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Predator odor exposure of rat pups has opposite effects on play
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Abstract

Juvenile social play behavior is one of the earliest sexually differentiated behaviors to emerge. In
rats, as with most other species that play, males engage in more rough-and-tumble play compared
to females. Exposure to early life adversity is a major driver of adult health and can manifest
differently in males and females. However, the effects of adverse early life exposure on play
behavior in the juvenile period are poorly understood. To address this, male and female neonatal
rats were exposed to predator odor (PO), for 5 min/day on PN1-PN3. At the time of exposure to
PO, both male and female pups suppressed ultrasonic vocalization and displayed more freezing
behavior. Circulating corticosterone increased in males immediately following PO exposure but
not in females. The enduring effects of PO exposure were opposite in males compared to females
in that PO exposed males decreased social play, while PO exposed females increased play
behavior compared to same sex controls. PO exposure did not significantly affect cell genesis in
the neonatal dentate gyrus of either sex. PO exposure did not affect anxiety-like behavior assessed
in the juvenile period or in adulthood, nor did it affect social interactions in adulthood. This work
provides new insight into how sex may interact with adverse early life events to contribute to
development of the social consequences of such exposures.
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1. Introduction

In most species, early social interactions occur in the context of same-aged conspecific
social play behavior. In rats, this play behavior is most commonly manifested as rough-and-
tumble play or play fighting (Pellis and Pellis, 1997, 1998). Play-fighting is goal-directed
towards play-biting an opposing participant and frequently involves wrestling-like behaviors,
as animals attempt to dominate one another (Aldis, 1975). Rough-and-tumble play in the
juvenile rat is sexually differentiated, as males exhibit a higher frequency of play events
compared to females, and this is determined by neonatal testosterone (Meaney and Stewart,
1981; Olioff and Stewart, 1978; Thor and Holloway, 1986). The sex difference in juvenile
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social play behavior provides a route to assess how external factors may interact with sex to
effect social behavior in a non-reproductive context.

Adverse early life events greatly influence subsequent development and can have lasting
implications for adult mental and physical health (Anda et al., 2006; Felitti et al., 1998;
Heim and Nemeroff, 2001; Schilling et al., 2007). Stressful environments in early life
harmfully influence behavior and broad physiological functions. Frequently these
consequences persist as permanent pathology. Early life adversity is particularly important in
mediating the risk for neuropsychiatric disorders in adulthood including many which have
significant social contributions (Kendler et al., 2002; Morgan et al., 2007). A number of
factors interact to shape how early life adversity may manifest as differential vulnerabilities
to later-life pathologies. The nature of the early life adverse event, an individual's genetic
background and sex are among these factors (Kundakovic et al., 2013).

Investigations into the consequences of early life adversity have left both social and sex-
specific sequelae understudied. Among the limited studies to probe these areas, results are
contradictory. Adversity in early life, modeled through maternal separation in male pups,
induces increased evasion of play contacts, suggesting feminized patterns of play (Arnold
and Siviy, 2002), as well as a shift towards more aggressive play (\Veenema and Neumann,
2009). Others find few sex-specific effects as a result of early stressful exposures
(Zimmerberg and Sageser, 2011). Thus no consensus has emerged on the ramifications of
early life adversity on juvenile social play and the role of sex in mediating potential
differences has rarely been considered.

Multiple brain areas contribute to execution of juvenile social play behavior. Lesion of the
cortex, nucleus accumbens, hypothalamus and amygdala all decrease social play
(Vanderschuren et al., 1997). The amygdala is also crucial for developmental organization,
as local implant of steroids increase masculinized play (Meaney and McEwen, 1986; T6njes
et al., 1989). The amygdala continues to contribute to social behaviors throughout life
including social recognition and interaction (Kling and Brothers, 1992), aggression (De
Vries and Buijs, 1983; Davidson, 2000), sexual behavior (Newman, 1999) and maternal
behavior (Nephew and Bridges, 2008; Bosch and Neumann, 2010; Nephew et al., 2010).
Other brain regions are important for development of appropriate social behaviors in later
life as well, including the hippocampus. The hippocampus is comprised of distinct regions
including Ammon's horn and the dentate gyrus. The principle cells of the dentate gyrus, the
granule cells, are primarily produced during the first two weeks of postnatal life
(Schlessinger et al., 1975). The abundant period of postnatal neurogenesis of this region
allows for early life experiences to modify granule cell production. Exposure of rat pups to
stressful experiences early in life suppresses the production of granule neurons in the
developing dentate gyrus (Tanapat et al., 1998). Pharmacologic lesions of the ventral
hippocampus during this vulnerable postnatal period produce deficits in social interaction
and social memory and increase displays of aggression in the juvenile period and adulthood
(Becker et al., 1999; Sams-Dodd et al., 1997; Becker and Grecksch, 2000). These findings
suggest that environmental exposures during periods of hippocampal development could
influence granule cell formation and affect the outcome of a behavior dependent on this
brain region.
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Social deficits exist at the core of several neuropsychiatric disorders (Couture, 2006;
Pelcovitz et al., 1994; Segrin, 2000). Among these disorders the prevalence, presentation, or
a combination thereof, is greatly influenced by the biological variable of sex (Bao and
Swaab, 2010). Natural variations in juvenile social play behavior between males and females
provide a spectrum upon which to assess the impact of adverse early life event exposure.
Correlates of early life stress are significantly influenced by the type of exposure
(Zimmerberg and Sageser, 2011). Both neonatal isolation from the dam and predator odor
exposure are commonly used models of stressful exposures (Zovkic and Sweatt, 2013).
Exposure to live predators or cues indicative of the threat of predation impact a wide range
of species. While responses are largely species-specific, nearly all consist of increased stress
reactivity (St-Cyr and McGowan, 2015). Rodents primarily depend on olfaction to detect
predators (Takahashi, 2014). Exposure of rodents to predator odor elicits an unconditioned
fear response (Takahashi et al., 2008). Early life exposure of rat pups to predator odor
significantly affects later life behaviors including fear responding (Hacquemand et al., 2010;
Ayers et al., 2016). The impact of this early postnatal exposure to predator odor can also
differentially affect male and female offspring (Mashoodh et al., 2009). To date, the
consequences of early postnatal predator odor on later juvenile social play has not been
examined. This study seeks to explore the sex specific consequences of early predator odor
exposure on later juvenile social play in order to gain insight into the etiology of disrupted
social behavior in neuropsychiatric disease.

2. Methods and materials

2.1. Animals

Timed pregnant Sprague-Dawley rats (Harlan) mated in our facility were allowed to deliver
normally under standard laboratory conditions. The morning pups were found in the nest
was designated as the day of birth (PNO). Pups were individually identified on PNO by
injection into the footpad with India ink. On PN21 animals were weaned and housed in
groups consisting of two to three individuals of the same sex and exposure in polycarbonate
cages (20 x 40 x 20 cm) with corncob bedding under a reverse 12:12-h light/dark cycle.
Food and water were ad libitum. All breeding and experimental procedures were approved
by the Institutional Care and Use Committee at the University of Maryland, Baltimore and
performed in accordance with national animal care and use guidelines.

2.1.1. Pup condition distribution—Each litter was culled to 10-12 pups and divided to
contain equal numbers of male and female pups exposed to either control or predator odor
conditions. Pups were assigned in this manner to distribute and thus control for differences
in maternal care between dams. For assessment of freezing behavior and USV detection, 3
male and 3 female pups were exposed to maternal control bedding and 3 male and 2 female
pups were exposed to predator bedding from a single litter. To determine plasma
corticosterone following exposure, from two litters, 8 males and 6 females were exposed to
maternal control bedding, while 7 males and 6 females were exposed to predator bedding.
For BrdU analysis, from four litters, 10 males and 12 females were assigned to control
conditions and 11 males and 11 females were exposed to predator odor. To identify effects
of predator odor exposure on later life behaviors, 10 males and 10 females underwent
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exposure to maternal control bedding and 12 males and 12 females were exposed to predator
odor. (See Fig. 1.)

2.2. Predator odor (PO) exposure

PO exposures occurred during the first three full days of life (PN1-3) for 5 min each day.
Individually, newborn animals were placed in a chamber constructed from a perforated base
(16.5 x 12.7 cm) raised 2.5 cm from the ground with 6.35 cm walls contained within a 27 x
22 x 25 cm Styrofoam box. The bottom of the Styrofoam box contained 2 in. of bedding
from an adult male rat (on PN1 and PN3) or bedding from adult male and female ferrets (on
PN2). Bedding was alternated over the course of the three days to prevent habituation to the
predator odor. Placement of the pups in the base raised above the bedding ensured pups were
exposed to the odor but did not come in contact with bedding and would not carry the odor
back to the nest. Control animals were placed in a similar apparatus containing bedding from
the maternal homecage. Pups were immediately returned to the dam and observed for any
changes to maternal care. No alterations in care were evident following predator odor
exposure.

2.2.1. Freezing during PO exposure—Behavior was recorded on a video camera
during the three exposure days and later scored manually for immobility defined as cessation
of body movement.

2.2.2. Ultrasonic vocalizations (USV) during PO exposure—The cohort of pups
assessed for freezing behavior underwent a fourth day of exposure to predator odor and
during the 5 minute exposure vocal emissions were recorded using an UltraSoundGate
Condenser Microphone (CM16; Avisoft Bioacoustics) connected to an Avisoft
UltraSoundGate 416 USB Audio device routed to a personal computer. Acoustic data were
recorded with a sampling rate of 300,000 Hz in 16 bit format. For acoustical analysis,
recordings were transferred to SASLab Pro (version 5.10; Avisoft Bioacoustics), and a fast
Fourier transform was conducted (512 FFT length, 100% frame, Hamming window and 75%
time window overlap). A high-pass finite impulse response filter was used to eliminate
background noise below 20 kHz. An automated threshold-based algorithm (threshold: —50
dB) and a hold time mechanism (5 ms) were used to detect ultrasonic vocalizations (USVS)
and calls also inspected manually to ensure that all USVs detected were legitimate calls.
Those that were not were removed from analysis. The call parameters of call number and
fundamental mean amplitude were quantified over the first 3 min of exposure.

2.3. Corticosterone levels following PO exposure

Animals were euthanized 45 min after the end of PO exposure on PN3 and trunk blood was
collected, allowed to clot for 30 min and centrifuged at 5000 rpm for 10 min. After
centrifugation, serum was diluted 1:1 and enzyme-linked immunosorbent assays were
performed alongside the provided corticosterone standards (Assaypro, St. Charles, MO).

2.4. BrdU immunohistochemistry

Pups were injected with bromodeoxyuridine (BrdU; 100 mg/kg; Sigma Aldrich), a synthetic
thymidine analog used to detect proliferating cells, immediately prior to PO exposure on
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PN1-3. The following day, pups were transcardially perfused with 0.9% saline and 4%
paraformaldehyde. Brains were post-fixed for 48 h and allowed to sink in 30% sucrose prior
to cryosectioning throughout the rostrocaudal extent of the hippocampus. Sections were
mounted to slides and heated in 0.1 M citric acid (pH 6.0), rinsed in PBS, incubated in
trypsin for 10 min, denatured in 2 M HCI:PBS for 30 min, rinsed and incubated with mouse
antibodies to BrdU (BD Biosciences diluted 1:500 in 0.5% Tween-20). The next day, slides
were rinsed, incubated with biotinylated anti-mouse (1:200, Vector) for 60 min, rinsed,
incubated with avidin-biotin complex (1:500; Vector), rinsed and reacted in 0.01% DAB.
Slides were counterstained with cresyl violet, dehydrated, cleared and coverslipped.
Unbiased stereology was used to estimate the number of BrdU+ cells in the hippocampus
using the optical dissector method (West et al., 1991). Stereolnvestigator software
(MBFbioscience, Williston, VT) was used to delineate the granule cell layer of the dentate
gyrus (DG) in each hemisphere. Analysis of BrdU + cells was conducted on the left and
right hemisphere of 4 sections of the dorsal hippocampus and an estimation of total cells was
generated.

2.5. Behavioral assessment

Behavior was assessed under indirect red-light illumination during the dark phase of the
cycle between 3 and 7 h after lights off. Animals were first habituated to the room for 30
min on PN25 and then underwent open field testing on PN26, social play from PN27-32,
elevated plus maze on PN33 and light/dark box on PN34. Animals were retested for elevated
plus maze and light/dark box and tested in the social interaction test in adulthood. Juvenile
behavior was analyzed in four total litters in two separate experimental cohorts separated by
two months. In adulthood, the first cohort was examined for anxiety-like behavior and the
second for social interaction.

2.5.1. Open field—The arena utilized was a circular opaque plastic tub 124.5 cm in
dimeter with 92 cm walls open on top. Animals were placed in the northern edge of the
arena and the behavior in the open field monitored by overhead camera for 5 min. The arena
was cleaned between animals with 70% ethanol. Video recordings were analyzed in
TopScan (CleverSys Inc.) for total distance traveled, entries into the center and duration in
the center.

2.5.2. Social play behavior—Play behavior was conducted in a neutral arena (49 x 37 x
24 cm) with TEK-Fresh cellulose bedding (Harlan Laboratories). The first day of testing
(PN27), animals were allowed to habituate to the arena for 10 min with their cagemates.
Play behavior was assessed between sex and exposure-paired partners every day from
PN28-32 for 10 min. All play partners were from separate litters and were not cagemates.
During analysis, the frequency of pouncing, pinning, chasing, and boxing behaviors were
scored for each individual and the total time engaged in play was scored for each pair.

2.5.3. Elevated plus maze—Rats were placed in the center of the maze (consisting of
two opposing open arms/closed arms 102.5 x 12 cm; 72 cm from the ground), facing an
open arm and allowed to explore the maze freely for 5 min. Exploration was recorded from
an overhead camera and the time and entries into the open arm were scored by hand.
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2.5.4. Light/dark box—Rats were placed in the dark zone of the L/D box for 5 min. The
apparatus consisted of a 25.5 x 30.5 x 30.5 cm black polycarbonate carbonate compartment
connected by a5 x 5 cm opening to a 30.5 x 30.5 x 30.5 cm clear polycarbonate
compartment with a 75 W light bulb suspended 90 cm above the floor. Time spent within
and entries into the light zone were quantified by hand.

2.5.5. Social interaction test—Rats were placed in a plastic enclosure (80 x 80 cm) with
a5 x 5 grid of squares (16 x 16 cm). A small translucent perforated plastic box (20 x 20 cm)
was placed against the center of one wall of the arena. Each test consisted of a target-absent
trial followed by a target-present trial. During the target-absent trial, an individual test rat
was placed in the center of the arena and, after 30 s of adaptation, the rat's movements were
recorded by overhead video camera for 2.5 min. The rat was then temporarily removed from
the arena and a novel juvenile (3-4 weeks old; always younger than the rat being tested)
placed in the internal box at one end of the arena for the target present trial. The test rat was
then returned to the center of the arena 2.5 min. Results were quantified as the percentage of
time spent in the ‘interaction zone’ (the five grid squares immediately surrounding the
plastic cage) as measured for both the ‘target-absent’ and ‘target-present’ trials. These
percentages were then used to calculate an interaction ratio, which is the percent time spent
in the ‘interaction zone’ during the ‘target-present’ trial divided by that of the ‘target-
absent’.

3. Results

3.1. Neonatal behavioral response to predator odor exposure

Neonates exposed to predator odor emitted significantly fewer USV calls compared to those
exposed to maternal bedding (F[1,7] = 0.3224, p = 0.0120; Fig. 2A). There was no sex
difference in USV frequency (F[1,7] = 0.3224, p = 0.5879) and no interaction of sex with
exposure (F[1,7] = 0. 0.2577, p = 0.6273). Of USVs emitted, those produced in the presence
of predator odor showed a strong trend with a large effect size for being made at a lower

amplitude (F[1,7] = 5.545, p = 0.0507, 1712):0.442 ; Fig. 2B). Animals exposed to PO also
showed significantly elevated freezing behavior compared to those exposed to maternal
bedding (F[1,7] = 15.17, p = 0.0059; Fig. 2C). Again no sex difference was observed in
freezing (F[1,7] = 0.9783, p = 0.3556) and there was no interaction of sex with exposure
(F[1,7] = 0.0.4758, p = 0.5125).

3.2. Neonatal physiologic response to predator odor exposure

PO exposure increased serum corticosterone levels in males only (F[1,23] =5.351, p =
0.0300, post-hoc t(13) = 2.203, p = 0.0462; Fig. 3A). Consistent with previous results,
cellular proliferation in the granule cell layer of the dentate gyrus of the hippocampus was
greater in males compared to females (F[1,40] = 7.179, p = 0.0107; Fig. 3B). There was a
strong trend with a medium effect size for PO to reduce proliferation in both sexes (F[1,40]

=3.369, p = 0.0739; nf):().()78). BDNF expression did not differ between groups (Fig. 3C).

Pharmacol Biochem Behav. Author manuscript; available in PMC 2017 December 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stockman and McCarthy Page 7

3.3. Juvenile social play following predator odor

Animals were tested for social play behavior from PN28-PN32 after PO exposure on PN1-3.
As expected, control males spent more time engaged in play than females (F[1,40] = 8.175,
p = 0.0067; Fig. 4A) and exhibited more play events overall (F[1,40] = 7.585, p = 0.0088;
Fig. 4B). PO exposure had opposite effects on males and females for both time engaged in
play (F[1,40] = 15.98, p = 0.0003) and frequency of play events (F[1,40] = 12.54, p =
0.0010). In males, previous PO exposure decreased time spent playing (t[20] = 2.687, p =
0.0142), as well as play event frequency (t[20] = 2.589, p = 0.0175), while females exposed
to PO increased both (t[20] = 3.229, p = 0.0042; t[20] = 2.415, p = 0.0254, respectively).
Compared to females, males also exhibited more specific play behaviors including pouncing
(F[1,40] = 5.178, p = 0.0283; Fig. 4C), pinning (F[1,40] = 4.413, p = 0.0420; Fig. 4D),
boxing (F[1,40] = 5.332, p = 0.0262; Fig. 4E) and chasing (F[1,40] = 8.901, p = 0.0048; Fig.
4F). Again, the effect of PO differentially effected the frequency of these specific play
behaviors among males and females (pouncing: F[1,40] = 14.85, p = 0.004, pinning: F[1,40]
=13.81, p = 0.0006, boxing: F[1,40] = 17.50, p = 0.0002 and chasing F[1,40] = 8.375, p =
0.0061). Male animals exposed to PO decreased pouncing (t[20] = 2.341, p = 0.0297),
pinning (t[20] = 2.657, p = 0.0151), boxing (t[20] = 3.193, p = 0.0046) and chasing (t[20] =
2.299, p = 0.0324). However, PO exposure to females resulted in an increase in play
behaviors including pouncing (t[20] = 3.190, p = 0.0046), pinning (t[20] = 3.097, p =
0.0059) and boxing (t[20] = 3.101, p = 0.0056).

3.4. Effect of predator odor exposure on juvenile anxiety-like behavior

In the OFT, all animals traveled the same distance (Fig. 5A), had the same number of bouts
to the center 50% of the arena (Fig. 5B) and the same duration of time spent in the center
compartment (Fig. 5C). In the EPM, time spent (Fig. 5D) and entries into the open arms
(Fig. 5E) of the arena did not differ between animals. Lastly, the L/D box, also showed no
effect of PO exposure, however, females spent more time in the light zone (F[1,40] = 10.81,
p = 0.0022; Fig. 5F) and entered the light zone a greater number of times (F[1,40] = 10.24, p
=0.0028; Fig. 5G).

3.5. Assessment of lasting effects of early PO exposure on adult behavior

In adulthood, females traveled a greater distance in the OFT compared to males (F[1,20] =
8.856, p = 0.0081; Fig. 6A. Those exposed to PO traveled less than control animals (F[1,20]
= 4.677, p = 0.0443). Furthermore, females entered the center zone more often than males
(F[1,20] = 4.906, p = 0.0399; Fig. 6B). PO exposed animals displayed fewer entries into this
zone (F[1,20] = 4.677, p = 0.0443), but time spent in the center zone did not differ between
groups (Fig. 6C). The interaction ratio of the social interaction test showed no significant
effects of either variable (Fig. 6D). In the EPM, there were no significant differences with
regards to the time spent in the open arms (Fig. 6E) nor were the entries into this
compartment altered by either variable (Fig. 6F). Similarly in the L/D box, these variables
did not significantly impact duration within (Fig. 6G) or entries into the light zone (Fig. 6H).
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4. Discussion

Early adverse experiences induce long-lasting changes in brain development, impacting later
behavior (Anda et al., 2006; Chugani et al., 2001; Felitti et al., 1998; Glaser, 2000;
McGowan et al., 2009). Several experiences can qualify as adverse, however, most generally
evoke fear. Some animal models of fear utilize exposure of prey to predator odor, as many
species depend on olfaction for predator detection (Takahashi, 2014). The proximity of an
unfamiliar adult male poses a threat to young rat pups because roaming males often intrude
on areas occupied by other males and kill the offspring of resident females (Mennella and
Moltz, 1988). Because unweaned rat pups frequently fall victim to infanticide by adult male
rat intruders (Paul and Kupferschmidt, 1975), rat pups have developed the capacity to
recognize and respond to adult male odor, thus making PO odor exposure a useful model for
fear-invoking early adverse experiences.

In neonatal rat pups, USVs are elicited by removal of the pup from the nest and are thought
to reflect a state of distress (Noirot, 1968). The emission of the ultrasonic sound solicits
maternal attention, retrieval and return to the nest (Allin and Banks, 1972; Noirot, 1972;
Smotherman et al., 1974). However, in order to remain inconspicuous and avoid predation,
rat pups are able to inhibit or modulate USV production in the presence of stressful stimuli
(Takahashi, 1992a, 1992b). USV suppression is accompanied by other defensive behaviors
including an immature version of freezing (Wiedenmayer and Barr, 1998).

4.1. Exposure to predator odor reduced USVs and induced freezing in very young pups

In the current study, exposure to PO on PN1-3 increased freezing compared to littermates
exposed to maternal cage bedding. Additionally, when tested on PN4, during PO exposure
animals produced dramatically fewer USVs and those which were produced tended to be
made at a lower amplitude. While we detected defensive behaviors from PN1-4, previous
work suggests newborn pup do not have the ability to inhibit production of USVs or display
freezing in the presence of an unfamiliar male rat but that instead these behaviors emerge at
the end of the second postnatal week (Takahashi, 1992a, 1992b; Wiedenmayer and Barr,
1998). The delayed developmental emergence of these defensive mechanisms is thought to
occur as a result of increased corticosterone following the end of the stress hyporesponsive
period in the second week (SHRP; Moriceau et al., 2004; Takahashi, 1994; Takahashi and
Rubin, 1993). Thus our detection of defensive behaviors early in development appears to be
in conflict with reports that such behaviors do not emerge until later. However, in our
experiment, USVs were only analyzed over the first 3 min of PO exposure, whereas previous
experiments utilized 10 min recording sessions (Takahashi, 1992a). In these experiments,
ACTH was elevated, suggesting pups at the younger age did recognize the proximity of the
adult male to be threatening. Therefore the failure to detect USV suppression in the presence
of the male may be due to the inability of the young pup to maintain the defensive response
throughout the longer recording session used in previous studies. During extended periods
away from the nest, young pups become cold and activate metabolic heat production, which
increases oxygen consumption. Increased respiration stimulates USV production and
potentially confounds assessment of USV suppression (Blumberg and Alberts, 1990). Our
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work suggests the need for re-evaluation of the developmental timecourse of defensive
behaviors and the factors which modulate their emergence.

4.2. Exposure to predator odor increased corticosterone levels only in neonatal males

Despite its name, some stressors can elevate adrenal steroids during the hyporesponsive
period (Sapolsky and Meaney, 1986; Tanapat et al., 1998; Viau et al., 1996). We found that
PO exposure of neonatal rats on PN4 resulted in a significant increase in circulating
corticosterone in males only, an effect also seen by others following exposure to adult males
on PN5 (Tanapat et al., 1998). This finding has important implications for sex differences in
the emergence of behaviors thought to rely on corticosterone secretion, but more research is
necessary to confirm this result and understand the mechanism through which it is
established.

4.3. Exposure to predator odor did not affect cell genesis in neonatal dentate gyrus

Early PO exposure significantly decreases proliferating cells in the granule cell layer of the
dentate gyrus, likely through elevations in corticosterone (Gould et al., 1992; Tanapat et al.,
1998). Despite elevation in corticosterone in males following PO exposure from PN1-3, in
our study we did not detect a significant decrease in dentate gyrus proliferation, though data
trended towards a decline. Unlike previous work which used a single dose of the cell
division marker, we preformed daily BrdU injections immediately before PO exposures from
PN1-3. Compensatory cell proliferation in days following exposure to the scent of an
unfamiliar male rat may have masked any short-term effects.

4.4. Exposure to predator odor had opposite effects in males and females on later juvenile
social play

Male rats engage in a higher frequency of rough-and-tumble play events during the juvenile
period, relative to females (Argue and McCarthy, 2015; Meaney and Stewart, 1981; Olioff
and Stewart, 1978; Thor and Holloway, 1986). Androgen signaling through androgen
receptors (ARs) plays a crucial role in masculinization of social play. Perinatal exposure of
males to AR antagonists results in reductions in social play during the juvenile period
(Hotchkiss et al., 2003; Meaney et al., 1983). Treatment during the neonatal critical period
with dihydrotestosterone (DHT), the androgenic metabolite of testosterone, is sufficient for
masculinization of social play behavior (Meaney and Stewart, 1981), but there is a role for
the aromatized metabolite estradiol as well (Olesen et al., 2005).

Male animals exposed to PO on PN1-3 exhibited decreased social play when tested as
juveniles over 3 weeks later, compared to unexposed littermates. This reduction was evident
in global measures of time engaged in play and total play events, but decrements were also
noted across all specific play behaviors analyzed including pouncing, pinning, boxing and
chasing. Corticosterone injection to males on PN1-2 or PN3-4, but not later in development,
causes similar reductions (Meaney et al., 1982). The temporal boundary for glucocorticoid
action coincides with the period during which androgens masculinize play, suggesting that
glucocorticoid action is mediated through suppression of androgen secretion or action
(Beatty et al., 1981). While early corticosterone treatment does not alter plasma testosterone
during the critical period (Meaney et al., 1982), glucocorticoids can decrease AR protein

Pharmacol Biochem Behav. Author manuscript; available in PMC 2017 December 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Stockman and McCarthy Page 10

levels in cells that co-express both receptors (Burnstein et al., 1995). Both glucocorticoid
and androgen receptors are expressed in regions of the brain implicated in regulation of
juvenile social play (Beatty et al., 1982; Clayton et al., 1977; Meaney et al., 1981; Meaney et
al., 1985). Therefore the reduction in male play following PO exposure may be
accomplished through corticosterone-mediated downregulation of AR expression and
disruption of signaling which is important for masculinization of juvenile social play.

While male animals that are exposed to neonatal PO respond with suppressed social play
during the juvenile period, females increased their social play behavior. As with males, all
parameters measured including both the time engaged in play and number of play events as
well as frequency of specific behaviors of pinning, pouncing, boxing and chasing were
affected.

The neurotransmitter dopamine has also been shown to be important for sexual
differentiation of social play. Neonatal administration of dopamine agonist masculinizes
social play (Gotz et al., 1991; Olesen et al., 2005; Tonjes et al., 1989) and males have higher
dopamine content in the early postnatal period across many brain regions (Balan et al., 2000;
Connell et al., 2004; Lesage et al., 1996). Although dopamine is traditionally viewed as
important for the processing of rewards (Wise and Rompre, 1989), it is more broadly
implicated in attention to salient events, which can either be appetitive or aversive (Berridge
and Robinson, 1998; Salamone et al., 1997). Consistent with this, global activation of the
dopaminergic system is observed following stress (Abercrombie et al., 1989). Thus the
stressful event of PO exposure could elevate dopamine and thereby masculinize play in
females.

4.5. Exposure to predator odor had no effect on anxiety behaviors in juveniles or adults

Effects of neonatal PO exposure were limited to juvenile social play behavior and did not
extend to other behaviors including juvenile and adult open field, elevated plus maze and
light/dark box assessments, as well as, tests of adult social interaction. These findings
suggest that early PO exposure exerts consequences that are specific to social play during
the juvenile period. There is no comprehensive understanding as to why rats play, but there
are several intriguing explanations. Juvenile social play is rewarding. Anticipation of play
elicits 50 KHz ultrasonic vocalizations (Knutson et al., 1998), which reflect a positive
emotional state in rats (Knutson et al., 2002). Furthermore, play can be used as a reward in
maze learning (Humphreys and Einon, 1981; Normansell and Panksepp, 1990) and rats will
develop condition place preferences for environments in which they have played
(Calcagnetti and Schechter, 1992). Play also functions to shape adult behaviors including
aggression, sexual behavior and development of coping with social challenges (Gerall et al.,
1967; Van den Berg et al., 1999). Alterations evident in juvenile social play as a result of
early predator odor exposure provide some insight into other behaviors that may be affected
by the exposure and are related to the motivation for and the consequences of engagement in
play during the juvenile period.
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5. Conclusion

Early life adversity is a leading risk factor for development of several neuropsychiatric
disorders including depression, anxiety, post-traumatic stress disorder and schizophrenia
(Chapman et al., 2004; Heim and Nemeroff, 2001; Lu et al., 2008; Morgan et al., 2007).
Additionally, adverse childhood experiences can alter the course of psychiatric illness by
influencing time of onset, severity of symptoms and comorbid complications (Leverich et
al., 2002; Lu et al., 2008). Social behavior is often altered in individuals with psychiatric
illnesses (Couture, 2006; Pelcovitz et al., 1994; Segrin, 2000), most of which also display
sex differences in prevalence of presentation (Bao and Swaab, 2010). This work establishes
that exposure to stressful events early in development can result in sexually dimorphic
effects on social play behavior in the juvenile period. Ultimately this creates a foundation on
which to further explore how early stressful events interact with sex to produce socially-
relevant sex specific consequences and disease manifestation.
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Fig. 1.
Timeline of the sequence of exposures and assessments for each cohort of animals.
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Fig. 2.

Rz?t pups modulate their behavior in response to the fearful stimulus of predator odor. Male
and females pups were exposed to PO on PN1-PN3 for analysis of freezing behavior and on
PN4 for detection of USV suppression. (A) Exposure to PO significantly reduced the
number of USVs emitted in both males and females. (B) In both sexes, the amplitude of
USVs produced in the presence of PO were marginally decreased with a large effect size

(F[1,7] = 5.545, p = 0.0507; 77}2)=0-442)- (C) When exposed to PO, both male and female
pups increased freezing behavior. (Data expressed as mean £ SEM. Control male group, n =
3; PO male group, n = 2; control female group, n = 3; female group, n = 3; two-way
ANOVA: *p < 0.05, **p < 0.01.)
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Corticosterone levels increased only in males following PO exposure. (A) There was no sex
difference in corticosterone among animals exposed to maternal control bedding. In males,
exposure to PO caused an increase in corticosterone, while female corticosterone did not
change in response to the exposure. (B) As previously reported (Zhang et al., 2008; Bowers
et al., 2010), there is a higher rate of cell proliferation in BrdU + cells in the dentate gyrus of
neonatal males compared to females as indicated by BrdU + cell number. PO exposure
resulted in a trend towards reduction of cellular proliferation in the dentate gyrus with a

medium effect size (F[1,40] = 3.369, p = 0.0739; n§:0.078). (C) Hippocampal BDNF
protein did not significantly differ between any conditions. (Data expressed as mean + SEM.
Corticosterone assessment: control male group, n = 8; PO male group, n = 7; control female
group, n = 6; female group, n = 6; BrdU analysis: control male group, n = 10; PO male
group, n = 11; control female group, n = 12; PO female group, n = 11; twoway ANOVA and
pairwise comparisons with Bonferroni correction: *p < 0.05, **p < 0.01.)
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Neonatal PO exposure has opposite effects on later social play in males and females. Male
and female pups that were exposed to PO were assessed for play behavior on PN28-PN32
with a consistent matched sex and exposure partner. (A) The average time spent playing per
day was greater in males than females. Males exposed to PO engaged in less play and
females more. (B) Males engaged in more play events per day than females. Males exposed
to PO had a decreased frequency of play, while females exposed to PO increased play
frequency. Analysis of specific play behaviors including pouncing (C), pinning (D), boxing
(E) and (F) chasing revealed similar patterns, decreasing in males exposed to PO and
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increasing in PO exposed females. (Data expressed as mean + SEM. Control male group, n
= 10; PO male group, n = 12; control female group, n = 10; PO female group, n = 12; two-
way ANOVA and pairwise comparisons with Bonferroni correction: *p < 0.05, **p < 0.01.)
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Fig. 5.
Exposure to predator odor during postnatal development does not affect anxiety-like

behavior in adolescence. Male and female pups subject to PO exposure from PN1-PN3 and
unexposed controls were assessed for anxiety-like behavior in the open field test on PN26,
the elevated plus maze on PN33 and the light/dark box on PN34. (A) All animals traveled
the same distance in the OFT and there were no differences in time spent in the center (B) or
entries into the center (C). In the EPM, neither PO exposure nor sex altered (D) time spent in
the open arms or (E) number of entries in the open arms. The L/D box, revealed no effect of
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predator odor exposure on (F) time spent in the light zone or (G) entries into the light zone,
however females spent more time and entered into the light zone more than males. (Data
expressed as mean £ SEM. Control male group, n = 10;PO male group, n = 12; control
female group, n = 10; PO female group, n = 12; two-way ANOVA and pairwise comparisons
with Bonferroni correction: **p < 0.01.)
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Fig. 6.

Agult social and anxiety-like behaviors are not affected by early PO exposure. Male and
female pups exposed to PO were retested for social and anxiety-like behaviors in adulthood.
(A) Distance traveled was greater among unexposed females and decreased in both males
and females exposed to PO. (B) Unexposed females also displayed more entries in the center
zone, whereas PO exposed male and females entered this zone less. (C) Time spent in the
center zone did not significantly differ between groups. (D) The interaction ratio of the SIT
showed no significant effects of either variable. In the EPM, groups did not differ with
respect to (E) time spent in the open arms or (F) number of entries in the open arms of the
elevated plus maze. Behavior in the L/D box showed no significant effect of any condition
on (G) time spent in the light zone or (H) number of entries into the light zone of the light/
dark box. (Data expressed as mean = SEM. For OFT, EPM and L/D Box control male group,
n = 6; PO male group, n = 6; control female group, n = 6; PO female group, n = 6; for SIT
control male group, n = 4; PO male group, n = 6; control female group, n = 4; PO female
group n = 6 two-way ANOVA.)

Pharmacol Biochem Behav. Author manuscript; available in PMC 2017 December 24.



	Abstract
	1. Introduction
	2. Methods and materials
	2.1. Animals
	2.1.1. Pup condition distribution

	2.2. Predator odor (PO) exposure
	2.2.1. Freezing during PO exposure
	2.2.2. Ultrasonic vocalizations (USV) during PO exposure

	2.3. Corticosterone levels following PO exposure
	2.4. BrdU immunohistochemistry
	2.5. Behavioral assessment
	2.5.1. Open field
	2.5.2. Social play behavior
	2.5.3. Elevated plus maze
	2.5.4. Light/dark box
	2.5.5. Social interaction test


	3. Results
	3.1. Neonatal behavioral response to predator odor exposure
	3.2. Neonatal physiologic response to predator odor exposure
	3.3. Juvenile social play following predator odor
	3.4. Effect of predator odor exposure on juvenile anxiety-like behavior
	3.5. Assessment of lasting effects of early PO exposure on adult behavior

	4. Discussion
	4.1. Exposure to predator odor reduced USVs and induced freezing in very young pups
	4.2. Exposure to predator odor increased corticosterone levels only in neonatal males
	4.3. Exposure to predator odor did not affect cell genesis in neonatal dentate gyrus
	4.4. Exposure to predator odor had opposite effects in males and females on later juvenile social play
	4.5. Exposure to predator odor had no effect on anxiety behaviors in juveniles or adults

	5. Conclusion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

