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ABSTRACT: The social needs of organisms change
as they mature. Yet, little is known about the mechanisms
that subserve processing social interactions or how these
systems develop. The medial extended amygdala (meEA)
is comprised of the medial bed nucleus of the stria
terminalis (BSTm) and the medial amygdala (MeA).
This neural complex holds great promise for
understanding how the social brain processes
information. We assessed expression of the immediate
early gene cFos and the enzyme tyrosine hydroxylase
(TH) at three developmental time-points (postnatal day
[PND] 2, 9, and 21) to determine how developing prairie
voles process familial social contact, separation, and
reunion. We demonstrate that (1) BSTm cFos responses
were sensitive to separation from family units at PND 9
and PND 21, but not at PND 2; (2) MeA cFos responses

were sensitive to reunion with the family, but only in
PND 21 pups; (3) BSTm TH neurons did not exhibit
differential responses to social condition at any age; and
(4) MeA TH neurons responded strongly to social
contact (remaining with family or following reunion),
but only at PND 21. Our results suggest that the sub-
units of the meEA become functionally responsive at
different developmental time points, and are
differentially activated in response to distinct social
contexts. Overall, our results support the notion that
interconnected regions of the meEA follow divergent
developmental timelines and are sensitive to distinct
properties of social contexts. © 2018 Wiley Periodicals, Inc.
Develop Neurobiol 78: 1231-1245, 2018

Keywords: prairie vole; tyrosine hydroxylase; medial
extended amygdala; social behavior

INTRODUCTION

Much of what we understand about the mechanisms
of social behavior is derived almost entirely from re-
search on adult animals. From studies of social moti-
vation and pair bonding to cooperation and emotional
processing, the neural mechanisms that underlie
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social behaviors have been primarily explored in ma-
ture brains (Happé and Frith, 2014). The social (and
asocial) needs of perinatal and juvenile offspring dif-
fer from those of adults, and these needs change sub-
stantially as young mature and become less vulnerable
(Nelson et al., 2016). For instance, social exploration
outside of the nest might be rewarding for sexually
mature individuals, but stressful for defenseless peri-
natal young. Thus, as young develop, the ways in
which their brains processes social cues are likely to
transform throughout ontogeny (Rehling et al., 2012).
Despite the potential for age-dependent differences
in sociality, we know very little about when the neu-
ral systems that support social functioning develop,
or where in the brain these processes functionally
emerge.

The few studies that have examined the develop-
ment of nonsocial and social neural functioning have
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demonstrated age-dependent neural responses. For ex-
ample, in rats, physical restraint induces dramatically
different expression patterns of cFos (an immediate
early gene (IEG) and marker of neuronal activation)
in the anterior olfactory nucleus, piriform cortex,
tenia tecta, and amygdala of postnatal day (PND)
28 juveniles compared to adult PND 60 animals
(Kellogg et al., 1998). Critically, neural responses to
social stimuli are also refined with age. For example,
compared to PND 28 juvenile hamsters, PND 58-66
adult males show divergent patterns of cFos expres-
sion in the ventral tegmental area (VTA), nucleus ac-
cumbens (NAcc) and medial prefrontal cortex after
the presentation of female vaginal secretions, a bio-
logically relevant cue for the sexually mature male
(Bell et al., 2013). Furthermore, patterns of cFos re-
sponses differ across the brains of PND 7, PND 14,
and PND 21 rat pups following exposure to a novel
adult male rat (an important event for preweanling
pups that are susceptible to infanticide), specifically
within the paraventricular nucleus of the hypothala-
mus, the amygdala, the periaqueductal gray, and the
locus ceruleus (Wiedenmayer and Barr, 2001). PND
7 rats do not mount discriminative neural responses
to the adult stimulus, whereas older age groups show
distinct, age-specific patterns of cFos expression fol-
lowing exposure to the social stimulus.

Together, these data demonstrate that the neural
processing of postnatal experiences (stressful and/or
social) changes across development, and within partic-
ular subregions of the brain. However, these few studies
on developing brains are conducted within the second
week of postnatal life, and thus we still know ex-
tremely little about the neural functioning of neonatal
offspring. Furthermore, the majority of these data char-
acterize brain responses to novel stimuli, and therefore
the development of neural responses to the most com-
mon social partners of a young helpless animal, namely
the parents and siblings, remains unclear. In the present
study, we examine the development of social neural
function beginning at a neonatal age (PND 2) in a neu-
ral circuit specifically involved in social behavior.

The extended amygdala represents a promising re-
gion of interest to investigate the ontogeny of social
functioning. The extended amygdala is an important
node of the social behavior network (Newman, 1999)
that encompasses the reciprocally connected amygda-
loid complex and bed nucleus of the stria terminalis
(BST). The amygdaloid complex is composed of cy-
toarchitecturally and functionally distinct subregions
(Johnston, 1923), which notably includes the medial
amygdala (MeA) — a subregion of the amygdaloid
complex that has been repeatedly implicated in fear-
ful and emotional responses, olfactory information
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processing, and socio-sexual reward (Davis, 1992;
Newman, 1999; Bergan et al., 2014). Indeed, disrup-
tions to the MeA impair a variety of rodent social be-
haviors, including male sexual behavior, aggression,
and parental care (Vochteloo and Koolhaas, 1987,
Kirkpatrick et al., 1994), highlighting the importance
of the MeA in social functioning.

Like the MeA, the BST can be anatomically and
functionally divided into subcomponents, which
each have sets of distinct and overlapping efferent
and afferent projections to various amygdaloid nuclei
(Coolen and Wood, 1998). Of particular interest here
is the medial division (BSTm), which shares dense re-
ciprocal projections with the MeA (Coolen and Wood,
1998; Pardo-Bellver et al., 2012). Traditionally, the
BSTm and MeA comprise the medial extended amyg-
dala (meEA), and share functional characteristics in
response to social stimuli (Alheid, 2003). In rodents,
these regions exhibit elevated cFos levels after agonis-
tic encounters (Kollack-Walker and Newman, 1995),
exposure to alarm pheromones (Kiyokawa et al.,
2005), and predator odor (Dielenberg et al., 2001).

Notably, in some species, the meEA contains tyro-
sine hydroxylase (TH) neurons (Northcutt et al., 2007).
TH is the rate-limiting enzyme in the biosynthesis of
L-DOPA, the precursor molecule to catecholamines
such as adrenaline, noradrenaline (NA), and dopamine
(DA) (Kobayashi and Nagatsu, 2012). The largest pop-
ulation of TH cells, and most commonly studied, orig-
inates from the VTA, and has been linked to rodent
play behavior and social-dominance (Filipenko et al.,
2001; Northcutt and Nguyen, 2014). TH cell groups are
not found within the rat meEA (Northcutt et al., 2007),
however, dense populations of TH neurons are found
in the MeA and BST of the socially monogamous prai-
rie vole (Microtus ochrogaster), and in adult animals
these TH cell groups exhibit functional plasticity in
response to the presentation of various conspecifics
(Northcutt and Lonstein, 2009). Together, these data
suggest that meEA TH cells may contribute to the ex-
pression of species-typical social behavior.

The molecular consequences of activating MeA and
BSTm TH cells is unclear. In adult prairie voles, TH
cells in the MeA and principal BST (pBST; dorsome-
dial to the BSTm) are not immunoreactive for aromatic
L-amino acid decarboxylase (AADC; necessary for
the conversion of L-DOPA to DA) or dopamine-be-
ta-hydroxlyase (DBH; necessary for the conversion
of L-DOPA to NA) (Ahmed et al., 2012). However,
studies in rats have demonstrated that nearby AADC-
producing cells can coordinate with TH cells to syn-
thesize DA (Ugrumov et al., 2004). Furthermore, the
multifaceted role of L-DOPA in neural modulation is
relatively underappreciated (De Deurwaerdere et al.,



2017), highlighting the importance of investigating
TH neural function more broadly.

The species-specific expression of meEA TH cell
groups and their sensitivity to the social environ-
ment in adult prairie voles, combined with the mul-
tiple molecular pathways by which TH can contribute
to downstream peptide production, makes these cell
groups promising regions to analyze in the context of
encoding dynamic social environments. Furthermore,
because these TH cell groups were discovered only
in the last decade, and have only been analyzed in
adult animals, there is still much to learn about their
involvement in social behavior and development.
Understanding the ontogeny of neural activity within
these cells, and the conditions under which these cell
groups become responsive will help elucidate their
contributions to the social behavior of the developing
animal. Furthermore, prairie voles have been touted
as a model for the neurobiology of human social at-
tachment behavior because they exhibit pair bonding
behaviors and biparental care like humans (McGraw
and Young, 2010). Thus, examining the functional
development of TH systems within the meEA of the
prairie vole could have substantial translational impli-
cations for social neuroscience.

We aimed to investigate how neuronal function
within the BSTm and the MeA changes across devel-
opmental time. To do this we conducted an IEG study
in prairie vole pups at three stages of early develop-
ment (PND 2, 9, and 21). Utilizing an acute social
isolation and reunion paradigm designed to induce
stressful and/or emotional states, we examined meEA
neural activity (assessed by cFos expression) and
meEA TH neural activity (assessed by TH-cFos co-
localization) after social environmental manipulation.
To our knowledge, this study is the first to examine
the ontogeny of meEA function and the development
of TH neural function within this circuit. The inter-
connectedness of the BSTm and the MeA led us to
hypothesize that the responsiveness of these regions
may emerge simultaneously, and that they may ex-
hibit similar neural response profiles. Either or both
of these structures could be involved in the process-
ing of social contexts, and we therefore did not predict
a particular direction in their expected responses to
each social context.

MATERIALS AND METHODS

Subjects

All prairie vole pups used in this study were the first
litter of the F2 generation of breeding pairs derived
from wild-caught animals housed in our animal
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colony. We trapped all wild animals in Champagne
County, Illinois, USA. Breeding pairs were estab-
lished, and the first litter of each pair was culled to
three subjects to control for variation in early social
experience. Families were assigned unique Litter
IDs to control for pup-relatedness in the statistical
analyses (see below). Animals were housed under a
14L.:10D light cycle in standard polycarbonate rodent
cages (29 x 18 x 13cm) lined with Sani-chip bedding.
Animals were provided nestlets, water, and standard
rodent chow (Laboratory Rodent Diet 5001, LabDiet,
St. Louis, MO, USA) ad libitum. All procedures were
approved by the Institutional Animal Care and Use
Committee of Cornell University (2013-0102).

Design

To assess whether meEA function changes across de-
velopment, we conducted an IEG experiment utilizing
a 3 x 3 design (see Kelly et al., 2018). We tested ani-
mals that were at three different stages of early devel-
opment: PND 2, PND 9, and PND 21. These ages were
chosen because they reflect specific behavioral and
physiological milestones of prairie vole development.
At PND 2, pups are relatively immobile, incapable of
thermoregulation, and entirely dependent on parental
care for survival. At PND 9, pups open their eyes and
are physically capable of environmental and social ex-
ploration. By PND 21, pups are weaned and can sur-
vive independently outside of the nest (McGuire and
Novak, 1984).

Subjects underwent testing in one of three social
conditions in which we manipulated contact with par-
ents and siblings (see Fig. 1). Subjects were isolated
from their family (Isolate, PND 2 — M:11, F:11; PND
9 — M:10, F:8; PND 21 — M:7, F:7), reunited with their
family after isolation (Reunite, PND 2 — M:9, F:9;
PND 9 — M:11, F:12; PND 21 — M:9, F:9), or interacted
with their family under normal conditions (Together,
PND 2 — M:10, F:10; PND 9 — M:7, F:14; PND 21 —
M:10, F:9). This design was utilized to assess neural
activity in response to emotionally salient and stress-
ful social experiences. Social isolation from siblings
and parents presumably represents a life-threatening
context for young neonates, and thus is likely to pro-
duce a neural response.

Regions of Interest

Because previous studies implicate the MeA and
BSTm in stress response and affiliation (Lim and
Young, 2004; Choi et al., 2007; Pardo-Bellver et al.,
2012), we sought to determine the age at which these
brain regions become responsive to variation in social
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Figure 1 A top-to-bottom flowchart depicting experimental treatment conditions. Family units
were randomly assigned to one of three conditions: Together, Isolate, or Reunite. All subjects started
in identical housing conditions prior to the 30-minute pre-test phase. The same procedure was used
for family units with pups of each age (PND 2, PND 9, or PND 21). See text for details.

context. To this end, we quantified the immediate
early gene product cFos within the meEA, because
this protein is an established marker of neural activity
that can be time-locked to experimental manipulations
(Hoffman et al., 1993). Given that adult prairie voles
exhibit changes in cFos activity within regions of the
meEA as a function of social context (Northcutt and
Lonstein, 2009), we also examined neural activity in
TH cell groups within the meEA of developing pups by
assessing cFos colocalization with TH neurons. Earlier
work from Northcutt ef al. (2007) identified the prin-
cipal nucleus of the bed nucleus of the stria terminalis
(pBST) as a TH neuron rich region within the extended
amygdala of prairie voles. Although the pBST is not
classically considered a component of the medial ex-
tended amygdala, it contributes to rodent sociosexual
olfactory processing (Dong and Swanson, 2004) and
responds to the presentation of various social stimuli
(Northcutt and Lonstein, 2009). As such, we also
measured pBST cFos activation and TH-cFos colocali-
zation in relation to the experimental manipulations as
described for the MeA and BSTm neural data.

Developmental Neurobiology

Experimental Manipulations

Breeding pairs (n = 92) were formed and closely moni-
tored until parturition. Litters were culled to three
pups at birth. Families were then randomly assigned to
one of nine experimental groups that spanned all pos-
sible combinations across age (PND 2/9/21) and social
condition (Together, Isolate, and Reunite). All three
pups in each litter remained with their families under
normal colony conditions until they reached test-age.

The social manipulations were designed to assess
how the neural profiles of the pups differed when they
were removed from, or reunited with, their families at
specific ages. The Together condition was intended to
serve as a baseline (control) for neural activity when
pups coexist with their family groups under normal
conditions. Each manipulation consisted of a 30-min
pre-test phase, followed by a 90-min IEG-test phase.
The novel cages in all phases were lined with clean
bedding, did not contain food or water, and were out-
fitted with transparent, perforated Plexiglas lids to
allow for overhead video recording.



In the Together and Isolate conditions, parents and
pups were transferred from their home cages to neu-
tral, clean polycarbonate cages for the pre-test phase.
After 30 mins, the Together families were moved as
a group to a novel test-cage. In the Isolate condition,
the pups were moved into individual novel test-cages.
For the Reunite condition, pups were moved into indi-
vidual novel cages for the 30 min pretest, after which
they were reunited with each other and their parents in
anovel cage for the 90 min IEG-test phase. All parents
and pups experienced the same number of standard-
ized handling experiences, and the same number of
cage changes, regardless of experimental group. All
subjects were sacrificed immediately following the
IEG-test. Thus, the measured neural activity reflects
the neurochemical changes that occurred when ani-
mals transitioned from pre-test conditions to the IEG-
test phase.

We controlled for thermoregulatory and tempera-
ture differences across ages in phases where pups
were isolated in a neutral cage. An infrared thermom-
eter was used to take an average temperature reading
under normal home cage pre-test conditions across
five families at each age group. Electric heating pads
were placed underneath the cage and heated to 36°C
for PND 2 pups, 34°C for PND 9 pups, and 30°C for
PND 21 pups.

Following perfusions, all pups were visually sexed.
PCR amplification was used to detect male-specific
SRY genes to confirm the sexes of the PND 2 and
PND 9 animals, because at these ages it can be dif-
ficult to assess sex visually. Genomic DNA was ex-
tracted from tissue punches of lung and spleen samples
using the DNEasy Blood and Tissue Kit and protocol
(Qiagen, USA). SRY primer sequences were forward
5'- TTATGCTGTGGTCTCGTGGTC-3'; and reverse
5'- GCAGTCTCTGTGCCTCTTGG-3. DNA seg-
ments were amplified in a thermocycler (Eppendorf
realplex4) in 25 pL for 35 cycles (94°C 30s, 55°C
1 min, and 72°C 30s). The amplified PCR products
were separated on 2% agarose gels, and visualized
under a UV transilluminator after staining (GelRed,
Biotium, USA).

Histology and Immunocytochemistry

Immediately after the 90 min IEG-test, pups were
deeply anesthetized by isoflurane and intracardially
perfused with 0.IM phosphate-buffered saline (PBS,
pH = 7.4), followed by 4% paraformaldehyde in PBS.
Brains were extracted and post-fixed in 4% parafor-
maldehyde for 24 h, sunk in 30% sucrose for 48 h, then
stored at -80°C until sectioning. Brains were mounted
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and coronally cryosectioned at 40 pm thickness into
three series for PND 21 pups, and into two series for
PND 2 and PND 9 pups (to account for smaller brain
sizes). Tissue was stored at -80°C in cryoprotectant
until immunocytochemical processing.

Antibody Reporting

One series of tissue from each subject was immuno-
fluorescently double-labeled for TH and cFos. Free-
floating sections were rinsed twice for 30 min in
PBS, and blocked for 1 h (PBS + 10% normal donkey
serum + 0.03% Triton-X-100). The primary antibod-
ies used were monoclonal mouse anti-TH (1:1000 pL,
Millipore Corp, USA, Cat. # MAB318) and polyclonal
rabbit anti-Fos (4:1000 pL, Millipore Corp, USA, Cat.
# ABEA457). Tissue was incubated in primary antibod-
ies for 24 h, rinsed in PBS for 40 min, and incubated
in secondary antibodies for 2 h. The secondary anti-
bodies were donkey anti-mouse conjugated to Alexa
Fluor 680 (6:1000 pL) and donkey anti-rabbit conju-
gated to Alexa Fluor 594 (4:1000 pL), with 5% donkey
serum + 0.03% Triton-X-100 in PBS. Sections were
rinsed in PBS overnight, mounted onto microscope
slides, and cover-slipped with Prolong Gold antifade +
DAPI nuclear stain (ThermoFisher Scientific).

Visualization and Quantification

Bilateral photomicrographs were taken at 10x on a
Zeiss Axioimager II scope with an AxioCam MRm
attachment, z-drive, and Apotome optical dissector
(Carl Zeiss Inc., Gottingen, Germany) at two consec-
utive levels of the BSTm and MeA. Areas of interest
were localized using neuroanatomical landmarks — the
ventral side of the anterior commissure for the BSTm,
and optic tract for the MeA (Fig.2). Images were
manually-counted for cFos and TH using the GNU
Image Manipulation Program (GIMP, 2.8.22) and
ImageJ (National Institutes of Health, Bethesda, MD).
Monochromatic images were visually quantified for
TH-immunoreactivity (-ir), cFos-ir, and colocalization
of TH-ir and cFos-ir (TH-ir cells expressing Fos-ir).
Inherently, brain sizes varied across age groups, and
to a much lesser extent across individuals within age
groups. To avoid unfairly biasing the number of cells
per structure we could capture, we did not use a use a
standard sized box to score a region of interest across
all brains. Instead, we outlined and counted immuno-
reactive cells for the entire region of interest to account
for brain size variation. This method had the advan-
tage of providing an exhaustive metric that scales for
age-dependent brain size differences across groups.

Developmental Neurobiology
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A

Figure 2 A diagram representing the location of cFos-ir
and TH-ir neurons quantified in (A) the medial bed nucleus
of the stria terminalis (BSTm), and (B) the medial amygdala
(MeA). Regions where cells were quantified are shaded in
gray. AC, anterior commissure; f, fornix; opt, optic tract.

Statistical Analysis

Cell counts were combined and averaged across ros-
tral-caudal sections within each region of interest. To
analyze the colocalization of TH-ir and cFos-ir neu-
rons, the proportions of TH-ir neurons expressing cFos
over the total number of TH-ir cells in each region were
arcsine transformed. Cell count data were analyzed
via Linear Mixed Models (LMM) in R v.3.2.1 (R Core
Team, 2016), using the R package Ime4 (Bates et al.,
2015). LMMs are robust against slight departures from
normality; model residuals were graphically assessed
and either log-transformed or square-root-transformed
to satisfy assumptions of normality when necessary.
Social condition, Sex, and Age were included as fixed
effects, while Litter ID was included as a random ef-
fect to control for genetic variation. P-values were de-
rived from a likelihood ratio test within the R package
ImerTest (Kuznetsova et al., 2017).

We hypothesized that isolation and reunion with
families would induce unique neural profiles in
pups as a function of their age. Our a priori interac-
tion of interest was between the Age and Condition
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factors. When an Age x Condition interaction was
significant, we conducted planned contrasts of social
condition within age groups using the R package Is-
means (Lenth, 2016). All pairwise post-hoc tests were
Bonferroni corrected in R to control for multiple com-
parisons, with a 0.05 a-level threshold for statistical
significance.

We examined neural responses to variation in
social context. We, therefore, did not explore the
main effects of Age because the results lack context.
As a result, we conducted analyses to specifically
examine main effects and significant interactions
involving Condition. We observed no three-way in-
teractions of Age x Condition x Sex in any of the
brain regions analyzed (all P’s > 0.05). Furthermore,
we did not find any interactions of Sex x Age (all P’s
> 0.05), and collapsed sex for the results presented
below.

RESULTS

TH-ir Neurons

In order to characterize the neuroanatomical develop-
ment of TH-ir neurons in the prairie vole, we analyzed
the raw number of TH-ir cells present in each region
of interest.

The Medial Bed Nucleus of the Stria Terminalis

(BSTm). We observed a main effect of Age (F 2.155) =
23.93, P <0.001) in the BSTm, where PND 21 animals
had significantly more TH-ir neurons compared to
both the PND 9 (¢ 55 = 5.21, P < 0.0001) and PND 2
(t(155) =6.65, P < 0.0001) groups (Fig. 3A).

The Principle Bed Nucleus of the Stria Terminalis

(pBST). Analyses revealed a main effect of Age
(Fo. 62251y =32.125, P < 0.001) in the pBST. PND
21 animals had significantly more TH-ir neurons
compared to both PND 9 (t(ss. 16)= 5.34, P<0.0001) and
PND 2 (t(60.59) =17.86, P < 0.0001) groups. In addition,
PND 9 animals has significantly more TH-ir cells

than PND 2 pups (t(60_69) =2.82, P=0.019) (Fig. 3B).

The Medial Amygdala (MeA). We found a main
effect of Age (F(z, 73.07) = 14.81, P < 0.001) in the MeA,
for which both PND 21 (t(72.51) =15.28, P <0.0001) and
PND 9 pups (7 ¢ ¢4, = 3.81, P =0.0009) had significantly
more TH-ir neurons than the PND 2 pups (Fig. 3C).
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Figure 3 Mean (+SEM) number of TH-ir neurons as a function of pup age in the (A) medial portion
of the bed nucleus of the stria terminalis (BSTm), (B) principal nucleus of the bed nucleus of the stria
terminalis (pBST), and (C) medial amygdala (MeA). *P < 0.05.

BSTm cFos Responses

We observed a significant main effect of condition
in the BSTm (F 27852 = 6.08; P = 0.004), with subjects
in the Isolate condition exhibiting significantly higher
levels of cFos-ir compared to pups in the Together
condition (P = 0.003). However, a significant Age x
Condition interaction in the BSTm (F(4’78_39) = 249;
P = 0.05; Fig. 4) suggests that neural responses in the
older animals likely drives this main effect: Post-hoc
comparisons revealed that Isolated PND 9 (t(90_79) =
2.71; P = 0.024) and PND 21 (7, = 3.38; P = 0.003)
pups exhibited significantly more cFos-ir induction

compared to pups in the Together condition. Isolated
PND 9 pups also exhibited greater cFos-ir compared to
pups in the Reunite condition (g, ,,) = 2.01; P = 0.032).
We found that PND 2 pups did not show differences in
cFos-ir across conditions (Together x Reunite 7,5¢,) =
0.192, Together x Isolate L7195 = 0.31; Reunite x Isolate

645 = 0.5: all P’s > 0.05).

pBST cFos Responses

We did not observe a significant main effect of

Condition (F @. 7417 P =0.37) or an interaction of Age

Developmental Neurobiology
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Figure 4 Mean (+SEM) cFos-ir as a function of pup age
and experimental condition within the medial division of
the bed nucleus of the stria terminalis (BSTm). *P < 0.05.

x Condition for cFos-ir in the pBST (F 4. 73.68) = 0.55;
P =0.7; Fig. 5), suggesting that this subdivision of the
BST was not differentially sensitive to our experimen-
tal conditions at any stage of development.

MeA cFos Responses

We observed a significant Age x Condition interaction
for cFos-ir in the MeA (F(4’ 51.86) = 3.36; P = 0.016;
Fig. 6). Post-hoc comparisons revealed that PND
21 pups in the Reunite condition exhibited signifi-
cantly more cFos-ir compared to PND 21 pups in the
Together (t(56'98) = 2.51; P = 0.045) and Isolate (t(67'78)
=3.73; P = 0.001) conditions. Interestingly, neither the
PND 2 nor PND 9 animals showed significantly dif-
ferent levels of cFos-ir as a function of social condi-
tion (Isolate x Reunite — PND 2 !39.29) = 0.39, PND
9 lsp7a) = 1.14; Isolate x Together — PND 2 lusaz) =
0.085, PND 9 l5700) = 1.79; Reunite x Together — PND
213545 = 0452, PND 9 749, = 0.72; all P’s > 0.05).

TH-cFos Colocalization in the BSTm

Analysis of the proportion of TH neurons expressing cFos
in the BSTm yielded null results. We found no significant
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Figure 5 Mean (+SEM) cFos-ir as a function of pup age
and experimental condition within the principal nucleus of
the bed nucleus of the stria terminalis (pBST). No compari-
sons were statistically significant.

Age x Condition interaction for TH-cFos colocalization

in the BSTm (F, ) 5 = 2.159; P = 0.083; Fig. 7).

TH-cFos Colocalization in the pBST

We did not find a significant main effect of Condition
(F(2,75_81) = 2.13; P = 0.126), or a significant Age x
Condition interaction for TH-cFos colocalization in

the pBST (F, ;5 5, = 0.96; P = 0.44; Fig. 8).

TH-cFos Colocalization in the MeA

We observed a significant Age x Condition interac-
tion for TH-cFos colocalization in the MeA (F 4.59.69)
= 2.8275; P = 0.032; Fig. 9). Post-hoc comparisons
revealed that in PND 21 pups, TH-cFos colocaliza-
tion was significantly greater in pups in the Together
(t(84_08) =2.51; P =0.042) and Reunite (t(75.91) =3.127; P
= 0.0075) conditions compared to those in the Isolate
condition. Neither the PND 2 nor PND 9 pups showed
differences in MeA TH-cFos colocalization as a func-
tion of social condition (Isolate x Reunite — PND 2
L4609 = 0.94, PND 9 !60.53) = 0.98; Isolate x Together

—-PND2¢ =0.55,PND9¢ =0.89; Reunite x

(52.74) (65.37)
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Figure 6 Mean (+SEM) cFos-ir as a function of pup age
and experimental condition within the medial amygdala
(MeA). *P <0.05.

9 21
Age (days)

Together — PND 2 ¢
all P’s > 0.05).

=142,PNDO9¢ =0.043;

(41.84) (57.14)

DISCUSSION

In the present study, we found that subregions within
the meEA differentially responded to social con-
text in an age-dependent manner. For both PND 9
and PND 21 animals, the BSTm demonstrated more
general neuronal responsiveness (i.e., cFos expres-
sion) in animals experiencing the Isolate condition
compared to those in the Together condition. These
results indicate that the BSTm may be particularly
sensitive to the presumably stressful experience of
social isolation. Moreover, cFos responses within
the MeA of PND 21 subjects were greatest in the
Reunite condition compared to either the Together
or Isolate conditions, suggesting that this region is
sensitive to the emergence of social stimuli and/
or potentially the rewarding context of being reu-
nited with familial individuals after social isolation.
However, the youngest age we examined (PND 2) did
not show BSTm or MeA cFos response profiles that
discriminated between social conditions, suggest-
ing that the meEA becomes selectively responsive to
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Proportion of BSTm TH-ir neurons colocalized with cFos
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Figure 7 Mean (+SEM) proportion of tyrosine hydroxylase
(TH)-ir neurons co-labeled with cFos-ir as a function of pup
age and experimental condition within the medial division
of the bed nucleus of the stria terminalis (BSTm). No com-
parisons were statistically significant.

changes in the social environment later in postnatal
development.

Interestingly, the patterns we observed for cFos
activity within the meEA were not identical to those
we observed for TH neural activity within the meEA.
Specifically, TH-cFos colocalization within the MeA
was higher in both the Together and Reunite groups
compared to the Isolate group (only in PND 21 ani-
mals, discussed below). These data suggest that there
might be a specialized function for this sub-popula-
tion of TH positive cells relative to other cell types in
the MeA. However, additional data on the sensitivity
of types of MeA cells to various environmental stim-
uli would be helpful to support this interpretation.
Finally, although neurons of the BSTm were partic-
ularly responsive to social isolation (as indicated by
cFos expression), TH neurons were not exclusively
responsible for BSTm neuronal activation because we
did not observe group differences for TH-cFos colo-
calization in the BSTm.

Altogether, these data provide evidence that (1)
cell groups in the MeA and the BSTm differ in their
sensitivities to aspects of the social environment, and
(2) the social responsiveness of the BSTm appears to

Developmental Neurobiology
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Figure 8 Mean (+SEM) proportion of TH-ir neurons co-la-
beled with cFos-ir as a function of pup age and experimental
condition within the pBST. No comparisons were statisti-
cally significant.

emerge earlier in prairie vole development (by PND
9) compared to that of the MeA (by PND 21). Below
we discuss the ontogenetic differences in the timing
and location of emerging functional cell groups across
the meEA. Because significantly more developmen-
tal neurobiology has been characterized in rat pups,
and rats share key developmental features with prairie
voles (altriciality and a gestation period of 21 days;
Smotherman and Robinson, 1987) we draw from the
rat literature to provide a useful basis for understand-
ing the ontogeny of prairie vole social development.

The Duality of the meEA and the
Processing of Social Context

Our results showed that the highest level of neuronal
activation within the BSTm was detected under social
isolation. In contrast, the neurons of the MeA only
showed differential heightened activation in condi-
tions in which the pups were in contact with caregiv-
ers. The implication of these results is that, within the
meEA, the BSTm and the MeA appear to respond to
distinct properties of the social environment.

Current understanding of the BST suggests that
it acts as a relay center, receiving inputs from sen-
sory and cortical structures and modulating steroid
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Figure 9 Mean (+SEM) proportion of tyrosine hydroxylase
(TH)-ir neurons co-labeled with cFos-ir as a function of pup
age and experimental condition within the medial amygdala
(MeA). *P < 0.05.

hormone and nonapeptide release via projections to
the paraventricular nucleus of the hypothalamus (Chot
et al., 2007). Thus, the BST could play a critical role
in facilitating appropriate responses to different stress-
ful contexts. Stressful novel experiences increase BST
cFos counts in rat dams (Smith and Lonstein, 2008),
whereas BST stimulation produces behavioral re-
sponses similar to those elicited by restraint stress
(Casada and Dafny, 1991). Pharmacological synaptic
blockade of the rat BST attenuates behavioral and au-
tonomic responses to fear cues, indicating the impor-
tance of the BST in processing threatening contexts
and subsequently producing appropriate behavioral
and endocrine stress responses (Resstel et al., 2008).
We found neurons of the BSTm are functionally sen-
sitive to the absence of social contact (at PND 9 and
PND 21). This outcome is consistent with documented
functional roles of the BSTm in stress and anxiety-like
responses, and suggests a broader role for the BSTm in
processing stressful social contexts.

In contrast, the MeA was active particularly after
the transition from brief isolation to reunion with
family. This result provides ostensible evidence that
the MeA plays a role in processing the exposure to
social conspecifics. Supporting this interpretation is
the longstanding association between MeA function



and social affiliation and aggression in prairie voles
(Wang and De Vries, 1993; Wang et al., 1997; Curtis
and Wang, 2003). In male voles, MeA cFos expres-
sion is heightened after exposure to a sexually-recep-
tive female, compared to cFos levels after exposure
to a familiar sibling, or to isolation (Lim and Young,
2004). This suggests that the MeA appears to be sen-
sitive to the presentation of social stimuli, and to the
biological relevance of the conspecific. This interpre-
tation is supported by the known functional role of the
MeA in social recognition and social interest in rats
(Gur et al., 2014). Furthermore, lesioning the MeA of
male prairie voles decreases their levels of paternal
care, and time spent in contact with a familiar female
(Kirkpatrick et al., 1994). These results suggest that
MeA function is necessary in facilitating adaptive be-
havioral responses to conspecifics, which is congruent
with evidence that demonstrates selective represen-
tations of social stimuli within mouse MeA sub-cir-
cuitry (Bergan et al., 2014).

Alternatively, the neural activity we observed in
the MeA might have resulted from manipulating the
availability of general sensory information (olfactory,
visual, or auditory cues). We think this is unlikely be-
cause if the mere presence of sensory cues were driv-
ing these neural responses, we would expect to see
heightened levels of cFos expression in the Together
condition in conjunction with the Reunite condition.
Moreover, in female prairie voles, both the dorsal me-
dial and the anterior medial nuclei of the amygdala
show heightened cFos expression after exposure to
male urine, compared to either saline or milk stimuli
(Hairston et al., 2003). This result suggests that the
prairie vole MeA is capable of responding selectively
to the presentation of social odors, relative to odors
more generally. Furthermore, rats and mice as young
as PND 2 can be conditioned under an odor-aver-
sion learning paradigm (Rudy and Cheatle, 1977) or
odor-conditioned for food reinforcement (Armstrong
et al., 2006), suggesting that we should have seen sim-
ilar neural responses in the PND 2 and PND 9 groups
if the capacity for olfactory processing was driving the
MeA cFos responses.

It is possible that simple exposure to any stimulus
(regardless of its social or nonsocial properties) could
explain the induction of cFos in the MeA in the Reunite
condition. However, the MeA cFos responses of male
hamsters and mice discriminate between the presen-
tation of conspecific and heterospecific odors, and
both social odors induce significantly greater amount
of cFos relative to control unscented and peppermint
stimuli (Meredith & Westbury, 2004; Samuelson &
Meredith, 2009). These studies of MeA function sug-
gest that the rodent MeA is highly sensitive to distinct
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social stimuli compared to nonsocial stimuli. Without
including a non-social stimulus in our design, we can-
not definitively conclude that our results are uniquely
due to reunion with family, per se. Nonetheless, the
ability to assess the social environment is inextricably
tied to the mechanisms underlying sensory processing.
Investigating how sensory modalities serve as poten-
tial routes by which the social environment is encoded
is beyond the scope of the present work, but would
be an important and valuable avenue of research that
would elucidate how social contexts are processed in
the developing brain.

Developmental Timing of meEA
Response to Social Context

It is interesting to consider the differential neural ac-
tivation of the BSTm and MeA in response to social
conditions with respect to some notable developmen-
tal benchmarks. We did not find discriminative pat-
terns of cFos activation in either the BSTm or MeA
in PND 2 animals, which was surprising given that
separation from parents is likely to leave PND 2 pups
at their greatest risk for predation, thermoregulatory
vulnerability, or starvation. It is plausible that sys-
tems beyond the functional sensitivity of the extended
amygdala are online to address these life-threatening
challenges. For example, from the day of parturition
until the weaning period, prairie vole pups emit calls
in response to cooling (a consequence of isolation),
which is believed to elicit retrieval responses from
parents (Blake, 2002). Whether these calls are a physi-
ological byproduct of the respiratory response to cold
exposure (Blumberg and Alberts, 1990) or an evolu-
tionarily adaptive communicative signal (Hofer and
Shair, 1993), pup vocalizations may serve as a com-
pensatory mechanism that mediates infant survival
during a period in which isolation is not yet encoded
by the meEA.

Importantly, our data do not suggest that the brains
of neonatal pups are entirely incapable of reacting to
context. Work in rats has shown that pups transiently
upregulate cFos mRNA expression in the neocortex
and midbrain 30 mins following parturition (Ringstedt
et al., 1995), and PND O rats show significantly more
cFos expression in the olfactory bulbs after the presen-
tation of odors such as peppermint and propionic acid
compared to clean air (Guthrie and Gall, 2003). These
pieces of evidence indicate that the brains of even the
youngest postnatal rat pups seem capable of respond-
ing to environmental changes. Our results depict an
insensitivity of PND 2 cell groups within the meEA to
social context, which is consistent with the hypothesis
that the brains of perinatal pups lack the functional
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capacity for adult-like responses to changes in the
social environment. The relatively delayed functional
maturation of the MeA has been documented in other
rodents. For example, rat pups show heightened MeA
cFos expression when exposed to a threatening novel
adult male at PND 21, but not at PND 7 (Wiedenmayer
and Barr, 2001). One hypothesis posits that the hy-
po-activity of the amygdala in the neonatal rodent is
not merely a result of neurobiological immaturity, but
rather an evolutionarily adaptive mechanism that at-
tenuates amygdala-dependent fear or aversion-learn-
ing during a critical sensitive period in which pups
learn to form an attachment to their mothers (Landers
and Sullivan, 2012). It follows that neonatal brains
should not be considered mere immature versions of
adult brains. Instead, by considering the developmen-
tal context, we may begin to appreciate the ways in
which the particular neurobiology of infants facilitates
adaptations to the demands of their changing environ-
ment (Alberts, 2008).

We found that neural responsiveness of the BSTm
to distinct social contexts was first observable as early
as PND 9, when the pups opened their eyes and be-
came more mobile. In contrast, the MeA demonstrated
differential responses to social contexts only at PND
21, during the developmental stage of weaning. These
results suggest that subregions within the meEA ex-
hibit differential functional development, with the
BSTm beginning to discriminate between social con-
texts earlier in development relative to the MeA. It is
unclear whether our findings stem from the underde-
velopment of meEA brain structures, or immaturity
of the afferent projections from sensory regions. In
rats, projections from both the olfactory and acces-
sory olfactory bulbs to the medial amygdala via the
stria terminalis are seen in prenatal rats (Schwob and
Price, 1978). Projections from the MeA to the BST
are established prior to parturition, while reciprocal
fibers are not seen in rat pups until PND 1 (Cooke
and Simerly, 2005). However, the density of projec-
tions between these regions of the meEA increase over
the postnatal period, and only approach adult-typical
densities around PND 15. Consequently, it is plausible
that structures outside of the meEA and upstream in
the olfactory pathway become functionally respon-
sive earlier in postnatal life to facilitate behavioral
responses to environmental changes in preweanling
animals. The functional consequences of differences
in developmental timing for the BSTm and the MeA
remain unclear. To this end, our data provide evidence
that regions of the meEA are not homogenous in their
functional developmental rates.

Developmental Neurobiology

TH Function within the meEA

TH-ir cells are present in the BSTm, pBST, and MeA
as early as PND 2 in prairie voles, indicating the po-
tential for TH-dependent action in the meEA at an
early age. Despite the presence of TH-ir neurons in
the BSTm, we found no effects across Age and Social
Context for TH-cFos co-localization in this region. On
the other hand, MeA TH neurons in PND 21 brains
responded strongly to social context, suggesting that
family interactions at weaning elicit a TH-related neu-
ral response within the MeA. Notably, the sub-popu-
lation of MeA neurons expressing TH demonstrated
enhanced activation (indicated by TH-cFos co-local-
ization) in the Reunite context (paralleling our cFos
only data) and in the Together context (a departure
from the cFos only data in this region). These results
suggest the TH positive neurons of the MeA exhibit a
general sensitivity to pro-social contexts. Other stud-
ies have shown that male prairie vole TH neural activ-
ity is greater following a variety of social interactions
compared to social isolation (Northcutt and Lonstein,
2009), supporting the interpretation here that MeA TH
activation reflects sensitivity to social interactions.

It is tempting to equate the presence of TH to do-
pamine action, because TH is the rate limiting en-
zyme responsible for catalyzing L-DOPA into DA.
Given that our data showed that MeA TH activa-
tion responded most intensely to prosocial contexts,
it is even more tempting to conclude that TH in the
MeA facilitates the rewarding properties (so often at-
tributed to dopamine) under social contexts. Caution
should be taken with this conclusion. The activation
of TH-producing cells can relate to downstream do-
paminergic neurotransmission, but it can also lead
to subsequent production and exocytosis of adrena-
line or noradrenaline (De Deurwaerdere et al., 2017).
Furthermore, L-DOPA can be metabolized into
non-catecholaminergic products (such as melanin
precursors), interact with 5-HT neurons to modify
extracellular serotonin (Navailles et al., 2013) or ex-
hibit neurotransmitter-like properties as an end prod-
uct itself (De Deurwaerdere et al., 2017). As such, the
multifaceted potential of TH molecules (and L-DOPA
action) obscures precise functional roles of TH neu-
rons within the meEA. It is, therefore, unclear if the
sensitivity of MeA TH neurons to familial stimuli is
related to dopaminergic encoding of a social reward.
AADC is required for dopamine synthesis, and MeA
TH cells do not immunoreactively co-express AADC
in adult prairie voles (Ahmed et al., 2012). We do not
know if this is also true for pre-weaning prairie vole



pups. On the other hand, AADC-expressing cells are
found more generally in both the BST and the MeA
of adult prairie voles (Ahmed et al., 2012), and neigh-
boring AADC cells can coordinate with TH cells to
facilitate DA synthesis in rats (Ugrumov et al., 2004;
Ugrumov, 2009). Further studies are necessary to de-
termine the specific products of TH neurons within
the MeA of prairie voles, and how they might be in-
volved in the encoding of social and/or rewarding con-
texts. The TH activation we found in the MeA might
serve as a marker of DA activation or the activation
of other molecular pathways, but either way, the dy-
namic nature and multi-functional potential of TH is
likely enabling TH-positive neurons in the MeA to
differentially and appropriately respond to the social
environment as animals mature. A deeper apprecia-
tion of the development of social behavior will only
be achieved by identifying the specific ontogenetic
windows during which time these cell groups become
responsive to social contexts and exhibit adult-typical
response profiles, and by understanding the abilities
and limitations imposed by the development of this
neurophysiology.

CONCLUSIONS

Our data provide evidence that the meEA exhib-
its functional differences across early development.
Interestingly, the meEA of neonatal pups was not
selectively responsive to variation in the social envi-
ronment. However, meEA functioning of older pups
(PND 9, age of eye-opening and independent loco-
motion; PND 21, age of weaning) was subregion-,
age- and context-specific. Although the BSTm dif-
ferentially responds to isolation by the second week
of postnatal life, the MeA does not differentially
respond to the presence of familial individuals (i.e.,
parents and siblings) until weaning-age. Furthermore,
our findings suggest that TH neurons in the MeA do
not differentially respond to social context until later
in development (PND 21). As such, our results point
towards heterogeneous ontogenies of functionality
across, and TH circuitry within, the meEA. Despite
the connectivity of the meEA, careful consideration
of the specific subregions analyzed within the meEA
should be taken given that individual nuclei have
varying rates of structural, functional, and connec-
tive development (Goodson et al., 2004). Examining
the development of social neural circuitry is impor-
tant because it provides insight into the mechanisms
that govern age-specific social phenotype. It can also
identify developmental stages where changes in neu-
roanatomy and function occur, which might represent
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critical periods in development where the environment
can most substantially impact behavioral profiles that
persist into adulthood.
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