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Abstract

The social behavior network (SBN) has provided a framework for understanding the neural control
of social behavior. The original SBN hypothesis proposed this network modulates social behavior
and should exhibit distinct patterns of neural activity across nodes, which correspond to distinct
social contexts. Despite its tremendous impact on the field of social neuroscience, no study has
directly tested this hypothesis. Thus, we assessed Fos responses across the SBN of male prairie
voles (Microtus ochrogaster). Virgin/non-bonded and pair bonded subjects were exposed to a
sibling cagemate or pair bonded partner, novel female, novel male, novel meadow vole, novel
object, or no stimulus. Inconsistent with the original SBN hypothesis, we did not find profoundly
different patterns of neural responses across the SBN for different contexts, but instead found
that the SBN generated significantly different patterns of activity in response to social novelty

in pair bonded, but not non-bonded males. These findings suggest that non-bonded male prairie
voles may perceive social novelty differently from pair bonded males or that SBN functionality
undergoes substantial changes after pair bonding. This study reveals novel information about
bond-dependent, context-specific neural responsivity in male prairie voles and suggests that the
SBN may be particularly important for processing social salience. Further, our study suggests
there is a need to reconceptualize the framework of Aowthe SBN modulates social behavior.
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Introduction

Displaying context-appropriate social behavior requires the integration of sensory stimuli,
assessment of the social and internal state, evaluation of that information to estimate the
best possible output, and finally action in the form of complex motor outputs. Needless

to say, this is a computationally complex process. During different social encounters, an
animal’s response is rarely attributable to a single region of interest or the result of a simple
brain region to behavior linear relationships. Rather, the computational load to process such
information relies on a distributed network of brain structures communicating in concert to
cohesively modulate the interplay of neural activity across the brain.

The Social Behavior Network (SBN) was originally proposed by Newman (1999) as a
framework for how a collection of brain areas could orchestrate rodent social behavior
across varying social contexts. The SBN hypothesis proposed that different patterns of
neural activity would result from exposure to distinct social contexts. At the core of

the SBN are seven key brain regions: the medial extended amygdala (medial amygdala
(MeA); bed nucleus of the stria terminalis (BST)), the lateral septum (LS), the preoptic
area (POA), the anterior hypothalamus (AH), the ventromedial hypothalamus (VMH),

and the periaqueductal gray (PAG). These nodes were chosen based on three specific
criteria: reciprocal anatomical connectivity, presence of gonadal hormone receptors, and

a priori demonstration of being involved in more than one social behavior (Newman,
1999). Together, these nodes were hypothesized to modulate social behavior by collectively
exhibiting distinct “neural landscapes” across different social contexts (Newman, 1999).
For example, an animal interacting in a mating context might have increased LS and POA
activity to allow for prosocial and sexual behavior but decreased AH and MeA activity to
suppress aggression (Newman, 1999; Goodson, 2005). Conversely, in a territorial context,
the LS and POA might exhibit low activity whereas the AH and MeA may increase activity
(Newman, 1999; Goodson, 2005).

Goodson (2005) advanced the definition of the network to account for additional
considerations, including: (a) refocusing the SBN as a core network of nodes integral for
social behavior processing, but incorporating support from cortical and reward areas, (b)
broadening social behaviors to include responses to social stress and vocal communication,
and (c) centering the presence of peptidergic neurons and neuropeptide receptors as criteria
for inclusion in the network. The SBN has since provided a valuable framework for
understanding the social brain across social domains in an array of taxa (Crews, 2003;
Forlano et al., 2005; Goodson, 2005; Goodson et al., 2005b; Crews, 2008; Kelly and
Goodson, 2013; Zheng et al., 2013; Kabelik et al., 2018; Reppucci et al., 2018; Butler et
al., 2020; Duque-Wilckens et al., 2020; Tripp et al., 2020; Grieb et al., 2021). Furthermore,
the SBN has been integrated with other brain networks hypothesized to modulate other core
functions such as reward (O’Connell and Hofmann, 2011), aggression (Lischinsky and Lin,
2020), social salience (Johnson et al., 2017), pair bonding (Walum and Young, 2018), and
socio-spatial memory (Ophir, 2017). Arguably the most popular expansion of the SBN is the
social decision making network (SDMN), which proposed that animals regulate complex,
adaptive behavior via interactions between the SBN and the mesolimbic reward system and
that these circuits together form a larger network (O’Connell and Hofmann, 2011).
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A few studies have examined how social context influences neural activity patterning across
the social decision making network (SDMN) — an expansion of the SBN that includes
reward circuitry. For example, zebrafish in varying agonistic contexts exhibit differential
patterning depending on whether they lost, won, or had an unclear outcome of a fight

(Teles et al., 2015). Additionally, zebrafish that won or lost a fight generally exhibit greater
neural activity across SDMN nodes compared to zebrafish that did not engage in a social
interaction, and network centrality analysis revealed both shared and sex-specific hubs for
distinct social conditions (i.e., win, lose, control), suggesting that context and sex elicit
differential activation patterns of the SDMN (Scaia et al., 2022). Notably, these studies

test subjects in agonistic interactions, and thus it remains unclear whether the SDMN

may exhibit differential patterns in non-agonistic social contexts. Further, the SDMN is an
expansion of the SBN, and we believe that it is important to test the foundation in which
hypotheses have been built upon. To our knowledge, the original assumption that the SBN
should produce distinct patterns of neural activation in response to different social contexts
(positive, neutral, and negative) has never been directly tested. Researchers have compared
patterns of activity across nodes of the SBN, but these studies were limited to comparing
only two social contexts (Maney et al., 2008; Petersen et al., 2021) or comparing species
within a single social context (Goodson et al., 2005a). Although studies such as these have
provided highly valuable insights into the roles of SBN nodes, questions persist about the
collective functioning of the SBN across social (and non-social) contexts. Here we explicitly
test the hypothesis that differential patterns of neural responses across the nodes of the SBN
are associated with different social contexts. Specifically, we compare SBN neural responses
across five ecologically-relevant social contexts and two nonsocial contexts in male prairie
voles (Microtus ochrogaster).

Prairie voles have emerged as a model system for studying the neural mechanisms of
social behavior (Carter, 1998; Tabbaa et al., 2016; Bosch and Young, 2018; Potretzke and
Ryabinin, 2019). Much of this progress has been built upon a strong understating of the
natural history and behavioral ecology of this socially monogamous and biparental rodent
species (Madrid et al., 2020). Because prairie voles often form long-lasting pair bonds
between male-female partners (Getz et al., 1981) and exhibit neural changes and selective
aggression toward novel conspecifics after pair bonding (Carter et al., 1995; Wang et al.,
2013; Lopez-Gutierrez et al., 2021), we examined whether SBN neural responsivity differs
in non-bonded (i.e., virgin) and pair bonded male prairie voles. To specifically test the
hypothesis that patterns of neural activity across the SBN differ based on social context,
we used a relatively simple multivariate (multi-region) classification approach followed by
random permutation testing to assess statistical significance.

Prairie voles used in this study were obtained from the Ophir Lab breeding colony at Cornell
University. All subjects (PND 100-200) were from breeding pairs that were offspring of
wild caught animals we captured in Champagne County, Illinois, USA. Animals were pair
housed in standard polycarbonate rodent cages (29 x 18 x 13cm) lined with Sani-chip
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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. Sex was assessed
and assigned at weaning based on differences in external genitalia. All procedures were
approved by the Institutional Animal Care and Use Committee of Cornell University (2013-
0102).

Experimental design

Our study aimed to assess context-dependent neural responses across the SBN in adult male
prairie voles that were either pair bonded or non-bonded (i.e., Group). Female partners
were moved into separate cages and were primed with soiled bedding of future male mates
for 2 days prior to pairing. Males in the Pair Bonded group were then placed into the

home cages of the females and allowed to cohabitate for 1 week prior to testing. Males in
the Non-bonded group remained housed with a same-sex sibling; any additional same-sex
siblings were removed from the subjects’ cages and rehoused so that all subjects were
housed with one conspecific.

To examine neural responses across the SBN to varying contexts, we assessed expression
of the immediate early gene (IEG) c-Fos in subjects after exposing them to i) a familiar
conspecific which was either their pair bond partner or their same-sex sibling cagemate, ii)
an age-matched novel female conspecific, iii) an age-matched novel male conspecific, iv)
a novel heterospecific meadow vole (Microtus pennsylvanicus, serving as an ecologically-
relevant social stimulus), v) a novel object (a rubber duck), or vi) no stimulus (i.e.,
isolation). These different exposure conditions are referred to as Context. We placed all
subjects into a novel standard rodent cage and exposed males to one of the aforementioned
stimulus conditions. Due to the experimental design, only pair bonded subjects could be
exposed to a familiar pair bonded partner, whereas only non-bonded subjects could be
exposed to a familiar same-sex cagemate. Sample sizes for each group were n = 12 non-
bonded males and n = 12 pair bonded males, totaling n = 144 males.

All tests were video recorded with a camera positioned above the cage for subsequent
behavioral scoring. Stimulus animals received a zip-tie collar the day 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 30 min. Because this
experiment sought to measure IEG neural responses, we included this habituation time to
reduce the likelihood that neural responses would be attributable to the stress of handling
and/or investigating a novel environment. After the habituation phase, the stimulus was
placed inside the test cage for 30 min. During the 30 min test period, the subject and
stimulus were able to freely interact, and we assessed the latency to approach the stimulus
as well as prosocial and aggressive behavior. Next, the stimulus was removed from the test
cage. The subject remained in the test cage for an additional 60 minutes. Subjects were
then immediately perfused such that perfusion occurred 90 min after the introduction of the
stimulus. Brains were extracted to quantify Fos expression (see below).
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Behavioral quantification

Behavior was scored using Observer XT (Noldus) by an observer blind to subject Group and
Context. The first 10 min of interactions with the stimulus were scored because this time

is the most representative window for behavior that relates to Fos expression. We recorded
the latency to first approach the stimulus, prosocial behavior (any positive physical contact
that included passive bodily contact, allogrooming, positive investigation, or huddling) and
aggression (attacks, chases, lunges, bites, and defensive/offensive upright posture). Note
that we also scored behavior with the novel object; behaviors exhibited toward the novel
object included positive investigation and lunges or bites, and thus we report prosocial and
aggressive interaction data in voles that were assigned to the novel object context.

Histology and immunohistochemistry

Neural responses were quantified using the IEG cFos (assessed via its
immunohistochemically labeled protein, Fos). Fos functions by rapidly altering gene
expression, either positively or negatively, in response to cell surface signals (Hoffman et al.,
1993) and is rapidly induced in neurons, with its protein product reaching a maximum 60-90
min after stimulation.

To visualize Fos, subjects were euthanized by isoflurane overdose and transcardially
perfused with 0.1M phosphate buffered saline (PBS) followed by 4% paraformaldehyde
dissolved in 0.1M borate buffer (pH 9.5). Brains were extracted, post-fixed overnight in
4% paraformaldehyde dissolved in 0.1M borate buffer (pH 9.5) before cryoprotection in
30% sucrose dissolved in PBS for 48 h. Tissue was sectioned into three 40um series. One
series of tissue was immunofluorescently stained for Fos. Tissue was rinsed 5x for 10 min
in 0.1M 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. The primary
antibody used was rabbit anti-Fos (5:1000; Santa Cruz Biotechnology, Santa Cruz, CA).
Notably, the Fos antibody used for this study was obtained in 2014 prior to the temporary
shutdown of Santa Cruz Biotechnology. Batches of the Santa Cruz rabbit anti-Fos antibody
prior to 2014 were specific and widely used with success, whereas subsequent batches
post-2017 have been reported to be non-specific. This particular antibody was previously
validated with preadsorption controls to verify specificity (Kelly et al., 2017). The primary
incubation was followed by two 30 min rinses in PBS. Tissue was then incubated for

2 h at room temperature in a donkey anti-rabbit secondary conjugated to Alexa Fluor

594 (5:1000). The secondary antibody was 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 30 min rinses in PBS, sections were mounted on
microscope slides and cover-slipped with Prolong Gold antifade containing a DAPI nuclear
stain (ThermoFisher Scientific).

Neural quantification

To perform cell counts, images were obtained using an Aperio ScanScope at 40X (Leica
BioSystems, USA). Tissue sections containing the following brain regions were imaged: LS,
BST, POA, AH, VMH, MeA, and PAG. A unique ROI for each brain region was applied

Horm Behav. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wallace et al.

Page 6

to images to capture the center of the brain region of interest in each hemisphere. This

was done to account for any individual differences in brain size across subjects. The same
ROIs were used for all individuals. Cell counts were obtained from two consecutive brain
tissue sections for each brain region and an average was used for analyses. An observer
blind to subject information conducted cell counts in Photoshop CS6 (Adobe Systems, San
Jose, CA) and Image J (National Institutes of Health, Bethesda, MD) as previously described
(Kelly et al., 2017).

Statistical analysis

We first conducted analyses to examine behavioral- and brain region-specific responses

to exposure condition. We analyzed behavioral and neural (Fos expression) data using
general linear models (GLMs) with multiple comparisons and Bonferroni correction. GLMs
were analyzed in SPSS 28 (IBM Analytics, USA). Unless specified, all GLMs included
Group and Context as fixed factors. Reported GLM results include degrees of freedom,

r2, F, p-values, and partial eta squared (n?) effect sizes. If appropriate, post-hoc pairwise
comparisons were conducted within the GLM, the absolute values of the mean difference,
the p value, and Cohen’s d effect size were reported. Figures of GLMs and post hoc
comparisons were made using PRISM 9 (GraphPad, USA).

We then employed a less conventional, but more direct, analysis to specifically test
Newman’s hypothesis that distinct social contexts will elicit distinct patterns of neural
activity across the SBN. A leave-one-out nearest-neighbor classification approach was used
to estimate the extent to which a vole’s pattern of Fos expression across the 7 brain regions
of the SBN contained information about the vole’s stimulus condition or mating status (i.e.,
pair bonded or non-bonded). This approach is similar to one used previously for firing

rate data from multiple neurons (Manns et al., 2007; Manns and Eichenbaum, 2009). Each
subject’s Fos-ir+ cell counts were represented as a single point in a seven-dimensional
space in which each axis represented the cell count for one of the seven brain regions
analyzed. The distance between any two points accordingly reflected the similarity of the
cell count patterns for those two voles, with shorter distances indicating greater similarity.
The specific distance metric used here was Mahalanobis distance, a commonly used metric
that accounts for within-region variability and between-region correlations of cell counts. To
ask if cell count patterns distinguished between voles in two different stimulus conditions
(yet from the same mating status), the data for each of the voles in those two stimulus
conditions (e.g., pair bonded voles in the novel object context vs. pair bonded voles in

the novel female context) were entered one at a time into a nearest-neighbor classifier.
Specifically, the stimulus condition label for each vole was temporarily “left out” of the
two-condition data subset and was guessed based on the stimulus condition label for the vole
whose data point was closest in the seven-dimensional space. The classification accuracy
was based on the proportion of those guesses that correctly identified the actual stimulus
condition (i.e., Context) label, with 0.5 representing chance levels and 1.0 representing
perfect classification. This approach was conducted for all 15 possible pairings of two
conditions for the voles in the Pair bonded group and, separately, for all 15 possible pairings
of two conditions for voles in the Non-bonded group. Similarly, to ask if cell count patterns
distinguished between voles in matching stimulus conditions between the Pair bonded and
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Non-bonded groups (e.g., pair bonded voles in the novel female context vs. non-bonded
voles in the novel female context), a similar leave-one-out nearest neighbor classifier was
used for all six of the pairings between matching stimulus conditions.

A random shuffling procedure was used for each pairwise classification (e.g., pair bonded
voles in the novel object context vs. pair bonded voles in the novel female context) to
estimate the likelihood that the observed classification accuracy could have been due to
chance. Specifically, in each of 10,000 iterations, the stimulus condition labels for the

two sets of voles were randomly shuffled across those voles, and the leave-one-out nearest-
neighbor classification was repeated on that randomly shuffled data. The distribution of
10,000 classification accuracy values, thus, reflected the sampling distribution under the
null hypothesis, and the 9,500t highest value represented the cutoff for the upper 5t
percentile of the null distribution (i.e., statistically significant at the uncorrected 0.05 level).
The 9,967™ highest value represented the cutoff for statistical significance at the 0.05/15
(0.0033) level, correcting for the 15 comparisons within each group. A similar procedure
was used to evaluate the statistical significance of classification accuracy of matching
stimulus conditions between groups (e.g., pair bonded voles in the novel female context

vs. non-bonded voles in the novel female context), with the exception that a cutoff of 0.05/6
(0.0083) was used to correct for the six comparisons. A one-tailed null distribution was
used in each case because only above-chance classification accuracies were considered to be
meaningful. Classification and permutation testing approaches were conducted in MATLAB
(MathWorks, USA).

Context-dependent effects on behavior

We exposed adult male prairie voles to a range of social and nonsocial contexts to test

the hypothesis that different patterns of neural activity across the SBN are associated with
different social contexts. We also sought to determine whether the status of being pair
bonded or non-bonded (i.e., virgin males) influenced SBN neural activity. The first 10
minutes of the IEG test was video recorded and we quantified latency to approach the
stimulus, prosocial behavior, and aggressive behavior. Statistics for all behavior can be
found in Table S1.

Latencies to approach stimuli differed by Context (exposure stimulus: Fs 117) = 5.87, P<
0.01, n2 = 0.21; Fig. 1A), but not based on being pair bonded or non-bonded (i.e., Group:
F,112) = 3.34, P=0.07, 12 = 0.29). Bonferroni-corrected post hoc analyses showed that
subjects were slower to approach a heterospecific meadow vole than all other social stimuli
(all P’s<0.01, all d’s> 3.35). The latency to approach a meadow vole was the same as the
novel object (P=0.79, d= 1.81). Subjects did not differ in their time to approach a partner,
cagemate, novel male, novel female, or novel object (all Zs > 0.26, all d’s< 2.32; Fig. 1A).
We found no interaction between Group and Context (F(3 112) = 2.42, £=0.07, 12 = 0.06).

Non-bonded males generally exhibited more prosocial behavior than pair bonded males
(Group: F1,112) = 6.46, P=0.012, n2 = 0.05), and subjects across contexts differed in their
prosocial behavior (Context: Fs 110y = 15.39, P<0.01, 12 = 0.41; Fig. 1B). Bonferroni-
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corrected post hoc analyses between contexts showed that subjects exposed to a partner,
cagemate, and novel female exhibited significantly more prosocial behavior than subjects
exposed to the novel male, the meadow vole, and the novel object (all #s <0.01, all &’s>
5.92; Fig. 1B). Within these two distinct groups though, subjects did not differ in prosocial
behavior when exposed to the partner, cagemate, or novel female (all Zs = 1.00, all @’s<
0.51), and likewise, subjects exposed to the novel male, the meadow vole, and the novel
object also did not differ in prosocial behavior (all 7's >0.09, all d’s< 2.75). We observed
no significant Group x Context interaction (F(3 112) = 0.35, P=0.79, 12 =0.01).

Pair bonded males were generally more aggressive than non-bonded males (Group: F(y 112
=12.30, P< 0.01, n2 = 0.10), and aggression differed across contexts (Context: Fi,112) =
13.70, P<0.01, 12 = 0.38). Further, we observed a significant Group x Context interaction
(F@112)=4.95, P<0.01, 12 = 0.12; Fig. 1C). Bonferroni-corrected post hoc analyses
showed that pair bonded subjects exhibited more aggression than non-bonded subjects when
exposed to the novel female (P=0.003, &= 3.13) and novel male (P< 0.001, d= 4.47),

but not the meadow vole (P=0.813, &= 0.19) or novel object (P= 1.00, d< 0.01). When
specifically comparing just pair bonded subjects across contexts, pair bonded subjects were
indeed more aggressive towards the novel male and novel female than the other stimuli (all
P’s<0.021, all d’s> 4.00; Fig. 1C, left). Conversely, when comparing just non-bonded
subjects, aggressive behavior did not significantly differ across contexts (all > 0.15, all d’s
< 2.44; Fig. 1C, right).

Differential neural responses to social context in SBN nuclei

We first broadly examined how individual nodes of the SBN respond to different social and
nonsocial contexts among pair bonded and non-bonded male prairie voles. We descriptively
characterized the degree of Fos activation by visualizing average Fos expression per region
(z-scored) in each context. Our results suggest that exposure to a novel male and exposure

to a meadow vole generally elicited the highest Fos responses, whereas exposure to a novel
object, familiar conspecific (partner or cagemate), or no stimulus elicited the lowest Fos
responses (Fig. 2). The MeA and BST showed the greatest variation in Fos expression across
contexts, ranging from relatively low to relatively high mean Fos counts (Fig. 2). Lastly, pair
bonded and non-bonded subjects appeared to qualitatively differ in neural activation most
when exposed to novel females, and to a lesser extent to novel males (Fig. 2).

We next tested for statistical differences in Fos expression (number of Fos-ir cells) for each
node of the SBN across contexts. Statistics for Fos expression in individual brain nuclei can
be found in Table S2. Fos counts were analyzed using a unique ROI for each brain region
within the SBN; the same ROIs were used across all subjects. ROIs were used instead of
gross brain structure to account for any individual differences in brain size.

Lateral septum -—Pair bonded subjects exhibited greater Fos expression in the LS than
non-bonded subjects across all contexts combined (Group: F(y 134) = 13.76, A< 0.01, 72
=0.09). Similarly LS Fos differed across context (Context: F(g 134y = 5.75, P< 0.01, 72
=0.20; Fig. 3A). Bonferroni-corrected post hoc analyses showed that subjects exposed to
the novel male exhibited significantly higher Fos expression than subjects exposed to the
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partner (P=0.005, d= 3.63), novel object (P=0.014, d= 3.47), or isolation (P=0.019, d

= 3.40). Additionally, subjects exposed to the meadow vole exhibited more Fos expression
than subjects exposed to the partner (P=0.015, d= 3.32) and novel object (P=0.046, d=
3.29). We did not observe a significant interaction between Group x Context (F(4,134) = 1.60,
P=0.18, n2 = 0.05).

Bed nucleus of the stria terminalis -—Like the LS, pair bonded subjects exhibited
greater Fos expression in the BST than non-bonded males across all contexts combined
(Group: F(1,134) = 8.78, P<0.01, n? = 0.06). BST Fos expression also differed across
context (Context: Fg 134) = 13.38, < 0.01, n2 = 0.38), with a significant Group x Context
interaction (F(4,134) = 2.62, P=0.04, 12 = 0.07). Between groups (i.e., pair bonded vs. non-
bonded), Bonferroni-corrected post hoc analyses showed that BST Fos expression during
the novel male exposure was significantly greater in pair bonded subjects than non-bonded
subjects (P< 0.01, d=3.53; Fig. 3E). Within a group (i.e., pair bonded or non-bonded),
pair bonded subjects exposed to the novel male exhibited higher Fos expression in the BST
compared to pair bonded subjects exposed to the partner, novel female, novel object, and
isolation (all #s<0.001, all d’s> 3.67; Fig. 3F). Similarly, pair bonded subjects exposed
to the meadow vole exhibited more Fos expression than those exposed to the partner (P =
0.003, d=3.93) and isolation (P=0.001, d= 4.29). On the other hand, non-bonded males
exposed to the novel female and novel male exhibited significantly more Fos expression in
the BST than non-bonded subjects exposed to the cagemate (both ~’s = 0.03, both d= 3.13)
and novel object (both Z’s = 0.06, both &=3.60; Fig. 3F).

Preoptic area -—Fos expression in the POA differed across contexts (Context: Fg 134)
=10.00, P< 0.01, n2 = 0.35), but did not differ between pair bonded and non-bonded
subjects (Group: F(y,134) = 0.90, A= 0.35, 12 = 0.01). We observed a significant Group x
Context interaction for Fos expression within the POA (F(4,134) = 3.85, P< 0.01, 12=0.13).
Bonferroni-corrected post hoc analyses showed that POA Fos expression was greater in pair
bonded subjects than non-bonded subjects after exposure to the novel male (P= 0.009, d

= 2.83) and novel female (P=0.043, d= 2.61), whereas non-bonded subjects exhibited
higher Fos expression than pair bonded subjects following isolation (P= 0.048, d= 2.17)
(Fig. 3G). Within pair bonded subjects, those exposed to the novel male exhibited higher Fos
expression in the POA than those exposed to the partner, meadow vole, novel object, and
isolation (all #s <0.006, all &> 4.44; Fig. 3H). Similarly, pair bonded subjects exposed to
the novel female exhibited greater POA Fos expression than bonded subjects exposed to the
meadow vole, novel object, and isolation (all 7’s <0.02, all &> 3.83). Conversely, POA Fos
expression did not differ across contexts within the Non-bonded group (all s <0.06, all d<
3.16; Fig. 3H).

Anterior hypothalamus -—L.ike the POA, Fos expression in the AH differed across
social contexts (Context: Fg 134) = 3.92, < 0.01, n? = 0.15; Fig. 3B) but did not differ
between pair bonded and non-bonded subjects (Group: F(y 134) = 1.21, P=0.27, 2=
0.01). Bonferroni-corrected post hoc analyses showed that subjects exposed to the partner
exhibited significantly lower Fos expression than subjects exposed to the novel male (P=

Horm Behav. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wallace et al.

Page 10

0.005, d=3.93) and meadow vole (P=0.013, d=3.60). We did not find a significant Group
x Context interaction (F(4 134) = 0.64, P=0.63, 12 = 0.02).

Ventromedial hypothalamus -—Pair bonded subjects exhibited greater VMH Fos
expression than Non-bonded males across contexts (Group: F1 134) = 4.84, P=0.03, n?
=0.04) and differed across social contexts (Context: Fg 134) = 16.12, < 0.01, 12 =0.42;
Fig. 3C). Bonferroni-corrected post hoc analyses showed that males exposed to the meadow
vole exhibited significantly more VIMH Fos expression than in all other contexts (all 7's <
0.01, all &’s> 4.83). We did not find a significant Group x Context interaction (F(4 134) =
1.96, P=0.10, 2 = 0.05).

Medial amygdala -—Fos expression in the MeA differed by context (Context: Fs 134)
=15.14, P< 0.01, n2 = 0.40), but not between pair bonded and non-bonded subjects
(Group: F(y,134) = 0.36, P=0.55, 12 < 0.01). We did observe a significant Group x Context
interaction (F(4 134) = 3.51, P< 0.01, n2 = 0.05). Bonferroni-corrected post hoc analyses
showed that MeA Fos expression was greater in non-bonded subjects than pair bonded
subjects only after exposure to the novel female (P< 0.01, d= 2.87; Fig. S3I). Within
Group, pair bonded subjects exposed to the novel male exhibited higher Fos expression in
the MeA than those exposed to the partner, novel female, novel object, and isolation (all ~'s
<0.01, all &> 3.91; Fig. 3J). Similarly, pair bonded subjects exposed to the meadow vole
exhibited higher MeA Fos expression than those exposed to the partner, novel object, and
isolation (all #s <0.01, all &> 4.50). In contrast, non-bonded subjects exposed to the novel
female, novel male, and meadow vole exhibited significantly more MeA Fos-ir cells than
non-bonded subjects exposed to the novel object and isolation (all #s <0.02, all d> 2.81;
Fig. 3J).

Periaqueductal grey -—Finally, PAG Fos significantly differed across context (Context:
F(6,134) = 3.82, P<0.01, 12 = 0.15; Fig. 3D), but not between pair bonded and non-bonded
subjects (Group: F(y134) = 0.63, P=0.43, 12 < 0.01). Bonferroni-corrected post hoc
analyses showed that males exposed to the meadow vole exhibited significantly greater
Fos expression compared to males exposed to the novel object (P=0.008, d=3.72) and
isolation (P=0.009, d=3.72). We did not find a significant Group x Context interaction
(F(a,134) = 0.36, P=0.84, n? = 0.01).

Effects of context on Fos expression patterns across the SBN

For visualization purposes, we created topographical heat maps of mean Fos-ir cell counts
for each stimulus condition for both non-bonded and pair bonded prairie voles in the style
Newman (1999) and Goodson (2005) used to hypothetically represent patterns of activity
across the SBN (Fig. 4). This allows for a whole network view of neural responsivity.

We used classification accuracy and permutation testing approaches to explore whether
patterns of neural responses across the SBN varied in relation to the social or nonsocial
context to which an animal was exposed. To test the hypothesis that distinct social contexts
produce different patterns of activity across the SBN, a leave-one-out nearest-neighbor
classification approach was used to estimate the extent to which a vole’s pattern of Fos
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expression across the seven brain regions of the SBN contained information about the vole’s
stimulus Context condition or mating Group status (i.e., pair bonded or non-bonded; see
Statistical analysis section). This relatively simple type of supervised learning classifier uses
proximity of individual prairie voles’ data points in a multi-dimensional space (in this case,
a 7-dimensional space reflecting the seven brain regions) to ask if patterns of brain activity
from a subject in one Context could be used to guess accurately the Context of the subject
with the most similar pattern of brain activity, for example. A random shuffling procedure
was used for each pairwise classification to estimate the likelihood that the observed
classification accuracy could have been due to chance or was statistically greater than
chance. Because we observed significant differences in Fos expression in individual brain
regions based on mating status (see GLM analyses above), this approach was conducted for
all 15 possible pairings of two conditions for the subjects in the Pair Bonded group and,
separately, for all 15 possible pairings of two conditions for subjects in the Non-Bonded
group. After correction for multiple comparisons, the significance threshold was 0.0033.
Similarly, to ask if SBN Fos expression patterns are distinguishable between subjects in
matching stimulus conditions between the Pair Bonded and Non-Bonded groups, a similar
leave-one-out nearest neighbor classifier was used for all six of the pairings between
matching stimulus conditions. After correction for multiple comparisons, the significance
threshold was 0.0083.

For non-bonded male prairie voles, prior to correction for multiple comparisons, patterns
of SBN Fos co-expression significantly differed between males exposed to a meadow vole
compared to those exposed to the novel object or a novel female. Additionally, males
exposed to the novel female exhibited significantly different patterns compared to males
exposed to the isolation condition or the novel object (Fig. 5A). However, these differences
did not survive corrections for multiple comparisons (all #> 0.0033), suggesting that
patterns of neural activity (at least as assessed via Fos expression) did not differ based

on social/nonsocial context in non-bonded male prairie voles. Alternatively, we may lack
statistical power to detect any potential differences.

In contrast to non-bonded males, several pairwise comparisons remained significant after
correction for multiple comparisons for male prairie voles in the Pair Bonded group (Fig.
5B). Pair bonded males exposed to a meadow vole exhibited significantly different patterns
of activity across the SBN compared to males exposed to their partner (= 0.0001), a novel
female (P=0.0011), or a novel object (P=0.0013). Further, males exposed to a novel male
exhibited significantly different patterns compared to males exposed to their partner (P=
0.0009) or the isolation condition (£=0.0007).

Lastly, when comparing SBN patterns of activity between males in the Pair Bonded and
Non-Bonded groups exposed to the same stimulus condition, we found that pair bonded and
non-bonded males had significantly different patterns of activity in response to exposure to
a novel female (£ =0.0031). Together these findings suggest that pair bonding significantly
alters how the brain responds to social stimuli.
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Discussion

The SBN framework has enabled comparative and integrative neurobiologists to understand
the neural control and modulation of social behavior. Although the SBN was never meant to
be considered an exhaustive set of nuclei that control social behavior, the early identification
of node membership enabled a heightened attention to the regions that have now been
identified as central hubs of social behavior. In addition to identifying these nuclei, the

SBN shifted focus of brain-behavior relationships away from single regions of interests and
toward an emergent network perspective. Unequivocally, this emphasis on the relational
nature of these nodes has advanced our understanding of the ways the brain processes and
shapes social behavior (Goodson, 2005; O’Connell and Hofmann, 2011; Tremblay et al.,
2017; Prounis and Ophir, 2020).

The original hypothesis promoted by Newman (1999) was that different social contexts
would produce unique and varied signatures of neural activation across the network. Yet,
despite the value that the SBN has provided, the field has not explicitly or comprehensively
tested differential network activity across different social contexts, a priori. In the present
study, we compared neural responses in nodes of the SBN across five social and two
nonsocial contexts to assess if neural responsivity patterns among pair bonded and non-
bonded male prairie voles were different across corresponding contexts. In order to fully
support Newman’s hypothesis, we would have expected to find that each social context
produced a significantly different pattern of activation, and perhaps especially when
compared to nonsocial contexts (i.e., novel object or isolation). However, our results did not
identify different unique neural landscapes for each social (or asocial) context to the degree
that Newman’s hypothesis originally expected. Rather, only some contexts produced distinct
neural landscapes, and when taking conservative statistical approaches and correcting for
multiple comparisons, patterns of activity only varied in relation to context in pair bonded,
and not non-bonded, male prairie voles. Notably, comparisons of two contexts that produced
significantly different network activity profiles were typically between highly salient or
presumably intensely valenced (positive or negative) contexts and familiar or nonsocial
contexts. For example, a novel male and a meadow vole (both likely seen as intruders)
produced different SBN responses compared to exposure to the pair bond partner. Yet,
exposure to a pair bond partner did not produce significantly different responses when
compared to males that experienced isolation or interacted with a novel object. Although
the profound shifts in SBN activation that Newman envisioned were not observed, our
findings suggest that the SBN may be particularly responsive to socially salient stimuli,

and surprisingly that the partner’s salience is not reflected by this brain network. We also
acknowledge that methodological and experimental design limitations might have masked
our ability to fully capture the variability in SBN function that could exist. We expand below
on recommended directions and methodologies for future assessment of the SBN, but we
first highlight more specific observations from our experiment, which i) recapitulated the
roles of specific SBN nodes in modulating social behavior, ii), identified the importance of
social novelty as a driver of contextual responses, and iii) emphasized the influence of pair
bonding in reshaping functionality of the prairie vole SBN.
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Consistencies in SBN node function for brain regions involved in defensive/aggressive

behaviors

Our study was intended to assess the collective neural activation of the core nodes of the
SBN in response to varied social contexts. However, many of our observations for specific
nodes of the SBN were consistent with prior studies that focused on a particular node or
subset of nodes within the SBN. For example, we found that the MeA was significantly
more responsive in subjects exposed to social novelty (i.e., novel female, novel male,
novel meadow vole) compared to other contexts. The socially novel contexts were also
those in which male prairie voles displayed the most aggression. Prior Fos studies have
also implicated the MeA in the processing of threatful stimuli (Dielenberg et al., 2001;
McGregor et al., 2004; Choi et al., 2005; Martinez et al., 2011), and excitotoxic lesions of
the MeA reduce freezing and defensive behaviors in rats exposed to live cats (Martinez et
al., 2011). Additionally, the MeA is implicated in avoidance of unfamiliar conspecifics in
male and female prairie voles after social defeat (Tickerhoof et al., 2020). Together these
results suggest that the MeA plays an important role in assessing social salience, and it may
regulate defensive behaviors in male prairie voles.

Similarly, the BST was significantly more responsive in all subjects exposed to some form
of social novelty compared to all other contexts. The BST regulates fear to unpredictable
threat signals (Goode et al., 2019), and oxytocin receptors and neurons in the BST promote
stress-induced social avoidance in California mice (Duque-Wilckens et al., 2018; Duque-
Wilckens et al., 2020). Moreover, sexually experienced prairie vole males often respond

to interactions with a novel same-sex conspecific with aggression (Winslow et al., 1993).
Indeed, a novel meadow vole is a wholly unknown social stimulus that is sure to evoke
some degree of uncertainty to a prairie vole subject. Finally, even though a novel female
presents the potential for a mating opportunity, initial interactions between male and female
prairie voles typically results in some amount of aggression (Lee et al., 2019). These studies
suggest that the greater BST activation that we observed in response to social novelty could
reflect the uncertainty of how a novel social interaction will progress.

We also found that AH neural responses were significantly higher in response to interactions
with a novel male compared to interactions with a pair bond partner. The AH has been
implicated in flank marking and overt aggression in hamsters (Albers, 2012), and selective
aggression displayed by pair bonded male prairie voles toward novel males is closely
associated with higher densities of vasopressin receptors and increased levels of vasopressin
release within the AH (Gobrogge et al., 2009). These studies are consistent with our finding
in pair bonded male prairie voles and, again, suggests a role for the AH in selective
aggression. Interestingly, although non-bonded males directed aggression toward novel
males, we did not find a significant difference in AH neural responses between non-bonded
male voles exposed to their cagemate and the novel male. This likely reflects the lack of
onset of selective aggression given that the non-bonded males had never formed a pair bond
and suggests a re-shaping of AH functionality after pair bonding.

The VMH was the only node of the SBN that uniquely responded most strongly
after exposure to the heterospecific meadow vole. Indeed, Fos expression in the VMH
was significantly greater following exposure to the meadow vole context than every
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other context. The VMH is particularly important for regulating and even promoting
aggression in rodents (Lin et al., 2011; Hashikawa et al., 2017). However, VMH sub-
populations projecting to the PAG can propagate inflexible immobility (i.e., freezing) and
sub-populations projecting to the AH can induce defensive avoidance (Wang et al., 2015).
Our behavioral data showed little to no aggression among animals that interacted with a
meadow vole, and the latency to approach the meadow vole was greater than all other
contexts except for the novel object context. Thus, relatively high VMH activation following
meadow vole exposure might have induced social hesitancy, reflected by an immobility

and defensive response, that might be expected from facing an unfamiliar heterospecific.
Notably, meadow and prairie voles are sympatric, and aggression for the purpose of
competitive exclusion can occur between the two species (Getz, 1962; Klatt, 2015). Because
of the known heterogeneity within the VMH and the one-to-many configurations that
produce different agonistic outcomes (Wang et al., 2015), we believe that the heightened
activation of the VMH in the meadow vole context might represent a context-specific
response pattern for heterospecific agonistic behavior.

Significant influence of social novelty

A striking pattern that emerged from our investigation was that novel social context
generally elicited greater neural activation across SBN nodes compared to nonsocial
contexts and social contexts involving familiar conspecifics. Stated in another way, the
SBN appeared to be strongly sensitive to social novelty. Social novelty is a crucial axis

of variation in social interactions. Indeed, the ability to distinguish between novel and
familiar individuals is necessary to determine when behaviors such as aggression, trust,
and prosociality are appropriate, and it is these behaviors that serve as a cornerstone

for the social-salience hypothesis. Indeed, the social salience hypothesis emphasizes that
ingroup-outgroup preferences and memory of previously encountered social cues can
mediate aggression, trust, and prosociality with the help of oxytocin acting on the social
brain (Shamay-Tsoory and Abu-akel, 2015). The presence of a novel individual can have
dramatic consequences for prairie vole males. For example, a pair bonded male may engage
aggressively after encountering a potential rival male encroaching on his territory (Lee et
al., 2019). A virgin and/or non-bonded male encountering a novel female may instead take
advantage of a reproductive opportunity (Ophir et al., 2008b). This is to say, the ability to
evaluate the context and discriminate between the specific features of social novelty can
have profoundly different behavioral outcomes, each with associated costs and benefits.

The relative neural activation of the SBN, as measured by Fos, captured this important
ecological dimension of social novelty. Neural activation was relatively low across all nodes
of the SBN following exposure to a novel (non-social) object, social isolation, or familiar
conspecific (i.e., pair bond partner or sibling cagemate). On the other hand, Fos responses
tended to be greater across the SBN following exposure to novel animals (male or female
conspecifics or a heterospecific). Specifically, the MeA responded significantly more to
novel conspecifics or heterospecific stimuli, and this pattern was also seen to a lesser extent
in the BST. Notably, the novel object did not generate the same degree of Fos responsivity as
the novel social contexts did, indicating it was specifically social novelty that produced this
outcome. These results highlight the sensitivity of the extended amygdala (BST and MeA)
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to the perception and processing of social novelty (Maney et al., 2008; Kenkel et al., 2012;
Maruska et al., 2013; Kelly et al., 2017; Kabelik et al., 2018; Otsuka et al., 2020; Petersen et
al., 2021). Further, Fos responses in the AH, MeA, VMH, and PAG were the most elevated
following exposure to the novel meadow vole and novel male contexts, although these
elevated responses were not always significantly greater than other contexts.

When examining differences in SBN patterns of neural activity across contexts, we
consistently found significant differences between a socially novel context and either a
familiar social or nonsocial context. In pair bonded males, exposure to a meadow vole or

a novel male produced distinct patterns of activity compared to males exposed to their
familiar, pair bond partner. Yet, patterns of activity did not significantly differ between male
prairie voles exposed to the meadow vole compared to those exposed to the novel male (two
socially novel contexts). Interestingly, although patterns of activity did not differ between
pair bonded males in the novel female and novel male conditions (again, two socially

novel contexts), SBN activity did differ between males exposed to the novel female and

the meadow vole. Although these are two novel social contexts, a novel female conspecific
could provide an extrapair mating opportunity (i.e., possessing a positive valence) whereas
encountering a novel heterospecific meadow vole would likely never be beneficial (i.e.,
possessing a negative valence). This suggests that the SBN may not only be responsive to
social novelty, but that the SBN may be especially sensitive to negatively valenced novel,
social stimuli and prime an animal to exhibit context-appropriate behavior that will aid in
survival.

Strong role of pair bonding on SBN neural activity

As mentioned above, the assessment of a novel individual is greatly influenced by the pair
bond status of the focal individual. More generally, in this socially monogamous species,
pair bonding induces dramatic changes in prairie vole brain, body, and behavior. Several
studies have shown that neural (Wang et al., 2013; Scribner et al., 2020; Lopez-Gutierrez

et al., 2021) and cognitive (Blocker and Ophir, 2015) changes occur when prairie voles
form pair bonds. In addition to searching the SBN for pattern shifts across social contexts,
manipulating the bonding status of male voles allowed us to identify social contexts for
which the relevance might change after an individual has transitioned to a pair bonded state.

Like studies before (Williams et al., 1992; Winslow et al., 1993; Young et al., 2008), we
found that non-bonded males were more prosocial across all contexts than pair bonded
males, whereas pair bonded males were more aggressive. This aggression by the pair
bonded males was not generalized, and instead it was directed towards novel males and
novel females significantly more than other stimuli. Similarly, we observed that pair bonded
males were more aggressive with novel conspecifics compared to non-bonded males. Such
behavior is a hallmark of the prairie vole pair bond; once individuals are pair bonded they
exhibit selective aggression toward novel conspecifics — behavior that contributes toward the
maintenance and fidelity of the bond (Getz et al., 1981; Aragona and Wang, 2004; Gobrogge
et al., 2009).

Additionally, several studies have shown that neural changes occur when prairie voles
form pair bonds (Wang et al., 2013; Scribner et al., 2020; Lopez-Gutierrez et al., 2021).
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Therefore, it is not surprising that we observed neural differences in some brain regions

in response to novel conspecifics in pair bonded and non-bonded males. For example,

pair bonded males exhibited greater Fos responses to novel males in the BST compared

to non-bonded males. This result is consistent with the hypothesis that the BST plays an
important role in regulating fear to unpredictable threat signals. If true, bonded males should
be more sensitive to assessing the threat presented by unfamiliar same-sex rivals, and this
difference might be reflected by BST Fos activation.

Our data indicate that POA Fos expression was particularly impacted by being bonded.
Specifically, the POA exhibited more Fos in response to a novel female and novel male, but
less Fos expression in response to social isolation when males were pair bonded compared
to when they were non-bonded. Because the POA is crucial for modulating sexual behavior
(Dominguez and Hull, 2005), this may reflect neural changes related to sexual experience.
Further, the differential POA response to social isolation might also indicate that separation
from a partner is more impactful on POA function than separation from a same-sex sibling
cagemate. Partner loss in prairie voles results in a suite of neurobiological changes (Sun et
al., 2014; Scribner et al., 2020), supporting this hypothesis.

MeA Fos expression exhibited fewer Fos-positive cells in pair bonded males exposed to
novel females compared to non-bonded males. This is inconsistent with commonly observed
functions of the MeA (i.e., to facilitate defensive behaviors, see above). It is also a peculiar
result considering that the pair bonded males in our study were more aggressive toward

a novel female than non-bonded males. It is worth noting that our study did not examine

Fos responses specifically in excitatory or inhibitory cells. In mice, the MeA contains large
numbers of GABA neurons (Baleisyte et al., 2022). Therefore, it is possible that the Fos
expression patterns we observed in the MeA indicate that fewer inhibitory neurons were
recruited in the MeA during an interaction with a novel female, thereby allowing for a
higher expression of aggression. Lastly, studies in mice have demonstrated that sexual
experience triggers long-term changes in MeA neural activity during conspecific interactions
(Lietal., 2017) and our findings may not necessarily reflect a simple direct relationship
between brain and [aggressive] behavior.

Arguably one of the most striking findings in our study is that patterns of neural activity
across the SBN significantly varied by context in pair bonded, but not non-bonded, male
prairie voles. Considering that establishing and maintaining a bond represents an important
life history event, with important implications for reproductive success for males (e.g.,
(Ophir et al., 2008a; Blocker and Ophir, 2016; Madrid et al., 2020), drastic shifts in neural
activity patterning in pair bonded males might reflect a change in neural processing to
facilitate and/or preserve recognition for and interaction with a pair bond partner (Young et
al., 2008). Our data suggest that the SBN of pair bonded male prairie voles demonstrates
different degrees of neural responsiveness to novel, social stimuli than non-bonded males.
If the SBN is primarily serving to direct attention toward and/or modulate behavior
appropriately in response to social novelty, the lack of significant differences in SBN
neural patterning in non-bonded voles may reflect that single, virgin male prairie voles are
more amenable to novel social interactions, which would presumably increase the chances
of finding a mate and forming a pair bond. Therefore, a lack of statistically significant
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differences between contexts in non-bonded males may be due to non-bonded males being
at a life history stage where they do not yet perceive social novelty as negative and/or
threatening. If true, this would suggest that the SBN exhibits plasticity in responsivity

to correspond to life history stage (i.e., a social niche, (Saltz et al., 2016)). It would be
interesting to see whether similar patterns would hold for a species that does not form

pair bonds and undergo a major life history change related to reproduction in adulthood.
Ultimately, it remains unclear whether shifting patterns of activity across the SBN were
simply undetected in non-bonded males a) due to insufficient power or due to fundamental
differences in degrees of perception of social novelty in non-bonded vs. pair bonded male
prairie voles or b) if the brain essentially undergoes a substantial “functional re-wiring” after
pair bonding.

Methodological constraints and prospects

We acknowledge that methodological issues could explain why we failed to demonstrate
large-scale pattern differences in SBN neural activation across all social contexts. This could
be the result of issues associated with identifying and defining functions of brain networks
(reviewed by (Kelly, 2022). Similarly, it is important to consider that examining neural
activity via Fos expression (as was originally proposed by Newman and others (Newman,
1999; Goodson, 2005) may be insufficient to detect differences in neural patterning across
interconnected brain regions. Indeed, Fos expression lacks temporal specificity, and it cannot
distinguish the directionality of regulation (Kovacs, 1998; Hudson, 2018), which may be
especially important if one is aiming to identify subtle differences in activity across a
collection of brain regions. Additionally, we quantified Fos expression by counting a// Fos-
immunoreactive cells. However, Fos is not expressed exclusively in neurons, and other cell
types that express Fos, including astrocytes and glia (Zhang et al., 2014), are presumably
included in our analyses. The potential role of microglia in pair bond formation has been
highlighted in prairie voles as a critical avenue of further investigation (Loth and Donaldson,
2021), and differences in neural responses between pair bonded and non-bonded males
reported here may, at least partially, be the result of changes at the level of microglia.

Future studies using electrophysiological methods targeting multiple brain regions (i.e.,
neuropixel) have the potential to obtain more temporally precise measurements of neural
activity underlying specific types of social behaviors in distinct contexts. Such methods
could potentially identify distinct patterns of activity across SBN nodes in response to
distinct social contexts in any animal, regardless of pair bonding status.

Conclusions

Our data suggest that the nodes of the SBN are indeed critical modulators of social behavior,
particularly for social novelty. However, we did not consistently observe distinct patterns of
neural responses across the SBN in relation to different social contexts, and therefore do

not fully support Newman’s (1999) original hypothesis that the SBN functions as a cohesive
network to modulate social behavior by producing signature patterns of neural activation
that map to specific social contexts. Several possible explanations for this are possible. For
example, it is possible that the SBN does not respond to social contexts as predicted by
Newman. If true, it could be that the SBN serves a more general function than originally
hypothesized (e.g., a social novelty detector, see above). It is also possible that the SBN
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could fulfill the function that Newman and others have hypothesized, but it accomplishes
this through nuanced variations of neural activation that only subtly differ from a general
theme. Another plausible explanation for our failure to find the profound shifts in SBN
function under different social contexts could relate to the methods employed by our study,
and further testing using refined and modern approaches might be necessary. Nevertheless,
despite not finding full support for Newman’s SBN hypothesis, our study does indicate that
the SBN appears to modulate aspects of social behavior by collectively responding to some
social contexts differently, particularly among bonded male prarie voles. The relationship
between life-history stage and SBN responsivity to social context underscores the need

to consider the full scope of phenotypic plasticity under ecologically relevant conditions.
Notably our study also reveals a new perspective — that the SBN may play a particularly
important role in processing social salience, and that the SBN may be especially sensitive to
negatively valenced novel, social stimuli and prime an animal to exhibit context-appropriate
behavior that will aid in survival and reproduction. The critical role of SBN nodes and
their evolutionary conservation has been well-documented and has rightly directed research
efforts in the field of behavioral neuroendocrinology. However, our data suggest that we
should question whether our conceptualization of how these nodes interact, in the form of
a landscape with shifting patterns corresponding to shifting contexts, is appropriate. We
urge researchers to use increasingly accessible technological advances and statistical tools
such as network analyses, graph theory, and modeling to assess the SBN framework from
an unbiased approach (Kelly, 2022). Such future investigations will help contextualize the
present study, in which we uncovered distinct patterns of neural activity across the SBN in
some contexts, specifically in pair bonded, but not non-bonded, prairie voles.
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Highlights
Neural response patterns across the SBN did not differ by context
SBN brain regions increase responsivity to social novelty

Pair bonding alters functional connectivity within the SBN
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Figure 1: Behavior in the IEG test.
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Pair Bonded Non-Bonded
b P<0.01

(A) Mean = SEM time (seconds, s) to approach the stimulus for all subjects combined. (B)
Mean £ SEM time spent engaging in prosocial behavior with the stimulus for all subjects

combined. (C) Mean £ SEM time spent engaging in aggressive behavior with the stimulus,
which differed between pair bonded and non-bonded males. Dots represent individual data

points. Shared letters over bars represent statistical similarity.
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Figure 2. Fos expression across social contexts.

Visualization of average z-scored Fos-ir expression for all subjects, excluding the Pair

Bonded Partner context (which included data from partnered animals only) and Non-Bonded

Cagemate context (non-bonded animals only).
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Figure 3. GLM analysis of brain region-specific Fos expression.
Mean + SEM Fos-ir expression across contexts in the (A) lateral septum (LS), (B) anterior

hypothalamus (AH), (C) ventromedial hypothalamus (VMH), and (D) periaqueductal gray
(PAG). Mean £ SEM Fos-ir expression interactions between Group and Context in the
(E-F) bed nucleus of the stria terminalis (BST), (G-H) preoptic area (POA), and (I-J)
medial amygdala (MeA). Dots represent individual data points. Asterisks indicate statistical
significance. Shared letters over bars represent statistical similarity whereas different letters
over bars indicate statistically significant differences.
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Figure 4. Mean Fos-ir+ cell counts across the SBN.
Mean + SEM Fos-ir expression across SBN nodes in non-bonded (left) and pair bonded

(right) male prairie voles across contexts. Color gradation represents mean Fos-ir cell
counts with dark blue representing 0 cells and dark red representing greater than 200

cells. Abbreviations: anterior hypothalamus (AH), bed nucleus of the stria terminalis (BST),
lateral septum (LS), medial amygdala (MeA), periaqueductal gray (PAG), preoptic area
(POA), ventromedial hypothalamus (VMH).
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Figure 5. Classification accuracy matrices.

Classification accuracies based on pairwise comparisons of patterns of Fos expression across
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the SBN of (A) non-bonded and (B) pair bonded male prairie voles between two stimulus

Context conditions. (C) Classification accuracies and pairwise comparisons of patterns of
Fos expression across the SBN between non-bonded and pair bonded vole Groups exposed

to the same stimulus condition. Color gradation represents classification accuracy with
dark blue representing a less than or equal to accuracy of 50% and dark red representing

100% accuracy of correct classification. A dagger represents statistical significance before

correction for multiple comparisons whereas an asterisk represents statistical significance

after correction for multiple comparisons.
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