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Abstract
People who are exposed to horrific, life-threatening experiences are at risk for developing post-
traumatic stress disorder (PTSD). Some of the symptoms of PTSD include persistent anxiety,
exaggerated startle, cognitive impairments and increased sensitivity to yohimbine, an α2-adrenergic
receptor antagonist. We have taken into account the conditions known to induce PTSD, as well as
factors responsible for long-term maintenance of the disorder, to develop an animal model of PTSD.
Adult male Sprague–Dawley rats were administered a total of 31 days of psychosocial stress,
composed of acute and chronic components. The acute component was a 1-h stress session
(immobilization during cat exposure), which occurred on Days 1 and 11. The chronic component
was that on all 31 days the rats were given unstable housing conditions. We found that psychosocially
stressed rats had reduced growth rate, reduced thymus weight, increased adrenal gland weight,
increased anxiety, an exaggerated startle response, cognitive impairments, greater cardiovascular
and corticosterone reactivity to an acute stressor and heightened responsivity to yohimbine. This
work demonstrates the effectiveness of acute inescapable episodes of predator exposure administered
in conjunction with daily social instability as an animal model of PTSD.
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Introduction
Individuals exposed to horrific, life-threatening experiences are at substantial risk for
developing post-traumatic stress disorder (PTSD). People who develop PTSD respond to an
acute traumatic experience with intense feelings of fear, helplessness or horror (American
Psychiatric Association 1994) and subsequently endure chronic psychological distress by
repeatedly reliving their trauma through intrusive, flashback memories (Ehlers et al. 2004;
Hackmann et al. 2004; Reynolds and Brewin 1998, 1999; Speckens et al. 2006, 2007). These
characteristics of the disorder foster the development of several other symptoms, including
persistent anxiety, exaggerated startle, cognitive impairments and diminished extinction of
conditioned fear (Brewin et al. 2000; Elzinga and Bremner 2002; Nemeroff et al. 2006;
Newport and Nemeroff 2000; Stam 2007a).

PTSD is characterized by a complex aberrant biological profile involving several physiological
systems, including the sympathetic nervous system and the hypothalamus-pituitary-adrenal
(HPA) axis (de Kloet et al. 2006; Nemeroff et al. 2006; Stam 2007a). For instance, relative to
control subjects, PTSD patients display significantly greater cortisol levels in response to, and
in anticipation of, acute laboratory stressors (Bremner et al. 2003; Elzinga et al. 2003).
Although findings have been mixed, extensive work has also reported abnormally low baseline
levels of cortisol in people with PTSD (Yehuda 2005).

PTSD patients also demonstrate greater baseline and stress-induced elevations of sympathetic
activity (Buckley and Kaloupek 2001; Pole 2007). In response to traumatic reminders and
standard laboratory stressors, people with PTSD display significantly greater increases in heart
rate (HR), blood pressure (BP), skin conductance, epinephrine and norepinephrine than do
control subjects (Blanchard et al. 1982, 1991; Casada et al. 1998; Kolb and Mutalipassi
1992; Malloy et al. 1983; McFall et al. 1990; Orr et al. 1998; Pitman et al. 1987; Rabe et al.
2006; Schmahl et al. 2004; Shalev et al. 1993; Veazey et al. 2004). In addition, PTSD patients
exhibit elevated baseline HR, diastolic BP and systolic BP (Buckley and Kaloupek 2001; Pole
2007), findings that resonate with the recent work reporting an association between PTSD and
increased risk for cardiovascular disease (Boscarino and Chang 1999; Kubzansky et al.
2007; Sawchuk et al. 2005).

Another indication of accentuated sympathetic activity in PTSD patients is the
hyperresponsivity (i.e., greater increases in HR and BP, greater expression of anxiety-like
behavior) they exhibit in response to the administration of yohimbine, an α2-adrenergic
receptor antagonist which blocks nor-adrenergic autoreceptors and leads to increased central
norepinephrine activity (Rasmusson et al. 2000; Southwick et al. 1993, 1999a–c). These
findings, along with those of greater baseline norepinephrine levels in PTSD patients (Geracioti
et al. 2001), have implicated a major role of the noradrenergic system in the hyperarousal
component of PTSD (Strawn and Geracioti 2007).

Preclinical researchers have used several types of stressors to model aspects of PTSD in rodents
(Stam 2007b). Such stressors have included electric shock (Garrick et al. 2001; Li et al.
2006; Milde et al. 2003; Pynoos et al. 1996; Rau et al. 2005; Sawamura et al. 2004; Servatius
et al. 1995; Shimizu et al. 2004, 2006; Siegmund and Wotjak 2007a,b; Wakizono et al.
2007), underwater trauma (Cohen et al. 2004; Richter-Levin 1998), stress–restress and single
prolonged stress paradigms (Harvey et al. 2003; Khan and Liberzon 2004; Kohda et al. 2007;
Liberzon et al. 1997; Takahashi et al. 2006) and exposure to predators (Adamec 1997; Adamec
et al. 1999, 2006, 2007; Adamec and Shallow 1993; Blanchard et al. 1998; Park et al. 2001)
or predator-related cues (Cohen et al. 2000b, 2004, 2006, 2007; Cohen and Zohar 2004). The
stressors employed in these studies typically produced increased behavioral signs of anxiety,
and in some cases, exaggerated startle, cognitive impairments, enhanced fear conditioning and

Zoladz et al. Page 2

Stress. Author manuscript; available in PMC 2008 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



reduced social interaction. Although these studies have reported physiological and behavioral
changes resembling those observed in people with PTSD, most have utilized only a small set
of assessments, such as stress-induced changes in anxiety, without assessing other measures
common in people with PTSD, such as an impairment in cognitive measures. Moreover, many
of these studies have evaluated stress-induced changes in responses for a relatively short period
of time. Thus, while these studies have provided an insight into how stress or fear conditioning
changes the aspects of behavior and physiology, the field will benefit from an animal model
of PTSD that takes into account how traumatic stress produces long-lasting PTSD-like changes
in rats given multiple behavioral and physiological diagnostic tests.

In the present set of experiments, we incorporated three factors in the development of our
animal model of PTSD, each of which is known to influence the induction and maintenance
of PTSD in people. First, we used cat exposure, a well-described, ethologically relevant
stressor, which produces intense fear responses in rats (Blanchard et al. 1990, 2003, 2005;
Hubbard et al. 2004). In addition, the element of control over a stressor exerts a great influence
over the expression of the stress response (Kim and Diamond 2002). As a loss of control
exacerbates behavioral and physiological responses to stress conditions (Amat et al. 2005;
Bland et al. 2006, 2007; Kavushansky et al. 2006; Maier et al. 1993; Maier and Watkins
2005; Shors et al. 1989), we immobilized the rats during predator exposure. The immobilization
component of our animal model provides a rodent analogue of the sense of helplessness and a
loss of control which feature prominently in the diagnostic and statistical manual of mental
disorders (DSM-IV) criteria for PTSD (American Psychiatric Association 1994).

Second, a core symptom of PTSD is the repeated “re-experiencing” of the traumatic event that
people with PTSD suffer from in response to activation of intense and intrusive memories of
their trauma (Ehlers et al. 2004; Hackmann et al. 2004; Reynolds and Brewin 1998, 1999;
Speckens et al. 2006, 2007). We therefore included a re-experiencing component in our animal
model of PTSD. Specifically, rats were given a second cat exposure session, 10 days after the
first, to serve as a powerful reminder of their traumatic experience.

Third, it is well known that only a minority of traumatized individuals develop persistent PTSD
symptoms. One factor that increases the likelihood that emotional trauma will develop into
chronic PTSD is a lack of social support and stability (Andrews et al. 2003; Boscarino 1995;
Brewin et al. 2000; Solomon et al. 1989; Ullman and Filipas 2001). Therefore, to increase the
likelihood of producing long-lasting sequelae in the subjects, we included daily social
instability in the model by randomizing the housing conditions of the rats. Three weeks after
the second predator exposure, we gave the rats an extensive battery of diagnostic tests that had
parallels to routine testing of patients with PTSD.

The overall goal of this work was to take into account that factors are known to be involved in
the etiology and persistence of PTSD symptoms in people to study the persistent effects of
traumatic stress on rat behavior and physiology. To accomplish this goal, we incorporated the
use of powerful psychological stressors, including a life-threatening stressor, coupled with a
re-experiencing of the trauma and chronic social instability, in the development of a novel
animal model of PTSD.

Materials and methods
Animals

Adult male Sprague–Dawley rats of 225–250 g (Charles River Laboratories, Wilmington, MA)
were housed on a 12:12 h light–dark schedule (lights on at 0700 h) in Plexiglas cages (two per
cage) with food (Harlan Teklad Global 18% Protein Rodent Diet; Harlan Laboratories;
Indianapolis, IN) and water provided ad libitum. Rats were given one week to acclimate to the
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housing room environment before any experimental manipulations took place. All experiments
were carried out in accordance with the National Institute of Health Guide for the Care and
Use of Laboratory Animals, and the Institutional Animal Care and Use Committee at the
University of South Florida approved all procedures.

In each study, rats were handled for three consecutive days (2–3 min each) prior to behavioral/
physiological testing. Body weights were recorded on the day of the first stress session and on
the first day of behavioral/physiological testing. Average growth rates (g/day) were calculated
(total weight gained divided by the length of the experiment (i.e., 31 days)] for statistical
analysis. The sequence of events in each experiment is described below and is illustrated in
Figure 1.

Experiment 1: Establishment of the animal model
Stress manipulations and physiological assessments—We took HR and BP
measurements (described in detail below) at three different time points in Experiment 1. This
procedure involved placing rats in a Plexiglas tube and a tail cuff sensor around their tails (IITC
Life Science; Woodland Hills, CA). The tube was designed to inhibit gross movements during
testing to minimize movement artifacts. Rats were brought to the laboratory one day prior to
the first stress session and exposed to the HR and BP apparatus for 10 min each to habituate
them to this procedure.

One day later, rats were randomly assigned to “psychosocial stress” (N = 8) or “no psychosocial
stress” (N = 10) groups. Rats in the psychosocial stress group were exposed to two acute stress
sessions; the first stress session was conducted during the light cycle (between 0800 and 1500
h), and the second stress session was conducted 10 days later during the dark cycle (between
1900 and 0200 h). The stress sessions were separated by 10 days based on the finding that
pyramidal cells in the basolateral amygdala exhibited greater dendritic spine density 10 days
after a single session of immobilization stress (Mitra et al. 2005). This form of dendritic
“remodeling” in the amygdala is associated with increased fear- and anxiety-related behaviors
(Fuchs et al. 2006; Mitra et al. 2005; Vyas et al. 2006). Thus, the strategy behind employing
a second stress session 10 days after the first was: (1) to expose the rats to a traumatic re-
experiencing of the original event, in a manner analogous to the intrusive reliving of traumatic
memories by people with PTSD and (2) to reinforce the presumed changes in the amygdala
that would have been initiated by the first stress session.

During each acute stress session, rats were immobilized in plastic DecapiCones (Braintree
Scientific; Braintree, MA) and then individually placed in triangular-shaped wedges within a
circular Plexiglas “pie” enclosure of 20 × 20 × 8cm (l × w × h; Braintree Scientific; Braintree,
MA). Fifteen minutes later, the rat pie enclosure (which could hold a maximum of 12
immobilized rats) was taken to the cat housing room (which was located in a different area of
the animal facility than the laboratory) and placed in a metal cage (61 × 53 × 51cm). An adult,
gonadally intact, female cat (body weight = 3.7 kg) was placed inside the metal cage on top of
the rat pie enclosure in full view of the rats. The Plexiglas pie enclosure prevented any contact
between the cat and rats, but exposed the rats to all non-tactile sensory stimuli associated with
the cat. Canned cat food was smeared on the top of the Plexiglas enclosure to direct cat activity
toward the rats. The immobilized rats, inside the pie enclosure, were exposed to the cat for 45
min.

Rats in the no psychosocial stress group were brought to the laboratory (which never contained
a cat), where they remained in their home cages for the 1-h stress period. They were returned
to the laboratory for one hour once again 10 days later. The rats in the no psychosocial stress
group were housed with the same cage cohort for the duration of the experiment.

Zoladz et al. Page 4

Stress. Author manuscript; available in PMC 2008 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Immediately after the inescapable cat exposure period (or the 1-h laboratory exposure period
in control group), blood samples were obtained from the rats to determine their serum
corticosterone levels. Rats were placed in a wire mesh restrainer and a 1-mm tail snip was made
with a sterile razor blade. A 0.5 ml sample of blood was then collected in a microcentrifuge
tube within 2–3 min. Once clotted, the blood was centrifuged, and the serum was extracted and
stored at −80°C until assayed for corticosterone with an Enzyme ImmunoAssay kit from Assay
Design, Inc. (cat#901-097, Ann Arbor, Michigan). All samples were diluted 1:50 and assayed
per kit instructions.

After obtaining the blood sample, the rats were placed in a Plexiglas tube within a warming
test chamber (∼32°C) for 5 min. This manipulation increased blood flow to the tail, which
enabled HR and BP to be measured using tail cuffs fitted with photoelectric sensors (IITC Life
Science; Woodland Hills, CA). We obtained HR/BP measurements from all rats following
each of the two stress sessions.

Beginning with the first stress session, the psychosocial stress group was exposed to unstable
housing for the next 31 days. All rats were housed two per cage, but every day, the cohort pair
combinations for the rats in the psychosocial stress group were changed. We utilized this
manipulation because previous work from our group has demonstrated that it has significant
deleterious effects on rat behavior (Gerges et al. 2004; Park et al. 2001).

Once behavioral testing began on Day 32, all rats remained housed with the same cohort for
the remainder of the experiment. The daily unstable housing manipulation was terminated on
Day 32 so that all rats were given identical housing conditions during behavioral testing.
Therefore, group differences in performance during the behavioral testing days could be
attributed to the psychosocial stress manipulations that occurred on Days 1 to 31.

Behavioral and physiological tests—Three weeks after the second stress session
(beginning on Day 32), rats were given tests to measure anxiety, startle, learning and memory,
cardiovascular activity and corticosterone activity. The three-week delay from the second
inescapable cat exposure to behavioral testing was based on comparable time periods employed
in other studies on the effects of stress on brain and behavior (Adamec and Shallow 1993;
Cook and Wellman 2004; Magarinos et al. 1996; McLaughlin et al. 2007; Park et al. 2001;
Watanabe et al. 1992a–c). On each day of testing, rats were brought to the laboratory and left
undisturbed for 30 min before testing began. This was done to acclimate rats to the environment
and minimize any acute transport stress-induced effects on physiology and behavior. All testing
took place between 0800 and 1500 h.

Elevated plus maze—The elevated plus maze (EPM) is a routine test of anxiety in rodents
(Korte and De Boer 2003) and consists of two open arms (11 × 51cm) and two closed arms
(11 × 51cm) that intersect each other to form the shape of a plus sign. On Day 32, rats were
placed on the EPM for 5 min, and their behavior was scored by 48 infrared photobeams (located
along the perimeter of the open and closed arms), which were connected to a computer program
(Motor Monitor, Hamilton-Kinder, San Diego, CA). The primary dependent measures of
interest were the amount of time rats spent in the open arms and the number of ambulations
made by each rat. An arm entry was scored by the computer program only when the rat's entire
body had moved from one arm into a new arm (e.g., the entire body of the rat moved from the
closed arms into an open arm). Thus, the computer program would begin tallying open arm
time only after a rat had completely entered an open arm. An ambulation was scored by the
computer program each time a rat crossed a photobeam sensor. Thus, the ambulations score
consisted of the total number of beam breaks made by each rat during the 5-min trial and served
as a measure of motor activity.
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Startle response—One hour after the EPM assessment, acoustic startle testing was
administered. Rats were placed inside a small Plexiglas box (19 × 10 × 10 cm), which was
inside a larger startle monitor cabinet (Hamilton-Kinder; San Diego, CA; 36 × 28 × 50cm).
The small Plexiglas box within this cabinet contained a sensory transducer on which rats were
placed at the beginning of the trial. The sensory transducer was connected to a computer (Startle
Monitor computer program; Hamilton-Kinder; San Diego, CA), which recorded rats' startle
responses by measuring the maximum amount of force (in N) that rats exerted on the sensory
transducer for a period of 250 ms after the presentation of each auditory stimulus. To control
the differences in body weight, the sensitivity of the sensory transducer was adjusted prior to
each trial via a vernier adjustment with a sensitivity range of 0–7 arbitrary units. The startle
trial began with a 5-min acclimation period, followed by the presentation of 24 bursts of white
noise (50 ms each), 8 from each of 3 auditory intensities (90, 100 and 110 dB). The noise bursts
were presented in sequential order (i.e., 8 bursts at 90 dB, followed by 8 bursts at 100 dB,
followed by 8 bursts at 110 dB), and the time between each noise burst varied pseudorandomly
between 25 and 55s. Upon the commencement of the first noise burst, the startle apparatus
provided uninterrupted background white noise (57 dB).

Radial-arm water maze—On Day 33, rats underwent radial-arm water maze (RAWM)
training to assess their learning and memory following methods described previously
(Campbell et al. 2007; Diamond et al. 1999, 2006; Park et al. 2006; Sandi et al. 2005; Woodson
et al. 2003; Zoladz et al. 2006). Briefly, the RAWM consists of a black, galvanized round tank
(168 cm diameter, 56 cm height, 43 cm depth) filled with water (21–22°C). Six V-shaped
stainless steel inserts (54 cm height, 56 cm length) were placed in the tank to produce six swim
arms radiating from an open central area. A black, plastic platform (12 cm diameter) was
located 1cm below the surface of the water at the end of one arm (referred to as the “goal arm”).
At the start of each trial, rats were released into one arm (referred to as the “start arm”) facing
the center of the maze. If a rat did not locate the hidden platform within 60 s, it was guided to
the platform by the experimenter. Once a rat found or was guided to the platform, it was left
undisturbed for 15 s. Rats received 12 acquisition trials to learn the location of the hidden
platform. Then, they were returned to their home cages for one hour, followed by a single
memory test trial. To assess long-term memory, rats were brought to the laboratory 24 h later
(Day 34) and given a single memory test trial. Arm entry errors (i.e., entries into arms that did
not contain the hidden platform) served as an indicator of rats' memory for the hidden platform.

Novel object recognition—The novel object recognition (NOR) task was a modified
version of that which was employed by Baker and Kim (2002). On Day 35, rats were placed
in an open field of 40 × 47 × 70 cm (Hamilton-Kinder, San Diego, CA) for 5 min to acclimate
to the environment. Their behavior was scored by infrared photobeams connected to a computer
program (Motor Monitor). Twenty-four hours later (Day 36), the rats were placed in the same
open field with two identical (plastic/metal) objects for 5 min. The objects were in opposite
corners of the open field and secured to the flooring to prevent rats from displacing them. The
objects were counterbalanced across rats, as were the corners in which the objects were located.
Three hours later, rats were returned to the open field, but this time it contained a replica of
the object that had been there before and a novel object. To quantify the time spent with the
objects during training and testing, we specified a 16-cm2 zone around each object to examine
motor activity. During testing, greater time spent by the rats in proximity to the novel versus
familiar object was an indication of intact memory for the familiar object.

Blood sampling and cardiovascular measurements—On Day 37, we obtained three
blood samples and HR/BP measurements from all rats, following procedures described above.
A single blood sample was collected after which the rats were restrained for 20 min. Then,
another blood sample was collected to examine their corticosterone response to restraint stress.
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The rats were then removed from the restrainer and HR/BP measurements were obtained. The
rats were then returned to their home cages for one hour, after which a sample of trunk blood
was collected via rapid conscious decapitation to determine the recovery of corticosterone
levels. The serum was processed as described above. Brains were rapidly removed and stored
at −80°C for later analysis (not reported here).

Experiment 2: Replication of Experiment 1 without physiological assessments at the time of
acute predator stress effects

The psychosocial stress and no psychosocial stress groups in Experiment 1 had similar growth
rates (see Table I). This null effect of psychosocial stress on body weight gain could have
occurred because the no psychosocial stress group was adversely affected by the acute restraint
for HR/BP measurements and by the tail bleed procedure on Days 1 and 11. A single exposure
to restraint stress can induce a long-lasting reduction in food intake and, consequentially, body
weight gain (Valles et al. 2000). To test our hypothesis directly, we repeated the explicit stress
procedures from Experiment 1 without performing the cardiovascular measurements and blood
sampling on Days 1 and 11. In Experiment 2, we examined the effects of inescapable cat
exposure and daily social instability on growth rate, and on adrenal gland and thymus weight
(N = 10 per group), since chronically stressed rodents exhibit hypertrophy of the adrenal glands
and atrophy of the thymus (Karst and Joels 2003). On Day 32, at the conclusion of the chronic
stress period, the rats were weighed, rapidly decapitated as in Experiment 1, adrenal glands
and thymus were removed and weighed, and the brains collected as above. Organ weights were
expressed as actual values and as mg/100 g body weight (Karst and Joels 2003).

Experiment 3: Is the combination of predator exposure and social instability necessary for
PTSD-like effects?

Experiment 3 assessed whether the combination of two inescapable cat exposures and daily
social instability was necessary to produce the persistent effects on physiology and behavior
observed in Experiment 1. Rats were randomly assigned to one of four experimental groups:
two inescapable cat exposures and daily social stress (“cat + social stress,” N = 8), two
inescapable cat exposures alone (“cat only,” N = 10), daily social stress alone (“social stress
only,” N = 10) or no manipulation (“no stress,” N = 8). On Day 32, rats were given EPM and
startle testing, following the procedures from Experiment 1.

Experiment 4: Effects of psychosocial stress on behavioral and corticosterone responses
to yohimbine

Experiment 4 examined the effects of two inescapable cat exposures, in conjunction with daily
social instability (as in Experiments 1–3), on responsivity to yohimbine. On Day 32,
psychosocial stress and no psychosocial stress rats were injected with yohimbine hydrochloride
(1 mg/kg, i.p.) or vehicle (distilled H2O, 1 ml/kg) 30 min prior to testing. Pilot work indicated
that 1 mg/kg was a threshold dose of yohimbine for producing anxiogenic behavior. The group
sample sizes were: psychosocial stress-vehicle (S-VEH; N = 9), psychosocial stress-yohimbine
(S-YOH; N = 10), no psychosocial stress-vehicle (NS-VEH; N = 8), no psychosocial stress-
yohimbine (NS-YOH; N = 12). Thirty minutes after the injections, rat behavior in the open
field was monitored for 10 min. One hour after the open field assessment, rats were tested on
the EPM for 5 min, followed one hour later by acoustic startle testing. On the next day (Day
33), the rats were brought to the laboratory and left undisturbed for 30 min and then were
injected with the same agent that they had received one day earlier. Thirty minutes later, three
blood samples were obtained as in Experiment 1.
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Statistical analyses
Alpha was set at 0.05 for all analyses, and Holm–Sidak post hoc comparisons (Sigmastat,
SPSS) were employed when appropriate. In Experiments 1 and 2, independent samples t-tests
and mixed-model ANOVAs (for repeated measures variables) were used to compare the
psychosocial stress and no psychosocial stress groups. In Experiment 3, two-way and mixed-
model ANOVAs (for repeated measures variables) were used to compare the groups on all
measures. In Experiment 4, growth rate data were analyzed with an independent samples t-
test, while all other behavioral and physiological data were analyzed with two-way and mixed-
model ANOVAs (for repeated measures variables). Outlier data points greater than three
standard deviations from exclusive group means were eliminated from analyses (less than 1%
of the data were outliers). In all figures, values are expressed as means ± SEM.

Results
Experiment 1: Establishment of the animal model

Physiological measurements after each acute stress session Heart rate and
blood pressure—We employed mixed-model ANOVAs to analyze cardiovascular and
corticosterone responses after each stress session (Figure 2). For HR, there was a significant
main effect of stress, F(1,15) = 7.89, p < 0.05, indicating that the psychosocial stress group
had significantly greater HR than the no psychosocial stress group after each stress session.
There was no significant main effect of session, F(1,15) = 0.11, and the Stress × Session
interaction was not significant, F(1,15) = 0.85 (all p > 0.05). For systolic BP, there was a
significant main effect of stress, F(1,13) = 15.80, p < 0.01, and a significant Stress × Session
interaction, F(1,13) = 4.94, p < 0.05. The psychosocial stress group demonstrated significantly
greater systolic BP than the no psychosocial stress group after each stress session, and only the
psychosocial stress group displayed significantly greater systolic BP after the second stress
session, relative to the first stress session (all p < 0.05). There was no significant main effect
of session, F(1,13) = 1.48, p > 0.05. For diastolic BP, there were significant main effects of
stress, F(1,14) = 118.03, p < 0.0001, and session, F(1,14) = 30.81, p < 0.001, and a significant
Stress × Session interaction, F(1,14) = 9.40, p < 0.01. The psychosocial stress group
demonstrated significantly greater diastolic BP than the no psychosocial stress group after each
stress session, and only the psychosocial stress group displayed significantly greater diastolic
BP after the second stress session, relative to the first stress session (all p < 0.05).

Serum corticosterone—For serum corticosterone concentration, there was a significant
main effect of stress, F(1,18) = 189.90, p < 0.0001, indicating that the psychosocial stress group
had significantly greater corticosterone levels than the no psychosocial stress group after each
stress session. There was no significant main effect of session, F(1,18) = 0.11, and the Stress
× Session interaction was not significant, F(1,18) = 2.54 (all p > 0.05).

Behavioral and physiological testing (Days 32–37)
Body weight—There was no significant difference between the psychosocial stress and no
psychosocial stress groups in terms of growth rate, t(14) = 0.69, p > 0.05 (Table I).

Elevated plus maze—On EPM, the psychosocial stress group spent significantly less time
in the open arms than the no psychosocial stress group, t(16) = 5.01, p < 0.001 (Figure 3). There
was no significant difference between the two groups in terms of ambulations on the EPM, t
(16) = 1.92, p > 0.05.

Startle response—We employed mixed-model ANOVAs to analyze startle responses to the
90, 100 and 110 dB auditory stimuli (Figure 3). There was a significant main effect of
psychosocial stress, F(1,14) = 13.03, p < 0.01, indicating that, overall, the psychosocial stress
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group demonstrated significantly greater startle responses than the no psychosocial stress
group. There was also a significant main effect of auditory stimulus intensity, F(2,28) = 74.57,
p < 0.0001, indicating that rats exhibited significantly greater startle responses at each
successive increase in stimulus intensity (i.e., 110 dB > 100 dB > 90 dB) (all p < 0.001). The
Psychosocial Stress × Auditory Stimulus Intensity interaction was also significant, F(2,28) =
5.78, p < 0.01. Post hoc analyses revealed that the psychosocial stress group exhibited
significantly greater startle responses than the no psychosocial stress group to the 90 and 110
dB (all p < 0.05), but not 100 dB, auditory stimuli.

Radial-arm water maze—For RAWM training, there was a significant main effect of trials,
F(11,176) = 11.81, p < 0.0001, indicating that rats made significantly fewer errors as trials
progressed. There was no significant main effect of psychosocial stress, F(1,15) = 0.16, and
the Psychosocial Stress × Trial interaction was not significant, F(11,176) = 1.13 (all p > 0.05).
There were no significant group differences on the 1-h, t(16) = 0.00, or 24-h, t(14) = 0.13,
memory test trials (all p > 0.05; data not shown).

Novel object recognition—In the NOR task, the psychosocial stress and no psychosocial
stress groups demonstrated comparable behavior during acclimation to the open field. There
were no significant group differences for distance traveled, t(15) = 1.35, rearing, t(16) = 0.80,
time in the center area, t(16) = 0.12, or time in the perimeter area, t(16) = 0.13 (all p > 0.05;
data not shown). During NOR training, the psychosocial stress, t(8) = 0.28, and no psychosocial
stress, t(8) = 0.52, groups spent an equivalent amount of time with Object 1 and Object 2,
indicating no preference for one object over the other (all p > 0.05; Figure 4). During the
memory test, however, there were differences between the psychosocial stress and no
psychosocial stress groups. While the no psychosocial stress group spent significantly more
time with the novel than the familiar object, t(8) = 3.05, p < 0.05, the psychosocial stress group
failed to discriminate between the objects and spent an equivalent amount of time with each
object, t(8) = 0.62, p > 0.05.

Heart rate and blood pressure—On Day 36, the psychosocial stress group displayed
significantly lower HR, t(13) = 4.57, p < 0.001, but significantly greater systolic BP, t(12) =
2.92, p < 0.05, and significantly greater diastolic BP, t(14) = 2.15, p < 0.05, than the no
psychosocial stress group following 20 min of acute restraint stress (Figure 5).

Serum corticosterone—For serum corticosterone concentrations on Day 36, there was a
significant main effect of time, F(2,26) = 30.61, p < 0.0001. Both groups (i.e., psychosocial
stress and no psychosocial stress) showed a significant increase in corticosterone following 20
min of acute restraint (50 min time point in Figure 5), and these levels remained elevated one
hour later (110 min time point in Figure 5) (all p < 0.05). There was no significant main effect
of psychosocial stress, F(1,13) = 0.33, and the Psychosocial Stress × Time interaction was not
significant, F(2,26) = 1.20 (all p > 0.05). Since a majority of the PTSD literature has indicated
that PTSD patients have abnormally low baseline levels of cortisol, we compared the baseline
levels of corticosterone in the psychosocial stress and no psychosocial stress groups. A planned
comparison indicated that the difference in baseline levels of corticosterone between these two
groups was marginally significant, t(16) = 1.82, p = 0.087, indicating that the psychosocial
stress group tended to have lower corticosterone levels than the no psychosocial stress group
before the acute restraint.

Experiment 2: Replication of Experiment 1 without physiological assessments at the time of
acute predator stress effects

The psychosocial stress group exhibited a significantly reduced growth rate, t(16) = 2.42, p <
0.05, and had significantly larger adrenal glands, [raw weight: t(17) = 2.57, p < 0.05; mg/100
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g body weight: t(17) = 3.24, p < 0.01) and a significantly smaller thymus, [raw weight: t(17)
= 2.59, p < 0.05; mg/100g body weight: t(17) = 2.24, p < 0.05], then the no psychosocial stress
group (Table I and Figure 6). Therefore, eliminating the acute stress of cardiovascular
measurements on Days 1 and 11 from the control group revealed a psychosocial stress effect
on body, and organ weights comparable to those observed in other laboratories (Karst and Joels
2003).

Experiment 3: Is the combination of predator exposure and social instability necessary for
PTSD-like effects?

Body weight—Two-way ANOVAs were used to analyze the growth rate and EPM data
(Figure 7). Analysis of growth rate revealed a significant main effect of inescapable cat
exposure, F(1,36) = 4.59, p < 0.05. There was no significant main effect of daily social stress,
F(1,36) = 0.58, p > 0.05, but the Inescapable Cat Exposure × Daily Social Stress interaction
was significant, F(1,36) = 5.79, p < 0.05. Only the two manipulations combined led to a
significant reduction in growth rate, relative to the no stress group (p < 0.05).

Elevated plus maze—Analysis of time spent in the open arms of the EPM revealed a
significant main effect of inescapable cat exposure, F(1,32) = 4.56, p < 0.05, indicating that
the groups given inescapable cat exposure on Days 1 and 11 of the experiment spent
significantly less time in the open arms of the EPM than non-exposed groups. There was no
significant main effect of daily social stress, F(1,32) = 2.69, and the Inescapable Cat Exposure
× Daily Social Stress interaction was not significant, F(1,32) = 0.09 (all p > 0.05). An inspection
of the data suggested that the effects of inescapable cat exposure and daily social stress on
EPM behavior were additive, so we used Bonferroni-corrected t-tests to compare each of the
experimental groups to the no stress controls. We found that groups given inescapable cat
exposure in conjunction with daily social stress, t(14) = 3.35, p < 0.05, but not inescapable cat
exposure, t(16) = 1.67, p > 0.05, or daily social stress, t(16) = 1.40, p > 0.05, alone, spent
significantly less time in the open arms than the no stress group.

An analysis of ambulations on the EPM revealed no significant main effect of inescapable cat
exposure, F(1,32) = 1.00, p > 0.05. There was a significant main effect of daily social stress,
F(1,32) = 4.42, p < 0.05, indicating that groups exposed to daily social stress made significantly
more ambulations on the EPM than the non-exposed groups. The Inescapable Cat Exposure ×
Daily Social Stress interaction was also significant, F(1,32) = 7.60, p < 0.01. Post hoc tests
revealed that daily social stress, alone, significantly increased ambulatory activity on the EPM,
but when combined with inescapable cat exposure, daily social stress had no effect.

Startle response—We used a mixed-model ANOVA to analyze the startle data (Figure 7).
The analysis revealed a significant main effect of auditory stimulus intensity, F(2,62) = 120.7,
p < 0.0001. Post hoc tests indicated that rats exhibited significantly greater startle responses
at each successive increase in stimulus intensity (i.e., 110 dB > 100 dB > 90 dB) (all p < 0.001).
There was also a significant main effect of inescapable cat exposure, F(1,31) = 20.71, p <
0.001, and a significant Auditory Stimulus Intensity × Inescapable Cat Exposure interaction,
F(2,62) = 10.85, p < 0.001. Post hoc tests indicated that the groups given inescapable cat
exposure on Days 1 and 11 of the experiment demonstrated significantly greater startle
responses to the 100 and 110 dB, but not 90 dB, auditory stimuli than non-exposed groups.
There was no significant main effect of daily social stress, F(1,31) = 2.62, p > 0.05. The
Inescapable Cat Exposure × Daily Social Stress interaction was marginally significant, F(1,31)
= 3.50, p = 0.071. Similar to behavior on the EPM, an inspection of the data suggested that the
effects of inescapable cat exposure and daily social stress on startle were additive, so we used
Bonferroni-corrected t-tests to compare each of the experimental groups' overall startle
responses (i.e., average startle responses to all three stimulus intensities) to those of the no
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stress controls. We found that groups given inescapable cat exposure in conjunction with daily
social stress, t(14) = 2.97, p < 0.05, but not inescapable cat exposure, t(16) = 1.57, p > 0.05,
or daily social stress, t(16) = 0.18, p > 0.05, alone, exhibited significantly greater startle
responses than the no stress group. The Auditory Stimulus Intensity × Daily Social Stress, F
(2,62) = 1.67, p > 0.05, and Auditory Stimulus Intensity × Inescapable Cat Exposure × Daily
Social Stress, F(2,62) = 1.83, p > 0.05, interactions were not significant. Furthermore, we used
Bonferroni-corrected t-tests to compare each of the experimental groups to the no stress
controls for these 100 and 110 dB auditory stimuli. We found that groups given inescapable
cat exposure in conjunction with daily social stress [100 dB: t(14) = 2.47, p < 0.05; 110 dB: t
(14) = 4.99, p < 0.01] but not inescapable cat exposure [100 dB: t(16) = 1.17, p > 0.05;110 dB:
t(16) = 1.80, p > 0.05] or daily social stress [100 dB: t(16) = 0.06, p > 0.05; 110 dB: t(16) =
0.27, p > 0.05], alone, exhibited significantly greater startle responses to the 100 and 110 dB
auditory stimuli than the no stress group.

Experiment 4: Effects of psychosocial stress on behavioral and corticosterone responses
to yohimbine

Body weight—The psychosocial stress groups (i.e., S-VEH and S-YOH) exhibited a
significantly reduced growth rate, when compared with the no psychosocial stress groups (i.e.,
NS-VEH and NS-YOH), t(37) = 3.13, p < 0.01 (Table I).

Open field—Two-way ANOVAs were used to analyze the open field and EPM data (Figure
8). For a number of rearing episodes in the open field there were significant main effects of
psychosocial stress, F(1,32) = 6.00, p < 0.05, and yohimbine, F(1,32) = 55.63, p < 0.0001,
indicating that the psychosocial stress (S-VEH, S-YOH) reduced rearing relative to the no
psychosocial stress groups (NS-VEH, NS-YOH) and yohimbine treatment (NS-YOH, S-YOH)
reduced rearing relative to the vehicle-treated groups (NS-VEH, S-VEH). There was also a
significant Psychosocial Stress × Yohimbine interaction, F(1, 32) = 5.59, p < 0.05. Post hoc
tests indicated that the yohimbine-treated psychosocial stress group (S-YOH) displayed
significantly fewer rearing episodes than all other groups (NS-VEH, NS-YOH, S-VEH),
revealing that yohimbine exerted a greater behavioral effect on the psychosocial stress group
than on the no psychosocial stress group (all p < 0.01).

Elevated plus maze—Analysis of time spent in the open arms of the EPM revealed a
significant main effect of psychosocial stress, F(1,32) = 70.29, p < 0.0001, indicating that the
psychosocial stress groups (S-VEH, S-YOH) spent significantly less time in the open arms
than the no psychosocial stress groups (NS-VEH, NS-YOH). There was no significant main
effect of yohimbine, F(1,32) = 0.18, and the Psychosocial Stress × Yohimbine interaction was
not significant, F(1,32) = 0.34 (all p > 0.05). An analysis of ambulations made on the EPM
revealed a significant main effect of psychosocial stress, F(1,33) = 10.93, p < 0.01, indicating
that the psychosocial stress groups (S-VEH, S-YOH) made significantly fewer ambulations
than no psychosocial stress groups (NS-VEH, NS-YOH). There was no significant main effect
of yohimbine, F(1,33) = 2.32, and the Psychosocial Stress × Yohimbine interaction was not
significant, F(1,33) = 1.10 (all p > 0.05). An inspection of the data suggested that the effects
of psychosocial stress and yohimbine on EPM behavior were additive. Therefore, we used
Bonferroni-corrected t-tests to compare each of the experimental groups to the vehicle-treated
no psychosocial stress group. We found that the yohimbine-treated psychosocial stress group
(S-YOH), t(15) = 3.85, p < 0.01, but not the yohimbine-treated no psychosocial stress group
(NS-YOH), t(18) = 0.31, p > 0.05, or vehicle-treated psychosocial stress group (S-VEH), t(14)
= 1.52, p > 0.05, made significantly fewer ambulations on the EPM than the no psychosocial
stress group (NS-VEH).
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Startle response—A mixed-model ANOVA was used to analyze the startle (Figure 8) and
corticosterone (Figure 9) data. There was a significant main effect of auditory stimulus
intensity, F(2,60) = 191.65, p < 0.0001, indicating that rats exhibited significantly greater startle
responses at each successive increase in stimulus intensity (i.e., 110 dB > 100 dB > 90 dB) (all
p < 0.001). There was also a significant main effect of psychosocial stress, F(1,30) = 21.14,
p < 0.001, and a significant Auditory Stimulus Intensity × Psychosocial Stress interaction, F
(2,60) = 6.54, p < 0.01. Post hoc tests indicated that the psychosocial stress groups (S-YOH,
S-VEH) exhibited significantly greater startle responses to the 100 and 110 dB, but not 90 dB,
auditory stimuli than the no psychosocial stress groups (NS-YOH, NS-VEH, all p < 0.05).
There was no significant main effect of yohimbine, F(1,30) = 1.30, p > 0.05, but the Auditory
Stimulus Intensity × Yohimbine interaction was marginally significant, F(2,60) = 3.06, p =
0.054. Post hoc tests indicated that the yohimbine-treated groups (S-YOH, NS-YOH) displayed
significantly greater startle responses to the 110 dB, but not 90 or 100 dB, auditory stimuli than
the vehicle-treated groups (S-VEH, NS-VEH, p < 0.05). The Psychosocial Stress × Yohimbine,
F(1,30) = 0.14, and Auditory Stimulus Intensity × Psychosocial Stress × Yohimbine, F(2,60)
= 0.04, interactions were not significant (all p > 0.05).

Serum corticosterone—For corticosterone concentrations on Day 33, there was a
significant main effect of time, F(2,46) = 71.18, p < 0.0001. Corticosterone levels increased
significantly after 20 min of restraint (80 min time point in Figure 9) and declined 60 min later
(140 min time point in Figure 9), but remained elevated when compared with the first time
point (i.e., 60 min time point in Figure 9) (all p < 0.05). The Time × Psychosocial Stress
interaction was significant, F(2,46) = 10.65, p < 0.001. The psychosocial stress groups (S-
YOH, S-VEH) exhibited significantly greater corticosterone levels of 30 min post-injection
(60 min time point in Figure 9) and following 20 min of restraint than the no psychosocial
stress groups (NS-YOH, NS-VEH) (p < 0.05). Corticosterone levels of the psychosocial stress
and no psychosocial stress groups did not differ 60 min later (p > 0.05). The Time × Yohimbine
interaction was significant, F(2,46) = 3.82, p < 0.05. Yohimbine led to significantly greater
corticosterone levels 30 min post-injection and following 20 min of restraint. While
corticosterone levels of vehicle-treated rats significantly declined 60 min later, those of
yohimbine-treated rats remained elevated (all p < 0.05).

Discussion
The primary finding of this series of experiments is that rats exposed to psychosocial stressor
composed of two 1-h periods of inescapable cat exposure, in conjunction with daily unstable
housing conditions, exhibited reduced growth rate, reduced thymus weight, greater adrenal
gland weight, increased anxiety, an exaggerated startle response, impaired memory, greater
cardiovascular and corticosterone reactivity to an acute stressor and an exaggerated
physiological and behavioral response to the α2-adrenergic receptor antagonist, yohimbine.
These psychosocial stress-induced changes in rat behavior and pharmacological responses are
comparable to commonly observed sequelae in people with PTSD, which strengthens the
validity of this psychosocial stress paradigm as an animal model of PTSD.

Rationale for the PTSD model paradigm
The design of our animal model of PTSD was developed to expose rats to conditions which,
based on DSM-IV criteria, are analogous to conditions that produce PTSD in people.
Specifically, a subset of the DSM-IV criteria for the diagnosis of PTSD includes the following
three conditions: (1) PTSD can be triggered by an event that involves threatened death or a
threat to one's physical integrity, (2) a person's response to the event involves intense fear,
helplessness or horror and (3) in the aftermath of the trauma, the person feels as if the traumatic
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event is recurring, including a sense of reliving the experience (American Psychiatric
Association 1994).

The behaviors that rats exhibit in response to forced exposure to a cat are consistent with the
first two components of the DSM-IV criteria for PTSD. That is, rats exhibit an intense fear
response when exposed to a predator, clearly a condition that is a threat to their survival. In
addition, we have observed that rats typically direct their posture away from the cat's gaze,
which provides the rat with an element of control over its confrontation with the cat. As control
critically influences the expression of the stress response, in general (Kim and Diamond
2002), and a loss of control exacerbates behavioral and physiological responses to stress
conditions (Amat et al. 2005; Bland et al. 2006, 2007; Kavushansky et al. 2006; Maier et al.
1993; Maier and Watkins 2005; Shors et al. 1989), we immobilized the rats during predator
exposure. The immobilization component of our animal model, therefore, provides a rodent
analogue to the sense of helplessness and a loss of control which feature prominently in the
DSM-IV criteria for PTSD.

Another component of our model was that rats were exposed to the cat on two occasions,
separated by 10 days. There were four reasons for this. First, PTSD develops in some people
only after they have repeated traumatic experiences (Resnick et al. 1995; Taylor and Cahill
2002) and prolonged exposure to trauma increases the likelihood of developing symptoms of
PTSD (Gurvits et al. 1996). Therefore, the repeated inescapable cat exposure was designed.
Therefore, the repeated inescapable cat exposure was designed to increase the likelihood that
the manipulations would produce effects in the rats that could be broadly applied to people
who develop PTSD as a result of multiple traumatic experiences.

Second, people who develop PTSD in response to only a single trauma experience powerful
episodes of anxiety and panic as a result of their repeated reliving of the trauma through
intrusive, flashback memories (Reynolds and Brewin 1999). In a similar way, the second
exposure of the rats to the cat forced them to re-experience the original stress experience.

The third reason why the rats were re-exposed to the cat pertained to the issue of predictability.
The first predator exposure occurred during the light cycle and the second predator exposure
occurred during the dark cycle, thereby adding an element of unpredictability as to when the
rats might re-experience the traumatic event. A lack of predictability in one's environment is
a major factor in the development and expression of PTSD, at least in a subset of susceptible
people (Orr et al. 1990; Regehr et al. 2000; Solomon et al. 1988, 1989).

Fourth, McEwen and colleagues observed increased spine density on dendritic arbors of
amygdala neurons 10 days after a single immobilization experience (Mitra et al. 2005).
Therefore, the second stress session, 10 days after the first, reinforced stress-induced changes
in brain and behavior, which were presumably initiated by the first stress session. Any
reinforcement of morphological plasticity in the amygdala through a reminder of the original
experience might augment the PTSD-like syndrome in psychosocially stressed rats. The
presumed predator stress-induced strengthening of plasticity in the amygdala, which might
include dendritic hypertrophy (Fuchs et al. 2006; McEwen and Chattarji 2004; Mitra et al.
2005; Vyas et al. 2002, 2003, 2006) or stress-induced LTP (Kavushansky and Richter-Levin
2006; Manzanares et al. 2005; Vouimba et al. 2004, 2006), lends itself to experimentation via
pharmacological manipulations of the reconsolidation process, which is likely to occur in
response to traumatic memory recall (Cai et al. 2006; Debiec et al. 2002; Debiec and LeDoux
2004, 2006; Maroun and Akirav 2007; Nader et al. 2000; Przybyslawski et al. 1999;
Przybyslawski and Sara 1997; Sara 2000; Suzuki et al. 2004).

In addition to the two acute cat exposures, we included chronic unstable housing conditions in
the psychosocial stress paradigm to mimic the lack of social support and chronic mild stress
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experienced by people with PTSD (Andrews et al. 2003; Boscarino 1995; Brewin et al.
2000; Solomon et al. 1989; Ullman and Filipas 2001). We hypothesized that the daily anxiety
produced by unstable housing would exacerbate any adverse effects on the rats induced by
predator exposure alone. This hypothesis was supported by our finding that the combination
of two cat exposures and social instability produced greater anxiogenic effects on rat behavior
than either manipulation in isolation. Indeed, chronic social instability, alone, had no negative
effects on behavior and may have even been beneficial for rats, as it led to a small increase in
growth rate and significantly greater motor activity on the EPM. Therefore, the physiological
and behavioral effects that we have observed here occurred only when rats experienced two
episodes of an acute life-threatening stress (cat exposure) in conjunction with chronic social
instability.

Finally, a methodological difference between our PTSD model and the approaches of other
groups is that we kept the rats separated from the cat by a transparent barrier. Adamec and
colleagues (Adamec 1997; Adamec et al. 1999, 2006, 2007; Adamec and Shallow 1993) have
utilized a physical attack by the cat on the rat. Our approach was designed to induce a persistent
state of fear and a loss of control in the rats by maintaining them in close, but unavoidable,
proximity to the cat for 45 min, without introducing confounds that may arise from physical
alterations (i.e. immune response to a wound). Since direct predator attack and indirect threat
are both effective at producing lasting changes in rodent anxiety behavior, the two strategies
can serve as complementary models of PTSD.

Psychosocial stress-induced changes in anxiety-like behavior and startle
As with other animal models of PTSD (Adamec 1997; Adamec et al. 2006, 2007; Cohen et al.
2006; Garrick et al. 2001; Khan and Liberzon 2004; Kohda et al. 2007; Pynoos et al. 1996;
Servatius et al. 1995), we found that psychosocially stressed rats spent significantly less time
in exploring the open arms of the EPM and demonstrated greater startle responses than control
rats. These findings indicate that the present psychosocial stress paradigm produced persistent
heightened anxiety and hyperarousal, two important components of PTSD. In Experiment 4,
we replicated these effects, but we did not observe an exacerbation of either effect by the
administration of yohimbine. Since yohimbine induces flashbacks and panic attacks in PTSD
patients, we expected an even greater anxiogenic response on these tasks in psychosocially
stressed rats. Nevertheless, it is important to consider three issues related to the EPM and startle
data from Experiment 4. First, psychosocial stress, alone, had such a potent effect on EPM
behavior that it would have been difficult to observe any exacerbation. For instance, the vehicle-
treated psychosocial stress group almost completely avoided the open arms of the EPM
(spending < 3% of their time in the open arms). Second, the same issue observed for the EPM
data may have contributed to the startle data. Psychosocial stress, alone, may have led to a
maximal startle response which could not be further intensified. Nevertheless, there was a clear
yohimbine-mediated enhancement of the neuroendocrine (corticosterone) response to acute
restraint in these rats. Thus, the multiple behavioral tests administered may have been relatively
insensitive to reveal a yohimbine-mediated enhancement of anxiety, but at an endocrine level,
the psychosocial stress group exhibited a synergy between their prior stress experiences and
reactivity to yohimbine, which is consistent with yohimbine effects in people with PTSD.

Task-specific effects of psychosocial stress on memory
In Experiment 1, we found no effect of chronic psychosocial stress on learning and memory
in the RAWM, a hippocampus-dependent task. Although this lack of effect of chronic stress
on hippocampus-dependent memory was surprising, methodological considerations can
explain why the psychosocial stress group did not exhibit impaired performance in the water
maze. Extensive research has reported cognitive deficits in PTSD patients, but these deficits
have primarily been found in people tested on emotionally neutral information, such as word
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lists (Bremner et al. 2004; Gilbertson et al. 2001; Yehuda et al. 2005, 2006). In contrast, people
with PTSD exhibit greater conditioned fear (Orr et al. 2000; Peri et al. 2000) and enhanced
attention and memory for emotionally arousing information (Golier et al. 2003; McNally
1997; Moradi et al. 1999a,b; Paunovic et al. 2002). Thus, it is possible that we did not observe
impaired learning and memory in psychosocially stressed rats because water maze training is
a highly arousing task.

In other animal models of PTSD, the delayed effects of intense, acute stressors on water maze
performance have been inconsistent. While some studies have reported slower rates of
acquisition, as well as impaired memory, in previously stressed animals (Cohen et al. 2003;
Harvey et al. 2003; Kohda et al. 2007), others have found that intense, aversive stressors applied
only within the context of the learning environment result in a delayed impairing effect on
water maze performance (Richter-Levin 1998). Further, the aforementioned animal models of
PTSD reporting water maze deficits involved training rats in a pool of water that was warmer
(23–26°C) than the water employed in the present study (21–22°C). Previous work has shown
water temperature influences the stress response in rats and subsequent performance in the
water maze (Sandi et al. 1997; Wright and Conrad 2007). In addition, animal studies have
shown that prior stress enhances learning in stressful tasks (Conrad et al. 1999; Cordero et al.
2003; Sandi et al. 2001), and chronic stress can even enhance spatial learning and memory in
a Morris water maze filled with cold (18–22°C) water (Liu et al. 2004). Therefore, the lack of
an impairing effect of psychosocial stress in rats trained in the water maze, an emotionally
arousing task, is actually consistent with studies employing similar methods in the rodent
literature.

Importantly, psychosocially stressed rats in the current study did exhibit impaired memory
when they were trained in an emotionally neutral task involving their memory of novel objects.
This finding is consistent with work reporting chronic stress-induced impairments of memory
for a novel arm in the Y-maze, another low stress hippocampus-dependent memory task
(Conrad 2005; Wright and Conrad 2005). It also coincides with numerous others studies
reporting chronic stress-induced impairments of object recognition memory (Beck and Luine
2002; Bowman et al. 2003; Luine 2002; Trofimiuk et al. 2005; Walesiuk et al. 2005). Our
findings, therefore, are consistent with the findings from studies on rodents and people
indicating that chronic stress exerts a greater adverse effect on new memory processing for
emotionally neutral, and not arousing information.

Psychosocial stress and cardiovascular reactivity
Experiment 1 confirmed that acute immobilization during cat exposure significantly increased
HR, BP and corticosterone release. We also found that psychosocially stressed rats exhibited
a significant elevation of systolic and diastolic BP in response to acute restraint on the final
day of behavioral testing, three weeks after the last predator exposure. This finding is
potentially relevant to cardiovascular sequelae common in people with PTSD. Chronic anxiety
and elevations of BP are significant risk factors for cardiovascular disease (Haider et al.
2003; Izzo et al. 2000), and PTSD has been associated with increased risk for cardiovascular
disorders (Boscarino and Chang 1999; Kubzansky et al. 2007; Sawchuk et al. 2005). Therefore,
our model may provide insight into how traumatic stress contributes to the development and
progression of cardiovascular disease.

Surprisingly, rats given psychosocial stress exhibited lower HR, but higher BP, than previously
unstressed rats in response to acute restraint on the final day of behavioral testing. Bruijnzeel
et al. (2001) similarly found that exposing rats to a single session of scrambled electric
footshocks led to long-term sensitization of their cardiovascular stress response. Two weeks
after footshock exposure, previously shocked rats displayed significantly greater elevations of
BP, but not HR, than non-shocked rats in response to a novel stressor. Comparable research
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in people (Halligan et al. 2006) showed that individuals with assault-related PTSD exhibited
a smaller HR response to voluntary recollections of their trauma than trauma-exposed controls.

Psychosocially stressed rats in the present study had lower HR in response to restraint perhaps
because their multiple prior stressor experiences protected them against responding as strongly
as naïve animals, specifically with regard to HR. However, despite a lower HR, the
psychosocially stressed rats still exhibited significantly greater systolic and diastolic BP than
controls. This finding suggests that chronic psychosocial stress may have lasting effects on
regulatory systems that modulate cardiovascular functioning, such as the parasympathetic
nervous system. Extensive work has suggested that people with PTSD exhibit reduced
parasympathetic tone, which contributes to heightened baseline and stress-induced elevations
of sympathetic activity (Cohen et al. 1998, 2000a; Hopper et al. 2006; Sack et al. 2004; Sahar
et al. 2001). In addition, some animal models of PTSD have been reported to show reduced
parasympathetic tone in maladapted, stress-exposed rodents (Cohen et al. 2003). Thus, the
failure of the psychosocially stressed group to demonstrate comparable HR and BP to the no
psychosocial stress group may reflect pathological effects of stress on interactions between
parasympathetic and sympathetic activity, as well as stress-induced changes in blood vessel
integrity and elasticity (Consoli 1993; Faye et al. 2003; Flaa et al. 2006; Henry 1975; Ivanovich
and Kolarova 1993; Parra et al. 1994; Rostrup et al. 1993; Spence 1996).

Corticosterone and psychosocial stress in rats
On the final day of testing in Experiment 1, psychosocially stressed rats exhibited baseline
corticosterone levels that were marginally (p = 0.087) lower than those of control rats. This
finding is consistent with extensive work finding lower baseline cortisol levels in people with
PTSD (Yehuda 2005) and suggests that the chronic psychosocial stress employed in the present
study may have long-term effects on basal HPA axis functioning. Comparable findings have
been reported in some animal studies examining the effects of stress–restress or single
prolonged stress paradigms on rat physiology (e.g., Harvey et al. 2003). In Experiment 4,
psychosocially stressed rats exhibited significantly greater corticosterone levels than controls
30 min after injection with vehicle and following 20 min of acute restraint stress. The finding
of greater corticosterone levels in psychosocially stressed rats following injection and acute
restraint is consistent with findings from PTSD patients who exhibit greater cortisol levels in
anticipation of anxiety-provoking situations (Bremner et al. 2003) and in response to trauma-
related stimuli (Elzinga et al. 2003).

We did observe differences in corticosterone levels, both at baseline and in response to acute
restraint in Experiments 1 and 4. Unlike the findings of Experiment 4, we did not observe
significant group differences in corticosterone levels in Experiment 1. We suggest three reasons
for the different findings between the two experiments. First, in Experiment 1, rats in the
psychosocial stress, as well as the no psychosocial stress, group were exposed to the
cardiovascular measurement apparatus, with blood sampling in all groups on Days 1 and 11
of the paradigm. These manipulations appear to have produced a lasting negative influence on
the control animals, as indicated by their reduced weight gain. The control group in Experiment
2 that was not restrained or exposed to blood sampling on Days 1 and 11 gained significantly
more weight than the psychosocial stress group. Thus, the acute stress on Days 1 and 11 given
to all animals may have influenced baseline and acute stress-evoked corticosterone levels at
the conclusion of behavioral testing. Second, in Experiment 1, the rats had undergone several
days of behavioral testing prior to the collection of pre- and post-stress blood samples. Less
behavioral testing was conducted in Experiment 4 before acute stress and blood sampling was
performed. Third, in Experiment 4 the rats were injected with either drug (yohimbine) or
vehicle (saline) before the initial blood sampling. Thus, the injections in Experiment 4 likely
induced a stress response in rats before the first blood sample was obtained, which may have
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affected corticosterone levels before, as well as after, acute restraint 30 min later. In future
work, baseline and acute stress-evoked levels of corticosterone are needed from rats that have
minimal exposure to these extraneous influences.

In Experiment 4, yohimbine increased corticosterone levels in both stressed and unstressed
rats within 30 min. This finding is consistent with human and rodent research indicating that
yohimbine increases HPA activity and anxiety-like behavior (Grunhaus et al. 1989; McDougle
et al. 1995; Myers et al. 2005; Vythilingam et al. 2000). We also found that psychosocially
stressed rats treated with yohimbine showed greater increases in corticosterone level following
acute restraint than control rats treated with yohimbine, which is consistent with well-
documented evidence of greater yohimbine-induced increases in physiological activity in
PTSD patients (Southwick et al. 1993). Overall, our findings, in conjunction with studies on
people with PTSD, indicate that yohimbine sensitivity can serve as a diagnostic of behavioral
and physiological abnormalities produced by traumatic stress.

Summary
We have found that two episodes of inescapable cat exposure, in conjunction with chronic
social instability, produced a cluster of physiological and behavioral changes in rats (e.g.,
heightened anxiety, exaggerated startle, impaired cognition, heightened physiological
reactivity to an acute stressor, exaggerated response to yohimbine), which are comparable to
those observed in people with PTSD. There was also an indication that this paradigm results
in reduced baseline HPA axis functioning. Future studies are needed to substantiate this
preliminary finding and should also test the hypothesis that psychosocially stressed rats would
exhibit enhanced negative feedback of the HPA axis. As PTSD is a memory disorder
characterized by an abnormally powerful, often invasive, memory for a traumatic event, future
work with the present rat model will evaluate memory for the traumatic stress experiences.

An increase in the magnitude of the trauma is related to a greater incidence of PTSD (Maercker
et al. 2000; Pynoos et al. 1993; Sutker et al. 1993). The psychosocial stress paradigm employed
here produced a powerful and homogeneous response in rats, which can be viewed as a model
of how the most intense and horrific traumatic experiences affect people. As such, our
psychosocial stress model may provide insight into the etiology and maintenance of PTSD, as
well as to serve in the development of treatment strategies to ameliorate PTSD symptoms.
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Figure 1.
Timeline and procedures for Experiments 1–4. In Experiment 1, all rats were acclimated to the
HR/BP apparatus prior to the experimental manipulations. Subsequently, rats were exposed to
two acute stress sessions, comprised of immobilization during cat exposure (psychosocial
stress; cat icon; n = 8) or home cage exposure (no psychosocial stress; rat cage icon; n = 10),
that were separated by 10 days. We obtained blood samples and cardiovascular measurements
from all rats following each of the two acute stress sessions. Psychosocially stressed rats were
also given unstable housing conditions from Day 1 until the beginning of behavioral testing,
which occurred three weeks after the second cat exposure. In Experiment 2, we repeated the
explicit stress procedures from Experiment 1 (n = 10 per group) without performing blood
sampling and cardiovascular measurements after each of the acute stress sessions. On Day 32,
we assessed the effects of this paradigm on growth rate, as well as adrenal gland and thymus
weight. In Experiment 3, groups of rats were given: (1) two inescapable cat exposures, in
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conjunction with daily social stress (psychosocial stress; n = 8), (2) two inescapable cat
exposures, alone (cat only; n = 10), (3) two exposures to home cage, in conjunction with daily
social stress (social stress only; n = 10) or (4) two exposures to home cage, alone (no
psychosocial stress; n = 8) to determine whether both stress manipulations (i.e., inescapable
cat exposure and daily social stress) were necessary to produce the observed effects on rat
physiology and behavior. In Experiment 4, two groups of rats (psychosocial stress, n = 19 and
no psychosocial stress, n = 20) were exposed to the same manipulations employed in
Experiment 2. On Days 32 and 33, a subsection of each group of rats was injected with
yohimbine (YOH: 10 and 12, respectively) or vehicle (VEH: 9 and 8, respectively) prior to
behavioral testing.
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Figure 2.
Cardiovascular activity and serum corticosterone following each stress session in Experiment
1. The psychosocial stress group displayed greater HR (top left), systolic BP (top right),
diastolic BP (bottom right) and serum corticosterone concentrations (bottom left) than the no
psychosocial stress group following each stress session. Additionally, the psychosocial stress
group demonstrated significantly greater systolic and diastolic BP after the second stress
session, relative to the first stress session. *p < 0.05; **p < 0.01; ***p < 0.0001 versus the no
psychosocial stress group. Data are group means ± SEM.

Zoladz et al. Page 29

Stress. Author manuscript; available in PMC 2008 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Elevated plus maze and startle response data from Experiment 1. The psychosocial stress group
spent significantly less time in the open arms of the elevated plus maze than the no psychosocial
stress group (top left). This was despite finding that the two groups demonstrated comparable
motor activity on the elevated plus maze (top right). The psychosocial stress group also
demonstrated greater startle responses than the no psychosocial stress group to the 90 and 110
dB, but not 100 dB, auditory stimuli (bottom). *p < 0.05; **p < 0.001 versus the no psychosocial
stress group. Data are group means ± SEM.
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Figure 4.
Novel object recognition training and testing data from Experiment 1. During training, the
psychosocial stress and no psychosocial stress groups spent a comparable amount of time with
Object 1 and Object 2, indicating no preference for one object over the other (left). Three hours
later, the no psychosocial stress group spent more time with the novel than the familiar object,
but the psychosocial stress group spent a comparable amount of time with each object
(right). *p < 0.05 versus familiar object. Data are group means ± SEM.
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Figure 5.
Cardiovascular responses and serum corticosterone on the final day of behavioral testing in
Experiment 1. The psychosocial stress group displayed reduce HR (top left), greater systolic
BP (top right) and greater diastolic BP (bottom right) than the no psychosocial stress group
following 20 min of restraint stress. The psychosocial stress group exhibited marginally
reduced baseline levels of corticosterone than the no psychosocial stress group, and both groups
demonstrated elevated corticosterone levels following 20 min of acute restraint stress, which
is indicated by the dark black line from 30–50 min(bottom left). βp < 0.09; *p < 0.05; **p <
0.001 versus the no psychosocial stress group. Data are group means ± SEM.
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Figure 6.
Adrenal gland and thymus weights from Experiment 2. Data are shown as actual weights (left
side of each figure) and relative weights expressed as mg/100 g body weight (right side of each
figure). Three weeks after the second cat exposure, the psychosocial stress group demonstrated
a smaller thymus (top) and larger adrenal glands (bottom) than the no psychosocial stress group.
*p < 0.05; **p < 0.01 versus the no psychosocial stress group. Data are group means ± SEM.
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Figure 7.
Elevated plus maze growth rate and startle response data from Experiment 3. Only the cat
exposure + social stress group spent significantly less time in the open arms of the elevated
plus maze (top left) and exhibited significantly reduced growth rate (top right), relative to the
no stress group. The social stress only group displayed greater motor activity on the elevated
plus maze than all other groups (bottom left). Only the social stress + cat exposure group
exhibited greater startle responses than the no stress group to the 100 and 110 dB auditory
stimuli (bottom right). *p < 0.05 versus the no stress group; **p < 0.05 versus all other groups;
***p < 0.01 versus the no stress group. Data are group means ± SEM.
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Figure 8.
Open field, elevated plus maze and startle findings from Experiment 4. In open field testing,
yohimbine treatment (1 mg/kg, i.p.) suppressed rearing in the no psychosocial stress group
(NS-YOH), an effect that was significantly exacerbated by prior stress experience (S-YOH)
(top left). On the elevated plus maze, both psychosocial stress groups (S-YOH, S-VEH) spent
significantly less time in the open arms than the no psychosocial stress groups (NS-YOH, NS-
VEH) (top right). In addition, only the yohimbine-treated psychosocial stress group (S-YOH)
exhibited significantly less motor activity on the elevated plus maze than the vehicle-treated
no psychosocial stress group (NS-VEH) (bottom left). Psychosocial stress significantly
increased startle responses to the 100 and 110 dB auditory stimuli (bottom right). *p < 0.01
versus all other groups; **p < 0.0001 versus the no psychosocial stress groups; ***p < 0.01
versus the vehicle-treated no psychosocial stress group; βp < 0.05 versus the respective no
psychosocial stress groups. Data are group means ± SEM.
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Figure 9.
Serum corticosterone responses in Experiment 4. On Day 33 of Experiment 4, rats were given
yohimbine (1 mg/kg, i.p.) or vehicle. The psychosocial stress and yohimbine-treated groups
exhibited greater serum corticosterone concentrations 30 min post-injection (60 min time point)
than the no psychosocial stress and vehicle-treated groups, respectively. Corticosterone levels
were increased in all groups following 20 min of restraint (indicated by the dark black line
between 60–80 min); the increases were greater in groups that had been psychosocially stressed
and/or pre-treated with yohimbine. Psychosocial stress and yohimbine treatment had an
additive effect on corticosterone levels at each of the first two time points: the group that had
been psychosocially stressed and pre-treated with yohimbine (S-YOH) exhibited the greatest
corticosterone levels at both time points. While corticosterone levels of the two vehicle-treated
groups (S-VEH, NS-VEH) significantly declined 60 min following the cessation of
immobilization, those of the two yohimbine-treated groups (S-YOH, NS-YOH) remained
elevated. *p < 0.05 versus the no psychosocial stress-vehicle group; **p < 0.05 versus
psychosocial stress-vehicle and no psychosocial stress-vehicle groups; ***p < 0.05 versus all
other groups. Data are group means ± SEM.
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Table I
Mean growth rate (g/day, mean ± SEM) of rats during the 31-day period from stress session 1 to the first day of
behavioral/physiological testing.

Cat + social stress (g/day) Cat only (g/day) Social stress only (g/
day)

No stress (g/day)

Experiment 1 4.44 ± 0.23 N/A N/A 4.41 ± 0.12
Experiment 2 4.19 ± 0.24* N/A N/A 5.07 ± 0.26
Experiment 3 3.79 ± 0.27*,β 4.72 ± 0.32 5.13 ± 0.29 4.65 ± 0.30
Experiment 4 4.10 ± 0.19** N/A N/A 5.04 ± 0.23

*
p < 0.05 versus no stress;

**
p < 0.001 versus no stress;

β
p < 0.05 versus cat only and social stress only.
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