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Abstract

Vasopressin (VP) and oxytocin (OT) are involved in modulating basic physiology and numerous
social behaviors. Although the anatomical distributions of nonapeptide neurons throughout
development have been described, the functional roles of VP and OT neurons during development
are surprisingly understudied, and it is unknown whether they exhibit functional changes
throughout early development. We utilized an acute social isolation paradigm to determine if VP
and OT neural responses in eight nonapeptide cell groups differ at three different stages of early
development in prairie voles. We tested pups at ages that are representative of the three rapid
growth stages of the developing brain: postnatal day (PND)2 (closed eyes; poor locomotion),
PND?9 (eye opening; locomotion; peak brain growth spurt), and PND21 (weaning). Neural
responses were examined in pups that (1) were under normal family conditions with their parents
and siblings, (2) were isolated from their parents and siblings and then reunited, and (3) were
isolated from their parents and siblings. We found that VP and OT neural activity (as assessed via
Fos co-localization) did not differ in response to social condition across development. However,
remarkably rapid VP and OT synthesis in response to social isolation was observed only in the
paraventricular nucleus of the hypothalamus (PVN) and only in PND9 pups. These results suggest
that PVN nonapeptide neurons exhibit distinct cellular properties during a critical period of
development, allowing nonapeptide neurons to rapidly upregulate peptide production in response
to stressors on a much shorter timescale than has been observed in adult animals.
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Introduction

The nonapeptides (vasopressin, VP, and oxytocin, OT) are key modulators of basic
physiological processes and social behavior (Landgraf and Neumann 2004). Understanding
the development of this system can provide insight into how individual differences in social
behavior arise, and elucidate sources of behavioral dysfunction. The ontogeny of VP and OT
neuronal populations has been examined in rodents (DiBenedictis et al. 2017; Grinevich et
al. 2014; Swaab and Ter Borg 1981; Boer et al. 1980; Yamamoto et al. 2004), demonstrating
that these cell groups are present at parturition, although dendritic and axonal growth, and
neuron number, continue to grow in the first weeks after birth (Hammock 2015; Grinevich et
al. 2014; Tamborski et al. 2016). Although the anatomical distribution of nonapeptide
neurons throughout development has been described, their functional roles during the early
development are surprisingly understudied.

The nonapeptide cell groups of the paraventricular nucleus (PVN) and supraoptic nucleus
(SON) of the hypothalamus are particularly versatile cell groups that can have both central
and peripheral effects. They represent the largest populations of nonapeptide cell groups
(Landgraf and Neumann 2004), and also contain the largest number of magnocellular
neurons (Brown et al. 2013). Magnocellular neurons in the PVN and SON send direct axonal
projections to the posterior pituitary whereby they release peptide into the periphery. In this
way, VP and OT exert direct and indirect effects on the hypothalamic—pituitary—adrenal
(HPA) axis in response to stress (Landgraf and Neumann 2004; Sivukhina and Jirikowski
2016). These direct connections to the periphery distinguish the PVN and SON nonapeptide
cell groups from other accessory VP and OT cell groups [e.g., bed nucleus of the stria
terminalis (BST), medial preoptic nucleus (MPO), and anterior hypothalamus (AH)], which
send axonal projections throughout the basal forebrain and midbrain (Brown et al. 2013).
Thus, unlike accessory nonapeptide cell groups, the PVN and SON nonapeptide cell groups
can have a direct impact on peripheral physiology. These cell groups are involved in
cardiovascular function, hydromineral balance, water retention, energy metabolism, and
smooth muscle function (Engelmann et al. 2004; Goodson and Thompson 2010; Smith et al.
2015). The PVN also contains parvocellular nonapeptide neurons, which send axonal
projections throughout the brain. Importantly, both magnocellular and parvocellular
nonapeptide neurons exhibit somatic, axonal, and dendritic release (Ludwig and Leng 2006),
so both VP and OT producing neurons in the PVN and SON can impact the brain, and
subsequently behavior. Because of their multidimensional nature (i.e., having both central
and peripheral effects), PVN and SON nonapeptide cell groups may alter their functions
across early development as the physiological needs of a developing animal change during
maturation. In addition, although accessory nonapeptide cell groups do not directly impact
the periphery as the PVN and SON nonapeptide cell groups do, accessory cell groups may
also alter functional properties across development in response to changes in how a maturing
animal processes and interacts with the social environment.

Neurodevelopmental milestones have been described for rodents and humans (Clancy et al.
2007; Semple et al. 2013), and studies in rats and mice have identified three rapid growth
stages of brain development that occur between postnatal days (PND) 0-6, PND8-12, and
PND17-23 (Gottlieb et al. 1977). Key benchmarks of neural maturation also occur during
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these rapid growth stages. For example, between PND1-3, the blood-brain barrier is
established. A peak brain growth spurt, peak in gliogenesis and neurogenesis, and increases
in axonal and dendritic density are seen at PND7-10 (Bockhorst et al. 2008; Dean et al.
2011; Semple et al. 2013). At PND20-21, the brain reaches 90-95% of its adult weight, and
there are peaks in myelination rate and synaptic density (Dekaban 1987; Qiu et al. 2007;
Semple et al. 2013). In addition, cellular functions change dramatically during development
(Sperelakis 2001).

The ontogeny of rodent nonapeptide neuron and receptor anatomical distributions has been
described in rats (Boer et al. 1980; DiBenedictis et al. 2017; Krisch 1980; Smith et al. 2017,
Swaab and Ter Borg 1981), mice (Godefroy et al. 2017), jirds (Rabhi et al. 1996, 1999), and
voles (lateral septum nonapeptide receptors only, Wang and Young 1997; PVN VP and OT
neurons only; Yamamoto et al. 2004). However, to our knowledge, it is largely unknown
whether nonapeptide neurons exhibit distinct functional properties or play different
functional roles in behavior at different stages of development, particularly during rapid
brain growth stages. Notably, we recently showed that BST VP neurons exhibit changes in
functional response to novel conspecifics in male prairie voles as they mature (Kelly et al.
2018), but this study examined developmental stages from PND15-60 and did not examine
very early development. Nonetheless, this study demonstrates the potential for nonapeptide
neuronal functional plasticity during development.

Here, we sought to examine whether nonapeptide neurons exhibit changes in functional
responses across early development in prairie voles (Microtus ochrogaster) at different
developmental stages representing the main neural growth stages above (PND2, 9, 21). We
used prairie voles, because this species has emerged as a compelling model for
understanding the impact of nonapeptides on social behavior and development (Hammock
2015). Importantly, developmental milestones in the brain occur alongside and in
conjunction with developmental milestones in physiology, anatomy, and behavior (Fox
1965; Lagerspetz 1966; Fitch 1957). PND2 prairie vole pups do not exhibit independent
locomotion and eye opening has not yet occurred. By PND9, pups are capable of
independent locomotion and exhibit open eyes (Robison et al. 2016; Solomon 1991). By
PND21, prairie vole pups are weaned in the lab and can function independently (Carter and
Getz 1985). We utilized a social isolation paradigm to examine neuronal functional
plasticity, because isolation during early development can have fatal consequences, and,
therefore, is likely to induce rapid physiological and behavioral responses in vulnerable
pups. Adult rodents have well-defined nonapeptide neural responses to chronic social
isolation (e.g., increases in PVVN VP and OT) (Gilles and Polston 2017; Grippo et al. 2007b;
Pan et al. 2009); however, it is largely unknown how nonapeptide neurons function in
response to social isolation in early development. We hypothesized that VP and OT neurons
would respond differently to social isolation over postnatal development. To test this
hypothesis, we exposed pups at different developmental stages representing the main neural
growth stages above (PND2, 9, 21) to acute social isolation to examine functional
differences in nonapeptide neural responses in an immediate early gene (IEG) experiment.
We examined eight VP or OT cell groups throughout the brain. However, because the PVN
and SON nonapeptide cell groups modulate both physiological processes and social
behavior, we hypothesized that these cell groups would exhibit greater functional differences
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across development compared to accessory hypothalamic and amygdalar nonapeptide cell
groups.

Materials and methods

Animals

All prairie voles used in this study were obtained from our breeding colony of F1 breeding
pairs that were offspring of wild caught animals we captured in Champagne County, Illinois,
USA. All animals were housed in standard polycarbonate rodent cages (29 x 18 x 13 cm)
that contained Sanichip bedding and nesting material. Animals were kept on a 14L:10D
cycle, and ambient temperature was maintained at 20 + 2 °C. Water and rodent chow
(Laboratory Rodent Diet 5001, LabDiet, St. Louis, MO, USA) were provided ad libitum. All
procedures were approved by the Institutional Animal Care and Use Committee of Cornell
University (2013-0102).

Experimental design

To determine if nonapeptide neurons exhibit differential responses to social condition based
on age, we manipulated the family environment of pups at different developmental stages
(PND2, 9, and 21). These ages represent the key benchmarks of neural maturation (Semple
et al. 2013). We examined pup neural responses to reunion with and social isolation from
their parents and siblings. Families (parents and their pups) were randomly assigned to one
of three conditions (Fig. 1, and below): Isolate, Reunite, or Together.

Behavioral procedure

Ninety-four breeding pairs were established; only first litters were used for the experiment.
Litter sizes average from 3 to 5 pups, and so to include the majority of breeding pairs and
their pups in this study, litters were culled to three pups on the day of birth. Litter number
was kept consistent to avoid social environmental differences across development (i.e.,
parental care and sibling relations may differ based on litter size). This also increased the
likelihood of having 1 male and 1 female in each litter. We created three social conditions to
assess the functional reaction of OT- and VP-immunoreactive (-ir) neurons in pups of
different ages following interactions with or separation from their parents and siblings. The
‘Isolate’ condition examined pups’ neural responses to being housed apart from their family.
The “Reunite’ condition was included to determine if nonapeptide cells exhibit a distinct
functional profile following social isolation followed by reunion with parents and siblings.
Our control condition allowed parents and pups to remain together (‘Together’).

To assess IEG responses (see below), we designed the experiment to have two phases (see
Fig. 1): a 30-min home cage phase before an IEG test (pre-test), and a 90-min novel cage
phase (IEG test). In the Isolate condition, parents and pups were handled and returned to
their home cage in the first phase. After 30 min, parents were transferred to a novel cage
together, while each pup was transferred to a different novel cage, at which time any
functional changes measured by the IEG activation would have been initiated. Thus, pups
were isolated from their parents and siblings for the 90 min IEG test. In the Reunite
condition, pups and parents were handled as in the Isolate condition. However, while parents
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were returned to the home cage for the pre-test, the pups were individually isolated in novel
cages during the 30 min pre-test. For the 90 min IEG test, the pups and parents were all
transferred into the same novel cage (hence, reunited). In the Together condition, parents and
pups were all handled as above, but all were returned to the home cage for the pre-test, and
then transferred to the same novel cage for the 90-min IEG test.

For all tests, the degree to which each animal was handled was mimicked to control for the
total quality and quantity of handling. For all trials, the same experimenter wore clean nitrile
gloves and used a clean plastic beaker to transfer animals. All tests were conducted within
an 8 h window of the light cycle, with morning and afternoon testing times counterbalanced
across groups. All novel cages contained new wood chip bedding, new shredded nestlet
material, contained no food or water, and had a clear Plexiglas lid with air holes for top-
down video recording. All animals were video recorded for the full 2 h of testing.
Immediately after the 90 min IEG test, all subjects were sacrificed and brains of parents and
pups were collected (see below).

All pups in a litter were assigned to the same social condition and underwent behavioral
testing and perfusion. After the sex of pups was confirmed via PCR (see below), 1 male and
1 female brain (if both were available) were randomly selected from each litter for
immunocytochemistry.

Group sizes for each age group for the Isolate condition were: PND2, 7= 10 males and 11
females (from 11 litters); PND9, /7= 9 males and 9 females (from 11 litters); PND21, n=8
males and 8 females (from 10 litters). Group sizes for each age group for the Reunite
condition were: PND2, n=9 males and 8 females (from 10 litters); PND9, 7= 10 males and
10 females (from 10 litters); PND21, n=9 males and 9 females (from 10 litters). Group
sizes for each age group for the Together condition were: PND2, 7= 10 males and 10
females (from 10 litters); PND9, 7= 11 males and 11 females (from 12 litters); PND21, n=
8 males and 9 females (from 10 litters).

Accounting for thermoregulatory differences

We controlled for differences in thermoregulatory abilities between PND2, 9, and 21 pups
that were isolated in the Isolate and Reunite conditions by adjusting the temperature in each
testing cage using electric heating pads. We used a veterinary grade infrared thermometer
(Nasco Product B0O1377N) to determine how much a novel test cage needed to be heated, so
that a pup could maintain a temperature consistent with the temperature of pups in a nest
with their family. By taking the average temperature from a sample of 5 families at each pup
age, we found that the novel empty cage needed to be heated to 36 °C for PND2 pups, 34 °C
for PND9 pups, and 30 °C for PND21 pups.

Sex determination

All pups were sexed visually after perfusions. Because it can be difficult to locate gonads in
PND2 and 9 pups, we confirmed visual sexing with PCR amplification for the detection of
the male-specific SRY gene. After being deeply anesthetized with isoflurane, and
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immediately prior to perfusion, punches were taken from the lung and the spleen for DNA
extraction. Genomic DNA was extracted according to the manufacturer’s protocol using a
DNEasy Blood and Tissue Kit (Qiagen, USA). All PCR reactions were performed in a
thermal cycler (Eppendorf realplex?) in 25 pl for 35 cycles (94 °C 30 s, 55 °C 1 min, and

72 °C 30s). The amplified PCR products were separated on 2% agarose gels, GelRed
(Biotium, USA) stained, and visualized under a UV transilluminator. The sequences for SRY
primers were forward 5’-TTATGCTGTGGTCTCGTGGTC-3’; and reverse 5’-GCA GTC
TCT GTG CCT CTT GG-3’.

Histology and immunocytochemistry

We assessed age differences in VP or OT immunoreactive neuronal number and differences
in neuronal activation of nonapeptide cells as assessed by co-expression of the IEG c-Fos
(Fos hereafter). To visualize OT, VP, and Fos, subjects were sacrificed by isoflurane
overdose and transcardially perfused with 0.1 M phosphate buffered saline (PBS) followed
by 4% paraformaldehyde. Brains were extracted, post-fixed overnight, and cryoprotected in
30% sucrose in PBS for 48 h prior to sectioning on a cryostat. Tissue was sectioned into
three 40 m series for PND21 subjects. To account for smaller brain size, tissue was
sectioned into two 40 um series for PND2 and PND9 subjects. Prior to the sectioning of
subject brains, pilot brains representing our experimental age groups were sectioned to
determine the best method to compensate for differences in brain size. Sectioning PND2 and
9 brains into two 40 pm series, and PND21 brains into the standard three 40 pm series,
resulted in each series of tissue for all ages containing 5-7 sections that encompassed the VP
and OT cell groups in the PVN and SON; we used these cell groups as a metric for making
certain that quantification was similar between the ages because of their expansive size.
Sectioning the brains with the aim of obtaining extremely similar coverage of the PVN and
SON VP and OT cell groups resulted in similar anterior—posterior VP and OT neuron
distribution for all cell groups quantified for all ages.

One series of tissue from each subject was immunofluorescently triple labeled for VP, OT,
and Fos. Subjects from different groups were counterbalanced across immunocytochemical
runs. 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. Primary antibodies used were guinea pig anti-VP (1:1000;
Peninsula Laboratories Cat# T-5048.0050 RRID:AB_518680), mouse anti-OT (1:325;
Millipore Cat# MAB5296 RRID:AB_2157626), and rabbit anti-Fos (1:200; Santa Cruz
Biotechnology Cat# sc-253 RRID:AB_2231996). The primary incubation was followed by
two 30 min rinses in PBS. Tissue was incubated for 1 h in a biotinylated donkey anti-guinea
pig secondary (1:125; Jackson ImmunoResearch Labs Cat# 706-065-148
RRID:AB_2341097), rinsed twice for 15 min in PBS, and incubated for 2 h at room
temperature in streptavidin conjugated to Alexa Fluor 488 (1:325; Molecular Probes Cat#
S32354 also S32354 RRID:AB_2315383), donkey anti-mouse secondary conjugated to
Alexa Fluor 680 (1:165; Thermo Fisher Scientific Cat# A10038 RRID:AB_2534014), and
donkey anti-rabbit secondary conjugated to Alexa Fluor 594 (1:200; Molecular Probes Cat#
A-21207 also A21207 RRID:AB_141637). All secondary antibodies were diluted in PBS
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containing 5% normal donkey serum + 0.03% Trion-X-100. 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 (Thermo Fisher Scientific).

Quantification and analysis

Statistics

Photomicrographs were captured using a Zeiss Axiolmager Il microscope outfitted with an
AxioCam MRm, z-drive, and an Apotome optical dissector (Carl Zeiss Inc., Gottingen,
Germany). Flattened z-stack images were used by observers blind to treatment condition to
conduct cell counts in Photoshop CS6 (Adobe Systems, RRID:SCR_014199) and ImageJ
(ImageJ, RRID:SCR_003070) as previously described (Goodson and Wang 2006; Kelly and
Goodson 2014a; Kelly et al. 2017).

We quantified the total number of VVP-ir and OT-ir neurons, the total number of Fos-ir cells,
and the number VP-ir and OT-ir neurons expressing Fos. We examined the proportion of VP
and OT cells that were doubled labeled for Fos (hereafter referred to as VP-Fos or OT-Fos
co-localization) to account for individual differences in the number of nona-peptide neurons.
Cell counts for VP cell groups were quantified in the PVN, SON, AH, and suprachiasmatic
nucleus (SCN). Cell counts for OT cell groups were quantified in the PVN, SON, MPO, and
BST. For visual representations of these primary hypothalamic and accessory nonapeptide
nuclei in rodents, see (Rood and De Vries 2011; Wang et al. 1996). We intended to quantify
the BST VP cell group but could not, because VP-ir neurons were virtually absent in this
region in our subjects. This is likely because VP production in the BST is strongly regulated
by steroids (De Vries and Panzica 2006), and our subjects were not reproductively mature.
Furthermore, a lack of borax in the paraformaldehyde used for perfusions may also result in
a lack of visualization of this cell group (pers. comm. AH Veenema). The PVN and SON VP
and OT cell groups were quantified at two levels given the extensive size of these cell
groups. Although the magnocellular and parvocellular organization of the PVN has not been
characterized in prairie voles, the rostral level of quantification primarily encompasses the
magnocellular component, whereas the caudal level quantified encompasses primarily
parvocellular components as described in rats by (Swanson and Kuypers 1980; Swanson and
Sawchenko 1983).

Neural data were analyzed using Linear Mixed Models (LMM) in SPSS 24 (IBM Analytics,
USA). Sex of the pup, pup age, and treatment condition were analyzed as fixed factors,
while litter number was assigned as a random factor to control for genetic variation in
nonapeptide anatomy and function. Non-normally distributed data for VVP-ir, OT-ir, or Fos-ir
were log transformed. Neural activity data (VP-Fos and OT-Fos co-labeling) were analyzed
using the arcsine transformation of the proportion of the number of double labeled neurons
out of the total number of neurons in the cell group. Because this experiment was designed
to examine differential responses to social condition based on age, we present data for Age x
Condition interactions. We found no significant interactions for Sex x Age x Condition for
any analysis, and thus, higher order interactions involving Sex are not discussed. See
supplementary materials for data on anatomical development (VP-ir and OT-ir cell number)
unrelated to social condition, and for sex or social condition differences in neural activity

Brain Struct Funct. Author manuscript; available in PMC 2019 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kelly et al.

Results

Page 8

(Fos responses and VVP/OT-Fos co-localization). All post hoc pairwise comparisons were
adjusted using the Bonferonni correction. All data are presented as means + standard errors.

The objective of this experiment was to elucidate differential nonapeptide functioning in
response to reunion with or isolation from families at different stages of early development.
Thus, here, we focus on Age x Condition interactions.

Fos responses to social condition differ across development

Fos is an immediate early gene, from which neural activation can be inferred when neurons
express Fos approximately 90 min after a specific experience. We quantified Fos-ir to
provide a general characterization of neural activation at three stages of postnatal
development under three distinct social contexts. We focused exclusively on brain regions
known to contain VP or OT neurons because of the importance of nonapeptide neurons in
social behavior.

We observed significant differences in PVN Fos-ir expression indicating a pattern of rapid
changes in PVN activation. Analysis of total (rostral and caudal levels combined) PVN Fos-
ir yielded a significant Age x Condition interaction [F, 150) = 2.427; p= 0.05; LMM], with
only the Isolated PND9 pups exhibiting more Fos-ir than subjects of the same age in the
Together (mean diff. = 194.298; p= 0.001) and Reunite (mean diff. = 168.089; p = 0.009)
conditions.

Due to the large size of the PVN, we quantified labeling at two levels (rostral and caudal).
Although the magnocellular and parvocellular organization of the PVN has not been
characterized in prairie voles, the rostral level of quantification primarily encompasses the
magnocellular component, whereas the caudal level quantified encompasses primarily
parvocellular components as described in rats by (Swanson and Kuypers 1980; Swanson and
Sawchenko 1983). To determine if the effect observed for total PVN Fos-ir was driven by
effects of the rostral or caudal levels, we also analyzed Fos-ir for the rostral-caudal
subdivisions of the PVN. When subdivided, we observed a significant Age x Condition
interaction for rostral PVN Fos-ir [ A4 150) = 4.165; p=0.003; LMM; Fig. 2a], with PND9
pups that were Isolated exhibiting more Fos-ir than subjects in the Together (Mean diff. =
130.889; p < 0.001) and Reunite (Mean diff. = 106.789; p= 0.001) conditions. However, we
found no significant Age x Condition interaction for caudal PVN Fosir [F4 150) = 1.092; p=
0.363; LMM; Fig. 2b), demonstrating differential functioning within subdivisions of the
PVN.

We also found a significant Age x Condition interaction for Fos-ir expression in the MPO
[A4,154) = 3.153, p=0.016, LMM], with PND21 pups that were Isolated (Mean diff. =
49.897; p=0.003) or Reunited (Mean diff. = 57.556; p < 0.001) having more Fos-ir than
PND21 Together pups (Fig. 3). Finally, we found a significant Age x Condition interaction
for Fos-ir expression in the caudal SON [F4,157) = 2.662, p= 0.035, LMM]; however, post
hoc analyses yielded no significant pairwise comparisons. These differences in Fos activity
indicate that the developing vole brain responds to social isolation or reunion differentially
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based on age. We found no differences in Fos expression in the AH [F4 147) = 0.279, p=
0.891, LMM], SCN [F4,148) = 0.674, p=0.611, LMM], or BST [F4,150) = 0.374, p=0.827,
LMM].

VP and OT neuronal activity (Fos co-localization) in response to social condition does not
differ across development

Surprisingly, we found no significant Age x Condition interactions for VP-Fos or OT-Fos
co-labeling for any of the VP and OT cell groups examined. These data suggest that
nonapeptide-dependent neural activity, as assessed by Fos co-expression, does not differ
throughout early development in response to social isolation or familial reunion.

PVN VP and OT cell groups exhibit rapid protein synthesis in PND9 pups

Finally, we quantified the total number of VP-ir and OT-ir neurons in the brain to assess how
nonapeptide expression changes at each of these three critical stages of development. As
discussed above, we grossly partitioned the PVN into rostral (Fig. 4a; presumably captures
the magnocellular component) and caudal (Fig. 4b; presumably captures parvocellular
components) subdivisions. Interestingly, analyzing the PVN VP cell group in this way
yielded different results for each subdivision. Unexpectedly, we found that VVP-ir appeared to
be altered on the same timeline as Fos expression, with our results showing a robust Age x
Condition interaction for VP-ir neurons in the rostral PVN [£4 150) = 2.416; p= 0.003;
LMM]. Specifically, the PND9 animals showed a unique VP expression pattern, in which
pups that were Isolated exhibited significantly more \VP-ir neurons compared to subjects that
were in the Together (Mean diff. = 45.919; p < 0.001) and Reunite (Mean diff. = 44.206; p=
0.001) conditions (Fig. 5). This result demonstrates a profoundly rapid synthesis of VP in
response to social isolation (Fig. 6a). Analysis of the caudal PVN VP-ir neurons yielded no
significant Age x Condition interaction [A4,150) = 0.519; p=0.722; LMM; Fig. 6b],
indicating that this unprecedented rapid synthesis is specific to rostral PVN VP neurons that
are located primarily in the magnocellular component of the PVN.

Separate analysis of PVN OT at the rostral and caudal levels did not yield significant Age x
Condition interactions for OT-ir [rostral: A4 150) = 1.979; p=0.101; LMM; caudal: A4 150
= 2.403; p=0.084; LMM]. However, combining the two levels for a total measurement of
PVN OT-ir yielded a significant interaction of Age x Condition [~ 150) = 2.748; p= 0.030;
LMM; Fig. 7]. Just as we found with the rostral PVN VP-ir neurons, pups that were Isolated
exhibited significantly more OT-ir neurons in the PVN than pups in the Together condition
(Mean diff. = 49.581; p=0.019) in only PND9 subjects.

SON and accessory VP and OT cell groups do not exhibit rapid VP or OT synthesis or

release

We observed no significant Age x Condition interactions for VVP-ir cell groups [SON:
F,152) = 1.324; p=0.264;, LMM; AH: VP: F4 147y = 1.714; p= 0.415; LMM; SCN: VP:
Fa,148) = 1.193; p=0.316; LMM] or OT-ir cell groups [SON: Ay 152) = 0.294; p=0.881;
LMM; MPO: OT: £y 154) = 2.062; p=0.094; LMM; BST: OT: F4,150) = 1.472; p=0.219;
LMM] outside of the PVN. This lack of significance, along with a lack of main effects of
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Condition for these cell groups, highlights the unique rapid synthesis of VP and OT
exhibited by the PVN.

Discussion

We sought to characterize the functional responses of VP and OT neurons across different
stages of early development following different parent-offspring social contexts. We
observed no functional differences across development in nonapeptide responses to reunion
with or isolation from pups’ families as assessed by VVP/OT-Fos co-labeling. However, we
did observe a striking increase of nonapeptides in response to social isolation only in the
PVN and only in PND9 pups. These changes were concomitant with a similar increase in
Fos activation in the PVN of isolated PND9 pups. While Fos changes are known to be rapid,
increases in immunoreactivity of peptides in response to social environment typically take
several days to weeks to express. Our data showing short-order increases of VP in the rostral
region of the PVN and OT across the PVN suggest that nonapeptide neurons of the PVN
exhibit hyper-responsivity during a neurodevelopmental period characterized by profound
changes in the brain (Semple et al. 2013).

Consequences of social isolation

Social isolation is a stressful experience at any age, and mechanisms closely associated with
the HPA axis might explain why PND9 socially isolated pups showed the most dramatic
effects in our study. Indeed, the increased PVN Fos-ir in our study might be attributed to cell
types that we did not measure like corticotropin-releasing hormone (CRH). CRH is the
major neuropeptide that controls pituitary ACTH secretion in response to stress in adult
animals (Beurel and Nemeroff 2014; Lightman 2008). Thus, elevated Fos-ir expression
might relate to PVN CRH-neuron activation. Importantly, however, magnocellular VP is also
involved in the control of secretion of ACTH (Antoni 1993; Sivukhina and Jirikowski 2016),
and studies suggest that VP may assume an even more pronounced role in ACTH release in
developing animals. For example, in response to a brief restraint stress, PND12 rat pups that
were maternally deprived for 24 h exhibited elevated levels of ACTH and CORT, and an up-
regulation of VP and CRH mRNA. Notably, these mMRNA increases were observed on rapid
time-scales, with increases observed after only 15 min in PND12 pups, whereas mRNA
increases in PND18 pups were not observed until 4 h after the stressor (Dent et al. 2000).
These findings, together with our results, suggest that neuropeptides of the PVN involved in
regulating the HPA axis exhibit distinct cellular properties during early development. Indeed,
despite differences in experimental design between our study and (Dent et al. 2000), VP
appears to consistently play a critical role in regulating the HPA axis in response to stress
during early development (Levine 2002). Our findings showing a rapid response of VP-ir
synthesis to social isolation in PND9 pups support this conclusion.

Surprisingly, a few studies have examined the consequences of acute social isolation on
nonapeptide functional responses at any age. The overwhelming majority of studies
examining the effects of social isolation on nonapeptides involve chronic social isolation.
Consequently, the effects of acute social isolation on IEG activity in nonapeptide cells have
not been described. Studies in prairie voles demonstrate that adult females isolated for 60
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days exhibit more PVN OT-ir neurons compared to socially housed females (Grippo et al.
2007a), and males isolated for 6 weeks after weaning exhibit more VP and OT mRNA in the
PVN compared to socially housed males (Pan et al. 2009). We also found increases in PVN
VP-ir and OT-ir in response to social isolation, which is consistent with these studies in
adults; however, the increases we observed were on a considerably shorter timescale.

Changes in immunoreactivity are interpreted as either synthesis (for increases) or release
(for decreases) of the peptide. We believe that our results indicate rapid synthesis of PVN
nonapeptides in isolated PND9 pups. Studies examining extracellular VP and OT in the
PVN following acute stressors show elevated peptide, suggesting that acute stress induces
peptide release in the PVN (Bosch et al. 2005; Wigger et al. 2004; Kojima et al. 2012). Thus,
itis likely that the rapid PVN VP and OT up-regulation observed here was a consequence of
these neurons compensating for sudden releases of these peptides in response to isolation.
Our data suggest that a rapid compensation for peptide release in response to a stressor may
only be possible at a time (~ PND9) when the brain is experiencing substantial growth
(Gottlieb et al. 1977; Semple et al. 2013). An alternative interpretation of the results here
could be that PND9 pups may express extraordinarily high levels of VP and OT in the PVN,
and that PND9 animals in the Together and Reunite conditions rapidly released large
quantities of peptides, whereas Isolated pups did not. However, the aforementioned
nonapeptide increases to chronic isolation in adults, and VVP and OT release in response to
acute stressors argue against this interpretation. The feature unifying Together and Reunite
PNDQ9 subjects, and distinguishing them from Isolate subjects, is sustained social contact
(i.e., 90 min or more with the family unit). If the PND9 Together and Reunite groups did
indeed release VP and/or OT, it was likely a tonic release due to social experiences during
the 90 min of the IEG phase. However, Isolated animals would have experienced time with
family units just prior to the IEG test, and, therefore, also would have experienced this
(potentially chronic) release of nonapeptides. Thus, rapid synthesis would still be necessary
for the nonapeptide levels in Isolated pups to reach the height that they did. Whatever the
cause (synthesis resulting from isolation or recovery from cessation of tonic release due to
social contact), the best explanation for the difference which we found is that VP and OT
appear to be synthesized in Isolated PND9 pups on a profoundly short time scale.

Interestingly, we only observed increased VP-ir expression in the rostral portion of the PVN,
which is populated with more magnocellular neurons than the caudal portion. This implies
that the magnocellular PVN VP neurons, which exert direct effects on the periphery through
a single axonal projection to the posterior pituitary (Ludwig and Leng 2006), are selectively
responsive to stress at PND9. In contrast, we only observed a significant increase in PVN
OT-ir when both rostral and caudal measures were combined, suggesting that both peripheral
and central OT are important at PND9 in response to isolation. Notably, OT attenuates HPA
axis activity as a coping reaction to stress both centrally and peripherally by lowering the
basal and/or stress-induced concentrations of adrenocorticotropic hormone (ACTH) and
corticosterone (CORT) (Neumann et al. 2000; Sivukhina and Jirikowski 2016). Our findings
might, therefore, suggest that PVN OT plays a significant role in rapidly mediating the stress
response to social isolation during a unique and vulnerable time in development.
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The lack of rapid PVN VP and OT synthesis in isolated PND2 and PND21 pups may reflect
a distinct parent-off-spring bond in PND9 animals. Given that PND9 prairie voles have open
eyes and can independently locomote (Robison et al. 2016; Solomon 1991), they may be
more attuned to their social environment compared to PND2 pups; PND?9 offspring have
also had more time to develop a more substantial bond with their parents and siblings.
Meanwhile, PND21 pups are at an age where they can survive without their parents, whereas
PND?9 pups still depend on their mother for sustenance (Solomon 1991). Notably, parents
also spend significantly less time in contact with PND21 pups compared to PND2 and PND9
pups, likely reflecting a transition of promoting offspring independence in weaning aged
offspring (Kelly et al. 2017). Thus, the combination of a well-developed parent-offspring
bond with a dependence on the mother for survival may underlie the unique cellular
functions of neuropeptides in the PVN observed in PND9 animals. Future studies should be
directed at honing the age range of which this unique rapid synthesis of PVN VP and OT
occurs. Furthermore, it is feasible that we would have also observed rapid synthesis in PND9
pups that were Reunited with their families if the pre-IEG isolation period were longer. The
length of isolation needed to induce rapid PVN nonapeptide synthesis also warrants future
investigation.

In addition to significant differences observed within the PVN, we also found that neural
activation (Fos-ir) in response to social condition in the MPO differed by age. Our findings
suggest that, unrelated to VP neuronal function, neural activity within the MPO increases in
response to social isolation only in weaning aged pups (PND21). Although the MPO is best
known for modulating reproductive behavior (Hull 2010), studies have elucidated a role of
the MPO to indirectly affect the HPA axis via connections through the PVN (Williamson
and Viau 2007, 2008). MPO effects on the HPA axis are androgen mediated (Williamson et
al. 2010), which may explain why we do not see significant differences in response to
isolation in the younger, significantly less reproductively developed pups. In addition, the
MPO also has neuronal projections to regions of the forebrain that regulate numerous
behaviors and physiological mechanisms related to homeostasis (Simerly and Swanson
1988). Our findings in the MPO, together with the significant interaction observed for SON
Fos-ir (despite the lack of significance in post hoc analyses), suggest that numerous areas of
the hypothalamus are sensitive to stressful environments, and how regions of the
hypothalamus respond to stressors is influenced by the developmental stage of an animal.

Although of interest, the ecological relevance of these findings for prairie voles in the wild is
difficult to discern. Prairie vole pups in the wild are reared in three types of social groups:
(1) communal groups, (2) male—female pairs with offspring, and (3) single-female with
offspring (Getz et al. 1993; McGuire and Lowell 1995). Previous laboratory studies have
shown that prairie vole parents coordinate nest attendance rather than coming and going
independently (Ahern et al. 2011). Thus, our findings in relation to social isolation may be
most reflective of isolation events that may occur with greater frequency for prairie vole
pups reared by single-females in the wild. However, resource availability, predation, and
other ecological variables are often unstable (Clutton-Brock 1991; Winkler 1987), and it is
possible that pups in the wild may experience isolation from parents in more than just
single-female families. Therefore, we would expect all prairie voles to exhibit the PVN
nonapeptide rapid synthesis capabilities at critical periods of development observed here.
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Nonetheless, it is interesting to consider that the degree of this rapid plasticity may vary
based on environmental experiences and differences in family structure in the wild.

When peptides respond like Fos: the uniqueness of PND9 rapid VP-OT synthesis in the

PVN

Fos gene expression is rapidly induced in neurons, with its protein product peaking 60-90
min after stimulation (Hoffman et al. 1993). As a result, Fos is commonly used to assess
changes in neuronal activity. Importantly, although Fos usually indicates neuronal firing, it
does not always indicate protein synthesis (Hoffman and Lyo 2002). It is common for IEG
studies to find nonapeptide functional responses (VP-or OT-Fos co-localization) 1-2 h after
an acute stressor, but, such studies do not also report rapid changes in protein expression.
For instance, sheep that were sacrificed 1.5 h after an acute social isolation stressor exhibited
increased PVN VP-Fos co-localization compared to non-isolated animals, but no changes in
VP-ir were observed (Rivalland et al. 2007). Adult California mice that underwent a social
defeat stress test exhibited greater PVN VP- and OT-Fos co-localization 1 h later, but no
changes in VP- or OT-ir neuron number (Steinman et al. 2015, 2016). Moreover, in response
to 1.5 h of offspring separation, adult male and female prairie voles exhibited changes in
VP- and OT-Fos co-localization within several cell groups, including the PVN, but no
changes in VP- or OT-ir were observed (Kelly et al. 2017).

Work such as this has led the assumption that nonapeptide-producing neurons are stable, but
IEGs change rapidly, making colocalized IEG experiments using immunocytochemistry
useful to assess activation of neurons containing particular peptides of interest. In other
words, co-localization is based on a proportion, in which the numerator is expected to be
relatively dynamic and the denominator is expected to be relatively static. However, our
results for the PVN VP and OT cell groups appear to violate this basic assumption given that
we observed both Fos activation and an unprecedented change in protein (i.e., VP-ir and OT-
ir) expression. This change in both Fos and peptide might explain why our co-localization
data did not differ across groups in this region; the rate of Fos expression appears to increase
concomitantly with that of PVN OT and VP. In this case, the lack of differences in VP-Fos
and OT-Fos co-localization across ages and conditions reflects a proportional scaling of both
Fos and OT or VVP. That is, if the total number of Fos and VP or OT cells increase at the
same rate as each other, then the number of cells that co-express Fos and either VP or OT
should be proportional to those that did not show the concurrent increase of nonapeptide and
Fos overall. It is worth noting that Fos and nonapeptides need not have scaled
proportionately; the rate of Fos increases could have just as easily outpaced or under-paced
rates of VP and OT, or could have changed in different directions (one increases, while the
other decreases). Nevertheless, our study demonstrates a proportional and linear scaling of
nonapeptide and Fos increases (both in terms of timing and number) in the PVN of PND9
pups following social isolation.

Changes in neuropeptide immunoreactivity are typically not observed until at least several
days to weeks after manipulation in adult animals (Grippo et al. 2007a; Li et al. 2016; Pan et
al. 2009; Bamshad et al. 1994; Song et al. 2010), and rapid responses to environmental
changes (e.g., stressors, social interactions, etc.) are typically assessed using either IEGs or
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mRNA quantification. For example, in adult rats, increases in PVN VP mRNA can be seen 2
h after restraint stress (Ma et al. 1997). However, induction of mMRNA does not guarantee
induction of protein (Maier et al. 2009; Lodish et al. 2007). It is extremely rare to observe
such rapid changes in peptide expression, and, to our knowledge, this is the first report of
PVN VP-ir or OT-ir changes occurring on the same timescale as Fos (but see Wang et al.
2014; Cayetanot et al. 2005).

The rapid up-regulation of VP-ir and OT-ir that we observed questions whether nonapeptide
expression should be considered as ‘anatomy.” Studies often refer to nonapeptide neuron
number as ‘neuroanatomy’ and it has been contrasted within and between species (Goodson
et al. 2009; Kabelik et al. 2010; Mendonca et al. 2013). However, VP and OT expression can
change after 1 week or more of environmental manipulation (e.g., Grippo et al. 2007b; Song
et al. 2010; Steinman et al. 2015; Li et al. 2016), suggesting that nonapeptide neuronal
expression can be quite malleable. Furthermore, our findings of rapid change on the
timescale of hours emphasizes that caution should be exercised when characterizing
nonapeptide neuronal number in terms of anatomy. Perhaps, it would be better to think of
peptide expression in the brain in terms of the extent to which peptide expression is limited
in the degree to which it can vary, rather than as a relatively stable and unchanging feature,
particularly when it is used to differentiate behavioral phenotypes.

The plastic PVN

We originally hypothesized that we would observe functional differences across
development in the largest and most dynamic nonapeptide cell groups (i.e., PVN and SON).
However, upon examination of eight nonapeptide cell groups, our results yielded only
significant nonapeptide differences in the PVN. Surprisingly, although we did not find
significant differences in PVN VP-Fos or OT-Fos co-localization across development, we
observed a rapid synthesis of PVN VP and OT in response to acute social isolation. The
PVN is one of the most important sites for the integration of neuroendocrine and autonomic
mechanisms (Swanson and Sawchenko 1980). Neurons in the PVN play essential roles in
controlling stress, metabolism, growth, reproduction, and immune and cardiovascular
functions (Ferguson et al. 2008). Furthermore, the PVN nonapeptide neuronal populations
play crucial roles in the modulation of numerous social behaviors and, in fact, have been
implicated in social behavior more than any other region containing VP and OT neurons,
including the SON (Kelly and Goodson 2014b). The profound role of PVVN nonapeptide
neurons in physiology and behavior may explain their hyper-responsivity at a critical period
of development.

Interestingly, as discussed above, PVN CRH and VP mRNA biosynthesis in PND12 rat pups
has also been found to exhibit rapid induction properties. In response to an acute mild
stressor after maternal deprivation, pups exhibited significant increases in CRH and VP
mMRNA in the PVN after only 15 min (Dent et al. 2000). To our knowledge, CRH and VP
MRNA have not been reported to occur before 1 h, and more commonly increases in gene
expression take 2-3 h, and only under severe stressors (Levine 2002). These findings,
together with our results, suggest that neuropeptides of the PVN involved in regulating the
HPA axis exhibit distinct cellular properties during early development.
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The capability of the PVN to rapidly synthesize nonapeptides implicates this brain region as
exhibiting a high degree of plasticity that can allow organisms to rapidly adapt to changing
environments during critical periods of development. Further studies are required to
determine the extent of this plasticity. Overall, our results suggest a unique functional role of
the PVN and highlight unique synthesis properties of P\VN nonapeptide neurons in response
to social isolation at a critical period during development of the prairie vole.
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Schematic representation of treatment groups. Family units were randomly assigned to one
of three conditions: together, isolate, or reunite. The same procedure was used for family
units with pups of each age (PND2, PND9, or PND21). See text for details. /Chome cage,

NC novel cage
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Fig. 2.

a Mean (x SEM) number of Fos immunoreactive (ir) neurons in the rostral paraventricular
nucleus of the hypothalamus (PVN) for PND2, PND9, and PND21 pups that were Isolated
(light blue), Reunited (dark blue), or Together (gray) for 1.5 h. *Indicates p < 0.05. b Mean
(= SEM) number of Fos immunoreactive (ir) neurons in the caudal PVN for PND2, PND9,
and PND21 pups that were isolated, reunited, or together for 1.5 h
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Mean (£ SEM) number of Fos immunoreactive (ir) neurons in the medial preoptic nucleus
(MPQ) for PND2, PND9, and PND21 pups that were isolated (light blue), reunited (dark
blue), or together (gray) for 1.5 h. *Indicates p< 0.05
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Fig. 4.
Representative immunocytochemical staining of VP (green; Alexa Fluor 488), OT (pseudo-

colored blue; Alexa Fluor 680), and Fos (red; Alexa Fluor 594) in the a rostral PVN and b
caudal PVN of a PND9 male in the Together condition. Scale bar = 100 um
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Fig. 5.
Representative immunocytochemical staining of VP (green; Alexa Fluor 488) in the rostral

PVN of PND9 male subjects in the a isolate, b reunite, and c together conditions
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Fig. 6.
a ﬁ/lean (£ SEM) number of vasopressin (VP) immunoreactive (ir) neurons in the rostral
portion of the paraventricular nucleus of the hypothalamus (PVN) for PND2, PND?9, and
PND21 pups that were Isolated (light blue), Reunited (dark blue), or Together (gray) for 1.5
h. *Indicates p< 0.05. b Mean (= SEM) number of VVP-ir neurons in the caudal portion of
the PVN for PND 2, PND9, and PND21 pups that were isolated, reunited, or together for 1.5
h
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D Isolate
. Reunite
D Together

Mean (x SEM) number of oxytocin (OT) immunoreactive (ir) neurons in the paraventricular
nucleus of the hypothalamus (PVN; rostral and caudal levels combined) for PND2, PND9,
and PND21 pups that were Isolated (light blue), Reunited (dark blue), or Together (gray) for

1.5 h. *Indicates p< 0.05
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