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Abstract

Early life experiences, particularly the experience with parents, are crucial to phenotypic outcomes
in both humans and animals. Although the effects of maternal deprivation on offspring well-being
have been studied, paternal deprivation (PD) has received little attention despite documented
associations between father absence and children health problems in humans. In the present study,
we utilized the socially monogamous prairie vole (Microtus ochrogaster), which displays male-
female pair bonding and bi-parental care, to examine the effects of PD on adult behaviors and
neurochemical expression in the hippocampus. Male and female subjects were randomly assigned
into one of two experimental groups that grew up with both the mother and father (MF) or with the
mother-only (MO, to generate PD experience). Our data show that MO subjects received less
parental licking/grooming and carrying and were left alone in the nest more frequently than MF
subjects. At adulthood (~75 days of age), MO subjects displayed increased social affiliation
towards a conspecific compared to MF subjects, but the two groups did not differ in social
recognition and anxiety-like behavior. Interestingly, MO subjects showed consistent increases in
both gene and protein expression of the brain-derived neurotrophic factor (BDNF) and
tropomyosin receptor kinase B (TrkB) as well as the levels of total histone 3 and histone 3
acetylation in the hippocampus compared to MF subjects. Further, PD experience increased
glucocorticoid receptor beta (GRB) protein expression in the hippocampus of females as well as
increased corticotrophin receptor 2 (CRHR2) protein expression in the hippocampus of males, but
decreased CRHR2 mRNA in both sexes. Together, our data suggest that PD has a longlasting,
behavior-specific effect on social affiliation and alters hippocampal neurochemical systems in the
vole brain. The functional role of such altered neurochemical systems in social behaviors and the
potential involvement of epigenetic events should be further studied.
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Introduction

Variations in parental environment during development can affect adult phenotype in
profound ways (Heim et al., 2002; Repetti et al., 2002; O’Donnell et al., 2014; Samek et al.,
2015). In humans, for example, childhood family environments characterized by high
conflict and low quality attachments are associated with vulnerability to social and
emotional processing deficits (Repetti et al., 2002) as well as an increase in the risk for
developing psychopathology in adulthood (Bifulco et al., 1991; Brown and Anderson, 1991;
Felitti et al., 1998; Heim et al., 2002; Yam et al., 2015). It has been shown that father
absence is a risk factor for a host of negative outcomes such as the development of
depressive symptoms and externalizing behaviors (Culpin et al., 2013; McLanahan et al.,
2013). In contrast, increased maternal responsiveness is associated with an increase in infant
development including social, emotional, and cognitive competence (Landry et al., 2006).
Therefore, early parental environment predicts susceptibility and resiliency to adult
psychopathology (Smith and Prior, 1995; O’Donnell et al., 2014). Studies using functional
magnetic resonance imaging (fMRI) have elucidated some of the brain regions, including the
hippocampus as well as the cingulate and prefrontal cortices, that are affected by early
childhood adversity (Brooks et al., 2014; Elton et al., 2014; Sripada et al., 2014; Jensen et
al., 2015). However, the neurochemical systems that are affected by early life perturbations
are less known due to the inherent difficulty of human studies.

Animal models demonstrating the effects of early life experience on adult outcome have
shown high predictive and face validity, and have provided insights into neural mechanisms.
Studies in rats and mice have shown that prenatal stress or maternal separation results in
increased anxiety- and depressive-like behaviors in the adult offspring, as well as an
increased neuroendocrine response to stress with a host of neurochemicals acting in brain
regions involved in stress responses (Plotsky and Meaney, 1993; Pryce and Feldon, 2003;
Daniels et al., 2004; Binder et al., 2011; Barbosa Neto et al., 2012). Notably, alterations in
neurochemicals involved in plasticity and gene expression have been found in the
hippocampus (Suri et al., 2013; Nishi et al., 2014; Sousa et al., 2014; Shin et al., 2016) —a
brain region important for learning and memory as well as for the regulation of stress
responses via interactions with the hypothalamic pituitary adrenal (HPA) axis (Kim et al.,
2015). For example, maternal separation is associated with alterations in the expression of
neurotrophic factors in the hippocampus of offspring, including brain derived neurotrophic
factor (BDNF) and its receptor tropomyosin receptor kinase B (TrkB), as well as altered
performance in hippocampal dependent cognitive tasks (Marco et al., 2013; Suri et al., 2013;
Hill et al., 2014). Furthermore, adult offspring of rat dams that received more maternal
licking/grooming during development displayed higher levels of maternal licking/grooming
towards their own offspring but lower levels of anxiety-like behaviors, stress-induced
circulating corticosterone, and glucocorticoid receptor (GR) expression in the hippocampus,
compared to ones that received less maternal licking/grooming during development (Liu et
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al., 1997; Francis et al., 1999). Interestingly, epigenetic events have been implicated in
mediating the effects of maternal environment on hippocampal neurochemical expression
and associated behaviors in the adult offspring (Fish et al., 2004; Champagne et al., 2006;
Pan et al., 2014; Wang et al., 2014).

While data from animal studies have revealed new knowledge regarding the effects of
maternal environment on adult outcome and the underlying neurochemical mechanisms, the
effects of paternal deprivation (PD) are less studied. In humans, paternal care is related to
adult well-being and PD has been found to be associated with a variety of negative outcomes
(McLanahan et al., 2013). Additionally, according to reports from the U.S Census Bureau
and Center for Disease Control, the number of children living in father absent homes is
prevalent and increasing in the United States and this corresponds to less paternal-offspring
contact (U. S. Census Bureau, 2012; Jones and Mosher, 2013). Considering that PD is
prevalent and increasing in our society, it is imperative to understand the neural mechanisms
underlying the negative association between early father absence and adult well-being for
the prevention and treatment of related psychopathologies. While common laboratory rats
and mice cannot serve as appropriate models as they do not naturally display paternal
behavior, the emergence of the socially monogamous prairie vole (Microtus ochrogaster)
model has provided an opportunity to study male parental behavior and its effects on
offspring cognitive and behavioral functions as well as the underlying neurochemical
mechanisms.

The prairie vole is a rodent species that displays behavioral features of social monogamy
including long-term bonding between opposite-sex mates (pair bonding) (Williams et al.,
1992; Getz and Carter, 1996; Lim et al., 2004), and thus has been established as an animal
model to study the neurochemical regulation of social attachment (Carter et al., 1995; Young
et al., 1998). Prairie vole fathers contribute to the care of their young, displaying the full
range of maternal behaviors with the exception of nursing (Wang and Novak, 1992; Wang
and Insel, 1996). Furthermore, PD affects the behavior of prairie vole offspring: reducing the
display of alloparental behavior by juveniles towards their younger siblings (Wang and
Novak, 1994) and impairing their ability to form a pair bond in adulthood (Ahern and
Young, 2009; Ahern et al., 2011). In the present study, we aimed to characterize the
behavioral and neurobiological consequences of paternal deprivation in prairie voles. We
compared adult male and female voles that grew up with or without a father, and examined
their social and anxiety-like behaviors as well as the gene expression of several
neurochemicals in the hippocampus that have been implicated in regulating stress resiliency
and memory deficits in response to stressful life experience. We hypothesized that in the
absence of early paternal experience, voles would show altered social and anxiety-like
behaviors associated with alterations in hippocampal neurochemical systems.

Experimental procedures

Experimental animals

All animals used in our experiments were prairie voles (M. ochrogaster) produced by a
breeding colony housed at Florida State University. Animals had ad /ibitum access to food
and water, and cages were maintained on a 14:10 light:dark cycle with lights on at 0700.
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Subjects were the offspring of adult male and female prairie voles that were paired at the
beginning of the experiment and were sexually naive upon pairing. Paired animals were
housed in large polycarbonate cages (45 x 22 x 20 cm) lined with cedar chip bedding and
two cotton nestlets were provided for nest identification. Fifteen pairs gave birth to 56
offspring subjects over a period of five days. Upon litter birth (postnatal day 1: PND1),
fathers remained with the female partners in the home cages (n=8 pairs) or were
permanently removed from the home cages (n=7 pairs). Thus, subjects were either housed
with both a mother and father (MF; n=31) or mother only to create paternal deprivation
experience (MO; n=25) from PND1 until PND21. Notably, during litter births we removed
the father from every other litter so that the treatment groups were created in a
counterbalanced manner. At weaning (PND21), subjects were weighed and housed until
adulthood with a same sex conspecific that went through the same experimental treatment.
Subjects were assigned identification numbers and half of the subjects were ear-punched to
distinguish them from their cage mates. All experiments were conducted in accordance with
the guidelines of the Institutional Animal Care and Use Committee at Florida State
University.

Spot Checks

Spot checks were conducted in the morning (0830) and evening (1900) daily between PND2
and PND21, based on previous published protocols (Hammock et al., 2005; Ahern and
Young, 2009; Ahern et al., 2011). Each spot check consisted of five behavioral checks at five
minute intervals. During spot checks, a researcher would observe the behaviors of parents in
a consecutive order and record tally marks corresponding to observed behaviors on a sheet
of paper which was later transferred to an SPSS document. Cage order was counterbalanced
between checks. On PND1, a patch of fur was shaven off the backs of fathers in the MF
group in order to differentiate them from the mothers. Behavioral measures scored included
nursing, licking/grooming, huddling and carrying pups, as well as nest building, self-
grooming and the instances of each parent being either in the nest or outside of the nest.
Huddling was scored when the father was hovering over its pups with an arched back. Since
huddling is always accompanied by pups’ located ventral to the parent, huddling by the
mother made it implausible to distinguish with certainty if any pups were attached to the
nipple. Therefore, huddling by the mother was scored as nursing/huddling. Pup carrying was
defined when a parent carried a pup via their mouth.

Body Weights

All subjects were weighed at weaning (PND21) and as adults. Two MF males were found
dead in their home cage soon after weaning and, therefore, their data were excluded from
data analyses. All adult weights were taken on the same day, which was at least two days
before the first behavioral test for each subject began, during which subject’s age ranged

from 68-73 days old.

Behavioral Tests

Subjects were split into two cohorts, each consisting of an equal representation of subjects
across litters. Subjects in Cohort 1 (M/MF; n =6, F/MF; n =11, M/MO; n=6, F/MO; n=7)
went through the parental behavior (PB), social affiliation (SOA), social recognition (SOR),
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and elevated plus maze (EPM) tests, respectively, with one test per day over a four day
period. Due to the number of subjects and experimental groups, several behavioral tests, and
a narrow window for each behavioral test, we managed to begin the first day of behavioral
testing for each subject when they reached PND74-76. Each behavioral test began around
the same time every day and all behavioral tests were conducted between the hours of 0900
and 1500 in a behavioral testing room controlled for light illumination (about 300 Ix), as
described previously (Sun et al., 2014). Behaviors were video recorded and scored at a later
time via JWatcher software (NIH, Bethesda, MD) by a researcher unknowing to the
experimental condition of the subjects. The day after the last behavioral test, subjects from
cohort 1 were sacrificed. To avoid potential effects of behavioral testing on the
neurochemical expression in the brain, subjects in Cohort 2 (n=24; 6 subjects per each of the
4 experimental groups) did not go through the behavioral tests but remained in home cages
without disturbance until PND79 during which subjects were euthanized for brain
collection.

Parental Behavior Test

Subject’s parental behavior was tested towards a conspecific pup for 10 mins using an
established protocol (Lonstein and De Vries, 1999). The testing apparatus consisted of a
polycarbonate cage (45 x 22 x 20 (H) cm) lined with cedar chip bedding. The subject was
placed into the center of the cage for 10-mins habituation. Thereafter, a novel 2-day old
stimulus pup was placed at the furthermost corner of the testing cage from the subject. The
stimulus pup was the offspring of colony breeders and was cleaned with distilled water and a
cotton swab immediately before the test. Parental behaviors were scored as pup licking/
grooming, huddling, and carrying. Other behaviors such as nest building, self-grooming,
locomotion, and resting were also scored. In the instances when a subject displayed
aggressive behavior towards the pup, the researcher promptly intervened to remove the pup
and the behavioral test was stopped.

Social Affiliation Test

Subject’s social affiliation (SOA) towards a same sex conspecific was tested also using an
established method (Pan et al., 2009). Briefly, the testing apparatus consisted of two
polycarbonate chambers (13 x 18 x 29 (H) cm) connected by a hollow tube (7.5 x 16 cm). A
stimulus animal of the same sex and at a similar age as the subject was tethered in one
chamber, and the subject was placed into the empty chamber and had access to the entire
testing apparatus during the 1-hr test. Customized light sensors were attached to the hollow
tube and connected to a computer to record the subject’s entry into each chamber. The
subject’s time spent in each cage and cage crossing as well as the duration and frequency of
side-by-side contact with the stimulus animal were recorded.

Social Recognition Test

Subject’s social recognition (SOR) was tested using an established method (Lieberwirth et
al., 2012). The test consisted of four trials, each five minutes long and separated by a five
minute interval. Subjects were allowed to habituate to the testing apparatus (a 25 x 45 x 20
(H) cm polycarbonate cage) for 10 mins. At the beginning of each trial, a juvenile stimulus
animal was placed into the testing cage with the subject. All stimulus animals were the same
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sex as the subject and approximately 30 days old. At the end of each trial, the stimulus
animal was removed from the testing cage and placed into a separate cage while the subject
remained in the testing cage. During trials 1 to 3, the same stimulus animal was placed into
the experimental cage. During trial 4, a different stimulus animal was used. The duration and
frequency of subject’s sniffing (including anogenital and head sniffing) were recorded.

Elevated plus maze test

Subject’s anxiety-like behaviors were tested in an EPM test (Liu et al., 2014). Briefly, the
testing apparatus (Columbus Instruments, Columbus, OH, USA) consisted of two open arms
and two closed arms (35 x 6.5 x 15 (H) cm) that cross in the middle and are elevated 45 cm
off the floor. At the beginning of the 5-min test, the subject is placed into the center of the
platform facing a closed arm. Time that subjects spent in each arm and in center stage,
entries into each arm, and latency to enter the open arm were recorded.

Tissue processing

Subjects were rapidly decapitated. Brains were extracted, immediately frozen on dry ice and
subsequently stored at —80°C. Coronal sections (200um thick) were cut on a cryostat and
thaw-mounted on slides. Bilateral tissue punches 1mm in diameter of the posterior medial
hippocampus were taken at —40 °C and then stored at —80 °C until further processing.
Protein and RNA were isolated from 14 tissue punches of the posterior medial hippocampus
using Tri-Reagent according to the manufacturer instructions (Molecular Research Center,
Cincinnati, OH). Proteins were stored in Laemmle buffer in —80°C. RNA was dissolved in
DEPC water and also stored in —80°C until further processing.

Western Blotting

Protein samples, 20 ug each, were loaded into 12% sodium dodecyl sulfate (SDS)
polyacrylamide gels (Bio-Rad) for electrophoresis. Proteins were run on gels at 80 volts (V)
for approximately 20 mins and thereafter at 120 V for 1 hr. Proteins were then transferred to
nitrocellulose membranes at 100 V for 1 hr at 4 °C and subsequently blocked in either 5%
milk or Superblock (Bio-Rad). Membranes were incubated at 4 °C for 1-2 days with the
following primary antibodies: rabbit anti-tropomyaosin receptor kinase B (TrkB) (1:200,
Santa Cruz), rabbit anti-brain derived neurotrophic factor (BDNF) (1:200, Santa Cruz),
rabbit anti-glucocorticoid receptor (GR) (1:1000, Santa Cruz), goat anti-oxytocin receptor
(OXTR) (1:500, Santa Cruz), rabbit anti-corticotrophin releasing hormone receptor 1
(CRHR1) (1:300, Novus Biologicals), and 2 (CRFR2) (1:500, Novus Biologicals), goat anti-
vasopressin receptor (V1aR) (1:300, Santa Cruz), rabbit anti-corticotrophin releasing
hormone (CRH) (1:300, Proteintech), rabbit anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:1000, Santa Cruz), mouse anti-total histone 3 (H3total) (Millipore, 1:1000),
rabbit anti-histone 3 acetylation (H3ace) (1:1000, Millipore), or rabbit antihistone 3
acetylation at lysine 9 (H3K9ace) (1:1000, Millipore). Thereafter, membranes were washed
in phosphate buffered saline (PBS) and incubated for 1 hr in the following secondary
antibodies: horseradish peroxidase (HRP) conjugated anti-rabbit (1:20,000, Santa Cruz),
HRP anti-goat (Santa Cruz, 1:20,000), DY Light 550 anti-rabbit (1:20,000, Thermo Fisher
Scientific), DYLight 650 anti-mouse (1:20,000, Thermo Fisher Scientific) or IRDye 680
anti-rabbit (1:20,000 Li-Cor Biosciences). Membranes were then washed again and
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membranes that were incubated in a HRP conjugated secondary antibody were further
incubated in a chemiluminescence HRP substrate (SuperSignal West Dura Extended
Duration Substrate, Thermo Fisher Scientific) for 10 minutes. All proteins were visualized
on the ChemiDoc MP System (Bio-Rad). The specificities of the primary antibodies were
validated in previous studies in voles as well as in rats and mice for the CRH system and
H3k9ace, which share high homology with prairie voles (Huang et al., 2009; Greenberg et
al., 2012; Gupta-Agarwal et al., 2012; Wang et al., 2013; Wu et al., 2014; Galinato et al.,
2015; Duclot et al., 2016; Yadawa and Chaturvedi, 2016) . It should be mentioned that the
OTR antibody was shown to be able to detect OTR protein in the vole brain tissue via
antibody neutralization with an OTR blocking peptide but the signal reduction by overnight
incubation with the blocking peptide was not complete (Duclot et al., 2016). Therefore,
caution needs to be taken for data interpretation. Western bands were quantified via ImageJ
(NIH, Bethesda Maryland). All data were normalized within the same membrane to GAPDH
while H3ace and H3K9ace was further normalized to H3total. All data are expressed as
percent change from the mean of the MF groups.

Semi-quantitative real-time polymerase chain reaction (RT-PCR)

400 ng of total RNA was processed on the MyCycler Thermal Cycler (Bio Rad) for
complementary DNA synthesis with the Cloned AMV First-Strand cDNA Synthesis Kit
(Invitrogen, Thermo Fisher Scientific) according to manufacturer instructions. All primers
and cDNA samples were diluted 1/10, loaded in triplicates with SYBR Green Supermix (Bio
Rad) to a 384-well PCR plate and ran on the CFX 384 Thermal Cycler (Bio Rad). Results
were normalized to the reference gene nicotinamide adenine dinucleotide dehydrogenase
(NADH). Primer sequences were summarized in Table 1. Primer specificity was verified by
melting curve analysis. Data are presented as the percent change from controls (MF groups).

Statistical analysis

Results

Spot checks

All statistical analyses were performed using SPSS Statistics software (IBM) and p < 0.05
was deemed statistically significant. All data were checked for homogeneity of variance and
were either normalized when necessary by square root transformations, unless otherwise
noted, or analyzed with non-parametric tests. Independent sample T-tests were conducted to
compare spot checking behaviors between MF and MO groups, mothers and fathers in the
MF group, and mothers from MO and MF groups, respectively. Tally marks totaling
morning and evening spot checks per behavior were used for data analysis. All other data
were analyzed by two-way ANOVA (group X sex) except for the social recognition data
which was analyzed by two-way ANOVA with repeated measures (trials). Significant
interactions were followed up with Fisher’s Least Significant Difference (LSD) post hoc
tests. Data are depicted as mean+SEM.

Under the MF condition (Figure 1a), sex differences were found - mothers licked/groomed
their pups (t(14) = 4.426, p < 0.001) and adopted an overhanging posture over pups (nurse/
huddle) (t(14) = 8.216, p < 0.001) more than fathers. No differences were found in other
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behaviors including pup carrying, nest building, and self-grooming. Mothers in the MF and
MO conditions did not differ in any behaviors measured (Figure 1b). Interestingly, pups in
the MF condition were licked/groomed (t(13) = 2.365, p< 0.05) and carried (H() = 4.801, p
< 0.05) more by parents and were left alone in the nest less frequently (t13) = 3.429, p<
0.01), compared to pups in the MO condition (Figure 1c). At weaning (PND 21), MF males
weighed less compared to MF females as well as to MO males and females (F (1, 49) = 6.884,
p<0.05) (Figure 1d). At adulthood, however, males weighed more than females, regardless
of rearing condition (F(1, 49) = 6.596, p < 0.05).

Behavioral tests

The number of subjects per treatment group that went through the following behavioral tests
included 6 M/MF, 6 M/MO, 11 F/MF, and 7 F/MO. All subjects in cohort 1 went through all
behavioral tests and all of their data is reported, unless otherwise noted.

Parental behavior—During the parental behavioral test, 33.7% (4/11) of females and
50% (3/6) of males in the MF group as well as 28.6% (2/7) of females and 33.4% (2/6) of
males in the MO group displayed spontaneous parental behavior. No group and sex
differences were found in the percentages of the subjects displaying parental behavior. Due
to the limited numbers of the subjects displaying parental behavior, we were not able to
conduct statistical analyses on the specific behaviors.

Social affiliation and recognition—In the SOA test, two subjects from the M/MO
group were excluded from analysis due to poor video recording quality. Significant group
and sex differences were found in the duration of side by side contact with the stimulus
animal (Figure 2a). MO subjects spent more time in side by side contact with the stimulus
animal than MF subjects (F(1, 24) =4.511, p< 0.05). In addition, males had more contact
with the stimulus animal compared to females (F(y, 24) =5.756, p < 0.05). No significant
group by sex interaction was found in the contact duration. No differences were found in the
frequency of the social contact (Figure 2b). In the SOR test, no group and sex differences
were found in the duration and frequency of social sniffing (Figure 2c & d). All subjects
displayed decreased duration in olfactory investigation of a stimulus animal repeatedly
presented over trials 1 to 3 and then increased olfactory investigation upon presentation of a
novel stimulus animal during trial 4 (F; 75 = 19.985, p <.001, Figure 2c). This similar
pattern was also found in the frequency of olfactory investigation (Figure 2d).

Anxiety-like behavior—In the EPM test, one subject from the F/MF group and one
subject from the F/MO group were excluded from analysis due to poor video quality and one
subject falling off the EPM for more than half of the test. During the EPM test, there were
no group or sex differences on any indicators of anxiety-like behavior including open arm
latency, percentages of open arm entries or durations (Table 2). Treatment effect was found
in total arm entries (F(y, 24y = 7.367, p< 0.01) with MF subjects displaying more arm entries
than MO subjects. A two-way ANCOVA was then conducted to determine if there were
group or sex differences in the behavioral measurements while controlling for locomotion
(total arm frequency). When controlling for total arm crosses, a significant group effect was

Neuroscience. Author manuscript; available in PMC 2018 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tabbaa et al. Page 9

detected for open arm latency (F(1, 23) = 0.028, p < 0.05): MO subjects ( 14 + 8 seconds) had
decreased open arm latencies compared to MF subjects (40 + 7 seconds).

Neurochemical protein expression in the hippocampus

Oxytocin, vasopressin, and glucocorticoid receptors—A significant group by sex
interaction was found for OXTR protein expression in the hippocampus (F1, 20 =8.795, p<
0.05; Table 3). MF males had a higher level of OXTR expression than MF females and MO
males. A group by sex interaction was also found for GRg protein expression in the
hippocampus (Fy, 20 =8.641, p < 0.05). MO females had a higher level of GRg expression
than MO males and MF females. No significant differences were found in V1aR and GRa
protein expression in the hippocampus.

Corticotrophin releasing hormone and its receptors—No differences were found in
the levels of CRH and CRHRL in the hippocampus (Figure 3a). A significant group by sex
difference was found for CRHR2 expression in the hippocampus (F1 2o = 8.635, p < 0.05).
MO males had a higher level of CRHR2 protein expression than MO females as well as MF
males and females (Figure 3a). Interestingly, CRHR2 protein levels were correlated with
CRHR1 (r(24) =0.704, p<0.05), CRH (r(24) =0.553, p<0.05), TrkBt (I’(23) =0.803, p<
0.05), TrkBFL (r(22) = 0.495, p < 0.05), and BDNF (r(24) = 0.502, p < 0.05) protein levels.

Brain derived neurotrophic factor and tropomyosin receptor kinase B—
Significant group effects were found in the levels of BDNF (F1 5o = 4.598, p < 0.05) and
TrkBt (95kd) (F1 14,043 = 5.078, p < 0.05) in the hippocampus (Figure 3b). MO subjects had
higher levels of BDNF and TrkBt in the hippocampus than MF subjects. A similar trend was
also found in the level of TrkBFL (145kd) protein expression in the hippocampus (F1 17 =
4.055, p=.060). Interestingly, BDNF protein levels in the hippocampus were correlated with
TrkBt (r(21) = 0.545, p < 0.05), CRH (r22) = 0.423, p< 0.05), CRHRL1 (r(p2) = 0.555, p<
0.05), and CRHR2 (r(22) = 0.502, p < 0.05) protein levels, and trending with TrkBFL (r(22) =
0.411, p=0.057). Additionally, BDNF levels were negatively correlated with the licking and
grooming frequency per nest, (rz2) = —0.503, p < 0.05).

Histone 3—Significant treatment effects were found in the levels of H3total (F1 19 =
7.680, p < 0.05) and the ratio of H3ace to H3total (F; 1g = 5.885, p< 0.05). MO subjects
had higher levels of H3total and H3ace/H3total compared to MF subjects (Figure 3c). A
treatment by sex interaction was found for H3K9ace/H3total in the hippocampus (F1 18 =
10.270, p< 0.05). MF females had a lower level of H3K9ace/H3total compared to MF males
and MO females (Figure 3c).

Neurochemical mRNA expression in the hippocampus

This was focused only on the neurochemical markers where protein levels indicated
potential group differences in gene expression. Significant treatment effects were found in
the levels of CRHR2 (F; 19 = 10.078, p< 0.01), BDNF (Fq, 17 = 4.553, p< 0.05), and
TrkBFL (F1 20 = 7.620, p < 0.05) mRNA expression in the hippocampus (Figure 4). MO
subjects had a lower level of CRHR2 but higher levels of BDNF and TrkBFL, compared to
MF subjects. Interestingly and similar to the protein data, BDNF mRNA was negatively
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correlated with total levels of licking and grooming (r(;9) = —0.533, p < 0.05). BDNF levels
were also strongly correlated with both the full length (r(19) = 0.616, p < 0.01) and truncated
TrkB levels (r21) = 0.627, p< 0.01). No sex or group by sex interactions were found. In
addition, no differences were found in the GRa, and GRB mRNA expression in the
hippocampus.

Discussion

It has been well documented that early life experience, including experience with parents,
can shape adult cognitive and behavioral functions (Felitti et al., 1998; Repetti et al., 2002;
Nishi et al., 2014; Sripada et al., 2014; Jensen et al., 2015; Samek et al., 2015; Yam et al.,
2015). In humans, father presence during early development is associated with decreased
risk for various psychopathologies and increased well-being of the children (Sarkadi et al.,
2008; McLanahan et al., 2013; Tikotzky et al., 2015), whereas father absence can lead to
negative outcomes including the development of depressive symptoms and externalizing
behaviors (Phares and Compas, 1992; Culpin et al., 2013; McLanahan et al., 2013). In the
present study, using the socially monogamous prairie voles which naturally display both
maternal and paternal behaviors, we found that paternal deprivation (PD) during early
development has long-lasting effects on social affiliation of the offspring when they became
adults, and this effect is behavior-specific. In addition, our data indicate that such PD
experience also alters the expression of several neurochemicals and epigenetic markers in
the hippocampus, indicating their potential roles in mediating altered social behavior.

PD affected parental environment

As expected, prairie vole fathers contributed to the care of offspring and displayed pup
licking/grooming, huddling and carrying as well as nest building like mothers did with the
exception of nursing (Wang and Novak, 1992; Ahern and Young, 2009; Ahern et al., 2011).
Maternal behavior did not differ between the MF and MO groups, suggesting that mothers
do not compensate for the absence of the father, which is in agreement with previous studies
in prairie voles (Wang and Novak, 1992; Ahern and Young, 2009; Ahern et al., 2011) and in
other bi-parental species such as octodon degus (Helmeke et al., 2009). However, PD
resulted in reduced parental care received by the offspring, indicated by a decrease in the
levels of pup licking/grooming and carrying as well as an increase in pups being left alone in
the nest. This altered parental care was associated with an increase in the body weight of
males at weaning but did not lead to a significant effect on body weight in adulthood in our
study. It should be noted that in a previous study, PD experience was associated with lower
pup body weight at weaning in prairie voles although this might have been confounded by
weekly handling and in-utero effects upon removal of the father about 6-10 days before
litter birth (Ahern and Young, 2009).

PD experience facilitated social affiliation

An interesting finding in the present study is that PD prairie voles displayed a significant
increase in contact with a conspecific during a social affiliation test in adulthood, indicating
that PD experience during early development has a long-lasting effect on social affiliation.
Importantly, this effect was not due to altered social recognition, and thus the effect was
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behavior-specific. It is interesting to mention that a similar effect was found in adult female
prairie voles that experienced 6 weeks of social isolation (Lieberwirth et al., 2012) and in
male prairie voles that experienced partner loss (Sun et al., 2014). The presence of a
conspecific may be anxiolytic, decreasing biobehavioral anxiety responses in animals (Smith
and Wang, 2014). Because our PD voles did not show increases in their anxiety-like
behavior, the enhanced social affiliation may likely be driven by increased social seeking
rather than stress coping. Mild stressors, like perhaps that induced by a behavioral test, have
also been shown to enhance affiliative behavior in rats and prairie voles in a sex-dependent
manner (DeVries et al., 1996; Beery and Kaufer, 2015; Muroy et al., 2016). It is worth
mentioning that in our study male PD voles seemed to display a higher level of social
affiliation than females, and this was likely the driving force for treatment differences. In
male mandarin voles, PD experience also led to increased body contact with a conspecific,
probably due to decreased adult aggression (Frazier et al., 2006; Wang et al., 2012). Indeed
in male prairie voles, increased social affiliation induced by partner loss was associated with
a decrease in aggression (Sun et al., 2014).

Stress during early development can increase either anxiety-like behavior (Brunton, 2013;
Maccari et al., 2014) or resilience to stressful stimuli (Faure et al., 2007; Zhang et al., 2014;
Beery and Kaufer, 2015; Rana et al., 2015) in adulthood. Studies using maternal deprivation
as an early life stressor have found both increased (Ishikawa et al., 2015) and decreased
anxiety in adulthood in rats (Zhang et al., 2014). In monogamous rodent species, PD has
been shown to decrease anxiety-like behavior in prairie voles (Ahern and Young, 2009) but
increase the same behavior in mandarin voles (Jia et al., 2009). Our data indicate that PD
experience had no significant effects on anxiety-like behavior at the time when our animals
were tested. Our PD paradigm either was not effective to have long-lasting effects on
anxiety-like behavior or effectively enhanced the resilience to stressful stimuli associated
with the EPM test. The decreased locomotor activity in PD voles should be noted as it is
unclear whether it might have secondary effects on anxiety-like behavior. Indeed, when
locomotion was controlled for, subjects reared without a father entered the open arms of the
EPM sooner than subjects reared with both parents. Parental deprivation during early
development has been shown to affect locomotor activity in other bi-parental species such as
marmosets (Dettling et al., 2002) and mandarin voles (Jia et al., 2009; Cao et al., 2014). In
mandarin voles, PD experience also decreased locomotor activity (Jia et al., 2009).

PD experience altered neurochemical expression in the hippocampus

Several neurochemicals and their receptors in the hippocampus were examined because of
their demonstrated roles in learning & memory, stress responses, and social behaviors
(Carter et al., 1995; Kim et al., 2015; Lieberwirth et al., 2016). Our data indicate that PD
experience affected some of these markers in a neurochemical-specific manner. The most
striking and consistent group difference was found on the BDNF system in the
hippocampus. MO voles showed enhanced RNA and protein expression of BDNF and its
TrkB receptors in the hippocampus compared to control voles raised by both parents (MF).
This effect seemed to be similar in both males and females. Extensive data have indicated
that stressful stimuli during early development can induce changes in the BDNF system in a
brain region- and stress-specific manner. For example, maternal separation can increase
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BDNF in the hippocampus of rats post-weaning and this is associated with alterations in
anxiety-like behaviors and HPA axis activity (Faure et al., 2007; Daniels et al., 2009; Suri et
al., 2013). Interestingly, hippocampal BDNF and TrkB levels are most consistently found to
be increased post-weaning and decreased in later adulthood in response to early maternal
separation in rodents (Lee et al., 2012; Suri et al., 2013; Daskalakis et al., 2015). In adult
rats, early maternal separation decreases hippocampal BDNF, resulting in impaired
recognition memory in females and impaired working memory in males (Marco et al., 2013;
Suri et al., 2013; Hill et al., 2014). The effects of maternal separation on the stress response
have been found to be further mediated by the age of experience and duration of maternal
separation (Levine et al., 1991; Levine, 2005). It has been suggested that enhanced BDNF
activity in the brain in response to early life stress may act as a mechanism to protect against
future stress exposure (Daniels et al., 2009; Suri et al., 2013; Daskalakis et al., 2015). For
example, early maternal separation associated with increased hippocampal BDNF
expression in rats post-weaning is associated with decreased anxiety-like behaviors and
increased performances in cognitive behavioral tasks (Daniels et al., 2009; Suri et al., 2013).
Interestingly, our data indicate that PD experience increased not only BDNF but also both
the truncated and full length TrkB receptor isoforms in prairie voles. These were further
demonstrated by positive correlations between BDNF and TrkB receptor mRNA levels as
well as between levels of BDNF and TrkBt proteins (trending with TrkBFL protein).
Truncated and full-length TrkB receptors have been implicated in regulating dendritic
growth in distinct ways (Yacoubian and Lo, 2000; Hartmann et al., 2004). Thus, PD
experience may induce adaptive plasticity changes by the BDNF system in response to
emotional challenges associated with paternal deprivation and inoculate voles against future
life stressors, much like the effects of environmental enrichment and early handling in other
rodent species (Meaney et al., 1993).

It is also worth mentioning that our data indicated positive correlations in protein levels
between the BDNF and CRH systems in the hippocampus. Interactions between the BDNF
and CRH systems have been implicated in regulating neural plasticity. For example, CRH
has been shown to increase or decrease BDNF levels, depending on the brain region, and
alter spine density accordingly (Bayatti et al., 2005; de la Tremblaye et al., 2016). As BDNF
acts on TrkB receptors to regulate dendritic spine growth (McAllister et al., 1995; An et al.,
2008) and the CRH system can regulate this process (Bayatti et al., 2005; de la Tremblaye et
al., 2016), these correlations between BDNF and CRH markers may further support the
notion that increased BDNF activity associated with PD may alter hippocampal spine
density.

PD experience altered hippocampal epigenetic marker expression

Recent data have indicated that early life experience may affect adult behavior via
epigenetic-mediated mechanisms (Babenko et al., 2015). For example, in a rat model of
early life variation in maternal care received, offspring of high licking/grooming dams,
compared to ones from the low licking/grooming dams, are more resilient to stress due to
increased GR expression in the hippocampus which is regulated by increased H3
acetylation, specifically at lysine 9, and decreased methylation at the GR gene promotor
region (Fish et al., 2004; Zhang et al., 2013). In mice, maternal separation during
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development resulted in increased H3 acetylation in the hippocampus which was paralleled
by increased spine density and complexity in the CA3 region (Xie et al., 2013). Further,
social stress, crowding, and novel environment during the peripubertal-juvenile period
increased hippocampal H3 acetylation and mossy fibers while decreasing depressive-like
behaviors and stressinduced plasma CORT (Oztan et al., 2011). An interesting finding in our
study is that the PD experience was associated with increased H3total and H3ace in the vole
hippocampus. Further, PD experience significantly elevated H3K9ace in the hippocampus in
female, but not male, voles. These data indicate that early PD experience may affect histone
acetylation in the hippocampus possibly in a sex-dependent manner, although we still do not
know the specific gene(s) on which histone acetylation occurred and the functional
significance of such epigenetic events on the brain and behavior. It is worth mentioning that
epigenetic events have been implicated in the regulation of social bonding behavior in both
male and female prairie voles (Wang et al., 2013; Duclot et al., 2016).

Several issues need to be mentioned. First, our data show that PD experience also affected
other neurochemical markers in the vole hippocampus. For example, PD experience elevated
GRg in females but decreased OXTR and increased CRHR?2 protein levels in males,
indicating a potential sex-specific effect of PD on neurochemical receptor expression.
Interestingly, GR,, and GRg RNA levels were positively correlated with TrkB RNA levels
indicating interaction between both systems, an interaction previously implicated in
regulating synaptic plasticity (Jeanneteau and Chao, 2013). Although the underlying
mechanisms and functional significance of such effects are still unknown, these interesting
data should not be ignored especially given the roles of GR and CRHR in stress responses
and stress coping (McEwen, 2007; Bosch et al., 2009, 2016; Farrell and O’Keane, 2016;
Vyas et al., 2016). Second, in our present study only certain percentages of sexually naive
male and female prairie voles displayed spontaneous parental behavior towards conspecific
pups, which is consistent with previous studies (Lonstein and De Vries, 2001; Ahern and
Young, 2009). Unfortunately, the limited numbers of subjects prevented us from examining
the PD effects on the specific patterns of parental behavior. We believe that this interesting
question should still be pursued in further studies, as it has been shown that individual
characteristics of parental behavior can be transgenerational (Francis et al., 1999;
Champagne and Meaney, 2007) and regulated by epigenetic mechanisms (Champagne et al.,
2006). Third, the convincing treatment effect observed on the BDNF system and H3
acetylation in the vole hippocampus indicate potential epigenetic regulation of BNDF and
TrkB and its subsequent behavior — an interesting question which should be followed. In a
previous study, epigenetic regulation of BDNF in the hippocampus was involved in
mediating depression-like behavior in mice (Tsankova et al., 2006). Finally, a caveat in the
present study should be mentioned. Our experiments were initially designed to focus on
assessing the effects of PD on anxiety-like and social behaviors, including social recognition
which reflects social memory processes. In future studies, it will be interesting to examine
the effects of PD on learning and memory tasks using the behavioral tests such as the Morris
water maze, Barnes maze, and Radial arm maze (Lieberwirth et al., 2016).
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Data from our present study indicate that PD experience during early development affected
social affiliation of the offspring when they became adults, in a behavior-specific manner. In
addition, such PD experience was associated with enhanced gene and protein expression of
BDNF and its tropomyosin receptor kinase B as well as the levels of total histone 3 and
histone 3 acetylation in the hippocampus. Together, these data indicate that paternal
experience during development may alter gene transcription and synaptic plasticity in the
adult hippocampus of the offspring via epigenetic mechanisms. This, in turn, may serve to
alter social affiliative behaviors in adulthood. Indeed, PD was found to affect synaptic
plasticity in a neuron type- and brain region-specific manner in another biparental rodent
species, Octodon degus (Pinkernelle et al., 2009). In our prairie voles, the levels of licking
and grooming received by the offspring were negatively correlated with BDNF mRNA and
protein expression in the hippocampus. Alternations in the hippocampal BDNF system (and
its mediated changes in synaptic plasticity) in PD voles may reflect a compensatory
mechanisms for deficits in neurochemical and synaptic plasticity due to reduced parental
contact during early development. In addition, it may reflect a developmental adaption
serving to inoculate subjects against future life stressors (Helmeke et al., 2001).

Finally, considering the negative association between early father absence and adult well-
being largely reported in the human literature (McLanahan et al., 2013), it is surprising that
we were unable to find clear deficits in the social behaviors of PD prairie voles in the present
study. This may be due to multiple factors including suboptimal times of experimental
manipulation (e.g., father removing) and/or behavioral testing (e.g., adolescence vs
adulthood), as hinted by human studies (McLanahan et al., 2013). Furthermore, father
absence during development in humans may be associated with a societal stigma that can
compound the effects of father absence on adult outcome, and this factor would not apply in
the context of our study. Nevertheless, further studies are needed for our better
understanding of the consequences as well as the underlying neuronal and neurochemical
mechanisms of father deprivation during early development.
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. Pups raised by both parents (MF) received more parental care than ones raised
by mothers only (MO)
. Paternal deprivation (PD) during early development led to an increase in
social affiliation
. PD experience was associated with enhanced BDNF, TrkB, and H3ace protein

expression in the hippocampus

. PD experience also affected hippocampal GRB, OTR, and CRHR2 protein
expression in a sex-specific manner

. Altered neurochemical expression in the hippocampus may mediate social
affiliation
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Figure 1.
Paternal deprivation impacts offspring care. (A) When both the mother and father are present

(MF), mothers display more pup licking/grooming and adopt an overarching position
(Nurse/Huddle) over pups compared to fathers, but they do not differ on levels of pup
carrying, nest building, or self-grooming behaviors. (B) There were no differences in pup
licking and grooming, nursing, pup carrying, nest building, and self-grooming between MF
mothers and mothers only (MO), without the father. (C) There were lower levels of pup
directed licking and grooming and pup carrying in MO nests compared to MF nests.
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Additionally, there were higher instances of offspring left alone on the nest in the MO
condition. (D) Finally, MF males weighed less at weaning (PND21) while MO males
weighed the same as females. In adulthood, male subjects weigh more than female subjects,
regardless of rearing condition. Data are shown as mean + SEM. *p < 0.05, **p < 0.01.
Alphabetic letters indicate the results from a post-hoc test following an ANOVA. Bars
labeled with different letters differ significantly from each other.
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Figure 2.
Paternal deprivation affects adult affiliation, but not recognition. (A) Paternally deprived

subjects reared with a mother only (MO) spent more time in side by side contact with a
conspecific during the social affiliation test (SA) than subjects that were reared by a mother
and father (MF). No differences were found in side by side contact frequency (B). There
were no group differences in the social recognition test (SR) including in sniffing duration
(C) and frequency (D). Data are shown as mean + SEM. *p < 0.05; #: sex difference (p <
0.05).

Neuroscience. Author manuscript; available in PMC 2018 February 20.

TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tabbaa et al.

350

)

w
o
o

250
200
150
100

Optical Density

(% of Control Mean

(o)
o

Optical Density

Optical Density
(% of Control Mean)
o o o
o O O O

Page 26

A oM/MF mF/MF D M/MF  F/MF M/MO F/MO
@M/MO & F/MO

CRH s w s s

CRHR1

CRHR2

BDNF Qe
CRH CRHR1 CRHR2

TrkBFL Lt

TrkBt s w— - -

-

H3total e e Lo e,

»

k4

H3ace s
£

H3K9ace

BDNF TrkBFL TrkBt

__I_ __l_ GAPDH?---

H3total H3ace/H3total H3K9ace/H3total

Figure 3.
Paternal deprivation alters adult hippocampal protein expression and histone acetylation. (A)

Males that grew up with a mother only (M/MO) had increased corticotrophin releasing
hormone receptor type 2 (CRHR2) protein expression in the hippocampus compared to
males that grew up with both a mother and father (M/MF). (B) Compared to males and
females reared by a mother and father (M/MF, F/MF), males and females reared without a
father (M/MO, F/MO) had higher protein levels of brain derived neurotrophic factor (BDNF)
as well as its receptor, tropomyosin receptor kinase B in the truncated form (TrkBt) and
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trending in the full length form (TrkBFL) in the hippocampus. (C) MO subjects also had
higher protein levels of total histone 3 (H3total) in the hippocampus as well as higher levels
of histone acetylation (H3ace). Finally, compared to MF females, MO females had a higher
ratio of histone 3 acetylation at lysine 9 (H3K9ace) to H3total. Data are shown as mean +
SEM. *p <.05. Alphabetic letters indicate the results from a post-hoc test following an
ANOVA. Bars labeled with different letters differ significantly from each other.
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Figure 4.
Paternal deprivation alters hippocampal mMRNA in adulthood. Quantitative real time

polymerase chain reaction revealed that subjects that were reared with a mother only (MO)
had decreased levels of MRNA for corticotrophin releasing hormone receptor 2 (CRHR2) in
the hippocampus compared to subjects that were reared with both a mother and father (MF).
Additionally, MO subjects had higher mRNA levels for brain derived neurotrophic factor
(BDNF) and its full length receptor, tropomyosin receptor kinase B (TrkBFL). Data are
shown as mean + SEM. *p <.05.
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Table 1

Primer Sequences (5' - 3")

Target Primer Sequence
R forward GGTTGGTGCTTCTACCCTGA
a
reverse  GTACACTGGGCCGCCTTTCGGTA
GR forward ACAGACTTTCGGCTTCTGGA
P reverse  AAAGGTGCTTTGGTCTGTGG
forward GTCAGCTTCCACAGCATCAA
CRHR1
reverse  AGCCCAGTGCTGTGAGCTAT
forward CAGCTTCCACAGCATCAAGC
CRHR2
reverse  CACCCAAGGGTCAGTGTAGC
BDNF forward CCATAAGGACGCGGACTTGTAC
reverse  TTGGAGATGTGGTGGAGAGG
forward TATGCTGTGGTGGTGATTGC
TrkBFL
reverse  TTGGAGATGTGGTGGAGAGG
kB forward GGCTGCTCCTAACCTCACTG
rkBt
reverse  TTCACGGAATCCTGGTCTTC
NADH forward CTATTAATCCCCGCCTGACC
reverse  GGAGCTCGATTTGTTTCTGC

Page 29

List of primer sequences for all targets. OXTR, oxytocin receptor; GRa, glucocorticoid receptor alpha; GRp, glucocorticoid receptor beta; CRHR1,
corticotrophin releasing hormone receptor one; CRHR2, corticotrophin releasing hormone receptor two; BDNF, brain derived neurotrophic factor;
TrkBFL, tropomyosin receptor kinase receptor B full length; TrkBt; tropomyosin receptor kinase receptor B truncated; NADH, nicotinamide
adenine dinucleotide dehydrogenase.
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