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Abstract

Traumatized women are more likely than traumatized men to develop post-traumatic stress
disorder (PTSD). Still, the inclusion of females in animal models of PTSD has largely been
avoided, likely due to the variable hormone profile of female rodents. Because a valid animal
model of PTSD that incorporates females is still needed, we examined the influence of estrous
stage and ovarian hormones on the female rat response to a predator-based psychosocial stress
model of PTSD. Female Sprague-Dawley rats were exposed to psychosocial stress or control
conditions for 31 days. Stressed rats were given two cat exposures and daily social instability;
control rats were handled daily. Beginning on Day 32, rats underwent physiological or behavioral
testing. In Experiment 1, vaginal smears were collected on days of the first and second cat
exposures and each day of behavioral testing to determine estrous stage. In Experiments 2 and 3,
ovariectomized or sham control rats were exposed to stress or control conditions. Then, they were
given behavioral testing (Exp 2), or their hearts were isolated and subjected to ischemia/
reperfusion on a Langendorff isolated heart system (Exp 3). Chronic stress increased anxiety-like
behavior, irrespective of estrous stage or ovariectomy condition. Ovariectomized females
displayed greater startle responses and anxiety-like behavior than sham rats. Stress had no impact
on myocardial sensitivity to ischemic injury; however, ovariectomized females exhibited greater
ischemia-induced infarction than sham rats. These findings suggest that ovarian hormones may
prevent anxiety-like behavior and be cardioprotective in non-stressed controls, but they do not
interact with chronic stress to influence the development of PTSD-like sequelae in female rats.
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INTRODUCTION

Post-traumatic stress disorder (PTSD) is a psychiatric condition that results following
exposure to a traumatic event, such as sexual assault, combat, or a motor vehicle accident.
Individuals who develop PTSD experience intrusive memories of the trauma, heightened
anxiety, hyperarousal, cognitive impairments, and numerous deleterious physiological
symptoms, including increased risk of cardiovascular disease (Zoladz and Diamond, 2013).
Not all traumatized individuals develop PTSD, suggesting that certain susceptibility factors
increase one’s likelihood of developing the disorder. One susceptibility factor for PTSD is
biological sex. Although women have lower trauma exposure rates than men (Breslau et al.,
1991; Breslau et al., 1997; Kessler et al., 1995), they are much more likely than men to
develop PTSD when they do experience trauma (Tolin and Foa, 2006). One explanation for
this sex difference is that women are more likely to experience interpersonal violence (e.g.,
rape), which is associated with remarkably high rates of PTSD (Breslau et al., 1997; Kessler
etal., 1995; Perkonigg et al., 2000). Nevertheless, investigators have shown that traumatized
women are more likely to develop PTSD than traumatized men even when controlling for
sex differences in the type of trauma experienced (Tolin and Foa, 2006). Over the past
couple of decades, advances in research have helped us understand why women are more
susceptible to PTSD. For instance, investigators have emphasized the role of circulating sex
hormones, such as estradiol and progesterone, in conferring increased susceptibility to PTSD
in women (Ramikie and Ressler, 2018). However, our understanding of the neurobiological
mechanisms that underlie sex differences in PTSD susceptibility is extremely limited, partly
due to the lack of female subjects in PTSD-related preclinical research.

Animal models are vital to our understanding of psychiatric conditions. These models enable
investigators to examine underlying physiological mechanisms of disorder-related behaviors
and allow for pre-post designs that are practically impossible to perform in humans with
psychiatric illnesses. Such models are also crucial for drug development, as they permit
investigators to test the efficacy of novel experimental treatments. Perhaps most importantly,
animal models allow investigators to perform such manipulations in a well-controlled
environment. Although preclinical researchers have examined the impact of stress on
physiology and behavior in non-human animals for many decades, the use of females in
such work, especially work involving animal models of PTSD, has largely been avoided
(Cohen and Yehuda, 2011; Richter-Levin et al., in press). A major reason for this avoidance
might be due to the very short duration (4-5 days) of their estrous cycle, which has made it
difficult for preclinical investigators to control for the influence of sex hormones on
physiological and behavioral endpoints believed to be influenced by stress-related
experimental manipulations.

Preclinical work that has examined the effects of animal models of PTSD on female
physiology and behavior has produced equivocal results. Some studies have suggested that

Horm Behav. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zoladz et al.

Page 3

females are less susceptible than males to exhibiting PTSD-like symptoms following
exposure to intense stress (Diehl et al., 2007; Keller et al., 2015; Koresh et al., 2016), while
others have suggested that males and females respond similarly to such stress (Mazor et al.,
2009; Viviani et al., 2012). For instance, the single prolonged stress paradigm, a well-
validated animal model of PTSD, produces fear extinction retention deficits in males, but not
females, suggesting that females may be less susceptible to the effects of this procedure
(Keller et al., 2015). On the other hand, work from Hagit Cohen’s group has indicated that
males and females respond to intense stress similarly. In one study, Cohen and colleagues
reported that 3/19 (16%) female rats exposed to predator scent stress developed extreme
behavioral responses (e.g., heightened anxiety, exaggerated startle response), compared to
6/15 (40%) male rats (Koresh et al., 2016); however, this difference was not statistically
significant. In a separate study with greater statistical power, the same investigators reported
nearly identical rates of extreme behavioral responses in male and female rats (14% and
12%, respectively) (Mazor et al., 2009). A consistent finding that has come out of the Hagit
Cohen laboratory is that estrous phase does not appear to interact with intense stress to
influence behavioral outcomes (Koresh et al., 2016; Mazor et al., 2009). Because some
investigators have even reported that females are more susceptible than males to the effects
of stress on behavior (e.g., McCormick et al., 2005; McCormick et al., 2008), the impact that
stress has on female behavior, relative to that of males, likely depends on the type of stress
and behavioral endpoints utilized in the specific study. Moreover, because male and female
rodents exhibit baseline differences on many behavioral tests (e.g., Blizard et al., 1975;
Johnston and File, 1991), it is difficult to make direct comparisons of susceptibility to stress-
induced alterations of behavior in males and females.

Our laboratory uses a predator-based psychosocial stress model of PTSD that produces
multiple physiological and behavioral changes in rats that are remarkably similar to those
observed in people with PTSD. The model consists of a 31-day paradigm, during which rats
are exposed to a predator (adult, female cat) on two occasions (separated by a period of 10
days) and experience chronic social instability by having their cage mates changed daily
(Zoladz et al., 2008). The rats are given two cat exposures to mimic the re-experiencing
symptoms that characterize PTSD, and the daily social instability provides a chronic mild
stressor that is meant to mimic the inconsistent social environment experienced by PTSD
patients. Male rats exposed to this model exhibit a powerful memory of the cat exposures,
heightened anxiety on the elevated plus maze, an exaggerated startle response, cognitive
impairments, elevated heart rate and blood pressure, increased myocardial sensitivity to
ischemic injury, low baseline levels of corticosterone, enhanced negative feedback of the
hypothalamus-pituitary-adrenal (HPA) axis, elevated levels of norepinephrine, reduced
levels of serotonin, increased measures of inflammation and oxidative stress, and elevated
methylation of hippocampal BanfDNA (Rorabaugh et al., 2015; Roth et al., 2011; Wilson et
al., 2014a; Wilson et al., 2014b; Wilson et al., 2014c; Wilson et al., 2013; Zoladz et al.,
2008; Zoladz et al., 2012, 2013; Zoladz et al., 2015).

Almost all of the previous work with this predator-based psychosocial stress model of PTSD
has been conducted in males. In the only study that involved female rats, we found that
stressed males, but not stressed females, exhibited heightened anxiety on the elevated plus
maze and increased myocardial sensitivity to ischemic injury (Rorabaugh et al., 2015).
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However, we did not control for the stage of estrous in female rats in this study, which could
interact with stress exposure to affect behavioral outcomes in this model. Therefore, in the
present study, we examined the influence of estrous stage at the time of each predator
exposure and at the time of behavioral testing on the responses of female rats to the
predator-based psychosocial stress model of PTSD. We also assessed the influence of
ovariectomy on the behavioral responses of female rats to the predator-based psychosocial
stress model of PTSD, as well as their sensitivity to myocardial ischemic injury. We
hypothesized that specific stages of estrous, as well as ovariectomy, might be associated with
greater susceptibility to adverse physiological and behavioral sequelae following intense
stress.

MATERIAL AND METHODS

Animals

Experimentally naive adult female Sprague-Dawley rats from an established breeding
colony at Ohio Northern University were used for all experiments. All rats were weaned on
postnatal day 21 and housed 4 per cage until one week prior to the onset of stress (described
below), at which point they were pair-housed. The rats were housed in standard Plexiglas
cages on a 12-h light/dark schedule (lights on at 0700) with free access to food and water.
All procedures were approved by the Institutional Animal Care and Use Committee at Ohio
Northern University and followed the procedures recommended by the Guide for the Care
and Use of Laboratory Animals provided by the National Institutes of Health.

Stress procedure

All rats were at least 8 weeks of age by the onset of the stress procedure. The stress
procedure has been described at length in previous publications (Rorabaugh et al., 2015;
Roth et al., 2011; Zoladz et al., 2008; Zoladz et al., 2012, 2013; Zoladz et al., 2015). Briefly,
rats were assigned to “stress” or “no stress” groups. On Day 1, rats in the stress groups were
immobilized in plastic DecapiCones (Braintree Scientific; Braintree, MA) and placed in a
perforated wedgeshaped Plexiglas enclosure (Braintree Scientific; Braintree, MA; 20 x 20 x
8 cm). This enclosure was then taken to a cat housing room and placed in a metal cage (61 x
53 x 51 cm) with an adult female cat for 1 h. The Plexiglas enclosure prevented any contact
between the cat and rats, but the rats were still exposed to all non-tactile sensory stimuli
associated with the cat. Canned cat food was smeared on top of the enclosure to direct the
cat’s attention toward the rats. An hour later, the rats were returned to their home cages. Rats
in the no stress groups remained in their home cages during the 1-h stress period. Rats in the
stress groups were given two stress sessions, which were separated by 10 days. The first
stress session took place during the light cycle (between 0800 and 1200), and the second
stress session took place during the dark cycle (between 1900 and 2100). The stress sessions
took place during different times of the day to add an element of unpredictability as to when
the rats might re-experience the predator exposure, as per our previously-employed
methodology.

Beginning on the day of the first stress session (Day 1), rats in the stress groups were
exposed to unstable housing conditions for 31 days. Rats in the stress groups were housed
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two per cage, but every day, their cohort pair combinations were changed. Rats in the no
stress groups were housed with the same cohort pair throughout the experiment; these rats
were handled daily to control for handling effects on stressed animals.

Body weights were measured on the days of the first stress session, the second stress
session, and the first day of behavioral testing. Growth rates during the stress paradigm
[g/day = (weight during behavioral testing — weight during the first stress session) / 31] were
calculated for statistical analyses.

Behavioral testing

One day after the 31-day stress paradigm, all rats began three consecutive days of behavioral
testing, unless otherwise noted below.

Elevated plus maze (EPM)—On Day 32, rats were tested on the EPM to assess anxiety-
like behavior. A red light mounted above the EPM was used to provide low ambient lighting
during testing. The rats were placed on the EPM for 5 min, and their behavior was
videotaped with a JVC hard disk camera hanging above the EPM and scored offline by two
separate investigators who were blind to the experimental conditions of the animals. The
investigators scored the amount of time rats spent in the open arms of the EPM, as well as
the number of entries rats made into the closed arms (a measure of overall locomotor
activity).

Startle response—On Day 33, rats’ acoustic startle responses were measured via
soundproof startle chambers (SR-LAB system, San Diego Instruments, San Diego, CA) to
measure rats’ acoustic startle responses. The rats were placed in Plexiglas cylinders within
the startle chambers, and rat movement in response to the startle probes was detected by a
piezoelectric accelerometer. The SR-LAB calibration unit was routinely used to ensure
consistent startle response quantification. We utilized a startle response method that has been
employed by Cohen and colleagues on numerous occasions (e.g., Cohen et al., 2011; Cohen
et al., 2010; Cohen et al., 2006; Cohen et al., 2012; Manjoch et al., 2016). Each test session
began with a 5-min acclimation period to background noise of 68 dB, followed by 30
acoustic startle probes presented in six trial blocks (each trial block included five
presentations of 40-ms, 110 dB white noise bursts with 30-45 s inter-stimulus intervals). We
quantified rats’ mean startle responses across all 30 trials.

Open field—On Day 34, the rats were tested in an open field to assess anxiety-like
behavior and general locomotor activity. The open field (61 cm x 61 cm x 61 cm) was made
of four Plexiglas sides and a gridded Plexiglas bottom, consisting of 16 grids (each grid was
15.25 cm x 15.25 cm). A red light mounted above the open field was used to provide low
ambient lighting during testing. The rats were placed in the open field for 5 min, and their
behavior was videotaped with a JVC hard disk camera hanging above the open field and
scored offline by two separate investigators who were blind to the experimental conditions
of the animals. The investigators scored the amount of time rats spent in the center of the
open field (4 innermost grids), the amount of time rats spent in the periphery of the open
field, the number of grid crossings, and the number of rearing episodes.
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Experiments

The timelines for each experiment described below can be found in Fig. 1.

Experiment 1 — Influence of estrous stage on behavioral responses to
psychosocial stress—Experiment 1 was designed to examine whether estrous stage
interacted with psychosocial stress to influence rat behavior. Female rats were exposed to the
stress procedures outlined above (stress: V= 77; no stress: /= 87), and we determined their
estrous stage at different points throughout the paradigm. Vaginal cells were collected from
the rats on days of the first stress session, the second stress session, and each day of
behavioral testing. The collected samples were stained and examined under a microscope to
determine the stage of estrous. Representative slide images for each stage of estrous are
presented in Fig. 2.

Experiment 2 — Influence of ovariectomy on behavioral responses to
psychosocial stress—Experiment 2 was designed to examine whether ovariectomy
interacted with psychosocial stress to influence rat behavior. Ovariectomized females
underwent bilateral ovariectomy at 4 weeks of age under isoflurane anesthesia. Oviducts
were cauterized through a 1-cm dorsal incision over each ovary, and the ovaries were
removed with a pair of scissors. The incisions were closed with wound clips which were
removed 10 days later. Control animals underwent a sham operation in which dorsal
incisions were made over each ovary without ligation or removal of the ovary. Following
surgery, ovariectomized and sham animals were left in their home cages to recover until
being assigned to stress (ovariectomy: /= 13; sham: A/=15) or no stress (ovariectomy: N/ =
15; sham: /= 15) conditions at approximately 8 weeks of age.

Experiment 3 — Influence of ovariectomy on myocardial responses to
psychosocial stress—Experiment 3 was designed to examine whether ovariectomy
interacted with psychosocial stress to influence myocardial sensitivity to ischemic injury.
Ovariectomy and sham operations, as well as the stress (ovariectomy: A= 10; sham: A= 10)
or no stress (ovariectomy: /= 10; sham: A= 10) procedures, took place as described under
Experiment 2. Similar to Experiments 1 and 2, all rats underwent EPM testing on Day 32;
however, on Day 33, we assessed myocardial sensitivity to ischemic injury in a Langendorff
isolated heart system. Rats were anesthetized with pentobarbital (75 mg/kg, i.p.), and their
hearts were rapidly removed. Rat hearts were cannulated while bathed in ice-cold Krebs-
Henseleit solution (118 mM NaCl, 4.7 mM KCI, 1.2 mM MgSQy, 25 mM NaHCOg3, 1.2 mM
KH,POy4, 0.5 mM NaEDTA, 11 mM glucose, 2.5 mM CaCly, pH 7.4). Krebs solution was
perfused through the aortic cannula at a constant pressure of 80 mmHg. Contractile function
of the left ventricle was measured using an intraventricular balloon connected to a pressure
transducer. The balloon was inflated to an end diastolic pressure of 4-8 mmHg, and data
were continually recorded using a Powerlab 4SP data acquisition system (AD Instruments,
Colorado Springs, CO). The heart was submerged in Krebs solution to maintain the
temperature of the heart at 37.5 + 0.5°C throughout the experiment, and temperature was
continuously monitored using a thermocouple placed on the surface of the heart. Hearts
were equilibrated for 25 min prior to the onset of 20 min ischemia and 2 h of reperfusion.
Hearts were excluded after the 25-min equilibration period if developed pressure was less
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than 100 mmHg, coronary flow rate was greater than 20 ml/min, or if there were persistent
arrhythmias. Pre-ischemic contractile function was measured immediately prior to ischemia.
Post-ischemic recovery of contractile function was measured following 1 h of reperfusion.

Following 20 min ischemia and 2 h reperfusion, hearts were perfused with 1%
triphenyltetrazolium chloride for 8 min (at a rate of 7.5 ml/min) and then submerged in 1%
triphenyltetrazolium chloride and incubated at 37°C for 15 min. Hearts were subsequently
frozen at —80°C, sliced into approximately 1 mm sections, soaked in 10% neutral buffered
formalin, and then photographed with a Nikon SMZ 800 microscope equipped with a Nikon
DS-Fil digital camera. The infarcted surface area and total surface area of each slice was
measured using NIH Image J software. Infarct size was expressed as a percentage of the area
at risk (AAR). The AAR was defined as the entire ventricular myocardium since hearts were
exposed to global ischemia. Uterine weights were measured at the completion of
Experiments 2 and 3 to confirm the efficacy of each ovariectomy or sham operation.

Statistical analyses

RESULTS

In Experiment 1, growth rates were analyzed with an independent samples #test, with stress
serving as the between-subjects factor. Two-way ANOVAs were utilized to analyze EPM,
startle, and open field behavior. For each behavioral assessment, we performed three
separate ANOVAs. Each ANOVA included stress as one factor; the other factor was estrous
phase during the first stress session, second stress session, or during the specific behavioral
assessment. In Experiments 2 and 3, growth rates, all behavioral data, and infarct sizes were
analyzed with two-way ANOVAs, with stress and ovariectomy serving as the between-
subjects factors. For analyses of cardiac function, we used mixed-model ANOVAs, with
stress and ovariectomy serving as the between-subjects factors and time point (pre-ischemia,
post-ischemia) serving as the within-subjects factor. Alpha was set as 0.05 for all analyses,
and Bonferroni-corrected post hoc tests were employed when the omnibus Ftest indicated
the presence of a significant effect. Effect sizes were estimated by calculating partial eta
squared (npz) for ANOVASs and Cohen’s d'for pairwise comparisons.

Experiment 1

Growth rates—Stressed rats (0.44 + 0.04 g/day) gained less weight during the 31-day
stress paradigm than non-stressed rats (0.60 = 0.06 g/day), £164) = 2.14, p< 0.05, d=0.33.

Elevated plus maze (EPM)—Stressed rats spent less time in the open arms of the EPM
than non-stressed rats regardless of the time point of estrous phase [estrous phase during first
stress session: A1,146) = 10.93, npz = 0.07; estrous phase during second stress session:
A1,139) = 11.60, np? = 0.08; estrous phase during EPM testing: A1,148) = 13.36, 1 =
0.08 (all p<0.001); Fig. 3 a]. No significant effects were observed for closed arm entries,
indicating that the observed effect of stress was not due to effects on locomotor activity (Fig.
3b). The phase of estrous at all three time points had no significant impact on open arm time,
nor did it interact with stress to influence open arm time.
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Startle response—Regardless of the time point of estrous phase that was included as a
between-subjects factor, analyses revealed no significant effects of stress or stage of estrous
on startle responses.

Open field—Regardless of the time point of estrous phase that was included as a between-
subjects factor, analyses revealed that stressed rats spent less time in the center of the open
field (estrous phase during first stress session: A1,149) =5.22, p<0.05, npz = 0.03; estrous
phase during second stress session: A1,142) = 10.75, p< 0.001, Tlp2 = 0.07; estrous phase
during EPM testing: A1,152) = 11.24, p< 0.001, npz =0.07; Fig. 3c) and made fewer grid
crossings (estrous phase during first stress session: A1,152) =5.23, p< 0.05, npz =0.03;
estrous phase during second stress session: A1,144) = 8.60, p< 0.01, npz = 0.06; estrous
phase during EPM testing: A1,154) = 7.39, p< 0.01, npz = 0.05; Fig. 3d) than non-stressed
rats. When stage of estrous during the second stress session or during behavioral testing was
included as a between-subjects factor, analyses revealed that stressed rats also exhibited
fewer rearing episodes than non-stressed rats (estrous phase during second stress session:
H1,144) = 6.80, p < estrous phase during open field testing: A1,154) = 4.26, p < 0.05, npz =
0.03; Fig. 3e). When stage of estrous during the second stress session was included as a
between-subjects factor, there was a significant Stress x Estrous interaction for rearing
episodes, A3,144) = 3.36, p< 0.05, npz = 0.07, indicating that stressed rats exhibited fewer
rearing episodes if they were in metestrus during the second stress session (4= 1.52).

Experiment 2

Uterus weights—One ovariectomized rat from the stress group was removed from all data
analyses because of evidence of an unsuccessful ovariectomy surgery (uterine weight =
0.412 g). Each of the remaining ovariectomized rats exhibited lower uterine weights than
each of the sham rats. As a group, the ovariectomized rats (M= 0.048 g; SEM=0.002;
range = 0.032 — 0.068 g) exhibited lower uterine weights than the sham rats (M= 0.497 g;
SEM = 0.007; range = 0.208 — 1.169 g), confirming that these ovariectomy surgeries were
successful, A1,54) =111.18, p< 0.001, np2 =0.67.

Growth rates—There was no significant effect of stress on growth rates, A1,54) = 1.81, p
> 0.05, npz = 0.03. Ovariectomized rats (1.19 + 0.07 g/day) tended to gain more weight
during the 31-day stress paradigm than sham rats (1.00 + 0.07 g/day), although this effect
was not statistically significant, A1,54) = 3.86, p=0.054, np2 =0.07.

Elevated plus maze—Stressed rats spent less time in the open arms of the EPM than non-
stressed rats, A1,53) = 12.58, p<0.001, npz =0.19 (Fig. 4a). Ovariectomy condition had no
significant impact on open arm time, nor did it interact with stress to influence open arm
time. No significant differences were observed for closed arm entries, suggesting that the
observed effect of stress was not due to effects on locomotor activity (Fig. 4b).

Startle response—Ovariectomized rats exhibited greater startle responses than sham rats,
H1,54) =5.84, p<0.05, npz =0.10 (Fig. 4c). There was no significant effect of stress on
startle response, nor did it significantly interact with ovariectomy condition to influence
startle response.
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Open field—Ovariectomized rats spent less time in the center of the open field than sham
rats, A1,54) = 4.33, p<0.05, npz =0.07 (Fig. 4d). No other significant effects were
observed for center time in the open field. Stressed rats made fewer grid crossings, A1,54) =
11.03, p<0.01, an =0.17 (Fig. 4e), and exhibited fewer rearing episodes, A1,54) = 14.29,
p<0.001, npz =0.21 (Fig. 4f), than non-stressed rats. There was no significant effect of
ovariectomy on grid crossings or rearing episodes, nor did it significantly interact with stress
to influence grid crossings or rearing episodes.

Experiment 3

Uterus weights—Each of the ovariectomized rats exhibited lower uterine weights than
each of the sham rats. As a group, the ovariectomized rats (M= 0.067 g; SEM=0.003;
range = 0.043 — 0.099 g) exhibited lower uterine weights than the sham rats (M= 0.57 g;
SEM = 0.009; range = 0.283 — 1.05 g), confirming that these ovariectomy surgeries were
successful, A1,36) = 178.41, p< 0.001, ,? = 0.83.

Growth rates—There was no significant effect of stress on growth rates, A1,36) = 0.47, p
> 0.05, npz = 0.01. However, ovariectomized rats (2.43 + 0.19 g/day) gained more weight
during the 31-day stress paradigm than sham rats (1.53 + 0.19 g/day), A1,36) = 11.39, p<
0.01, ny? = 0.24.

Elevated plus maze—No significant effects were observed for time spent in the open
arms (Fig. 5a) or for closed arm entries.

Infarct Size—There was no significant effect of stress on infarct size, A1,32) = 0.33, p>
0.05, npz = 0.01. However, ovariectomized rats exhibited greater infarct sizes than sham rats,
A1,32) = 454, p<0.05, np? = 0.12 (Fig. 5b).

Myocardial function—The analyses of developed pressure [A1,33) = 96.62, an =0.75],
+dP/dT [A(1,33) = 106.87, ng? = 0.76], ~dP/dT [A1,33) = 95.75, 1,? = 0.74], end diastolic
pressure [A(1,34) = 127.45, 0,2 = 0.79], and flow rate [A1,33) = 14.31, n,? = 0.30] all
revealed significant effects of time (all p < 0.001 before ischemia vs. after 1 hour of
reperfusion); developed pressure, +dP/dT, —dP/dT, and flow rate decreased following
ischemia. End diastolic pressure increased following ischemia (Table 1). No significant
effects of stress or ovariectomy were observed on either presischemic contractile function or
postischemic recovery of contractile function.

DISCUSSION

We have shown that female rats exposed to our predator-based psychosocial stress model of
PTSD exhibit long-term changes in behavior indicative of heightened anxiety. Independent
of estrous phase, stressed females spent less time in the open arms of the EPM, exhibited
reduced locomotor activity in the open field, spent less time in the center of the open field,
and displayed less rearing in the open field than non-stressed females. Similar effects were
observed in ovariectomized females exposed to the stress paradigm. These results indicate
that females exhibit a PTSD-like behavioral phenotype, at least with regards to anxiety-like
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behavior, similar to that which was previously reported for males following exposure to our
animal model of PTSD.

Some work in rodents has shown that estrous phase correlates with anxiety-like behavior.
For instance, investigators have reported that females in proestrus spend more time in the
open arms of the EPM, exhibit greater risk-taking behavior, and demonstrate more social
interaction than females in other stages (Frye et al., 2000; Marcondes et al., 2001). However,
estrous-dependent differences in such behavior have not always been observed (Hiroi and
Neumaier, 2006; Plappert et al., 2005). The inconsistency in this area of research might be
attributable to a lack of adequate statistical power in some studies to detect estrous-based
differences in behavior. Because in previous work we failed to observe significant behavioral
alterations in females exposed to our model of PTSD (Rorabaugh et al., 2015), we predicted
that estrous stage might interact with the model to influence behavioral outcomes. Contrary
to these expectations, in Experiment 1, stressed females exhibited heightened anxiety-like
behavior on the EPM and in the open field, which was largely independent of estrous stage
at the time of each cat exposure and behavioral testing. In fact, the only significant effect of
estrous was observed for rearing episodes in the open field. Specifically, stressed rats
exhibited fewer rearing episodes in the open field than non-stressed rats if they were in
metestrus at the time of the second stress session. This effect should be interpreted
cautiously, however, as our repeated analyses on the same behavioral data (due to including
rats’ estrous stage from various time points) likely increased our risk of making a Type Il
error. The consistent finding from Experiment 1 of heightened anxiety in stressed females on
the EPM does contrast with our previous results (Rorabaugh et al., 2015). It is possible that
our previous study was underpowered to detect such behavioral effects in females, especially
when considering that such females were likely in different stages of estrous at the time of
testing.

The observation of PTSD-like behaviors in females is consistent with previous work in
which investigators observed that the female response to stress models of PTSD was similar
to that of males (Koresh et al., 2016; Mazor et al., 2009; Viviani et al., 2012). However,
some investigators have observed that females are less susceptible to stress-induced
alterations of physiology and behavior (e.g., Diehl et al., 2007). Indeed, studies have shown
that female rats were resistant to SPS-induced impairments of fear extinction retention and
HPA axis function (Keller et al., 2015; Pooley et al., 2018). Even if female rodents do
exhibit PTSD-like sequelae, they may display some phenotypic differences from males. In
the present set of experiments, stressed females did not exhibit enhanced acoustic startle
responses, which we have observed in previous work with stressed males (Zoladz et al.,
2008; Zoladz et al., 2013). Nevertheless, the absence of greater startle responses in stressed
females is consistent with other preclinical work, in which both SPS and predator-based
models of PTSD led to increased acoustic startle responses in males, but not females (Pooley
etal., 2018). It is also consistent with work in PTSD patients, as some studies have shown
that females with PTSD do not exhibit exaggerated startle responses like their male
counterparts (e.g., Medina et al., 2001). Future work could utilize rodent models of PTSD to
examine further the possible phenotypic differences between males and females exposed to
intense stress.
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In order to further assess the involvement of sex hormones in the female response to our
stress model, we also exposed ovariectomized females to the paradigm. For the most part,
these experiments revealed effects that were similar to those of Experiment 1. In Experiment
2, independent of surgery condition, stressed females spent less time in the open arms of the
EPM, exhibited less locomotor activity in the open field, and displayed fewer rearing
episodes in the open field than non-stressed females. Interestingly, we did not replicate the
stress-induced increase in anxiety-like behavior on the EPM in Experiment 3. The inability
to replicate this effect appeared to be driven by an unusually low amount of open arm
exploration in ovariectomized controls (Fig. 5a), relative to the amount of open arm
exploration they displayed in Experiment 2 (Fig. 4a). Indeed, sham animals behaved
similarly on the EPM in both experiments. The discrepancy in the data from ovariectomized
controls could be due to differential effects of the ovariectomy procedure across the two
experiments or simply the manifestation of behavioral variability.

Consistent with Experiment 1, stressed females did not exhibit enhanced acoustic startle
responses in Experiment 2. Ovariectomized females did exhibit increased weight gain,
greater startle responses, and an increase in some anxiety-like behavior (e.g., decreased time
spent in center of the open field), relative to sham rats. Previous work has consistently
shown that ovariectomized females gain more weight than controls; however, studies have
not always reported an increase in the startle response and/or anxiety-like behavior following
ovary removal (Vaillancourt et al., 2002). Our results suggest that the presence of sex
hormones may prevent anxiety-like behavior, but they do not interact with stress to influence
the development of PTSD-like behavioral sequelae.

Our finding that ovariectomized rats develop significantly larger infarcts than sham rats is
consistent with the well-established cardioprotective role of ovarian hormones (Deschamps
et al., 2010; Kolodgie et al., 1997; Liu et al., 2004; Sivasinprasasn et al., 2016). We
previously reported that male (but not female) rats exposed to this PTSD model develop
myocardial hypersensitivity to ischemia (Rorabaugh et al., 2015). Thus, we hypothesized
that the presence of ovarian hormones may protect the hearts of female rats from the
development of stress-induced hypersensitivity to ischemic injury. However, the finding that
stress produced similar effects on ovariectomized rats and sham rats suggests that the sex-
dependent cardiac effect of this PTSD model is unrelated to ovarian hormones. Further work
is needed to understand why females do not develop the myocardial hypersensitivity to
ischemia that develops in male rats following exposure to this model (Rorabaugh et al.,
2019; Rorabaugh et al., 2015).

There were some limitations of the present experiments that warrant consideration. First,
Experiment 1 may have been underpowered to fully assess the impact of estrous stage on
behavioral outcomes, as some stages had relatively smaller sample sizes (e.g., metestrus). It
also would have been optimal to assess the interaction between stress and estrous stage in a
single analysis, thus enabling an examination of interaction effects of estrous stages at
different time points in the model. However, such analyses were precluded because of the
necessary sample size. Second, the ovariectomy surgeries were performed on pre-pubertal
females, which could have led to different effects on behavior than ovariectomies performed
on adult females. Indeed, previous work has shown that pre-pubertal ovariectomies results in
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greater stress sensitivity than adulthood ovariectomies (Romeo et al., 2004). Thus, the
results from Experiment 2 and 3 should be interpreted with this in mind. Finally, the startle
response and open field data from Experiments 1 and 2 could have been influenced by prior
testing on the rats. To mitigate such influences, we tested rats on the EPM first, given its
robust sensitivity to anxiety-like behavior. We also separated each test by a period of 24 h.
Still, the influence of the prior day’s testing could have had carryover effects that interacted
with the influence of stress on behavioral outcomes.

Conclusion

Our results suggest that estrous stage (or the presence of ovarian hormones) does not
significantly interact with stress to influence the development of PTSD-like anxiety in
females. Furthermore, the results indicate that despite minor phenotypic differences, stressed
females generally display anxiety-like behaviors that are comparable to those observed in
stressed males. Thus far in our assessment of females, we have established that, similar to
stressed males, stressed females exhibit reduced growth rate, heightened anxiety on the
EPM, and heightened anxiety in the open field. We have also shown that, unlike stressed
males, stressed females do not exhibit an exaggerated startle response, nor do they show
greater myocardial sensitivity to ischemic injury (Rorabaugh et al., 2015). Future work will
need to employ additional physiological and behavioral endpoints to determine whether
females exhibit other PTSD-like alterations (e.g., cognitive impairments, enhanced negative
feedback of HPA axis) that have been observed in males exposed to this model and to
understand why females are protected from the development of myocardial hypersensitivity
to ischemia that is observed in stressed males. As of now, our data suggest that this model
may be useful for examining mechanisms and treatment of PTSD-like sequelae in female
rodents.
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Highlights

. Chronic stress led to PTSD-like behavioral alterations in female rats.

. Estrous stage and ovariectomy did not impact the stress-induced changes in
females.

. Ovariectomized rats exhibited greater anxiety and startle responses than sham
rats.

. Ovariectomized rats displayed greater myocardial sensitivity to ischemic
injury.
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Fig. 1.

E)?perimental timelines and procedures. In Experiment 1, rats in the stress group were
exposed to a 31-day chronic stress paradigm that consisted of two cat exposures and daily
social instability. Stressed rats were immobilized and exposed to an adult, female cat for 1 h
on Days 1 (during the light cycle) and 11 (during the dark cycle), and throughout the 31-day
paradigm, the cage mates of stressed rats were randomly changed on a daily basis. Rats in
the no stress group remained in their home cages on Days 1 and 11 and remained with the
same cage mate throughout the paradigm. On Day 32, all rats were tested for anxiety-like
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behavior on the elevated plus maze (EPM); on Day 33, all rats were tested for their acoustic
startle responses; and, on Day 34, all rats were tested for anxiety-like behavior in an open
field. Vaginal smears were collected from all rats on Days 1, 11, 32, 33, and 34 to determine
the stage of estrous. In Experiment 2, rats underwent ovariectomy or sham surgery at 4
weeks of age, after which they were randomly assigned to stress or no stress groups. Four
weeks after surgery, all rats underwent the same procedures as outlined in Experiment 1,
except no vaginal smears were collected. In Experiment 3, rats underwent ovariectomy or
sham surgery at 4 weeks of age, after which they were randomly assigned to stress or no
stress groups. Four weeks after surgery, all rats underwent the same stress procedures as
outlined in Experiment 2. On Day 32, all rats were tested for anxiety-like behavior on the
EPM. On Day 33, all rats were anesthetized, and their hearts were removed and exposed to
ischemia / reperfusion, as outlined in the methods.
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Fig. 2.
Representative images from each stage of estrous. A sterile micropipette was used to flush

the vaginal cavity of female rats with distilled water (McLean et al., 2012). The collected
sample was placed on a glass slide and allowed to dry at room temperature. The slides were
then stained with crystal violet and examined under a microscope to determine the stage of
estrous. The following guidelines were used to determine the stage of estrous: (a) diestrus
(many leukocytes, occasional nucleated epithelial cells, no cornified cells); (b) proestrus
(many nucleated epithelial cells, occasional cornified cells, and few leukocytes); (c) estrus
(many cornified cells, few nucleated epithelial cells, no leukocytes); (d) metestrus (some
cornified cells, nucleated epithelial cells, and leukocytes).
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Interactive influence of stress and estrous phase (at the time of testing) on female rat
behavior. Stressed rats spent less time in the open arms of the EPM than non-stressed rats
(a), which was not attributable to stress-induced alterations of general locomotor activity on
the EPM (b). Stressed rats also spent less time in the center of the open field (c), exhibited
less locomotor activity in the open field (d), and displayed fewer rearing episodes in the
open field (e) than non-stressed rats. Data are presented as means + SEM. Sample sizes for

Horm Behav. Author manuscript; available in PMC 2020 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zoladz et al.

Page 21

each estrous phase are indicated by the number under each bar. * p < 0.05 relative to no
stress.
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Fig. 4.
Interactive influence of stress and ovariectomy on female rat behavior. Stressed rats,

independent of surgery condition, spent less time in the open arms of the EPM (a), exhibited
less locomotor activity in the open field (e), and displayed fewer rearing episodes in the
open field (f) than non-stressed rats. Ovariectomized (OVX) rats demonstrated greater startle
responses (c) and spent less time in the center of the open field (d) than sham rats. Data are
presented as means £ SEM. * p< 0.05 relative to no stress; ** p < 0.05 relative to sham.
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Fig. 5.

In?eractive influence of stress and ovariectomy on EPM behavior and myocardial sensitivity
to ischemic injury. No significant effects were observed for the amount of time spent in the
open arms of the EPM (a). OV X rats exhibited significantly larger infarct sizes than sham
rats following ischemia (b). Images depict representative myocardial slices with white areas

indicative of infarction (c). Data are presented as means + SEM. * p < 0.05 relative to sham.
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