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A B S T R A C T

Although prairie vole (Microtus ochrogaster) social behavior is well-characterized in adults, surprisingly little is
known about the development of social behavior in voles. Further, the overwhelming majority of studies in
prairie voles examine social behavior in a reproductive context. Here, we examine developmental plasticity in
affiliation and aggression and their underlying neural correlates. Using sexually naïve males, we characterized
interactions with an age-matched, novel, same-sex conspecific in four different age groups that span pre-weaning
to adulthood. We found that prosocial behavior decreased and aggression increased as males matured.
Additionally, pre-weaning males were more prosocial than nonsocial, whereas post-weaning males were more
nonsocial than prosocial. We also examined nonapeptide neural activity in response to a novel conspecific in
brain regions important for promoting sociality and aggression using the immediate early gene cFos. Assessment
of developmental changes in neural activity showed that vasopressin neurons in the medial bed nucleus of the
stria terminalis exhibit functional plasticity, providing a potential functional mechanism that contributes to this
change in sociality as prairie voles mature. This behavioral shift corresponds to the transition from a period of
allopatric cohabitation with siblings to a period of time when voles disperse and presumably attempt to establish
and defend territories. Taken together our data provide a putative mechanism by which brain and behavior
prepare for the opportunity to pairbond (characterized by selective affiliation with a partner and aggression
toward unfamiliar conspecifics) by undergoing changes away from general affiliation and toward selective ag-
gression, accounting for this important life history event.

1. Introduction

Phenotypic differences in social behavior, and relevant underlying
mechanisms, are most commonly examined on an evolutionary time-
scale using comparative neuroanatomical studies. Such research has
defined distinct neural profiles that underlie differences in closely re-
lated species that exhibit monogamous or promiscuous mating pheno-
types (Wang, 1995; Young, 1999), highly social or highly territorial
phenotypes (Goodson et al., 2012; Wang et al., 2013), and uniparental
or biparental phenotypes (Roland and O'Connell, 2015; Bales and
Saltzman, 2016). However, variation in social behavior also occurs
between or within individuals of the same species. Behavioral pheno-
typic plasticity can take many forms, including behavioral shifts across
the lifespan within individuals.

Life history events are very likely to correspond to important
changes in cognition and behavior. For instance, sexually naïve adult

prairie voles (Microtus ochrogaster) are commonly considered to be
highly social and display non-selective affiliative behavior toward novel
conspecifics (relative to other vole species; Shapiro and Dewsbury,
1990). Interestingly, however, during or just after formation of a
pairbond, prairie voles exhibit selective aggression toward unfamiliar
conspecifics, and develop selective affiliation toward their familiar
partner (Young et al., 2011; Blocker and Ophir, 2016). This shift in
behavior is a striking example of a non-seasonal shift in sociality that
relates to pairbonding, a poignant moment in the life history of a prairie
vole. Similarly, single male prairie voles discriminate between other
males but not females at a time when male identity is presumably
highly relevant to them (Zheng et al., 2013). However, after males form
pairbonds, a time when the identity of other females is likely to be more
meaningful, they show clear evidence of social discrimination for un-
familiar females (Blocker and Ophir, 2015).

Development is another often-overlooked timescale on which

https://doi.org/10.1016/j.yhbeh.2018.01.006
Received 14 November 2017; Received in revised form 12 January 2018; Accepted 23 January 2018

⁎ Corresponding author at: 229 Uris Hall, Department of Psychology, Cornell University, Ithaca, NY 14853, USA.

1 Indicates joint 1st authorship.
E-mail address: amk297@cornell.edu (A.M. Kelly).

Hormones and Behavior 99 (2018) 14–24

0018-506X/ © 2018 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0018506X
https://www.elsevier.com/locate/yhbeh
https://doi.org/10.1016/j.yhbeh.2018.01.006
https://doi.org/10.1016/j.yhbeh.2018.01.006
mailto:amk297@cornell.edu
https://doi.org/10.1016/j.yhbeh.2018.01.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yhbeh.2018.01.006&domain=pdf


individuals may exhibit social behavioral plasticity. Although the social
needs of an animal vary from birth to adulthood, very few studies have
examined developmental shifts in sociality. For example, high amounts
of prosocial behavior and low levels of aggression might be most ben-
eficial at young ages when an animal is vulnerable and dependent on
parents, siblings, and/or communal members for survival (Shapiro and
Insel, 1990; Curley et al., 2009). However, when an organism reaches
sexual maturity, the same suite of behaviors might become detrimental,
and instead aggression could produce greater fitness enhancing out-
comes (i.e., to successfully compete for and obtain territories, mates,
and food resources; Nelson et al., 2013). Thus, the valence of social
interactions and the subsequent behavioral response is likely to shift as
an animal matures in a manner that corresponds with shifts in beha-
vioral priorities associated with greater fitness (Silk, 2007). The social
needs and priorities of an animal change throughout development,
emphasizing the need for mechanisms enabling behavioral plasticity to
appropriately respond to environments they commonly experience or
should be biologically prepared to experience (Snell-Rood, 2013).

Prairie voles are an excellent species for examining shifts in social
behavior throughout development. In the wild, prairie vole pups are
reared in groups comprised of either 1) single-female units with off-
spring, 2) a male-female breeding pair with multiple generations of
offspring, or 3) breeding communal groups comprised of a male-female
pair, multiple generations of offspring, and unrelated adults that often
serve as alloparents (Getz et al., 1993; McGuire and Lowell, 1995).
Around the time of reproductive maturation (roughly postnatal day
[PND] 45), juveniles disperse (McGuire et al., 1993). At dispersal, a
minority of prairie voles will remain single (or ‘wander’), whereas a
majority of them will adopt a socially monogamous mating tactic
known as ‘residency’, in which they establish independent territories,
form pairbonds and mate, and ultimately rear offspring biparentally
(Getz et al., 1993; McGuire et al., 1993; Solomon and Jacquot, 2002;
Ophir et al., 2008b; McGuire and Getz, 2010).

Prairie vole social behavior has been studied extensively in relation
to pairbonding (Young and Wang, 2004; Young et al., 2011;
Lieberwirth and Wang, 2016). In contrast, nonsexual affiliation in
prairie voles has been surprisingly understudied — particularly at ages
prior to adulthood. Preliminary (unpublished) findings from our lab
suggest that a shift toward a less social phenotype might occur in
sexually naïve males before pairbond formation. In the present study,
we assessed whether a developmental shift from a more social pheno-
type to an increasingly less social and more territorial phenotype exists
in the prairie vole outside the context of reproduction. Intuitively, it
would be more advantageous for an individual to exhibit greater pro-
social behavior and less aggression prior to dispersal given that juve-
niles benefit from parental care and familial cooperation for survival
(Solomon and French, 1997). Similarly, it might be beneficial for
prairie voles to become less gregarious as they mature (around the age
of sexual maturation and dispersal) in anticipation of shifting toward
mating tactics that are closely associated with territoriality and selec-
tive affiliation (i.e., residency).

The nonapeptides, vasopressin (VP) and oxytocin (OT), are well
known for modulating pairbonding, sexual behavior, nonsexual af-
filiation, parental care, stress response, and aggression (Young, 2009;
Goodson and Thompson, 2010; Neumann et al., 2010). VP and OT are
evolutionary conserved peptides produced in distinct neuronal popu-
lation throughout the basal forebrain and midbrain (Farina-Lipari and
Valentino, 1993; Farina Lipari et al., 1995). These distinct cell groups
exhibit some overlapping, yet also different, contributions to behavior
(Kelly and Goodson, 2014). Among the many VP and OT cell groups,
two accessory cell groups are of particular interest for the current study:
the VP cell groups of the medial bed nucleus of the stria terminalis
(BSTm) and the anterior hypothalamus (AH). VP neurons in the BSTm
directly promote gregariousness (a preference for larger groups) and
suppress aggression in male finches (Kelly and Goodson, 2013). Fur-
thermore, BSTm VP neurons are responsive to positive social stimuli in

songbirds (Goodson et al., 2009), and to copulation, but not aggressive
or agonistic interactions, in male mice and chickens (Ho et al., 2010;
Xie et al., 2011). Conversely, the VP cell group of the AH has been
implicated in promoting aggression. For instance, studies examining VP
release or VP receptors in the AH suggest a primary role for AH VP in
flank marking and overt aggression (Albers, 2012). Although not a di-
rect assessment of AH VP neurons, selective aggression displayed by
pairbonded male prairie voles is closely associated with higher densities
of VP receptors and increased levels of VP release within the AH
(Gobrogge et al., 2009). Nevertheless, surprisingly few studies have
directly examined AH VP neuronal function (Kelly and Goodson, 2014).

Here, we sought to investigate developmental changes in nonsexual
affiliative and aggressive behavior in male prairie voles. We examined
male interactions with age-matched, novel males at different stages of
development ranging from pre-weaning to reproductively mature
adulthood (Carter and Getz, 1985; Solomon, 1991; Mateo et al., 1994).
Because the BSTm VP and AH VP cell groups play an important role in
prosocial and aggressive behaviors, respectively, we also examined
immediate early gene (IEG) activity within these cell groups to evaluate
nonapeptide neuronal functional changes associated with changes in
nonsexual affiliative and aggressive behavior. Our main hypothesis was
that males should demonstrate a shift away from a social phenotype
toward a more territorial phenotype as they mature, with the main shift
likely to occur around sexual maturity and the age of dispersal (i.e.,
PND45). We also hypothesized that BSTm VP neurons would become
less responsive, and that AH VP neurons would become more re-
sponsive, to interactions with a novel, same-sex conspecific as prairie
vole males reach adulthood. Although we had no a priori predictions
about how or if BSTm OT neurons would respond to exposure to a
same-sex conspecific over development, we chose to characterize this
cell group because OT and VP frequently influence common behaviors
and there is an extreme lack of functional data on BSTm OT neurons.

2. Materials and methods

2.1. Animals

Prairie voles used in this study were obtained from our breeding
colony, from breeding pairs that were offspring of wild caught animals
we captured in Champagne County, Illinois, USA. All animals were
housed in standard polycarbonate rodent cages (29×18×13 cm)
lined with Sani-chip bedding and provided nesting material. Animals
were kept on a 14L:10D cycle, and were provided with rodent chow
(Laboratory Rodent Diet 5001, LabDiet, St. Louis, MO, USA) and water
ad libitum. Ambient temperature was maintained at 20 ± 2 °C. All
procedures were approved by the Institutional Animal Care and Use
Committee of Cornell University (2013-0102).

2.2. Experimental design

Our study aimed to assess changes in social behavior, and the un-
derlying neural mechanisms, throughout development of the prairie
vole. We tested male prairie voles at four ages to capture ages re-
presentative of distinct developmental milestones: PND15 (pre-
weaning, dependent on parents for survival), PND30 (post-weaning,
independent), PND45 (end of sexual maturation; beginning of dis-
persal), and PND60 (adulthood; reproductively viable) (Carter and
Getz, 1985; Solomon, 1991; Mateo et al., 1994). PND15 subject (and
stimulus) animals were housed with their parents and siblings, whereas
PND30, PND45, and PND60 subject (and stimulus) animals were
housed with a same-sex sibling. Sample sizes for each age group were:
PND15 n=10, PND30 n=10, PND45 n=10, and PND60 n=11.

We characterized nonsexual social behavior in sexually naïve males
at each age mentioned above. All tests were video recorded with a
camera positioned above the cage for subsequent behavioral scoring
(see Section 2.3). Stimulus animals received a zip-tie collar the day
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prior to testing for ease of identification in video analysis. To begin,
subjects were transferred into a novel cage containing clean Sani-chip
bedding and were allowed to habituate for 30min. Because this ex-
periment was intended to measure IEG activity (see Section 2.4) we
included this habituation time to reduce the likelihood of any IEG ac-
tivity being attributable to the stress of handling and/or investigating a
novel environment. Testing did not take place in the subject's home-
cage to avoid setting up a resident-intruder context, which would es-
tablish an imbalance of territorial dominance (Insel et al., 1995). Thus,
the behavioral interactions took place in a neutral arena, but note that
each subject had 30min to investigate the new cage and the stimulus
animal did not. After the habituation phase, a novel same-sex, age- and
weight- matched conspecific was placed inside the test cage for 30min.
During the 30min test period, we assessed affiliative and aggressive
behaviors (see Section 2.3). Next, the stimulus animal was removed
from the test cage. Stimulus animals were removed after 30min to
circumvent possible injuries from (potential) sustained aggressive
contact. The subject remained in the test cage for an additional 60min.
Subjects were perfused precisely 90min after the introduction of the
stimulus animal and brains were extracted to quantify neuronal acti-
vation of nonapeptide neurons in response to exposure to the stimulus
animal (Section 2.4).

2.3. Behavioral quantification

Behavior was scored using Behavioral Observation Research
Interactive Software (BORIS; Friard and Gamba, 2016). The first 10min
of interactions with the stimulus animal were scored because this time
is the most representative window for behavior that relates to neural
activity. In addition, the most dynamic behaviors were exhibited during
the initial 5–10min of subject-stimulus interaction. Behaviors measured
included: prosocial contact (any positive physical contact that included
passive bodily contact, allogrooming, play, or huddling), allogrooming
(subject grooming the stimulus), play (pinning, pouncing, and wrestling
that ended in positive physical contact), huddling (an immobile state
when subject and stimulus were shoulder to shoulder or one laying on
top of the other), and aggression (attacks, chases, lunges, bites, and
defensive/offensive upright posture). For prosocial contact, allo-
grooming, huddling, and aggression, we quantified behavior as the
duration of 10min test time spent engaging in that behavior. Because
play behavior occurred very infrequently and was generally brief, we
only analyzed the number of play events exhibited by subjects. Lastly,
we analyzed the duration of test time spent exhibiting nonsocial be-
havior; this was calculated as the total duration of aggression and
prosocial contact (thus, all contact and overtly directed behavior re-
gardless of valence) subtracted from the total 10min test time. Non-
social behavior was by and large comprised of immobile behavior with
substantial distance between the subject and stimulus animal.

2.4. Histology and immunocytochemistry

Neuronal activation of VP and OT cells was quantified using the IEG
cFos (assessed via its immunocytochemically labeled protein, Fos). Fos
functions by rapidly altering gene expression, either positively or ne-
gatively, in response to cell surface signals (Hoffman et al., 1993). Fos is
rapidly induced in neurons, with its protein product reaching a max-
imum 60–90min after stimulation. Quantification of Fos co-expressed
in cells positively labeled for OT and VP is indicative of VP or OT
neuronal activation.

To visualize VP, OT, and Fos, subjects were sacrificed by isoflurane
overdose and transcardially perfused with 0.1M phosphate buffered
saline (PBS) followed by 4% paraformaldehyde dissolved in 0.1 M bo-
rate buffer (pH 9.5). Brains were extracted, post-fixed overnight in 4%
paraformaldehyde dissolved in 0.1 M borate buffer (pH 9.5) before
cryoprotection in 30% sucrose dissolved in PBS for 48 h. Tissue was
sectioned into three 40 μm series. One series of tissue was

immunofluorescently stained for VP, OT, and Fos. Tissue was rinsed 5×
for 10min in 0.1 M PBS (pH 7.4), incubated for 1 h in block
(PBS+ 10% normal donkey serum+0.03% Triton-X-100), and then
incubated for approximately 48 h in primary antibodies diluted in PBS
containing 5% normal donkey serum+0.03% Triton-X-100. Primary
antibodies used were guinea pig anti-VP (1:1000; Peninsula
Laboratories, San Carlos, CA), mouse anti-OT (3:1000; Millipore,
Billerica, MA), and rabbit anti-Fos (5:1000; Santa Cruz Biotechnology,
Santa Cruz, CA). Antibodies were previously validated with pre-
adsorption controls to verify specificity (Kelly et al., 2017). The primary
incubation was followed by two 30min rinses in PBS. Tissue was in-
cubated for 1 h in a biotinylated donkey anti-guinea pig secondary
(8:1000; Jackson Immunoresearch, West Grove, PA), rinsed twice for
15min in PBS, and incubated for 2 h at room temperature in strepta-
vidin conjugated to Alexa Fluor 488 (3:1000), donkey anti-mouse sec-
ondary conjugated to Alexa Fluor 680 (6:1000), and donkey anti-rabbit
secondary conjugated to Alexa Fluor 594 (5:1000). All secondary an-
tibodies were diluted in PBS containing 5% normal donkey
serum+0.03% Trion-X-100. Alexa Fluor conjugates were obtained
from ThermoFisher Scientific (Waltham, MA). Following two 30min
rinses in PBS, sections were mounted on microscope slides and cover-
slipped with Prolong Gold antifade containing a DAPI nuclear stain
(ThermoFisher Scientific).

2.5. Neural quantification

To perform cell counts, images were obtained using a Zeiss
AxioImager II microscope outfitted with an AxioCam MRm, z-drive, and
an Apotome optical dissector (Carl Zeiss Inc., Gottingen, Germany).
Flattened z-stack images were used by observers blind to age of the
subject to conduct cell counts in Photoshop CS6 (Adobe Systems, San
Jose, CA) and Image J (National Institutes of Health, Bethesda, MD) as
previously described (Goodson and Wang, 2006; Kelly et al., 2017).

To account for individual differences in nonapeptide anatomy (e.g.,
VP-ir and OT-ir cell numbers), we examined the percentage of VP and
OT cells that were doubled labeled for Fos (hereafter referred to as VP-
Fos or OT-Fos colocalization). VP-Fos colocalization was quantified in
the BSTm and AH, and OT-Fos colocalization was quantified in the
BSTm. VP-Fos and OT-Fos colocalization was quantified at two levels
(see Fig. 1 for a diagram of cell group location that correspond roughly
to the Allen Mouse Brain Atlas: P53 and P55 for the BSTm; P60 and P62
for the AH). There were no significant differences between rostral and
caudal levels, and thus a combined measurement of both levels was
used for analysis. Data are reported as the percentage of VP or OT cells
that were co-expressed with Fos (%VP-Fos or %OT-Fos colocalization).

2.6. Statistical analysis

Behavioral and neural (VP-Fos and OT-Fos colocalization) data were
not normally distributed and were therefore analyzed using Kruskal-
Wallis H tests (Sections 3.1, 3.2, and 3.4). Dunn's nonparametric com-
parisons were used for posthoc analyses, and corrections for multiple
comparisons were conducted using Benjamini-Hochberg's correction for
false discovery rate (Benjamini and Hochberg, 1995). For behavioral
comparisons within groups, Friedman's test was utilized, and separate
paired Wilcoxon-signed ranks tests were run to determine posthoc
comparisons. Multiple comparisons were corrected with Benjamini-
Hochberg's correction (Section 3.3). Cohen's d effect sizes are provided
for all Posthoc comparisons. General linear models (GLMs) were used to
determine if age and neural activity interact to predict behavior
(Section 3.5). Residuals generated from GLM analyses were checked for
normality. Analyses examining prosocial contact were normally dis-
tributed; analyses examining huddling and aggression were normally
distributed after a log transformation of the dependent variable. Linear
regressions were used for examining the relationship between beha-
vioral and neural data. Analyses of prosocial contact, aggression, and
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nonsocial behavior yielded normally distributed residuals; analyses
examining huddling were normally distributed after a log transforma-
tion of the dependent variable (Section 3.5). All data were analyzed in
SPSS 24 (IBM Analytics, USA).

3. Results

3.1. Changes in affiliative behavior throughout development

To determine whether affiliative behavior changes throughout de-
velopment, we examined interactions with a novel, same-sex con-
specific. We quantified a general measure of prosocial contact behavior,
and also analyzed distinct behaviors that were included in the general
prosocial contact measurement to examine more nuanced social beha-
vior.

A Kruskal-Wallis H test showed a statistically significant difference
between the different age groups in the duration of time that males
spent in general prosocial contact with a novel, same-sex conspecific
(x2(3)= 17.72; p < 0.01; Fig. 2). Posthoc analyses revealed that
PND15 males spent more time in prosocial contact with a novel, same-
sex conspecific compared to PND30 (p < 0.01; d=2.59), PND45
(p < 0.01; d=2.09), and PND60 (p < 0.01; d=2.01) males. Inter-
estingly, prosocial contact behavior did not differ between PND30,
PND45, and PND60 males (all p > 0.52), suggesting that male prairie
voles become less affiliative during a developmental window of PND15
and PND30.

Upon examination of specific prosocial behaviors that were in-
cluded in the “prosocial contact behavior” measurement, we found that
analysis of allogrooming behavior did not yield a significant result
(x2(3)= 4.58; p=0.21; Fig. 3A), suggesting that males do not exhibit
differences throughout development in the time spent allogrooming a
novel male. Similarly, we observed no significant difference between
age groups for play behavior (x2(3)= 2.76; p=0.43; Fig. 3B).

Our analyses revealed a statistically significant difference between
the age groups in the duration males spent huddling with a novel, same-
sex conspecific (x2(3)= 8.78; p=0.03; Fig. 3C). Posthoc analyses
showed that huddling behavior did not significantly differ between
PND15 and PND30 males (p=0.07; d=1.04). However, PND15 males
spent significantly more time huddling than PND45 (p < 0.01;
d=0.92) and PND60 (p=0.03; d=0.86) males. Huddling behavior
did not differ between PND30, PND45, and PND60 animals (all
p > 0.32). These results suggest that huddling behavior decreases
during a larger developmental window (between PND15 and PND45)
than general prosocial contact behavior (between PND15 and PND30,
reported above).

3.2. Changes in aggressive and nonsocial behavior throughout development

In addition to examination of affiliative behaviors, we also mea-
sured how aggressive behavior changes throughout development, and
hypothesized that aggression would increase as males reach sexual
maturity (PND45). Indeed, we observed a statistically significant dif-
ference between the age groups in the duration that males spent being
aggressive with a novel, same-sex conspecific (x2(3)= 8.59; p=0.04;
Fig. 4A). Posthoc analyses revealed that PND15 and PND30 males did
not differ in the amount of time they spent being aggressive (p=0.08;
d=0.90). However, PND15 males engaged in significantly less ag-
gression compared to PND45 (p=0.02; d=0.83) and PND60
(p < 0.01; d=0.98) males. Aggressive behavior did not significantly
differ between PND30, PND45, and PND60 males (all p > 0.34). Like
huddling behavior, these results suggest that aggression increases
during a developmental window between PND15 and PND45.

Given that prairie voles do not always interact with conspecifics or
engage in some form of social behavior (positive or negative), we also
analyzed the time subjects spent exhibiting no social behavior (i.e.,
nonsocial behavior). Analyses revealed a statistically significant dif-
ference between the different age groups in the duration of time that
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Fig. 1. A diagram representing the location of VP-ir and OT-ir neurons quantified at
rostral and caudal levels in (A) the medial bed nucleus of the stria terminalis (BSTm), and
(B) VP-ir neurons in the anterior hypothalamus (AH). Regions where cells were quantified
are shaded in gray. AC, anterior commissure; f, fornix; LS, lateral septum; l, lateral portion
of the BST; m, medial portion of the BST; v, ventral portion of the BST; sm, stria me-
dullaris.

Fig. 2. Duration of test time (s) spent in prosocial contact with a novel, same-sex con-
specific. Pre-weaning (PND15) males spent significantly more time in prosocial contact
than older males (PND30-PND60). Box plots show the median (black line), 75th and 25th
percentiles (box), and 95% confidence interval (whiskers). Letters above graphs (A, B)
indicate statistical similarity.
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males exhibited nonsocial behavior (x2(3)= 17.28; p < 0.01; Fig. 4B).
Posthoc analyses revealed that PND15 males spent less time being
nonsocial compared to PND30 (p < 0.01; d=2.46), PND45
(p < 0.01; d=2.05), and PND60 (p < 0.01; d=1.94) males. We
found that nonsocial behavior did not differ between PND30, PND45,
and PND60 males (all p > 0.40), suggesting that during a develop-
mental window of PND15 and PND30, male prairie voles begin
spending less time interacting with novel, same-sex conspecifics.

3.3. Characterization of behavioral profiles throughout development

We compared the duration of test time spent exhibiting prosocial
contact, aggressive behavior, and nonsocial behavior to examine a more
complete characterization of all behavior exhibited during the first
10 min of interaction with a novel, same-sex conspecific, within each
age group (Fig. 5). For PND15 males, a Friedman's test revealed a sig-
nificant difference in the durations of different types of behavior
(prosocial, aggressive, and nonsocial) that were exhibited
(x2(2)= 18.20; p < 0.01). Posthoc analysis with Wilcoxon signed-rank
tests showed that PND15 males spent significantly more time exhibiting
prosocial behavior than nonsocial behavior (Z=−2.29; p=0.02;
d=2.09), more time being prosocial than aggressive (Z=−2.80;
p < 0.01; d=5.03), and more time being nonsocial than aggressive
(Z=−2.80; p < 0.01; d=2.05).

Conversely, analyses for older subjects revealed that PND30 and
older males allocate their time to different behavioral types in a manner
that is distinct from PND15 males. Friedman's analyses revealed main
effects for PND30 (x2(2)= 18.20; p < 0.01), PND45 (x2(2)= 12.80;
p < 0.01), and PND60 (x2(2)= 14.73; p < 0.01). Unlike PND15
males, posthoc analyses showed that older males spent significantly less
time exhibiting prosocial behavior than nonsocial behavior (PND30,
Z=−2.80, p < 0.01, d=3.50; PND45, Z=−2.29, p=0.02,
d=2.05; PND60, Z=−2.49, p=0.01, d=1.86). However, con-
sistent with PND15 males, older males spent more time being prosocial
than aggressive (PND30, Z=−2.70, p < 0.01, d=3.16; PND45,
Z=−2.19, p=0.03, d=1.25; PND60, Z=−2.67, p < 0.01,
d=1.98), and more time being nonsocial than aggressive (PND30,

Z=−2.80, p < 0.01, d=7.95; PND45, Z=−2.80, p < 0.01,
d=4.38; PND60, Z=−2.93, p < 0.01, d=4.92).

3.4. Nonapeptide neuronal responses to interactions with a novel, same-sex
conspecific mirror patterns of behavioral changes throughout development

We compared VP and OT neural activity between the age groups in
two brain regions known to play important roles in affiliative and ag-
gressive behaviors (the BSTm and AH, respectively). Although the
scope of this paper is to examine neuronal function, it is worth noting

Fig. 3. Deconstruction of prosocial behavior. (A) Test time (s) spent allogrooming a same-sex, novel conspecific and (B) the number of play events exhibited did not differ between the age
groups. (C) Pre-weaning (PND15) males spent significantly more time huddling with the stimulus male than PND45 and PND60, but not PND30, males. Box plots show the median (black
line), 75th and 25th percentiles (box), and 95% confidence interval (whiskers). * represents extreme outliers. Letters above graphs (A, B) indicate statistical similarity.

Fig. 4. (A) Duration of test time (s) spent exhibiting ag-
gressive behavior with a novel, same-sex conspecific. Pre-
weaning (PND15) males spent significantly less time being
aggressive than PND45 and PND60, but not PND30, males.
(B) Duration of test time (s) exhibiting nonsocial behavior.
Pre-weaning (PND15) males spent significantly less time
being nonsocial compared to older males. Box plots show
the median (black line), 75th and 25th percentiles (box),
and 95% confidence interval (whiskers). ° represents out-
liers. * represents extreme outliers. Letters above graphs (A,
B) indicate statistical similarity.

Fig. 5. Characterization of behavior (prosocial, dark blue; aggressive, dark gray; non-
social, light gray) during 10min exposure to a novel, same-sex conspecific. Males of all
ages spent significantly more time engaging in prosocial than aggressive behavior.
However, only PND15 males spent significantly more time being prosocial than non-
social. PND30, PND45, and PND60 males spent significantly more time being nonsocial
than prosocial. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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that Kruskal-Wallis H tests analyzing the total number of VP-ir and OT-
ir neurons in the BSTm and AH yielded no significant differences be-
tween the ages (BSTm VP-ir, x2(3)= 3.78, p=0.29; BSTm OT-ir,
x2(3)= 5.95, p=0.11; AH VP-ir, x2(3)= 1.49, p=0.68). Table 1
shows the mean number of peptidergic immunoreactive neurons in
each cell group for all ages.

A Kruskal-Wallis H test revealed a main effect of age on BSTm VP
neural activity (x2(3)= 12.39; p < 0.01; Fig. 6A), and posthoc ana-
lyses revealed that PND15 males exhibited more VP-Fos colocalization
in response to a novel male compared to PND30 (p < 0.01; d=1.99),
PND45 (p < 0.01; d=1.33), and PND60 (p=0.01; d=1.44) males.
However, VP-Fos colocalization did not differ between PND30, PND45,
and PND60 males (all p > 0.37). Fig. 7 shows representative photo-
micrographs of BSTm VP-ir neurons Fos-ir+ in PND15 and PND60
males. These findings suggest that BSTm VP neurons in males become
less responsive to novel same-sex conspecifics during a developmental
window between PND15 and PND30. Interestingly, this finding mirrors
the pattern observed for general prosocial contact behavior, suggesting
a possible role for the involvement of BSTm VP neurons in promoting
affiliative behavior.

Although BSTm VP neural activity in response to a novel, same-sex
conspecific differed across development, we found that BSTm OT-Fos
colocalization did not differ between the age groups (x2(3)= 1.67;
p=0.64; Fig. 6B). This finding suggests that BSTm OT neurons are
either not responsive to interactions with a novel, same-sex conspecific
or that BSTm OT neurons exhibit consistent nonsexual social functional
responses, and do not change, throughout development.

Similarly, although we predicted that AH VP neural activity would
increase alongside increases in aggression throughout development, we
observed no significant difference in AH VP-Fos colocalization between
the age groups (x2(3)= 5.46; p=0.14; Fig. 6C). Again, this suggests
that AH VP neurons are either non-responsive to interactions with an-
other male or that AH VP neurons exhibit consistent functional profiles
throughout development.

3.5. Neurochemical signatures of behavior

Next, we examined whether neural activity predicts behavior

Table 1
Vasopressin and oxytocin immunoreactive (-ir) cell numbers.

Brain region Peptide #Peptide-ir cells

PND15 PND30 PND45 PND60

AH Vasopressin 29.60 ± 5.12 29.80 ± 5.36 28.00 ± 4.72 24.18 ± 3.98
BSTm Vasopressin 13.10 ± 1.20 14.10 ± 2.51 10.90 ± 1.91 11.18 ± 1.44
BSTm Oxytocin 11.40 ± 1.66 8.20 ± 1.48 9.20 ± 2.04 8.09 ± 1.39

Results are expressed as the mean ± SEM. The total number of peptidergic cells within a cell group did not differ between age groups. BSTm, medial bed nucleus of the stria terminalis;
AH, anterior hypothalamus.

Fig. 6. Percentage of nonapeptide neurons expressing Fos in response to a novel, same-sex conspecific. (A) The percentage of BSTm VP-ir neurons that exhibit Fos-ir nuclei was
significantly greater in PND15 males compared to older males. The percentage of (B) BSTm OT-ir and (C) AH VP-ir neurons colocalized with Fos-ir did not differ between age groups. Box
plots show the median (black line), 75th and 25th percentiles (box), and 95% confidence interval (whiskers). ° represents outliers. Letters above graphs (A, B) indicate statistical
similarity.

Fig. 7. Representative immunocytochemical staining of VP (green; Alexa Fluor 488) and
Fos (red; Alexa Fluor 594) in the BSTm of (A) a PND15 male subject and (B) a PND60
male subject. The arrow in Panel A indicates an example of a VP-ir neuron colocalized
with Fos-ir. AC, anterior commissure. Scale bar= 50 μm.
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differentially across age groups. We used GLMs to determine if behavior
is predicted by both neural activity and age. Surprisingly, we found no
significant interaction of BSTm VP-Fos colocalization and age for pro-
social contact behavior (F(3,33)= 0.85; p=0.48), huddling behavior
(F(3,33) = 0.55; p=0.66), aggression (F(3,33) = 0.22; p=0.88), or
nonsocial behavior (F(3,33) = 1.15; p=0.34). Similarly, we found no
significant interaction of BST OT-Fos colocalization and age for proso-
cial contact behavior (F(3,33) = 0.39; p=0.76), huddling behavior
(F(3,33) = 0.41; p=0.75), aggression (F(3,33) = 0.48; p=0.70), or
nonsocial behavior (F(3,33) = 0.59; p=0.62). Lastly, we found no sig-
nificant interaction of AH VP-Fos colocalization and age for prosocial
contact behavior (F(3,33)= 0.15; p=0.93), huddling behavior
(F(3,33) = 0.33; p=0.81), aggression (F(3,33) = 0.69; p=0.57), or
nonsocial behavior (F(3,33) = 0.11; p=0.95). Although the results
discussed above suggest that BSTm VP neurons become less responsive
to a novel, same-sex conspecific post-weaning, these findings suggest
that the relationship between neural activity and behavior do not ex-
hibit differences across development.

Because of the absence of differences just reported, we collapsed the
age groups, thereby increasing statistical power, and conducted linear
regressions to determine the relationships between neural activity and
behavior. Analyses revealed a significant positive correlation for BSTm
VP neural activity and prosocial contact behavior (Pearson's correla-
tion: r=0.31; p=0.05; Fig. 8A), but no relationship for huddling
(r=0.16; p=0.33). Interestingly, BSTm VP neural activity negatively
correlated with aggression (r=−0.32; p=0.04; Fig. 8C). We observed
no significant relationship between BSTm VP neural activity and non-
social behavior (r=0.28; p=0.08).

Regression analyses showed that BSTm OT neural activity does not
significantly predict prosocial contact (r=−0.10; p=0.55), huddling
(r=−0.12; p=0.47), aggression (r=−0.09; p=0.58), or nonsocial

behavior (r=0.12; p=0.45). Similarly, AH VP neural activity does not
significantly predict prosocial contact (r=0.04; p=0.80; Fig. 8B),
huddling (r=−0.01; p=0.95), aggression (r=0.05; p=0.76;
Fig. 8D), or nonsocial behavior (r= 0.05; p=0.74).

Overall, nonapeptide-Fos colocalization was relatively high (in
general between 50% and 80%, see Fig. 6). However the high levels of
colocalization are typical for relatively small accessory nonapeptide cell
groups (e.g., Goodson et al., 2009; Ho et al., 2010).

These results indicate that BSTm VP neurons may actively promote
nonsexual affiliation, while concomitantly suppressing aggression in
male prairie voles. Furthermore, although AH VP has been implicated
in promoting aggression, our results do not provide any evidence that
AH VP neurons are involved in aggression in sexually naïve male prairie
voles under interactions with novel, same-sex conspecifics.

4. Discussion

The aim of this study was to characterize changes in social behavior
throughout development. We hypothesized that a shift from a more
social phenotype to a less social and more territorial phenotype would
occur around sexual maturity and the age of dispersal (PND45). Our
results demonstrated that general prosocial contact behavior decreases
during a developmental time window between PND15 and PND30,
whereas huddling decreases and aggression increases during a devel-
opmental period between PND15 and PND45. Overall, animals of all
ages spent more time being prosocial than being aggressive. However,
although PND15 animals spent more time being prosocial than non-
social, a developmental behavioral shift occurred such that males ex-
hibited significantly more nonsocial than prosocial behavior by PND30.
As behavior changes throughout development, so in turn might the
neural mechanisms underlying behavior. To address the hypothesis that

Fig. 8. Regression of neural activity and behavior. (A)
Test time spent (s) in prosocial contact positively
correlates with the percentage of BSTm VP-ir neurons
colocalized with Fos-ir, and (C) time spent exhibiting
aggression negatively correlates with the percentage
of BSTm VP-ir neurons colocalized with Fos-ir.
However, (B) prosocial contact and (D) aggressive
behavior do not correlate with AH VP-ir neural ac-
tivity.
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neural correlates relate to developmental changes in behavior, we ex-
amined IEG activity in VP and OT neurons in brain regions important
for modulating sociality and aggression (e.g., BSTm and AH). Our re-
sults revealed that BSTm VP neural activity decreased in a develop-
mental window of PND15 and PND30, in the same way that prosocial
contact decreased. Furthermore, regardless of age, BSTm VP neural
activity positively related to prosocial contact behavior and negatively
related to aggression, suggesting an important role for this cell group in
modulating prosociality in sexually naïve male prairie voles. Further
studies that directly assess this cell group are necessary to determine its
direct contribution to social behavior. Interestingly, our data did not
support the prediction that AH VP neural activity would relate to ag-
gressive behavior.

4.1. Putative function of developmental plasticity in behavior

Exhibiting behavioral plasticity allows animals to appropriately
respond and adapt to dynamic environments (Goodson and Kabelik,
2009; Taff and Vitousek, 2016). Developmental behavioral plasticity, in
particular, is extremely adaptive because it can enable a given species
or population to match changing environments they commonly ex-
perience, or should be prepared to experience, based on species-level
life history that has shaped the evolution of that species (Snell-Rood,
2013). For example, decreasing prosocial behavior and increasing ag-
gression over the course of early development in prairie voles corre-
sponds to the transition from a period of allopatric cohabitation with
siblings to a period of time when voles disperse and presumably attempt
to establish and defend territories (McGuire et al., 2013). When prairie
voles disperse, they adopt one of two mating tactics. They will either
remain single, traverse large areas of space, refrain from being terri-
torial, and presumably attempt to mate multiply, a tactic known as
‘wandering.’ Alternatively, they might establish a territory, acquire a
mate and form a pairbond, and engage in socially monogamous beha-
vior, a tactic referred to as ‘residency.’ Although there is some debate as
to which tactic is associated with greater fitness (see Solomon and
Jacquot, 2002), much of the available evidence suggests that residents
benefit from a selective advantage (Ophir et al., 2008b; Ophir et al.,
2008c; Blocker and Ophir, 2016). The results from the current study
indicate that developing prairie voles demonstrate a behavioral change
from being highly prosocial to less prosocial and increasingly aggressive
with strangers. These results provide further evidence that the evolved
life history of prairie voles is consistent with the idea that prairie voles
benefit from adopting residency. Our results showing that BSTm VP
functional responses parallel this life history shift provide a potential
functional mechanism that contributes to this change in sociality as
prairie voles mature.

4.2. How social is the highly social prairie vole?

Prairie voles are widely recognized as a highly social species
(McGraw and Young, 2010; Carter and Porges, 2013). Arguably the
most commonly studied form of prosocial behavior in prairie voles is
pairbonding (Young et al., 2008; McGraw and Young, 2010; Gobrogge
and Wang, 2016; Ophir, 2017), closely followed by parent-infant bonds
(Perkeybile et al., 2013; Prounis et al., 2015; Bales and Saltzman, 2016;
Numan and Young, 2016). An important distinction to be made is that
this high sociality in prairie voles occurs before mating and bonding
(Getz et al., 1993; Young, 2009; Cushing, 2016; Gobrogge and Wang,
2016). After bonding, males and females may show high affiliation
toward their partner and offspring, but become selectively aggressive to
other conspecifics (Winslow et al., 1993; Aragona et al., 2006;
Gobrogge et al., 2007; Gobrogge et al., 2009). This point stresses the
importance of social context and warrants caution when using termi-
nology to broadly define the social phenotype of a species (Goodson,
2013; Kelly and Ophir, 2015).

Nevertheless, few studies have examined prairie vole social bonds,

and the development of sociality, outside of a reproductive context (i.e.,
bonds excluding mating, pairbonds, parent-infant relations). In the
present study, we found that prosocial behavior with an age-matched,
novel, same-sex conspecific, outside of a reproductive context, de-
creased as prairie vole males matured from pre-weaning to adulthood.
Specifically, we found that prosocial contact decreased during a de-
velopmental window between PND15 and PND30. This suggests that
prairie voles demonstrate the highest degree of prosociality when they
are at an age where communal living is most likely. The period that
encompasses weaning (PND 21) and pre-dates sexual maturity (a time
that is relatively equivalent to adolescence; Mateo et al., 1994) appears
to capture the time when the degree of prosociality declines and an
increased predisposition to selective aggression develops.

It is very important to note that when all behavior during the test
was divided into prosocial, antisocial (aggressive), and nonsocial ca-
tegories, we found that males of all ages spent significantly more time
being prosocial than antisocial. It is therefore important to acknowl-
edge that the decline in prosociality is a relative measure and that these
animals continued to act in a way that could be viewed as prosocial.
However, upon examination of nonsocial behavior, we found that only
PND15 males spent significantly more time being prosocial than non-
social, whereas PND30, PND45, and PND60 males spent significantly
less time being prosocial than nonsocial. Thus, outside of a reproductive
context, post-weaning aged male prairie voles did not exhibit a beha-
vioral phenotype that is consistent with being described as “highly
social” when interacting with a novel, same-sex conspecific. Instead,
our data suggest that although post-weaning male prairie voles are
more prosocial than they are aggressive, they also spend substantially
more time being nonsocial than prosocial.

4.3. Factors driving prosocial behavior: insights from development

There are numerous factors that might explain our finding that
PND15 males are more prosocial than PND30, PND45, and PND60
males. These factors include stress-buffering (Kikusui et al., 2004;
Curley et al., 2009; Dettmer et al., 2016), capacity for social recognition
(however, see Porter, 1988), having lower levels of steroid hormones
associated with being pre-pubertal (Soma, 2006; Fuxjager et al., 2011;
Vetter-O'Hagen and Spear, 2012; Cushing, 2016), maximizing meta-
bolic efficiency (Harshaw et al., 2014), and thermoregulatory heat-
seeking (Alberts, 2007). It is worth noting that our measure of prosocial
contact included several prosocial behaviors, including huddling, play,
allogrooming, and nonaggressive/passive bodily contact. When these
behaviors were analyzed separately, only huddling yielded significant
age differences.

A plausible alternative explanation for our result demonstrating
PND15 pups were more prosocial could be that these younger animals
were attempting to thermoregulate, and simply had the appearance of
greater prosocial behavior. Many aspects of thermoregulatory ability
(e.g., poikilothermia, homoiothermy, muscle shivering, adrenomedul-
lary thermoregulation) reach adult levels by 3 weeks of development
(Lagerspetz, 1966). Thus, the PND15 subjects in our study presumably
did not have fully developed thermoregulatory abilities compared to
older age groups. Indeed, in the first 2–3weeks of life, huddling among
rodent pups is driven by thermal cues (Alberts, 2007) and huddling
could reflect thermoregulation rather than general prosocial contact.
The increased aggressive behavior observed in older animals could also
be interpreted as a consequence of a reduced need to huddle, which
would effectively liberate animals to engage in other behaviors — in
this case, aggression. Interestingly, however, huddling behavior did not
significantly differ between PND15 and PND30 males. Yet, PND30
males should have fully developed thermoregulatory abilities. This
suggests that thermoregulation is likely not the sole reason for higher
levels of prosocial behavior in the PND15 males, although we cannot
rule this factor out completely. In addition to the thermoregulatory
benefits of huddling, huddling also increases growth rates and reduces
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nutritive energy requirements through increased metabolic efficiency
(Harshaw et al., 2014). Importantly, prairie voles are undergoing sub-
stantial developmental changes between PND15 and PND45. Thus, it is
possible that the relatively high levels of huddling in pre-weaning aged
prairie voles might be better viewed through a physiological regulation
lens rather than a purely prosocial lens. The inference from this inter-
pretation of the data would be that increased BSTm VP neural activity
of PND15 males reflects a response to cold-stress and/or difficulties
thermoregulating. However, BSTm VP neural activity has not been
implicated in thermoregulation.

4.4. Antisocial and nonsocial behavior in the prairie vole

Prairie voles are not commonly used for the direct study of ag-
gressive behavior because they exhibit relatively low levels of aggres-
sion compared to other species (e.g., hamsters; Young et al., 2011;
Albers, 2012; Takahashi and Miczek, 2014). However, research that has
examined aggression in prairie voles has largely been in a reproductive
context (Winslow et al., 1993; Aragona et al., 2006; Ophir et al., 2008a;
Gobrogge and Wang, 2011; Blondel and Phelps, 2016). The most
commonly studied form of aggression in prairie voles is that of mating-
induced aggression. After pairbonding, males exhibit selective affilia-
tion toward their female partner and selective aggression toward novel
males and females (Winslow et al., 1993; Aragona et al., 2006;
Gobrogge et al., 2007; Gobrogge et al., 2009). Similarly, female prairie
voles exhibit increased aggressive behavior and decreased affiliative
behavior to female conspecifics following cohabitation with a male and
during pregnancy (Bowler et al., 2002).

Surprisingly few studies have examined aggression in prairie voles
outside of a reproductive context. One such study that has, found that
sexually naïve adult males are significantly more aggressive with a
novel, same-sex conspecific compared to females (Bales and Carter,
2003). The extent to which aggression naturally changes over devel-
opment, however, remains unclear. In the present study, we found that
aggressive behavior with an unfamiliar same-sex conspecific increased
as males matured. Specifically, we found that aggression increased
during a developmental window between PND15 and PND45, although
PND15 and PND30 males did not statistically differ in the time spent
exhibiting aggression. Nevertheless, only a single PND15 subject ex-
hibited aggressive behavior, whereas half of the PND30 subjects ex-
hibited aggression. This trend for a general increase in aggression as
males mature continued with 60% of PND45 subjects and 72% of
PND60 subjects exhibiting aggression. Interestingly, the age group that
exhibited the most variation in aggression was PND45 — the age group
that best represents the transition to sexual maturation. This variation,
combined with our finding that aggression significantly increased be-
tween PND15 and PND45, strongly suggests that shifts in aggressive
phenotype across development are tied to hormonal changes (i.e., in-
creases in sex steroids) associated with puberty and sexual maturation.
This highlights the importance of also considering a development per-
spective when examining plasticity in social behavioral phenotype.

4.5. Neurochemical profiles of behavior

In addition to characterizing developmental plasticity in social be-
havior, we were interested in determining whether the nonapeptide
system exhibits functional plasticity across development in relation to
changes in social behavior. To this end, we characterized IEG responses
of VP and OT neurons during interactions with a novel, same-sex con-
specific. We focused on two accessory nonapeptide cell groups in the
brain that are particularly well known for modulating affiliation and
aggression – the BSTm and the AH – because our study specifically
examined prosocial and aggressive behavior. Moreover we had a priori
reasons to expect that VP in these structures would be functionally
related to either social behavior (in the BSTm) or aggression (in the
AH).

In the present study, we found that BSTm VP-Fos colocalization
positively correlated with prosocial contact behavior and negatively
correlated with aggression. Our results are consistent with previous
work. For example, studies in numerous species have implicated BSTm
VP neurons as contributors to prosocial behavior. IEG studies have
shown that BSTm VP neurons express greater levels of VP-Fos coloca-
lization in response to positive, social stimuli in birds (Goodson et al.,
2009). BSTm VP neurons are also activated after copulation, but not
aggressive or agonistic interactions, in male mice and chickens (Ho
et al., 2010; Xie et al., 2011). Furthermore, male mice selected for a
low-aggression phenotype exhibit significantly more BSTm VP neurons
than males selected for high aggression (Compaan et al., 1993). Direct
assessment of BSTm VP neurons utilizing antisense oligonucleotides
demonstrate that BSTm VP neurons in male zebra finches promote
gregariousness, while concomitantly suppressing aggression (Kelly
et al., 2011; Kelly and Goodson, 2013). Finally, microdialysis studies in
rats have shown that VP release within the BST negatively correlates
with intermale aggression in a resident-intruder test (Veenema et al.,
2010). Together, these findings suggest a strong evolutionary con-
servation of BSTm VP social function across taxa.

To our knowledge, extremely few studies have examined develop-
mental functional plasticity of nonapeptide neurons in relation to social
behavior, and we are not aware of any studies that have specifically
examined differences in BSTm VP neural responses across development.
We observed that the number of VP-ir neurons in the BSTm do not
significantly differ between the age groups, suggesting that this acces-
sory cell group is fully developed by PND15 (consistent with previous
findings, Kelly and Ophir unpub. obs.). However, we also found that a
greater percentage of BSTm VP neurons were co-expressed with Fos in
response to exposure to a novel, age-matched, same-sex conspecific in
PND15 males compared to all older age groups. This finding directly
mirrors the behavioral results for prosocial contact behavior. The most
prosocial and one of the least aggressive ages (PND15) also exhibited
the greatest BSTm VP neural activity, suggesting that BSTm VP neurons
are involved in facilitating prosociality and inhibiting aggression. This
interpretation is supported by the regression analyses that revealed that
BSTm VP neural activity (for all ages) positively correlates with pro-
social contact and negatively correlates with aggressive behavior. In
other words, the functional role of this cell group in modulating ag-
gression and affiliation appears to be consistent throughout develop-
ment. However, this cell group was most responsive in this role to in-
teractions with a same-sex conspecific before weaning. Although BSTm
VP neurons may consistently be involved in promoting prosocial be-
havior and concomitantly suppressing aggression throughout develop-
ment, the degree of this modulation appears to decrease as male voles
mature. This age difference in the degree of BSTm VP neural response
could reflect changes in the social needs of male voles as they mature.

Much like BSTm VP-ir neurons, accessory extrahypothalamic VP-ir
neurons in the AH are present in amphibians, reptiles, birds, and ro-
dents (Moore and Lowry, 1998). The majority of studies that investigate
the role of AH VP have examined VP receptors (vasopressin receptor 1a,
V1aR), and surprisingly few studies have examined AH VP neuronal
function (Kelly and Goodson, 2014). The prevailing literature is
somewhat inconsistent and it appears that there are sex- and context-
specific effects of AH VP on aggression (Ferris and Potegal, 1988; Ferris
et al., 1989; David et al., 2004; Melloni and Ricci, 2009; Gutzler et al.,
2011; Albers, 2012). Although few studies on VP-mediated aggression
have been conducted in prairie voles, Gobrogge et al., 2009 elegantly
demonstrated that selective aggression displayed by pairbonded male
prairie voles is associated with higher densities of VP receptors and
increased levels of VP release within the AH, and that AH VP is both
necessary and sufficient for the regulation of selective aggression as-
sociated with pairbonding. For these reasons, it was somewhat sur-
prising that we did not find a relationship between changes in aggres-
sion over development and AH VP activation. Although activation of
V1aRs in the AH clearly facilitates aggression under some contexts, it
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remains unclear if the endogenous source of VP originates within or
outside of the AH. The apparent inconsistency between our data (i.e.,
lack of relationship between AH VP activation and aggression) and
other studies demonstrating a link between AH VP and aggression could
be resolved if the endogenous source of VP activates AH receptors in a
distal, paracrine fashion (Landgraf and Neumann, 2004; Ludwig and
Leng, 2006).

Despite it being relatively less studied, we also examined OT neural
activity in the BSTm. Interestingly, unlike the deep evolutionary roots
of VP in the BSTm, BSTm OT neurons (or the non-mammalian homo-
logue, mesotocin neurons) are only found in amphibians and mammals
(Thepen et al., 1987; Takei et al., 2016). Thus, there have been fewer
opportunities across taxa for probing the functions of the BSTm OT
neurons. The few studies that have specifically examined BSTm OT
neuronal function suggest a potential involvement of this cell group in
stress caused by social defeat (Steinman et al., 2016) and parental se-
paration from offspring (Kelly et al., 2017). We found no age differ-
ences in BSTm OT neural activity in response to interactions with a
novel, same-sex conspecific. This suggests that there simply may not be
functional differences throughout development, or that BSTm OT neu-
rons are not responsive to interactions with a novel male. Regardless of
age, we found no significant relationships between BSTm OT neural
activity and any type of behavior examined. Therefore, our data suggest
that OT neurons of the BSTm are not responsive to same-sex social
interactions (positive or negative) in sexually naïve male prairie voles.

5. Conclusions

We demonstrated that affiliation, aggression, and nonapeptide
neuronal function change throughout development, providing novel
evidence for behavioral and functional neural plasticity on a develop-
mental timescale. Our results indicated that developing prairie voles
demonstrate a behavioral change from being highly prosocial to less
prosocial, and increasingly aggressive with novel, same-sex con-
specifics. This behavioral shift corresponds to the transition from a
period of allopatric cohabitation with siblings to a period of time when
voles disperse and presumably attempt to establish and defend terri-
tories. Our results show that BSTm VP functional responses parallel this
life history shift, and provide a potential functional mechanism that
contributes to this change in sociality as prairie voles mature. Although
the relationship between BSTm VP activity and behavior is consistent
throughout development, the VP neurons of the BSTm are most re-
sponsive to interactions with a same-sex conspecific in pre-weaning
males. Perhaps non-coincidentally, this is the age group that also ex-
hibited the highest level of prosocial behavior. These results suggest
that a direct behavioral function of the BSTm VP neuronal population is
to promote prosocial behavior and suppress aggressive behavior, a
function that does not change over development. However, our data
also suggest that the degree and strength of this function may exhibit
plasticity such that this cell group becomes decreasingly responsive and
less active during nonsexual, social interactions as males mature.
Furthermore, pre-weaning males were more prosocial than nonsocial,
but post-weaning males were significantly more nonsocial than proso-
cial. This calls into question the use of the label ‘highly social’ for
prairie voles. Nevertheless, males exhibited relatively low levels of
aggressive behavior, speaking to the relative prosociality of this species.
Overall, our data suggest that social context is extremely influential in
the amount of prosocial behavior that male prairie voles exhibit.
Together, these findings contribute to a growing body of work char-
acterizing social behavior and the underlying nonapeptide mechanisms
in prairie voles, and add previously unknown findings from a devel-
opmental perspective in an underappreciated social context.
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