the duration of the 180-minute test. Tests
were video recorded, and trained observers used a custom scoring script (Intervole
Timerl.6.pl, AKB) to quantify the amount of time focal voles spent huddling (side-by-side
or one on top of the other), duration in each chamber, and number of times the focal vole
crossed between chambers. Scorers were unaware of subject treatment and position of the
partner/stranger.

Socially conditioned place preference

Socially conditioned place preference testing was conducted in a rectangular plastic
apparatus consisting of two equal-sized compartments arranged linearly (50x20x30cm).
Both individuals in each pair were tested. Two novel beddings, corn cob (Bed-o0’Cobs 1/8”,
ScottPharma, Marlborough, MA) and TEK-Fresh were introduced to the prairie voles in a 30
min pre-test (d1 of testing). Voles were placed in the center of the two-chamber apparatus
and allowed to roam freely for the duration of the test. 100 g of TEK-Fresh evenly covered
one chamber and 200 g of corn cob the other. Different amounts of corn cob and TEK-Fresh
bedding were used to keep floor coverage by bedding relatively consistent, as corn cob is
denser than TEK-Fresh. After testing, voles were returned to their normal cages. On d2, they
were moved as a pair into an opaque white cage with 300 g of corn cob, followed by solo-
housing in 200 g of TEK-Fresh on d3. This continued for a total of 6 days of alternating
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social/corn cob housing and isolate/TEK-Fresh housing. On d8, voles underwent a 30 min
post-test. A prior study in the lab using this paradigm found that voles prefer TEK-Fresh
over corn cob bedding (Goodwin et al., 2019); thus, the corn cob was paired with the social
stimulus (CS+) while the preferred TEK-Fresh was associated with isolation (CS-) to
promote counter-conditioning.

Tests were video recorded, and trained observers used a custom scoring script to quantify the
amount of time prairie voles spent on each bedding type. Scorers were unaware of subject
groups.

Statistical analyses

RESULTS

Group differences in partner huddling, stranger huddling, and preference score (partner/total
huddling, e.g. Beery and Zucker, 2010; Anacker et al., 2016b; Harbert et al., 2020) were
assessed by one-way ANOVA for multiple groups, and by Welch’s #tests assuming unequal
variances for two groups. Peer partner preference within groups was defined as significantly
more time huddling with the partner than the stranger, and Welch’s #tests were also used for
these comparisons. Within-group comparisons in SCPP pre-test vs. post-test were assessed
by paired £tests. Cohen’s d was calculated with an online calculator (University of Colorado
Colorado Springs, Lee A. Becker) to determine effect size.

Statistical analyses were performed in JMP 12 (SAS) and Prism 7 (GraphPad Software)
unless otherwise noted, all tests were two-tailed, and results were deemed significant at p <
0.05.

Cohabitation times and partner preference formation

Cohabitation durations that were sufficient or insufficient for peer partner preference
formation were first assessed in the absence of manipulations including injections. In a
previous study, we determined that female prairie voles exhibited highly significant
preferences for huddling with a peer partner over a stranger after 24 hr of cohabitation with
the new same-sex partner (Lee et al., 2019). After 6 hr of cohabitation with a new same-sex
partner, female prairie voles did not exhibit significant peer partner preferences (figure S1a).

In contrast, in opposite-sex pairings, female prairie voles exhibited a significant partner
preference for the familiar male after 6 hr, but not 3 hr, of cohabitation with a mate,
regardless of mating status (#5.78, p<0.0001, df=19, ¢=5.78; figure S1b).

Dopamine signaling is not necessary for peer partner preference

There were no differences in partner huddling across groups, or in stranger huddling across
groups (experiment 2, figure 2a, one-way ANOVAS). There was also no significant
difference in preference score (partner/total huddling) between groups of voles treated with
different doses of haloperidol. Within groups, peer partner preferences were significant in
the 0.5 ug (£2.45, p=0.023, df=21.53, ¢=1.06), 5 ug (£3.77, p=0.0013, df=19.24, ¢=1.72),
20 pg (£8.39, p<0.0001, df=14.67, ¢=4.38), and 100-120 pg (£2.95, p=0.0062, df=30,
a=1.72) haloperidol groups. Partner vs. stranger huddling approached significance in the
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control group (£1.82, p=0.083, df=21.52, ¢=1.08). There were also no differences in
activity across groups.

Dopamine signaling may be sufficient to promote peer partner preference

Administration of apomorphine was sufficient to induce significant partner preferences after
6 hr of peer cohabitation in experiment 3 (£2.091, p=0.047, df=24.14, ¢=0.85), whereas the
control group did not exhibit peer partner preferences after 6 hr (figure 2b). There was no
significant difference in partner huddling or preference score between vehicle-treated and
apomorphine-treated prairie voles, and stranger huddling decrease was not significant
(£1.63, p=0.12, df=21.07, o= 0.71).

Socially conditioned place preference

Consistent with our previous findings (Goodwin et al., 2019), voles co-housed since
weaning with a same-sex partner in experiment 4 did not exhibit socially conditioned place
preferences for their partners, defined as a significant difference between pre-test and post-
test in the proportion of time spent on the conditioned stimulus over the total testing time
(CS+i/total) (figure 3a). However, prairie voles re-paired with new peer partners in adulthood
exhibited significant socially conditioned place preferences (£=4.077, p=0.0004, df=25,
a=1.009) (figure 3b). This conditioned preference was not blocked by treatment with 5 g
haloperidol (£2.72, p=0.022, df=10, ¢=1.050) (figure 3c).

DISCUSSION

Investigation of prairie vole peer relationships allows for the comparative assessment of
mechanisms underlying bond formation across relationship type (mate vs. peer), as well as
across species (prairie vs. meadow). Blockade of dopamine receptors did not prevent the
formation of peer partner preferences after a cohabitation time that was sufficient in
controls, suggesting that dopamine signaling is not necessary for the formation of prairie
vole peer relationships. Distinct from prairie vole mate relationships, neither prairie vole nor
meadow vole peer partnerships rely on dopamine signaling; thus, the necessary role of
dopamine signaling appears specific to reproductive pair bonds rather than to all prairie vole
relationships. This finding is consistent with work on behavioral reward in prairie voles
indicating that mates are more rewarding than peers in multiple tests of motivation
(Goodwin et al., 2019; Beery et al., 2019).

Pharmacologically unmanipulated prairie voles housed with a novel peer in adulthood
exhibited socially conditioned place preferences for beddings associated with these partners,
suggesting that peer exposure can be reinforcing. Haloperidol did not interfere with the
expression of socially conditioned place preferences. The focus of the current study was on
formation of peer relationships, which requires assessment of newly established pairs.
However, we tested a group of voles co-housed with their partners since weaning alongside
voles re-paired in adulthood and found that unlike new peer relationships, long-term peer
relationships were not reinforcing. Similarly, Goodwin et al. (2019) tested long-term
partnerships and found that prairie voles did not exhibit socially conditioned place
preferences for chambers containing a bedding associated with their long-term peer partners.
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This difference between the reinforcing properties of old vs. new partners suggests that there
is an effect of novelty on peer social reward. All voles re-paired in adulthood were separated
for one week prior to re-pairing to mitigate aggression, so it is also possible that this period
of isolation prior to formation of new pairs increases social motivation. Prairie voles isolated
from their same-sex partners for 4 weeks exhibit anxiety- and depressive-like behaviors
(Grippo et al., 2008) that may be consistent with increased social motivation after a shorter
isolation time.

Although pharmacological blockade of dopamine signaling did not prevent formation of new
peer partner preferences, injection of a dopamine receptor agonist facilitated the formation
of peer partner preferences after a normally insufficient cohabitation time. This suggests that
dopamine signaling may be sufficient to promote prairie vole peer relationships, as it is in
mate partnerships. While the sufficiency—but not necessity—of dopamine signaling may at
first seem incongruent, this finding is not surprising in light of numerous studies on drugs of
abuse that employ dopamine receptor agonists to condition and reinforce artificial behaviors.
For example, male rats treated with the D2-type receptor agonist quinpirole can be
conditioned to exhibit same-sex social preferences in 20 min preference tests (Triana-Del
Rio et al., 2011), and will even prefer familiar male partners over receptive females (Cibrian-
Llanderal et al., 2012). Rats, like mice and many other rodents studied in the lab, are
gregarious and do not normally display preferences for familiar peers (Schweinfurth et al.,
2017). Such studies highlight the generally reinforcing properties of dopamine receptor
agonism, and thus we must exercise caution in extrapolating between sufficiency and normal
biological function. Although dopamine signaling may not play an essential role in the
endogenous processes that occur during formation of new peer relationships, it may be co-
opted to induce many behaviors, including ones that do not naturally occur.

Our results provide evidence that dopamine does not play a necessary role in prairie vole
peer relationships, but also that prairie voles find peers rewarding. It is possible, then, that a
different reward system mediates the formation of these peer relationships. Studies on
sucrose reward in rats (reviewed in Berridge and Robinson, 1998) and mice (Cannon and
Palmiter, 2003) show that animals deficient in dopamine display normal sucrose preference.
There is also evidence that dopamine antagonism or depletion of dopamine in the nucleus
accumbens does not inhibit other rewarding behaviors, such as approach and choice of
estrous females and copulation (reviewed in Salamone and Correa, 2002). There can be
reward without dopamine, and dopamine likely only mediates specific aspects of reward
(reviewed in Berridge and Robinson, 2003; Salamone, 2007; Fujita et al., 2019). Other
systems that may regulate reward and selective aggression in prairie vole peer relationships
include opioid, oxytocin, and other signaling pathways found to be important in prairie vole
pair bonds.

Relationships between peers are an important aspect of the social system of prairie voles and
other social animals, including humans. This study adds to a growing body of evidence that
selective non-reproductive relationships should be studied in their own right, as they are
likely mediated by different mechanisms than reproductive relationships. While dopamine
signaling is necessary for prairie vole pair bonds, pharmacological data from the present
study suggest that prairie vole peer relationships are not dopamine-dependent. However,
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prairie vole peer relationships are still reinforced; behavioral data suggests that they are
intermediate between prairie vole mate relationships and meadow vole peer relationships,
with prairie vole peers providing less reinforcement than mates. This is unlike meadow
voles, who conditioned away from social bedding in the same paradigm (Goodwin et al.,
2019). It is not surprising that reproductive relationships are highly reinforced and mediated
by conserved reward mechanisms, and that this may not necessarily be the case for non-
reproductive relationships. Thus, study of non-reproductive relationships is essential to fully
understanding the mechanisms that underlie social behavior as a whole.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

. Prairie voles form same-sex partner preferences for familiar peers

. Females showed socially conditioned place preferences (SCPP) for new peer
partners

. Dopamine receptor agonist facilitated peer partner preference formation

. Dopamine receptor antagonist did not prevent formation of peer partner
preferences

. Dopamine receptor antagonist did not block SCPP for peer partners
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Experimental design: In experiments 1 & 2, female prairie voles underwent injections of
haloperidol, apomorphine, or vehicle prior to pairing with a new same-sex partner, followed
by partner preference testing (PPT). The vehicle group in experiment 2 subsequently
underwent socially conditioned place preference (SCPP) testing; in experiment 3, a new
cohort of voles was also re-paired prior to SCPP, and thus the two groups were pooled
(indicated with an asterisk) for SCPP analysis. Voles were re-paired with a new same-sex
partner prior to SCPP (¥ no injection, ¥z vehicle injection), re-paired with a new-same sex
partner and given a dose of haloperidol, or were not re-paired (%2 no injection, ¥ vehicle
injection).
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Figure 2.
Peer partner preference tests. (a) Haloperidol does not block peer partner preference

formation at any dose after 24 hr cohabitation, a normally sufficient cohabitation time. (b)
Apomorphine induces peer partner preference formation after 6 hr cohabitation, a normally
insufficient cohabitation time. * p< 0.05, ** p< 0.01, *** p< 0.005.
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CJ Pre-test
1 Post-test

Socially conditioned place preference tests. (a) Consistent with our prior findings, prairie

voles housed with their peer partners since weaning (not re-paired, % injected with vehicle
control) did not exhibit significant socially conditioned place preference. (b) Prairie voles re-
paired with new same-sex partners in adulthood (¥ injected with vehicle control) did exhibit
significant socially conditioned place preference. (c) Haloperidol administration (re-paired,

5ug halo) at pairing did not block socially conditioned place preference. * p< 0.05, *** p<

0.005.
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