Integrative and Comparative Biology
Integrative and Comparative Biology, volume 57, number 3, pp. 603–618
doi:10.1093/icb/icx036

Society for Integrative and Comparative Biology

SYMPOSIUM

Oxytocin Neurons Exhibit Extensive Functional Plasticity Due To
Offspring Age in Mothers and Fathers
Aubrey M. Kelly,1 Lisa C. Hiura, Alexander G. Saunders and Alexander G. Ophir
Department of Psychology, Cornell University, Ithaca, NY 14853, USA
From the symposium “The Development and Mechanisms Underlying Inter-individual Variation in Pro-social Behavior”
presented at the annual meeting of the Society for Integrative and Comparative Biology, January 4–8, 2017 at New
Orleans, Louisiana.
1

E-mail: amk297@cornell.edu

Synopsis The needs of offspring change as they develop. Thus, parents should concomitantly change their investment
based on the age-related needs of the offspring as they mature. Due to the high costs of parental care, it is optimal for
parents to exhibit a shift from intense caregiving of young offspring to promoting independence in older offspring. Yet,
the neural mechanisms that underlie shifts in parental behavior are poorly understood, and little is known about how the
parental brain responds to offspring of different ages. To elucidate mechanisms that relate to shifts in parental behavior
as offspring develop, we examined behavioral and neural responses of male and female prairie voles (Microtus
ochrogaster), a biparental rodent, to interactions with offspring at different stages of development (ranging from neonatal
to weaning age). Importantly, in biparental species, males and females may adjust their behavior differentially as offspring develop. Because the nonapeptides, vasopressin (VP) and oxytocin (OT), are well known for modulating aspects
of parental care, we focused on functional activity of distinct VP and OT cell groups within the maternal and paternal
brain in response to separation from, reunion (after a brief period of separation) with, or no separation from offspring
of different ages. We found several differences in the neural responses of individual VP and OT cell groups that varied
based on the age of pups and sex of the parent. Hypothalamic VP neurons exhibit similar functional responses in both
mothers and fathers. However, hypothalamic and amygdalar OT neurons exhibit differential functional responses to
being separated from pups based on the sex of the parent. Our results also reveal that the developmental stage of
offspring significantly impacts neural function within OT, but not VP, cell groups of both mothers and fathers. These
findings provide insight into the functional plastic capabilities of the nonapeptide system, specifically in relation to
parental behavior. Identifying neural mechanisms that exhibit functional plasticity can elucidate one way in which
animals are able to shift behavior on relatively short timescales in order to exhibit the most context-appropriate and
adaptive behaviors.

Introduction
Parenting is an energetically costly and dynamic behavior. The demands on parents change as a function of offspring age such that offspring require
different forms of attentiveness and care as they mature. Allocating resources and effort in accordance to
offspring’s need optimizes offspring survival, and is
therefore highly adaptive (Winkler 1987; CluttonBrock 1991). Such plasticity may take the form of
preferentially attending to the needs of more vulnerable offspring or, conversely, favoring offspring that

are less vulnerable and more likely to achieve independence and reproductive success (Clutton-Brock
1991; Jeon 2008). In either case, the form of care
that offspring at different ages require is fundamentally different. For example, even under ideal conditions, caring for neonatal and weanling-age offspring
in the same way would likely be sub-optimal toward
meeting the specific needs of the offspring.
Differential needs based on offspring age inherently
impose a need for behavioral flexibility over time in
order for parents to maximize fitness. From this
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perspective, selection is likely to favor parents that
shift their behavior from intense caregiving for the
youngest offspring to promoting offspring independence in older offspring. Thus, selection is likely to
differentially shape the ways in which parents react
to offspring, behaviorally and mechanistically, at different stages of development.
Research examining the neurobiological underpinnings of parental behavior has largely examined the
roles of steroid hormones, prolactin, and the nonapeptides (Bales and Saltzman 2016; Lynn 2016;
Numan and Young 2016; Pereira and Ferreira
2016; Kohl et al. 2017). For instance, the nonapeptides, oxytocin (OT) and vasopressin (VP), are involved in modulating parental behaviors, in addition
to numerous other social behaviors including affiliation, aggression, and reproductive behaviors
(Landgraf and Neumann 2004; Young 2009;
Goodson and Thompson 2010). Although the nonapeptide system may be best known for distinguishing differences in behavioral phenotype within and
across species (typically reflecting more stable neuroanatomical profiles) (Wang 1995; Goodson 2008;
Ophir et al. 2008), it also exhibits properties that
allow for rapid neuromodulation and functional
plasticity on very short timescales (Stoop 2012).
Moreover, because OT and VP are produced in anatomically and functionally distinct cell groups
throughout the brain (Kelly and Goodson 2014b),
where and the degree to which VP and OT act
may vary based on the specific behavioral context
facing an animal.
Despite extensive research dedicated to understanding the maternal brain, surprisingly little is
known about how the parental brain responds to
offspring of different ages. Furthermore, how the
brain allows for the plasticity observed in parental
behavior as parents shift from intense caregiving to
promoting offspring independence is poorly understood (Getz et al. 1994; Rosenfeld et al. 2013). In
fact, to our knowledge, there has been no attempt
to understand how or if parents exhibit differential
concomitant behavioral and neural responses to offspring at different stages of development. We, therefore, conducted an immediate early gene (IEG)
experiment to examine the neural and behavioral
responses of parents to offspring separation or reunion with offspring after a brief period of separation with offspring of different ages (ranging from
neonates to weanlings). To this end, we used prairie
voles (M. ochrogaster), which are a socially monogamous and biparental rodent. Prairie vole males exhibit all the same parental behaviors as females (e.g.,
licking/grooming, retrieving, arch-backed huddling)
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except nursing (Roberts et al. 1998; Lonstein and
De Vries 1999). Although the costs of parental care
should be similar for male and female prairie voles,
the difference in nursing presumably creates different
selective pressures and energetic demands on each
sex (Trivers 1974). Therefore, the ways in which
males and females shift their behavior toward offspring as they develop might vary. We hypothesize
that (1) behavioral and neural reactions to pups
should vary as a function of age, and (2) mothers
should demonstrate more pronounced behavioral
and neural reactions to offspring compared to fathers. In addition, because OT has been more extensively linked to aspects of parental behavior
compared to VP (e.g., Rilling and Young 2014), we
predicted that we would find that OT cell groups
were more responsive to our manipulations than
VP cell groups. Here we examined plasticity of functional responses of nonapeptide neurons in the brain
of both mothers and fathers, and predicted that nonapeptide neural sensitivity to interactions with offspring would differ in parents based on the age of
offspring and sex of the parent. Our findings suggest
that the OT system may exhibit greater plasticity in
relation to parental behavior compared to the VP
system. Our results also suggest that preoptic OT
and hypothalamic VP cell groups may have similar
functions in parental behavior for both mothers and
fathers, whereas amygdalar OT and hypothalamic
OT cell groups exhibit differential functional responses in mothers and fathers.

Materials and methods
Subjects
All prairie voles used in this study were obtained
from our breeding colony, from breeding pairs that
were offspring of wild caught animals captured in
Champagne County, IL, USA. All animals were
housed in standard polycarbonate rodent cages (29
 18  13 cm) lined with Sani-chip bedding and
provided nesting material. Animals were kept on a
14L:10D cycle, and were provided with rodent chow
(Laboratory Rodent Diet 5001, LabDiet, St. Louis,
MO, USA) and water ad libitum. Ambient temperature was maintained at 20 6 2  C. All procedures
were approved by the Institutional Animal Care
and Use Committee of Cornell University (20130102).
Design
We used a two-factor design to test the hypothesis
that the parental brain responds to interactions with
offspring differentially based on the age of the pups.
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The first factor describes the manipulation of the
family group. Here families (composed of a mother,
father, and three pups) were assigned to one of three
manipulations: Separate, Reunite, or Together
(Fig. 1; see below). The second factor was the age
of the offspring at testing. We tested pups on postnatal day (PND) 2, 9, and 21 to account for different
stages across pup development. PND 2 pups are not
yet capable of independent locomotion, eye opening
has not yet occurred, and they are constantly attached to the nipples of the mother unless the
mother forcefully detaches the pups (Salo et al.
1994). We chose PND 2 over PND 0 to allow time
for a parent–pup attachment to form, and because
PND 2 was the youngest age at which pup brains
could be successfully and reliably processed via immunocytochemistry. Prairie vole pups exhibit open
eyes and are capable of independent locomotion by
PND 9 (Solomon 1991; Robison et al. 2016). By
PND 21 prairie vole pups are weaned in the lab
and can function independently (Carter and Getz
1985).
Behavioral procedure
A total of 200 adult prairie voles (n ¼ 100 males;
n ¼ 100 females) were used to create breeding pairs
to serve as parents in our experiment. All adults were
between PND 80 and PND 120, sexually naı̈ve, and
housed with same-sex siblings until pairing. Males
and females were paired to form 100 breeding pairs,
whereby size-matched males and females were identified for pairing. We induced sexual receptivity in
females by housing them alone and exposing them
for 48 h to soiled bedding and nesting material from
the males with which they were planned to be paired
(Richmond and Stehn 1976; Carter et al. 1980;
Dluzen et al. 1981). Males were then introduced
into the females’ cages and left alone. All subjects
were monitored immediately after pairing to ensure
the pair did not harm each other. At the end of 21
days after pairing, pairs were monitored closely and
checked four times daily for the birth of pups. Of the
100 pairs we created, 94 produced a litter of three
pups or greater and were retained for experiments.
Litters greater than three were culled to three pups
on the day of birth.
The 94 families were randomly assigned to one of
nine experimental groups that varied based on the
age of the pups (PND 2, PND 9, and PND 21) on
the testing day and social condition (Separate,
Reunite, or Together) for the IEG experiment. We
created these three social conditions to assess the
functional reaction of OT- and VP-immunoreactive

Fig. 1 A schematic representation of treatment groups. Family
units were randomly assigned to one of three conditions:
Together, Separate, or Reunite. The same procedure was used
for family units with pups of each age (PND 2, PND 9, or PND
21). See text for details. HC ¼ home cage. NC ¼ novel cage.

(-ir) cells in parents following interactions with or
separation from pups. The “Separate” condition
tested parents’ behavioral and neural reactions to
being housed apart from pups. The “Reunite” condition was included to determine if nonapeptide cells
exhibit a distinct functional profile following the separation and return of offspring. Our control condition allowed parents and pups to remain together
(“Together”).
The experiment consisted of two phases: a 30-min
home cage phase before the IEG test (Phase 1), and a
90-min novel cage phase (phase 2/IEG). To begin the
experiment, in Phase 1, each family unit for all three
social conditions (Separate, Reunite and Together)
was handled and returned to their home cage, except
for the pups in the Reunite condition. Next, the
parents were all handled and transferred to a clean
novel cage, at which time any functional changes
measured by the IEG activation would have been
initiated. We, therefore, also refer to the second
phase as the IEG test. In the Separate condition,
parents and pups were handled and returned to their
home cage in the first phase. Next, parents were
transferred to a novel cage together, while each
pup was transferred to a different novel cage during
the IEG test (Phase 2). Thus, parents were separated
from their pups for the 90-min test. In the Reunite
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condition, pups and parents were handled as in the
Separate condition. However, while parents were returned to the home cage in Phase 1, the pups were
removed from the home cage and each placed into
novel cages during Phase 1. Then the pups and parents were all transferred into the same novel cage in
Phase 2 for the 90-min IEG test. In the Together
condition, parents and pups were all handled as
above, but all were returned to the home cage in
the first phase, and then transferred to the same
novel cage in Phase 2 for the 90-min IEG test.
After the 90-min IEG test, all subjects were sacrificed
and brains of parents and pups were collected.
During both phases, at all age groups and across
all conditions, the degree to which each animal was
handled was mimicked to control for the total quality and quantity of handling. All handling was performed by an experimenter wearing nitrile gloves
and all transferring was performed using a plastic
beaker. 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.
When pups were removed, they were housed individually (and served as subjects for a companion
experiment). We controlled for differences in thermoregulatory abilities between PND 2, PND 9, and
PND 21 pups that were isolated in the Separate and
Reunite conditions by adjusting the temperature in
each testing cage using electric heating pads. We
used a veterinary grade infrared thermometer (Nasco
Product B01377N) 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 five families at
each pup age, we found that the novel empty cage
needed to be heated to 36  C for PND 2 pups, 34  C
for PND 9 pups, and 30  C for PND 21 pups.
Group sizes for each age group for the Separate
condition were: PND 2, n ¼ 12; PND 9, n ¼ 12;
PND 21, n ¼ 10. Group sizes for each age group for
the Reunite condition were: PND 2, n ¼ 8, PND 9,
n ¼ 11, PND 21, n ¼ 9. Group sizes for each age
group for the Together condition were: PND 2, n ¼ 10;
PND 9, n ¼ 11; PND 21, n ¼ 11.
Histology and immunocytochemistry
Our study aimed to assess neuronal activation of
VP-ir or OT-ir cells using the IEG cFos. cFos functions by rapidly altering gene expression, either positively or negatively, in response to cell surface
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signals. Most neurons express little or no cFos under
baseline conditions, but after stimulation, cFos gene
expression is rapidly induced in neurons, with its
mRNA peaking within 3-min after acute stimulation
and its protein product reaching a maximum
60–90 min after stimulation (Hoffman et al. 1993).
We can, therefore, use cFos to obtain important information concerning changes in neuronal activity. It
is possible to determine that OT-ergic and VP-ergic
cells are activated when cFos is co-expressed in cells
positively labeled for VP or OT.
To visualize OT, VP and cFos, subjects were sacrificed by isoflurane overdose and transcardially perfused with 0.1M 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 lm
series. One series of tissue was immunofluorescently
stained for VP and cFos, and a second series of tissue
was stained for OT and cFos. Tissue was rinsed 5
for 10 min in 0.1M PBS (pH 7.4), incubated for 1 h
in block (PBS þ 10% normal donkey serum þ
0.03% Triton-X-100), and then incubated for approximately 48 h in primary antibodies diluted in
PBS containing 5% normal donkey serum þ 0.03%
Triton-X-100. Primary antibodies used for the first
series were guinea pig anti-VP (1:1000; Peninsula
Laboratories, San Carlos, CA) and rabbit anti-Fos
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA);
primary antibodies for the second series were guinea
pig anti-OT (1:1000; Peninsula Laboratories) and
rabbit anti-Fos (1:200; Santa Cruz Biotechnology).
The primary incubation was followed by two 30min rinses in PBS. Tissue was incubated for 1 h in
a biotinylated donkey anti-guinea pig secondary
(1:125; Jackson Immunoresearch, West Grove, PA),
rinsed twice for 15 min in PBS, and incubated for 2 h
at room temperature in streptavidin conjugated to
Alexa Fluor 488 (1:325) and donkey anti-rabbit secondary conjugated to Alexa Fluor 594 (1:200). All
secondary antibodies were diluted in PBS containing
5% normal donkey serum þ 0.03% Trion-X-100.
Alexa Fluor conjugates were obtained from
ThermoFisher Scientific (Waltham, MA). Following
two 30-min rinses in PBS, sections were mounted
on microscope slides and cover-slipped with Prolong
Gold antifade containing a DAPI nuclear stain
(ThermoFisher Scientific).
Quantification and analysis
To perform cell counts, images were captured using
a Zeiss AxioImager II microscope outfitted with an
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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, San Jose, CA)
and Image J (National Institutes of Health,
Bethesda, MD) as previously described (Goodson
and Wang 2006; Kelly and Goodson 2014a).
In order to account for individual differences in
nonapeptide anatomy (e.g., VP-ir and OT-ir cell
numbers), we examined the percentage of VP and
OT cells that were doubled labeled for cFos (hereafter referred to as VP-cFos or OT-cFos colocalization). VP-cFos colocalization was quantified in the
paraventricular nucleus of the hypothalamus (PVN),
anterior hypothalamus (AH), and peduncular lateral
hypothalamus (PLH). PVN VP-cFos colocalization
was quantified at two levels given the extensive size
of this cell group. There were no significant differences between rostral and caudal levels, and thus a
combined measurement of both levels was used for
analysis. OT-cFos colocalization was quantified in
the preoptic periventricular nucleus (POPVN; also
referred to as the medial part of the medial preoptic
nucleus, MPOM; [Okabe et al. 2017], medial bed
nucleus of the stria terminalis [BSTm]), and the
PVN. For visual representations of these primary hypothalamic and accessory nonapeptide nuclei in rodents see (Wang et al. 1996; Rood and De Vries
2011). We were unable to obtain VP-cFos or OTcFos colocalization counts in the supraoptic nucleus
of the hypothalamus (SON) due to extremely dense
labeling of VP-ir and OT-ir neurons that would not
allow for accurate quantification of cFos within the
nucleus of neuronal cell bodies. Furthermore, we
were unable to obtain data from the BST VP cell
groups due to extremely low labeling; 70% of our
subjects expressed no VP-ir neurons in the BST,
which was possibly due to a lack of use of sodium
tertraborate in the paraformaldehyde used for perfusions (personal comm. with AH Veenema and GJ De
Vries).
We scored behavioral interactions between parents
and pups during the 90-min IEG phase of the experiment for the two conditions where parents and
offspring were co-housed during this phase
(Together and Reunite). Recall that pups were not
in the same cage during the Separate condition making it impossible to score parent–pup interactions
during this period. Behavior in the first 10 min of
the IEG phase of the test was scored using Observer
XT (version 8.5, Noldus Information Technology,
Leesburg, VA, USA). We quantified parental licking/grooming of pups, pup retrievals, and the

amount of time parents spent in contact with
pups. Unfortunately, licking/grooming and pup retrievals were inconsistent for different age groups
and were too rare in older pups to perform analyses
across families with different pup ages. We, therefore, only report analyses for parent contact time
with pups.
Behavioral and neural data were analyzed using
Linear Mixed Models (LMM) in SPSS 24 (IBM
Analytics, USA). Sex of the parent, pup age, and
treatment condition were analyzed as fixed factors,
while the parent subject was assigned as a random
factor to control for the influence each parent may
have had on each other during the test. Neural activity data 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. All post hoc pairwise comparisons
were adjusted using the Bonferonni correction.
Because several of the mothers were pregnant at
the time of testing, LMMs were run, in mothers
only, for neural activity in each cell group, and for
contact behavior, with pregnancy status (yes or no),
pup age, and treatment condition as fixed factors.
There were no significant effects or interactions involving pregnancy (all P  0.079), and thus pregnancy as a factor was excluded from the models
presented below for mothers and fathers. For ease
of visualization, in figures, data are represented as
the percentage of VP or OT cells that were coexpressed with cFos (%VP-cFos or %OT-cFos colocalization) rather than the arcsine transformed data.
All data are presented as means 6 standard error.

Results
The time parents spent in contact with their pups
was scored for families in the Together and Reunite
conditions; parents in the Separate condition did not
have access to their pups, preventing us from evaluating parent–pup contact behavior in this condition.
All main effects and interactions were significant and
are listed in Table 1, and all pairwise comparison are
summarized in Table S1.
Analysis of neural activity (as indicated by cFos
colocalization) in distinct VP and OT cell groups
revealed several differences in the way the maternal
and paternal brain respond to separation from and/
or reunion with offspring of different ages. Overall,
OT, but not VP, cell group neuronal activity was
sensitive to the age of the pups. Furthermore, OT,
but not VP, cell group activity varied based on the
sex of the parent. For each cell group, all main effects and interactions are summarized in Table 1.
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Table 1 Main effects and interactions for mean parent–pup contact and VP-cFos and OT-cFos colocalization
Main effects

Two-way interactions

Sex

Condition

Pup age

Sex 3
condition

Sex 3
pup age

PVN VP

P ¼ 0.122

P 5 0.037

P ¼ 0.823

P ¼ 0.601

AH VP

P ¼ 0.089

P ¼ 0.696

P ¼ 0.286

P ¼ 0.274

PLH VP

P ¼ 0.340

P ¼ 0.147

P ¼ 0.330

Condition 3
pup age

Three-way interaction
Sex 3 Condition
3 pup age

P ¼ 0.209

P ¼ 0.847

P ¼ 0.919

P ¼ 0.172

P ¼ 0.363

P ¼ 0.426

P ¼ 0.530

P ¼ 0.852

P ¼ 0.531

P ¼ 0.638

VP cell groups

OT cell groups
PVN OT

P 5 0.010

P ¼ 0.381

P < 0.001

P 5 0.044

P ¼ 0.093

P ¼ 0.576

P ¼ 0.696

POPVN OT

P ¼ 0.858

P 5 0.053

P < 0.001

P ¼ 0.516

P ¼ 0.135

P ¼ 0.431

P ¼ 0.828

BST OT

P ¼ 0.107

P ¼ 0.792

P 5 0.022

P 5 0.007

P ¼ 0.221

P ¼ 0.570

P ¼ 0.204

P < 0.001

P < 0.001

P < 0.001

P 5 0.011

P < 0.001

P 5 0.001

P 5 0.047

Parent–pup contact

Bold font highlights statistically significant differences.

Because the primary goal of this experiment was to
examine nonapeptide neuronal function, we present
below VP- and OT-cFos colocalization data.
However, we did observe base anatomical differences
based on sex and pup age in some VP-ir and OT-ir
cell groups irrespective of cFos, which are detailed in
the Supplementary Materials, Results.
Parent–pup contact behavior
Not surprisingly, mothers spent more time in contact with pups compared to fathers (main effect of
Sex, P < 0.001: Supplementary Fig. S1A), and parents spent more time in contact with younger (PND
2 and PND 9) pups compared to older (PND 21)
pups (main effect of pup age, P < 0.001;
Supplementary Fig. S1B). Parents also spent more
contact time with pups upon being Reunited after
30 min of separation compared to the condition in
which they remained together (main effect of condition, P < 0.001; Supplementary Fig. S1C). Pairwise
comparisons (shown in Fig. 2 and Supplementary
Table S1) revealed that mothers of PND 21 pups
exhibited significantly more contact time with pups
in the Reunite condition compared to the Together
condition (P < 0.001). In contrast, fathers of PND 2
and PND 21 pups, but not PND 9 pups, spent more
contact time in the Reunite condition than when
they remained together (PND 2 fathers, P < 0.001;
PND 9 fathers, P ¼ 0.380; PND 21 fathers, P ¼
0.001).
Mothers appeared to exhibit a ceiling effect with
pup contact. We observed no significant differences
in parent–pup contact time between mothers with
PND 2 pups compared to PND 9 pups. We also
found no difference between mothers that were
reunited or remained together with either PND 2

or PND 9 pups (all Ps > 0.257). Interestingly, mothers with PND 21 pups exhibited less contact time
with pups than mothers with PND 2 pups and
PND 9 pups in the Together condition (both Ps <
0.001), indicating that mothers spend less time overall with pups at weaning age underline baseline family conditions. However, for mothers that were
Reunited with pups after a period of separation,
mothers with PND 21 pups exhibited less time spent
in contact with pups compared only to mothers with
PND 2 pups (P ¼ 0.044).
Fathers did not show many behavioral differences
toward pups across conditions or ages of pups. The
one exception to this was that reunited fathers with
PND 2 pups spent significantly more time in contact
with pups compared to reunited fathers with PND 9
pups (P ¼ 0.001).
VP-cFos colocalization in the PVN
Analysis of the percentage of VP-ir neurons expressing cFos in the PVN in parents from the nine treatment groups yielded a main effect of condition (P ¼
0.037; Supplementary Fig. S2A), with parents in the
Together group having significantly lower amounts
of VP-cFos colocalization compared to the parents in
the Separate group (P ¼ 0.053).
VP-cFos colocalization in the AH and PLH
We observed no main effects or significant interactions for VP-cFos colocalization in the AH or PLH
(all P  0.089). The behavioral functions of extrahypothalamic nonapeptide cell groups are studied
comparatively less than the VP-OT cell groups of
the PVN and SON. To our knowledge, the AH VP
cell group has not been examined in relation to parental care or stress response, and our results here
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Fig. 2 Mean (6SEM) parent–pup contact time for mothers and fathers that were Together or Reunited with offspring of different ages
(PND 2, black; PND 9, light gray; PND 21, dark gray) during the first 10 min of the 90-min IEG test. *indicates P  0.05.

suggest that this cell group is not strongly involved
in the modulation of parental responses to offspring.
Moreover, despite the comparable size of the PLH
VP cell group to other extra-hypothalamic VP-OT
cell groups in rodents (e.g., AH, BST), the functional
significance of the VP neuronal population of the
PLH is particularly understudied. Unfortunately,
our results here provide little insight into the behavioral functions of this lateral hypothalamic cell group
other than that this cell group is not sensitive to
separation from or reunion with a familial bond.

OT-cFos colocalization in the PVN
Analysis of the percentage of OT-ir neurons expressing cFos in the PVN yielded numerous significant
differences. We observed a main effect of sex (P ¼
0.010), with fathers exhibiting significantly higher
amounts of OT-cFos colocalization than mothers.
We also found a significant sex  condition interaction (P ¼ 0.044; Fig. 3A), showing that within the
Separate condition, fathers exhibited significantly
more OT-cFos colocalization compared to mothers
(P < 0.001), and for mothers, those separated from
pups exhibited significantly less OT-cFos colocalization compared to mothers under baseline family
conditions in the Together group (P ¼ 0.039).
Furthermore, we observed a main effect of pup age
(P < 0.001; Fig. 4A), with parents with PND 21 pups
exhibiting significantly lower amounts of PVN OT
neural activity compared to parents with PND 2
and PND 9 pups (both P < 0.001).

OT-cFos colocalization in the POPVN
Analysis of the percentage of OT-ir neurons expressing cFos in the POPVN yielded a main effect of
condition (P ¼ 0.053), with parents in the Separate
condition tending to exhibit more OT-cFos colocalization than parents in the Reunite condition (P ¼
0.065). Moreover, similar to PVN OT neural activity,
we found a main effect of pup age (P < 0.001;
Fig. 4B), with parents of PND 21 pups exhibiting
significantly less POPVN OT-cFos colocalization
compared to parents of PND 2 (P < 0.001) and
PND 9 pups (P ¼ 0.002).
OT-cFos colocalization in the BSTm
Consistent with both hypothalamic OT cell groups
just discussed, we observed a main effect of pup
age (P ¼ 0.022; Fig. 4C), with parents of PND 21
pups exhibiting significantly lower amounts of OTcFos colocalization compared to parents of PND 2 (P
¼ 0.021), but not PND 9 pups (P ¼ 0.175). We also
found a significant sex  condition interaction (P ¼
0.007; Fig. 5), which revealed that within the Reunite
condition, mothers exhibit significantly more OTcFos colocalization than fathers (P ¼ 0.004). In addition, within fathers, those in the Separate condition
exhibited greater OT-cFos colocalization compared to
fathers in the Reunite condition (P ¼ 0.020).

Discussion
In this study, we used the biparental prairie vole to
examine parental neural and behavioral responses to
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may reveal some of the mechanisms important for
differential responses to offspring under a variety of
social contexts. Overall, we observed several differences in both the neural and behavioral responses of
mothers and fathers to context-dependent interactions with offspring of different ages. Our findings
suggest that the OT system may play a particularly
important role in modulating parental behavioral
plasticity given that OT neuronal function in each
cell group examined here exhibited a main effect of
pup age, whereas no VP cell groups were significant
for pup age. Below we discuss the observed behavioral
and neural differences in more detail. Taken together,
these differences might reflect the result of different
selective pressures that operate on males and females
and the varying trade-offs they experience between ensuring offspring survival and their own survival.
Parental behavioral responses to offspring
separation varies based on the age of offspring

Fig. 3 (A) Mean (6SEM) percentage of OT immunoreactive
(ir) neurons expressing cFos-ir in the PVN for mothers and
fathers that were Together (dark gray), Reunited (light gray),
or Separated (black) with offspring during the 90-min IEG test.
*Indicates P  0.05. (B) Representative immunocytochemical
staining of OT (green; Alexa Fluor 488), cFos (red; Alexa Fluor
594), and DAPI nuclear stain (blue; ProLong Gold) in the PVN
of a father with PND 9 pups in the Separate condition. Scale
bar ¼ 50 lm.

offspring at three different stages of development:
neonatal offspring (PND 2), perinatal offspring
(PND 9), and weanling-aged offspring (PND 21).
Each of these ages corresponds to ages of rapid brain
growth in rodents (Gottlieb et al. 1977) and captures
distinct points of maturation in social and physical
development. We utilized a simple design of examining IEG responses to baseline conditions of parents
interacting with their pups, separating parents from
their pups, or reuniting parents with their pups after
a period of brief separation. Our experiment sheds
light on plasticity in parental responsiveness to offspring over the course of offspring development and

Studies in rats and mice have demonstrated that a
period of separation from pups results in increased
bouts of maternal care upon reunion with offspring
(Pryce et al. 2001; Garoflos et al. 2008; Stamatakis
et al. 2015). Our behavioral results in prairie voles
are consistent with these studies. We found that parents exhibited increased contact time with pups
upon being reunited after a 30-min period of separation. Interestingly, post hoc analyses revealed that
this effect is pup age dependent, and differed by sex
of the parent. For example, our results indicated that
mothers of younger offspring (PND 2 and PND 9)
appear to have reached an upper limit in the degree
to which they provide care for pups, irrespective of
treatment condition. Indeed, mothers were almost
constantly in contact with young pups. This result
is consistent with the observation that prairie vole
pups exhibit a strong and consistent nipple attachment through roughly PND 10 (Salo et al. 1994). In
contrast, mothers that were not separated from older
(PND 21) pups showed relatively lower levels of contact. However, if they were separated and then
reunited with pups, mothers demonstrated a significant increase in pup contact time upon reunion.
Taken together, mothers provided intense care to
younger offspring independent of separation events,
but reduced care of older pups as they matured and
became independent. Nevertheless, mothers increased their caregiving after being separated from
weaning-aged pups. In this way, mothers appear to
act more like fathers when interacting with older
pups. To this point, fathers that remained cohoused with pups provided modest parental care.
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Fig. 4 Mean (6SEM) percentage of OT immunoreactive (ir) neurons expressing cFos-ir in the (A) PVN, (B) POPVN, and (C) BST for
mothers and fathers with offspring of different ages (PND 2, black; PND 9, light gray; PND 21, dark gray) during the 90-min IEG test.
Letters (a, b) represent groups that are statistically similar; different letters indicate P  0.05.

fathers. Parent–pup interactions are dynamic and involve multiple forms of reciprocal actions (e.g., physical, vocal, etc.) of two independent organisms
(Lucion and Bortolini 2014). It is, therefore, important to consider that pups exhibit changes in behavioral independence and motivation as they age, thus
influencing the types of interactions they have with
their parents.
Nonapeptide modulation of maternal behavior

Fig. 5 Mean (6SEM) percentage of OT immunoreactive (ir)
neurons expressing cFos-ir in the BST for mothers and fathers
that were Together (dark gray), Reunited (light gray), or
Separated (black) with offspring during the 90-min IEG test.
*indicates P  0.05.

However, fathers of PND 2 and PND 21 pups demonstrated a relative increase in pup contact time
upon reunion, whereas contact time for PND 9
pups remained modest across conditions. These results indicate that fathers care for pups of all ages,
but that a period of (unexpected) separation induced
fathers to increase their care for pups. The lack of
difference in contact time for fathers of PND 9 pups
is interesting. The apparent increase in attentiveness
to PND 2 pups may suggest that prairie vole fathers
are predisposed to be more responsive to pups when
they are most vulnerable (i.e., neonates). Why fathers
appeared to be relatively more responsive to PND 21
pups, particularly compared to PND 9 pups, is intriguing. This result may reflect the dyadic interactions of two independently mobile actors. In other
words, increased contact time could be attributable
to fathers that might engage in active contact-seeking
with PND 21 pups, or attributable to pup mobility
and their motivation to seek social interaction with

Despite knowing a great deal about the maternal
brain, surprisingly little is known specifically about
the functional role of nonapeptide neurons in maternal behavior. The vast majority of research on the
maternal brain involves examination of nonapeptide
receptors or nonapeptide release as assessed via
microdialysis (Bester-Meredith and Marler 2012;
Bosch and Neumann 2012; Bridges 2015;
Champagne and Curley 2016). Despite the numerous
studies examining the impact of maternal separation
on offspring (Lukas et al. 2010; Yu et al. 2015;
Banqueri et al. 2017), extremely little is known about
the consequences of offspring separation on mothers.
Furthermore, very little is known about how the maternal brain responds to pups of different ages. In
the present experiment, we observed several differences in nonapeptide neuron sensitivity within the
maternal brain. The majority of differential responses
we observed involved functioning within OT cell
groups. Below we discuss our findings of VP and
OT neuronal functioning for each distinct cell group
in the light of previous studies examining the functional involvement of these neuromodulators in maternal behavior.
PVN and maternal behavior

In amniote vertebrates, the nonapeptide neuronal
populations in the PVN represent one of the largest
nonapeptide-positive cell groups in the brain (Kelly
and Goodson 2014b). PVN VP, and OT neurons
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exhibit numerous axonal projections throughout the
basal forebrain and midbrain, and also send projections to the pituitary to exert peripheral effects
(Mikami et al. 1978; De Vries et al. 1985). The nonapeptide cell groups of the PVN are very likely to be
important for the modulation of maternal behavior.
For example, electrolytic lesions of the PVN impair
the onset of maternal behavior and reduce maternal
aggression (Insel and Harbaugh 1989; Consiglio and
Lucion 1996). Studies in rats and sheep have shown
that OT is released in the PVN during parturition
and suckling (Landgraf et al. 1992; Neumann et al.
1993; Da Costa et al. 1996). Although PVN VP release is not associated with suckling and lactation
(Neumann et al. 1993), VP mRNA expression in
the PVN increases around parturition and the onset
of lactation (Windle et al. 1997; Walker et al. 2001;
Bosch et al. 2007). Furthermore, VP receptor (V1aR)
density increases in the PVN as female prairie voles
approach parturition (Ophir et al. 2013). Consistent
with these studies, our findings also suggest a primary role of the PVN in the modulation of maternal
behavior given that both the PVN OT and VP cell
groups were responsive to the presence and absence
of offspring in different contexts.
The close links between OT action in pregnancy,
lactation, and maternal care (Bosch and Neumann
2012) are likely important confounds that are difficult
to disentangle. Although we were able to statistically
rule out pregnancy as a factor influencing PVN OT
neural activity, we cannot account for the concomitant influence that PVN OT neural functioning is
likely to have on both maternal behavior, and lactation and suckling. Notably, although mothers that
were separated from their pups were in a general state
of lactation, they were not actively nursing pups during the IEG phase of the experiment. It is also interesting that, within these mothers, PVN OT neural
activity differed between mothers with younger pups
(PND 2 and 9) and older pups (PND 21). Specifically,
OT-cFos colocalization decreased in mothers as pups
got older. Furthermore, mothers separated from their
pups (regardless of age) exhibited a significant decrease in PVN OT neural activity compared to mothers that were never separated from their pups. This
decrease in PVN OT activity in mothers separated
from their pups likely reflects a lack of social contact
with their offspring. This interpretation would be
consistent with other IEG studies showing that positive social contact elicits PVN OT neural activity in
birds and mammals (Kelly and Goodson 2014a;
Barrett et al. 2015; Hathaway et al. 2016).
Interestingly, we observed only a main effect of
condition (parents that remained together, were
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separated, or were reunited) when examining PVN
VP neural activity. Parents that were separated from
their pups exhibited greater amounts of PVN VPcFos colocalization compared to parents that were
never separated from their pups (Together condition). This result might reflect a general stress response to disruption of the family unit in the light
of the fact that stressors (primarily social isolation
and physical stressors) are known to increase PVN
VP-cFos colocalization and PVN VP mRNA expression in rodents (Bartanusz et al. 1994; Landgraf et al.
2007; Pirnik et al. 2009). Our findings suggest that
being separated from offspring (regardless of age),
even while still in the presence of the pair-bond partner, may be a stressful event for a biparental animal
like the prairie vole.
Together, these findings demonstrate that the
PVN OT cell group exhibits different functional
properties based on the age of the pup and may
play a more plastic role in the modulation of parental behavior over the course of offspring development than PVN VP neurons. Furthermore, while
PVN OT and VP neurons are responsive to different
parent–pup social contexts, the sex of the parent
matters. Indeed, these differences in neural activity
could reflect lactation in mothers, stress response,
and/or differences in parent–pup interactions.
POPVN and maternal behavior

We also examined neural activity in a second,
smaller, hypothalamic OT cell group: the POPVN.
To our knowledge, no other studies have examined
OT neuronal function in this cell group in relation
to parental behavior. These neurons are located in
the preoptic area, which is a brain region that has
been extensively implicated in maternal behavior,
particularly the medial preoptic area (MPOA)
(Tsuneoka et al. 2013; Kuroda and Numan 2014;
Numan and Young 2016). There are large densities
of OT receptors (OTR) in the MPOA (Meddle et al.
2007), which likely receive extracellular OT released
from POPVN OT cells (the nearest OT cells).
Blocking OTR in the MPOA impairs maternal behavior in lactating rats (Bosch and Neumann 2012)
and blocks the onset of maternal behavior in parturient rats (Pedersen et al. 1994). Similar to what we
observed with the PVN OT cell group, we found a
main effect of pup age on POPVN OT neural activity, suggesting that the POPVN may exhibit functional plasticity in the modulation of parental
behavior across the development of offspring.
Consistent with this interpretation, a study utilizing
reversible local neural inactivation examined the role
of the MPOA in the regulation of maternal behavior
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throughout the postpartum period, and found that
the MPOA is differentially engaged throughout postpartum in facilitating maternal responses to pups of
different developmental stages (Pereira and Morrell
2009).
Similar to our findings with the PVN VP cell group,
we observed a main effect of Condition for POPVN
neural activity. Interestingly, post hoc analyses revealed
the pattern of this main effect trends in the same direction as the PVN VP cell group, such that POPVN
OT-cFos colocalization was greater in parents that were
separated from their offspring. This suggests that
POPVN OT neurons, much like PVN VP neurons,
may play a role in modulating stress response.
Potential functional significance of AH, PLH and BST
activation

To our knowledge, no other studies have examined a
functional role of extrahypothalamic VP neurons in
parental behavior. We found no differences in VP
neural activity in the AH or PLH. AH VP is best
known for its involvement in aggression and flank
marking (Albers 2012). For example, VP infused
into the AH decreases aggression in female Syrian
hamsters, while the opposite effect is found for males
(Gutzler et al. 2010). However, studies examining AH
VP involvement in flank marking also suggest that VP
in this region may play a role in social recognition
(Albers 2012). Depending how strongly AH VP is
involved in social recognition, we may have seen an
increase in AH VP activity in parents that were
reunited with their pups after separation. However,
we observed no such effect, suggesting that perhaps
AH VP involvement in social recognition is context
dependent (also see Zheng et al. 2013a). It is worth
noting that our paradigm in the present study is substantially different from the design of standard social
recognition tests, and thus our findings here cannot
rule out the possibility that AH VP is involved in
social recognition in prairie voles. Unfortunately,
given our lack of results for the PLH VP cell group,
the functional role of PLH VP continues to remain
unknown aside from the conclusion that this neuronal population may not be involved in modulating
aspects of parental behavior and stress response.
We also examined functional responses of OT
neurons in the BSTm, part of the extended amygdala. Few studies have yielded positive results suggesting a role for BST OT in maternal behavior.
However, one study showed that OTR expression is
upregulated during lactation in rats (Bosch et al.
2010). Importantly, some studies indicate that OTR
expression in the prairie vole BST is very weak given
that it is below detection thresholds using

conventional autoradiography (Ophir et al. 2013;
Zheng et al. 2013b) but see (Insel and Shapiro
1992; Bales et al. 2007). Thus, these findings in
rats may not directly translate to prairie voles.
Moreover, OT release in the BST does not differ
between lactating maternal rats and females under
non-maternal/non-lactating conditions (Bosch and
Neumann 2012). As a result, BST OT has not been
considered important for maternal behavior. Our
data are largely consistent with this conclusion given
that a sex  condition interaction revealed that BST
OT neural activity differed between groups only in
fathers. However, we did find that BST OT neural
activity differed in mothers based on the age of their
offspring, with higher levels of BST OT-cFos colocalization in mothers with neonates (PND 2) compared to mothers with weanling age pups (PND
21). If this activity difference does not reflect lactation or pregnancy, as suggested by other studies,
then our results may reflect changes in olfactory social information-processing as offspring develop. A
different subdivision of the BST, the posterior BST
(pBST) has been heavily implicated in playing an
essential role in transmitting chemosensory social information and modulating olfactory-guided social
behavior (Petrulis 2013). In addition, OTRs in the
pBST of female hamsters receive OT from the nearby
BSTm and facilitate scent marking, and OTRs in the
pBST of male and female rats promote social recognition (Martinez et al. 2010; Dumais et al. 2016).
Therefore, it is possible that the BST OT functional
changes observed across the development of offspring may reflect differences in olfactory processing
of the changes in pheromones that pups release as
they mature (Bind et al. 2013).
Taken together, these findings suggest that BSTm
OT neurons in females may play a role in processing
olfactory information from pups, however, where
this peptide binds in prairie voles, and how sensitive
that area may be, remain open questions. Generally,
OT neurons within the BSTm appear to exhibit
functional plasticity across the development of offspring, a result that is consistent with the other OT
cell groups we examined.
Nonapeptide modulation of paternal behavior
While there is substantial research that investigates
the neurobiology of maternal behavior, far fewer
studies have examined the paternal brain. This likely
stems from the fact that most studies examining parental behavior are conducted in uniparental species,
like rats or mice. However, studies in biparental rodents (Bales and Saltzman 2016) and birds
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(Lynn 2016) have elucidated important mechanisms
underlying paternal care.
Perhaps the most striking neural finding for fathers in the present study is that paternal OT neural
activity changes as offspring develop (as indicated by
the main effects of pup age for the PVN, POPVN,
and BST OT cell groups). This is particularly interesting because activity in the paternal brain is not
confounded by lactation, nursing, or pregnancy, as is
the case with mothers. Nevertheless, fathers do exhibit neural changes associated with the birth of
pups (Bamshad et al. 1993, 1994; Bester-Meredith
et al. 1999). As discussed in the section above for
mothers, these changes in OT neural activity as pups
develop may reflect changes in father–pup interactions, stress response, and/or olfactory-processing of
pup pheromones.
Unfortunately, the data investigating nonapeptide
changes in the paternal brain are somewhat contradictory. For example, one study in prairie voles reported no differences in PVN OT mRNA expression
following parturition (Wang et al. 2000), whereas
other studies have found that PVN OT-ir neuron
numbers are higher in fathers compared to virgin
male prairie voles (Kenkel et al. 2014) and that there
are more PVN OT-ir fibers in fathers compared to
virgin male mandarin voles (Song et al. 2010). The
latter findings suggest a role for PVN OT in paternal
behavior. Interestingly, in the present study, a significant sex  condition interaction revealed that PVN
OT differential functional responses for parents that
remained together, were separated, or were reunited
with their pups were found only in mothers. Taken
together, while the PVN OT cell group may be involved in paternal behavior, the precise behavioral
functions of this neuronal population in relation to
paternal behavior remain to be determined.
Aside from the main effects of condition observed
in the PVN VP and POPVN OT cell groups, which
may reflect a stress response to being separated from
pups (see above), we only observed significant neural
differences in fathers in the BSTm OT cell group.
Little is known about the potential involvement of
BST OT in paternal care, however, OT in the pBST
has been implicated in social recognition and olfactory processing (see above) (Petrulis 2013; Dumais
et al. 2016). Interestingly, here we found that fathers
separated from their pups exhibited significantly
higher amounts of BST OT-cFos colocalization, but
only compared to fathers that were reunited with
their pups after a brief period of separation. The
lack of a difference between the Separate and
Together fathers poses a conundrum. These results
in fathers likely do not reflect a stress response to
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being separated from pups; if so, we should have also
observed a significant difference between the
Separate and Together fathers. To our knowledge,
only one other study has examined BST OT neural
activity in relation to parental care in males and
found no difference in BST OT activity (when virgin
males were exposed to pups versus a novel object;
(Kenkel et al. 2012). However, the disagreement between our study and Kenkel et al. (2012) may reflect
differences between neural functioning associated
with alloparental and paternal care, or with differences attributable to sexual experience (virgin versus
sexually experienced males). Together, the precise
role of BST OT in paternal behavior remains unknown. Nevertheless, our findings suggest that this
cell group might play a role in some aspect of father–pup interactions.
Despite its importance in offspring survival and
condition in both human and non-human species
(Kleiman 1977; Thomas and Birney 1979; Wolff
and Macdonald 2004), there is an alarming lack of
data examining nonapeptide neuronal function in
relation to paternal care. Even fewer studies have
manipulated VP or OT signaling to determine the
role of peptide release or receptor binding in paternal behavior (Bales and Saltzman 2016). One study
found that a cocktail of OT and VP antagonists reduced alloparental care in virgin male prairie voles,
however this was an intracerebroventricular infusion,
so the findings do not provide brain region-specific
insight (Bales et al. 2004). Another study in prairie
voles manipulated VP receptors and found that
blockade of V1aRs in the LS decreased paternal behavior (Wang et al. 1994). The LS is heavily innervated by the PVN and BST VP and OT cell groups
(De Vries and Buijs 1983). Importantly, the nonapeptide receptors exhibit promiscuity, such that
V1aRs and OTRs can bind both VP and OT
(Manning et al. 2008; Song et al. 2014). Thus, the
effects of V1aR blockade on paternal behavior
(Wang et al. 1994) could reflect the blockade of
OT and/or VP from binding to septal V1aRs.
Given that we observed functional differences based
on the context of interactions with pups in the PVN
VP, POPVN OT, and BST OT cell groups of fathers,
future studies examining nonapeptide modulation of
paternal care should consider preferentially investigating a role for these cell groups over other nonapeptide cell groups.

Conclusion
Mechanisms that exhibit functional plasticity on relatively short timescales and enable animals to adapt
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behavior in context appropriate ways have likely
been favored by selection. For instance, such plasticity can allow animals to shift parental care from intense
caregiving
to
promoting
offspring
independence over the course of just a few weeks.
The ability to shift behavioral responses based on the
needs of offspring not only enhances the potential of
reproductive success for offspring, but also enhances
parental fitness and survivability (Winkler 1987;
Clutton-Brock 1991), and would therefore be extremely adaptive. In the present experiment, we examined plasticity within the nonapeptide system in
order to elucidate neural mechanisms that relate to
shifts in parental behavior as offspring develop.
Although the nonapeptides are well-known for being
involved in the modulation of parental behavior, little is known about how the nonapeptide system may
differentially respond to pups at different stages of
development. Here, we show that OT neuronal functioning is sensitive to the age of pups whereas VP
neuronal function is not. Thus, although both OT
and VP are involved in the modulation of parental
behavior, functional plasticity of the OT system may
be more intimately associated with the behavioral
plasticity exhibited by parents as their offspring develop. To our knowledge, these results are among the
first to show that nonapeptide neurons exhibit differential responses in parents based on the age of
offspring. This should be taken into consideration
when conducting studies that examine parental responses to offspring. For example, studies examining
alloparental care and maternal separation often use
offspring of varying ages as stimuli, and it is important to note that parental neural and behavioral responses may differ based on the age of the offspring
stimuli, particularly for mothers. Lastly, these findings provide insight into the plastic capabilities of
the nonapeptide system. While previous studies
have demonstrated that the parental brain undergoes
nonapeptide anatomical changes pre- and postpartum, we now show that the nonapeptide system
in a biparental rodent also exhibits functional plasticity across the development of pups.
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