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Abstract—Prairie voles (Microtus ochrogaster) are socially monogamous rodents that form selective, long-lasting
relationships with mates and with same-sex peers. It is unknown to what extent mechanisms supporting ‘peer
relationships’ are similar to those involved in mate relationships. The formation of pair bonds is dependent on
dopamine neurotransmission, whereas the formation of peer relationships is not, providing evidence of relation-
ship type-specificity. The current study assessed endogenous structural changes in dopamine D1 receptor den-
sity in male and female voles across different social environments, including long-term same-sex partnerships,
new same-sex partnerships, social isolation, and group housing. We also related dopamine D1 receptor density
and social environment to behavior in social interaction and partner preference tests. Unlike prior findings in mate
pairs, voles paired with new same-sex partners did not exhibit upregulated D1 binding in the nucleus accumbens
(NAcc) relative to controls paired from weaning. This is consistent with differences in relationship type: D1 upreg-
ulation in pair bonds aids in maintaining exclusive relationships through selective aggression, and we found that
formation of new peer relationships did not enhance aggression. Isolation led to increases in NAcc D1 binding,
and even across socially housed voles, individuals with higher D1 binding exhibited increased social avoidance.
These findings suggest that elevated D1 binding may be both a cause and a consequence of reduced prosociality.
These results highlight the neural and behavioral consequences of different non-reproductive social environ-
ments and contribute to growing evidence that the mechanisms underlying reproductive and non-reproductive
relationship formation are distinct. Elucidation of the latter is necessary to understand mechanisms underlying
social behavior beyond a mating context.� 2023 The Authors. Published by Elsevier Ltd on behalf of IBRO. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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INTRODUCTION

Relationships between same-sex conspecifics play an

essential role in the lives of group-living animals. Yet,

the pathways supporting non-reproductive peer

relationships are not well understood. Prairie voles

(Microtus ochrogaster) are socially monogamous

rodents that form selective social relationships with

opposite-sex mates (reviewed in Gobrogge and Wang,

2016; Carter, 2017; Walum and Young, 2018) as well as

same-sex peers (DeVries et al., 1997; Beery et al.,

2018; Lee et al., 2019). They provide an ideal opportunity

to compare mechanisms underlying selective social rela-

tionships in both reproductive (mate) and non-
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reproductive (peer) contexts. Here, we investigate the

role of social environment (including pair housing,

extended isolation, new same-sex pairings, and housing

in same-sex groups) on social behavior and endogenous

regulation of dopamine receptor binding.

Mate relationships in prairie voles are highly rewarding

(Goodwin et al., 2019; Beery et al., 2021; Vahaba et al.,

2022), and this is true to some extent for peer relation-

ships as well. Non-reproductive relationships with familiar

same-sex peers are strongly rewarding in female prairie

voles, who will expend substantial effort to reach and hud-

dle with a peer companion, while males do not appear to

find same-sex relationships reinforcing (Beery et al.,

2021). Social motivation for mates also appears to be

more durable than for peers, as prairie voles display

socially conditioned place preferences for environments

associated with mates or new peer companions, but not

long-term peer partners (Goodwin et al., 2019; Lee

et al., 2019). Nonetheless, both sexes appear to reap

benefits from these relationships. Separation from
ons.org/licenses/by-nc-nd/4.0/).
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same-sex peers triggers anxiety- and depression-like

behaviors in female and male prairie voles (Grippo

et al., 2007, 2008; Lieberwirth et al., 2012), and social

buffering attenuates anxiety- and depression-like behav-

iors in stressed animals (Burkett et al., 2016). In these

studies, same-sex conspecifics provided social buffering,

and removal of same-sex cage-mates induced the nega-

tive effects of social isolation.

The dopamine system is highly involved in reward,

motivation, learning, and motor activity, with D1-like and

D2-like receptors often contributing differently to specific

functions (e.g., Surmeier et al., 2007). For example, it

has been suggested that D1 receptors are involved in

learning reward-related behaviors while D2 receptors

are involved in aversion-related behaviors (Kravitz et al.,

2012; Yawata et al., 2012;Verharen et al., 2019).

Whereas D1 receptors alone are essential for maternal

motivation in rats (Numan et al., 2005; Stolzenberg

et al., 2007), both D1 and D2 receptors are involved in

maternal memory (Parada et al., 2008). And, whereas

D1 receptors regulate food anticipatory activity in mice

(Gallardo et al., 2014), overexpression of D2 receptors

instead decreases food anticipatory activity by decreasing

motivation (LeSauter et al., 2020).

Dopamine signaling plays a prominent role in the

formation and maintenance of prairie vole pair bonds,

with distinct roles of D1 and D2 receptors. The

dopamine receptor antagonist haloperidol blocks partner

preference formation in prairie vole mates (Wang et al.,

1999), and activation of both dopamine and oxytocin

receptors is necessary for pair bond formation (Liu and

Wang, 2003). Dopamine signaling at D2 receptors in the

nucleus accumbens is particularly important for pair bond

formation in male and female prairie voles (Wang et al.,

1999; Gingrich et al., 2000; Aragona et al., 2003; Liu

and Wang, 2003), while pair bond maintenance in male

prairie voles is mediated by upregulation of dopamine

D1 receptors in the nucleus accumbens (Aragona et al.,

2006). D1 receptor signaling may promote pair bonding

in part through its role in promoting selective aggression

toward non-partners following pair bonding (Aragona

and Wang, 2009). Maintenance of pair bonds is also

associated with upregulated mRNA expression of genes

encoding dopamine D1 receptors in males and females

(Resendez et al., 2016).

In contrast to mate relationships, dopamine signaling

is not necessary for the formation of peer relationships

in prairie voles, although it can facilitate social reward

(Lee and Beery, 2021). The roles of dopamine and social

reward in partner preference thus appear to differ by rela-

tionship type. However, pharmacological manipulation of

dopamine signaling does not provide insight into the

endogenous, long-term, structural changes that occur

during the onset and maintenance of peer relationships.

We test the hypothesis that dopaminergic regulation

of social bond maintenance, rather than social bond

formation, may underlie shared characteristics with

prairie vole pair bonds—that is, high selectivity for

familiar partners over strangers. Specifically, we

assessed the effects of different social environments on

dopamine D1 receptor density and social behavior
toward both familiar peers and unfamiliar ‘strangers’.

We quantified social behavior and receptor binding in

male and female prairie voles housed alone for an

extended interval, in long-term established same-sex

pairs, and in females re-paired with new same-sex

partners in adulthood or housed in groups of five

females. This study contributes to our understanding of

how reproductive pair bonds may differ from non-

reproductive peer relationships, and of the neural and

behavioral consequences of different social

environments in a selectively social species.
EXPERIMENTAL PROCEDURES

Animal subjects

Prairie voles from our in-house breeding colony were

group weaned at 21 ± 1 days, then placed in pairs or

groups with same-sex sibling(s) or age-matched non-

sibling(s) within one week. Voles were maintained on a

long day (LD) light cycle (14 h light; 03:00 to 17:00

EST). Subjects were housed in clear plastic cages

(45 � 25 � 15 cm for 1–2 voles; 51 � 41 � 20.5 cm for

groups of five voles) with aspen bedding (Harlan

TekLab), nesting material (Lab Supply Enviro-dri and a

nestlet), and an opaque plastic hiding tube. Food

(Labdiet Mouse Chow 5015 supplemented with Labdiet

Rabbit Chow 5326) and water were available ad libitum,

with every-other-day supplementation with fresh

produce (apple or carrot). Room temperature was

maintained at �20 �C. All procedures adhered to federal

and institutional guidelines and were approved by the

Institutional Animal Care and Use Committee.
Experimental design

Male and female prairie voles (n = 12–15/group) were

assigned to one of four groups. ‘‘Control” animals were

maintained in same-sex pairs from weaning (Fig. 1), and

groups were formed from mixed-litter female quintets

(‘‘group living”). ‘‘Isolated” animals were separated to

solo-housing for 4 weeks prior to the start of behavioral

testing at d80 ± 7, while voles in the ‘‘re-paired” group

were separated from their first cage-mates for one

week, then placed with new same-sex partners for two

weeks prior to testing. Males were not included in the

group-living and re-paired conditions because male

prairie voles exhibit more aggressive behaviors toward

same-sex conspecifics than do females, especially upon

re-pairing in adulthood (Lee et al., 2019).

All individuals in the control, re-paired, and isolation

groups underwent social interaction (SI) tests at

d80 ± 7. Two to four days after social interaction

testing, partner preference tests (PPT) were conducted.

In the control and re-paired groups, both voles in each

pair served as focal animals and as partners in

consecutive PPTs spaced 2–4 days apart. In the

isolation group, voles served as strangers once in PPTs

(during either PPT session 1 or 2 for the other groups),

in order to control for tethering exposure in other

groups. Four voles from each quintet served as focal

animals in social interaction and partner preference
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Fig. 1. Experimental design. Groups consisted of voles in long-term same-sex pair housing (controls), isolated males and females, females re-

paired with a new peer partner in adulthood, and females housed in social groups (of 5). Only females were included in the latter two groups

because of higher rates of aggression in adult males. In the isolation group, both voles in each pair served as focal animals in social interaction tests

and served as strangers once in other groups’ partner preference tests. In group-living voles, four of the five voles served as focal animals in SI tests

and PPTs, with round robin testing ensuring that each of the four voles served as a focal once and as a stranger once.
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tests. Round robin testing was used for PPTs such that

each of the four voles served as a focal once and as a

stranger once. For example, in PPT session 1, focal A

was tested with B as a partner, then focal B was tested

with C as a partner in the second PPT session. In

parallel, focal C was tested with D as a partner in PPT

session 1, then focal D was tested with A as a partner

in PPT session 2. Three days after PPT session 2,

voles were euthanized and their brains were removed

for receptor autoradiography.

Social interaction test

Interactions with an unfamiliar vole were assessed in a

neutral arena, as aggression between conspecifics in

prairie voles is as high in a neutral arena as it is in

home-cage resident intruder tests (Harper and Batzli,

1997). The focal vole was placed in a new cage and

allowed to acclimate for 10 min. An unrelated, unfamiliar

same-sex stranger was marked with orange chalk

(ground with water into a thick paste) for identification,

then introduced into the cage. The test was recorded for

10 min, or was terminated early if the experimenters

determined that voles were at risk of injury (17 terminated

early/80 total tests). Tests were scored by an observer

unaware of subject group, using BORIS (Friard and

Gamba, 2016) to measure the frequency and duration

of behaviors. Test scoring focused on the behavior of

the focal vole and included measurements of aggressive

and social behaviors. Aggressive behaviors quantified

included latency to first physical attack, lateral attack/

threat, upright (boxing), chasing, lunge, and clinch (as in

Koolhaas et al., 2013; Lee et al., 2019). Clinch refers to

a behavior in which the voles scuffle but are not upright,

with one vole supine and the other on top. Lunge refers

to a behavior where one vole moves quickly to attack

another but fails to make contact, unlike lateral attack,

upright, and clinch. Social and investigative behaviors

included sniffing, grooming, and huddling. Autogrooming

and flight were also recorded. In tests where chalk marks

were not consistently visible throughout the recording,

only reciprocal behaviors (i.e., huddling time) and latency

to first physical attack were measured. Because some

tests were terminated early, a maximum test duration that

included nearly all animals (3:41, excludes three tests)
was used to cap analysis of all measures except for

latency to first physical attack.
Peer partner preference test

Peer partner preference testing was conducted as a

classic partner preference test (Williams et al., 1992),

but with same-sex partners and strangers (DeVries

et al., 1997; Beery et al., 2018; Lee et al., 2019). Testing

occurred in a linear apparatus (75 � 20 � 30 cm) divided

into three equal-sized chambers, according to the proto-

col detailed in Beery (2021a). The cage-mate of the focal

vole (the partner) was tethered at one end of the appara-

tus, and an age-matched, unrelated, same-sex novel vole

(the stranger) was tethered at the other end. Strangers

were pair-housed from weaning and were tethered no

more than three 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 (r � 0.97 between any

two scorers on training videos) used a custom scoring

script (IntervoleTimer1.6.pl, Beery, 2021b) 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.
Receptor autoradiography

Following sacrifice, brains were removed, rapidly frozen

on crushed dry ice, and stored at �80 �C until

cryosectioning. Brains were sectioned coronally at

20 lm on a cryostat and thaw-mounted on Superfrost

Plus slides (Fisher Scientific, Pittsburgh, PA, USA) in

five parallel series at 100 lm intervals. Frozen sections

were placed in racks and thawed until dry, then fixed for

2–7 min in fresh, chilled 0.1% paraformaldehyde (0.1%

paraformaldehyde in 0.1 M PBS). Sections were rinsed

for 2 � 10 min in 50 mM Tris (pH 7.4), then incubated

for 90 min at room temperature in a solution containing

the radioligand for that assay (50 mM Tris, 10 mM

MgCl2, 0.1% BSA, radioligand). All slides were rinsed

for 3 � 5 min in chilled Tris-MgCl2 (50 mM Tris, 10 mM
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MgCl2, pH 7.4), dipped in cold distilled water, and air

dried.

D1 receptor density was assessed using the tritiated

ligand 3HSCH23390 (PerkinElmer #NET930250UC,

Waltham, MA, USA) at a concentration of 4.4 nM, and

1 lm ketanserin was used to prevent additional binding

at 5-HT2 receptors (Mansour et al., 1990; Homberg

et al., 2016; Mosher et al., 2018). Nonspecific binding

was assessed by incubating adjacent sections in 4.4 lM
of the selective D1 receptor agonist SKF38393 along with
3HSCH23390 and ketanserin (Dalton and Zavitsanou,

2011; Mosher et al., 2018), which was effective at elimi-

nating binding at the D1 receptor (Fig. 3(B,C)). Concen-
trations of tritiated ligands were chosen to be at

approximately three times their Kd values (as in

Mansour et al., 1990).

Slides were apposed to BioMax MR film (Carestream

Health) for visualization for 23 days, alongside 3H-labeled

radiographic standards (Range: 0–489.1 nCi/mg,

American Radiolabeled Chemicals, #ART0123, St.

Louis, MO, USA). Receptor binding was quantified in

the nucleus accumbens (NAcc) core and shell as the

primary focus of investigation, and in the adjacent

caudoputamen (CPu) as a control, using MCID Analysis

7.0 (InterFocus Imaging ltd., Cambridge, England).

Specific binding in each region was quantified bilaterally

in three adjacent sections by subtracting non-specific

binding from total binding; values were averaged for

each subject in each region.
Statistical analyses

Because males were present in some but not all groups,

we analyzed the main effects of group (control, isolated,

re-paired and group living) in females, and conducted a

separate analysis of sex*group in groups with both

sexes (control and isolated). Tests were conducted as

ANOVA on single outcomes, or MANOVA on D1 binding

in the NAcc and CPu. Significant model results were

followed by post-hoc comparisons between groups, as

described in the text. Pearson’s correlation coefficient

was calculated as a measure of the linear association

between variables.

Principal components analysis (PCA) was used to

reduce behavioral outcomes in the PPT and SI tests to

principal components (PCs). Specific PCs are described

in the results. Principal components with eigenvalues

above 1 (Kaiser criterion; two in each test) were

analyzed with regard to other study variables. Peer

partner preference within groups was defined as

significantly more time huddling with the partner than

with the stranger.

Statistical analyses were performed in JMP 14 (SAS)

and Prism 8 (GraphPad Software), all tests were two-

tailed, and results were deemed significant at p < 0.05.
RESULTS

Principal components of social behaviors

PCA of behaviors in the partner preference test and social

interaction test reduced numerous, sometimes-correlated
measures to two PCs. For the PPT, behaviors analyzed

included partner huddling, stranger huddling, time in the

partner chamber, time in the stranger chamber, and

time alone in the neutral chamber. Two PCs explained

95% of the variance. PC1 (71%, eigenvalue 3.56) was

characterized by partner selectivity, with factor loadings

strongly influenced by partner and stranger variables in

opposing directions. PC2 (24%, eigenvalue 1.22) was

characterized by sociability, and was most strongly

influenced by the inverse of time spent alone. For the SI

test, prosocial time (huddling and allogrooming),

autogrooming, latency to first physical attack, and

frequency of aggressive behaviors (chase, upright,

lateral attack, clinch, and lunge) were analyzed. Three

PCs explained 87% of the variance. PC1 (37%,

eigenvalue 1.48) was characterized by aggression, with

latency to aggression and frequency of aggression

ranking most strongly. PC2 (33%, eigenvalue 1.32) was

most strongly influenced by grooming oriented toward

oneself (autogrooming) versus the stranger

(allogrooming, negatively loaded). PC3 (17%,

eigenvalue 0.68) was influenced by autogrooming and

allogrooming in the same direction, but did not meet the

criterion for inclusion.
Effects of social housing on behavior

Social environment (pair-housed, group-housed, isolated,

or repaired) played a significant role in behavior in the

social interaction test in groups with both sexes (2-way

ANOVA of group*sex on SI test PCs). This result is

attributable to effects on PC2 (F3,20 = 4.22,

p = 0.0182) with a significant effect of housing group

and non-significant effect of sex (group: p = 0.037; sex

p = 0.08; group*sex p = 0.20). PC2 is most influenced

by autogrooming and allogrooming, and this effect

appears to be driven most strongly by high levels of

autogrooming in isolated females.

In contrast, neither sex nor housing had an effect on

PCs derived from behaviors in the partner preference

test (across groups with both sexes, or in analysis of

females across all groups). Females across all groups

exhibited similar, significant within-group preferences for

huddling with the partner over the stranger (control:

(t26 = 4.24, p = 0.0003), re-paired: (t24 = 4.67,

p < 0.0001), group-living: (t22 = 5.32, p < 0.0001)

(Fig. 2(A)). There were also no detectable sex

differences in the single group (control) with both sexes,

including in partner huddling (t23.81 = 0.51, p = 0.61),

stranger huddling (t23.65 = -0.60, p = 0.55), and

preference score (partner huddling/total huddling)

(t23.97 = 0.65, p = 0.52).
Partner preference was associated with decreased
stranger interest across tests

Greater partner-directed affiliation in the partner

preference test was associated with reduced stranger-

directed affiliation in the social interaction test across all

animals. Animals that spent more time in their partner’s

chamber in the PPT spent less time huddling with a

stranger in the SI test (r = -0.34, p = 0.022) (in which
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only a stranger is present) and less time in olfactory

investigation of a stranger (r = -0.59, p = 0.013).

Similarly, animals with more bouts of partner huddling in

the PPT spent less time huddling with a stranger in the

SI test (r = -0.33, p = 0.025) and less time in olfactory

investigation of a stranger (r = -0.69, p = 0.002).

There was also a trend toward animals with higher

partner huddling in the PPT displaying less olfactory

investigation of strangers in the SI test (r = -0.48,

p = 0.05).

Conversely, affiliation toward strangers in the PPT

was associated with more prosocial behavior in the SI

test. Time huddling with a stranger (r = 0.56,

p = 0.021), time in a stranger’s chamber (r = 0.61,

p = 0.0098, Fig. 2(B)), and number of bouts of huddling
with a stranger (r = 0.56, p = 0.021) in the PPT were

positively correlated with time spent investigating a

stranger in the SI test.
Social environment was associated with variation in
dopamine D1 receptor density

Dopamine D1 receptor density differed significantly by

housing (Fig. 3). A MANOVA determined there was a

main effect of housing, but not sex or interaction effects,

on NAcc and CPu dopamine D1 receptor binding in

groups with both sexes (control females, control males,

isolated females, isolated males) (F2,46 = 3.28,

p = 0.047). Isolated animals in groups with both sexes

exhibited higher D1 receptor binding in the NAcc (Fig. 3

(A); t50 = -2.49, p = 0.016) and CPu (t50 = -2.29,

p = 0.026) than control animals. A MANOVA across all

female groups (control females, isolated females, re-

paired females, and group-living females) did not

identify a significant effect of housing on D1 receptor

NAcc or CPu binding in only females (F3,40 = 0.8755,

p = 0.46).
Antisocial behavior in the partner preference test was
correlated with dopamine D1 receptor density

Social behavior in the partner preference test significantly

predicted D1 binding in the brain (MANOVA of PPT PCs

on NAcc and CPu binding, effect of PC1 p = 0.93,

effect of PC2 p = 0.017). PC2 (‘sociability’) was

associated with decreased binding in both the NAcc

(p = 0.0067) and CPu (p = 0.026). PC2 is most

strongly influenced by time spent alone. Across all

socially housed animals, both PC2 (Fig. 4(A); r = 0.38,

p = 0.0062) and time alone (Fig. 4(B); r = 0.37,

p = 0.0077) predicted D1 binding in the NAcc in linear

associations. Higher D1 binding in the CPu (r = 0.33,

p = 0.02) was also correlated with increased time spent

alone.
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Because housing (isolation) was associated with

increased D1 receptor binding, we also assessed the

relationship between D1 receptor binding and time spent

alone within a single housing group (i.e., among voles

housed in the same social environment). In group-living

females, higher D1 binding in the NAcc was correlated

with increased time spent alone (r = 0.71, p = 0.0094),

but CPu binding was not (r = 0.37, p = 0.24). No

significant correlations were found between NAcc

dopamine D1 receptor density (r = -0.095, p = 0.51) or

CPu dopamine D1 receptor density (r = -0.13,

p = 0.37) and prosocial behaviors such as time

huddling with the partner.
Dopamine D1 receptor density was correlated
between regions

Mean D1 binding differed by brain region (NAcc, CPu)

across all animals (t151.69 = -8.45, p < 0.0001), but

was strongly correlated between regions (r = 0.65,

p < 0.0001).
DISCUSSION

Peer relationships differ from pair bonds

The current study assessed whether long-term, structural

changes occur during the maintenance of new peer

relationships—allowing for direct comparison to parallel

work in prairie vole pair bonds—as well as the effects of

prolonged social isolation and group housing. Unlike

prairie vole males housed with new opposite-sex

partners for two weeks (Aragona et al., 2006), dopamine

D1 receptor density was not upregulated in prairie vole

females housed with new same-sex partners for two

weeks. This suggests that dopamine D1 receptor plastic-

ity may not be involved in the maintenance of peer rela-

tionships. As in our prior studies of the role of dopamine

neurotransmission in peer partner preferences in prairie

voles (Lee and Beery, 2021) and in seasonally social

meadow voles (Beery and Zucker, 2010), the mecha-

nisms underlying peer relationships appear to be distinct
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from those underlying pair bonds and do not indicate reli-

ance on altered dopamine signaling pathways.

D1 in prairie vole mate bonding is important for

selective aggression toward strangers (Aragona and

Wang, 2009), and this aggression is a crucial component

of the maintenance of selective mate partnerships, espe-

cially in males (reviewed in Young et al., 2011). In the pre-

sent study, we found no indication that selective

aggression increased after novel same-sex pairing. If

selective aggression were an important feature of prairie

vole peer relationships, we should expect to see elevated

aggression in the re-paired group (paired with new same-

sex partners in adulthood), just as we would in prairie

voles paired with new opposite-sex partners in adulthood.

This lack of increase in aggression is consistent with the

lack of increase in D1 upon pairing with a same-sex

partner.
D1 was associated with social isolation and reduced
social behavior

Although we found no significant differences in dopamine

D1 receptor density in re-paired females compared to

control (long-term) pairs, D1 receptor binding was

responsive to other social manipulations. In particular,

socially isolated animals exhibited upregulated binding

in the nucleus accumbens compared to control animals.

This effect of social environment on dopamine receptor

binding is a novel finding in prairie voles, but parallels

work on social isolation in other rodent species. Social

isolation, especially early social isolation, disrupts

dopamine regulation in several rodent species. For

example, early social deprivation in male and female

socially monogamous mandarin voles (Microtus
mandarinus) is associated with elevated dopamine, and

increased mRNA expression of D1 receptors in the

NAcc (Yu et al., 2013). Furthermore, early social depriva-

tion inhibits partner preference formation in adult man-

darin voles, with males and females spending more time

exploring the cages of, and displaying aggression toward,

unfamiliar animals—suggesting a relationship between

upregulation of dopamine D1 receptors and reduced
B
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capacity for social bonding (Yu et al., 2013). Similarly, iso-

lated mice exhibit increased D1 receptor density in the

striatum compared to group-housed mice (Gariépy

et al., 1995). This study furthermore suggests a role for

dopamine D1 receptors in isolation-induced social reactiv-

ity, wherein high-aggression mice exhibit more attacks in

social interaction tests when socially isolated, and low-

aggression mice freeze (both asocial behaviors). These

findings also parallel the correlations between D1 recep-

tor density and reduced social behaviors found in the pre-

sent study, most notably increased time alone.

As selectively social animals, prairie voles are

rewarded by social partners and exhibit anxiety- and

depression-like behaviors when socially isolated. It is

possible that social isolation may impair an individual’s

ability to form partner preferences in the future, as in

mandarin voles in Yu et al. (2013), or make an individual

more reactive to social experiences, as in mice Gariépy

et al. (1995). Since socially isolated animals could not

be assessed for partner preference formation in the cur-

rent study design, in the future it will be important to inves-

tigate the implications of upregulated dopamine D1

binding on future behavior. There is, however, existing

evidence that early life social experiences, including

social isolation, affect partner preference behavior later

in life. For example, neonatal social isolation impairs adult

partner preference behavior in female prairie voles

(Barrett et al., 2015); males and females reared by single

mothers rather than breeding pairs exhibit delayed part-

ner preference formation (Ahern and Young, 2009); and

handled females are more likely to form partner prefer-

ences in adulthood than control females (Bales et al.,

2007). These studies suggest that social environment,

and even a mild manipulation such as handling, can affect

later pair bonding in profound ways.

In addition to finding that isolated voles exhibited

greater D1 binding, we found that individual differences

in D1 binding positively correlate with time spent alone

in the PPT (even within voles housed in the same social

environment). This association suggests that elevated

striatal D1 density could be a cause as well as

consequence of antisocial behavior. Relatedly, prairie

voles exposed repeatedly to amphetamine exhibit both

impaired pair bonding and elevated D1 receptor binding

in the NAcc (Liu et al., 2010). Together these findings

strongly suggest that higher D1 binding is reflective of

impaired social ability.

While D1 binding in the NAcc was the focus of this

study, we also measured CPu binding for comparison.

Binding differed between these regions, but was highly

correlated across subjects. In all cases in which effects

related to NAcc binding density were found, effects in

the CPu were either of lower magnitude (e.g.

differences in D1 in isolated voles) or absent (e.g. the

relationship between D1 binding and time spent alone),

underscoring the relative importance of the NAcc.

Social environment and behavior in the partner
preference and social interaction tests

Partner preferences for familiar companions versus

strangers were robustly displayed in control paired, re-
paired, and group-living animals, as in Lee et al. (2019)

and Lee and Beery (2021), wherein voles displayed

strong peer partner preferences regardless of sex, day

length, and pharmacological manipulation. This aligns

with work on prairie vole mate partnerships, where

opposite-sex partner preferences form readily in most

conditions (Madrid et al., 2020). Partner preferences are

also similar across conditions that produce differences

in social reinforcement (Goodwin et al., 2019); for exam-

ple, females and males express different patterns of

social effort expended, but identical huddling preferences

(Beery et al., 2021; Vahaba et al., 2022). Of particular

interest, prairie voles housed in peer groups exhibited

strong preferences for an arbitrarily selected group mem-

ber ‘partner’ over an unfamiliar vole, as in group-housed

meadow voles (Beery et al., 2009). This indicates that

peer relationships in both species are selective but not ex-
clusive, in contrast to prairie vole pair bonds. This may be

related to the difference in the role of D1 in peer and mate

relationships, with D1 particularly involved in the stranger

aggression that helps maintain exclusivity. It would be

interesting to test whether prairie voles readily form

repeated new peer relationships, as in prairie vole pair

bonds (Kenkel et al., 2019), and whether the strength of

these new relationships is dependent on time since sepa-

ration from the prior partner (Harbert et al., 2020).

There was a significant effect of housing environment

on behavior in the social interaction test, driven by high

levels of autogrooming in isolated females. Since

autogrooming is self-directed and performed alone, this

finding is consistent both with isolated animals exhibiting

higher D1 binding and higher D1 binding positively

correlating with more time spent alone in the partner

preference test.

Social behaviors were correlated across behavioral
test types

Across all animals that underwent both PPT and SI tests,

voles that spent more time near strangers in PPTs were

more investigative and prosocial toward strangers in SI

tests. Interestingly, partner affiliation in PPTs was

associated with reduced prosocial interaction with

strangers in the SI test—that is, more partner bonding

relates to less investigation of novel voles even when

the partner isn’t present. This provides further evidence

that, across social contexts, prairie vole peer

relationships are highly selective, like pair bonds with

mates. This behavioral consistency also provides

evidence for the existence of animal personalities or

behavioral syndromes in prairie voles (reviewed in Sih

et al., 2004), and is consistent with prior findings in prairie

voles within tests over time. For example, prairie voles

exhibit similar partner preferences for their mate after

24 h and after 2 weeks of cohabitation (Vahaba et al.,

2022). Similarly, partner huddling between prairie vole

mates does not change when tested after 3 days or

10 days of cohabitation (Harbert et al., 2020).

Non-reproductive relationships between same-sex

peers are a critical facet of the social lives of prairie

voles as well as humans. While upregulation of

dopamine D1 receptors corresponds with prairie vole
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pair bond maintenance, this is not the case for

maintenance of prairie vole peer relationships. This

likely reflects the lack of relationship-induced aggression

and exclusivity in peer relationships. However, it is

probable that signaling pathways involved in other

aspects of prairie vole pair bonds do play a role in peer

relationships. For example, oxytocin is likely to shape

selectivity of relationships in peer contexts, as it does in

meadow voles (Beery and Zucker, 2010; Anacker et al.,

2016). The present study also provides evidence of

housing-mediated D1 plasticity in prairie vole peers, as

well as effects of D1 on social avoidance, contributing to

our understanding of the neural and behavioral conse-

quences of social isolation in a selectively social species.
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