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Abstract
Background—Posttraumatic stress disorder (PTSD) is a prevalent psychiatric disorder
precipitated by exposure to extreme traumatic stress. Yet, most individuals exposed to traumatic
stress do not develop PTSD and may be considered psychologically resilient. The neural circuits
involved in susceptibility or resiliency to PTSD remain unclear, but clinical evidence implicates
changes in the noradrenergic system.

Methods—An animal model of PTSD called Traumatic Experience with Reminders of Stress
(TERS) was developed by exposing C57BL/6 mice to a single shock (2mA, 10sec) followed by
exposure to six contextual1-minute reminders of the shock overa 25-dayperiod. Acoustic startle
response (ASR) testing before the shock and after the last reminder allowed experimenters to
separate the shocked mice into two cohorts: mice that developed a greatly increased ASR (TERS-
susceptible mice) and mice that did not (TERS-resilient mice).

Results—Aggressive and social behavioral correlates of PTSD increased in TERS-susceptible
mice but not in TERS-resilient mice or control mice. Characterization of c-Fos expression in
stress-related brain regions revealed that TERS-susceptible and TERS-resilient mice displayed
divergent brain activation following swim stress compared with control mice. Pharmacological
activation of noradrenergic inhibitory autoreceptors or blockade of postsynaptic α1-
adrenoreceptors normalized ASR, aggression, and social interaction in TERS-susceptible mice.
The TERS-resilient, but not TERS-susceptible, mice showed a trend toward decreased behavioral
responsiveness to noradrenergic autoreceptor blockade compared with control mice.

Conclusions—These data implicate the noradrenergic system as a possible site of pathological
and perhaps also adaptive plasticity in response to traumatic stress.
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The extreme psychological stress of severe trauma leads to posttraumatic stress disorder
(PTSD) in susceptible persons. Others are resilient despite exposure to qualitatively and
quantitatively similar trauma. Understanding the neurobiology of susceptibility and
resiliency could lead to improved interventions to treat and even prevent PTSD (1–3).
Although characteristics of the neural circuitry that determines PTSD susceptibility or
resilience are unclear, increasing clinical evidence suggests brain noradrenergic system
involvement in PTSD neurobiology (4–6). In persons with PTSD, pharmacological
reduction of brain noradrenergic outflow (7–9) or responsiveness at postsynaptic α1-
adrenoreceptors (ARs) (10–12) reduces some PTSD symptoms. In contrast, pharmacological
enhancement of brain noradrenergic outflow precipitates PTSD symptoms in individuals
with the disorder (6,13).

A better understanding of the neurobiology of individual differences in response to
traumatic stress can be gained by examining animal models of PTSD (14). Pynoos et al. (15)
developed a model of PTSD in which mice were exposed to a single footshock followed by
contextual reminders of the shock. These weekly, brief situational reminders (SRs)
phenomenologically mimicked the episodes of re-experiencing, which are characteristic of
PTSD in people, and perpetuated the adverse effects of the shock (15). Our laboratory has
refined and expanded this model by adding a baseline acoustic startle response (ASR) test
along with posttests that measure behavioral correlates of PTSD symptoms. We refer to this
model as traumatic experience with reminders of stress (TERS). Here, we demonstrate that
susceptible and resilient mice from an inbred strain can be identified by measuring ASR
before and after exposure to the TERS paradigm. In addition to an increase in ASR, TERS-
susceptible mice develop other behavioral correlates of PTSD symptoms, whereas TERS-
resilient mice behave similar to a no-shock control group on these tests. The TERS-
susceptible and TERS-resilient mice may undergo different neurobiological adaptations
following the shock, as they show different neural activation patterns in response to stress.
We also report that the behavioral sequelae of PTSD we observe in TERS-susceptible mice
can be normalized by pharmacologically blocking noradrenergic outflow or postsynaptic α1-
ARs, suggesting that increased noradrenergic receptor activation may contribute to the
behavioral correlates of PTSD symptoms we observe in TERS-susceptible mice.

Methods and Materials
Animals

A total of 615 adult male C57BL/6CRL mice (Charles River Laboratories, Hollister,
California) were used for experiments. Mice were maintained under a 12-hour light/dark
cycle with ad libitum access to food and water. Six-week-old mice were group-housed for at
least 1 week after arrival. To avoid the confounding effects of aggressive behavior
previously reported by researchers using a similar protocol (15), mice were single-housed at
least 1 week before the first ASR test and remained so for the duration of experiments. All
experiments were conducted in accordance with the guidelines of the Veterans
Administration Puget Sound Health Care System Institutional Animal Care and Use
Committee.
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The TERS Paradigm
Mice were subjected to a single brief shock followed by six SRs (Figure 1). The day before
TERS conditioning, mice were given an ASR pretest to determine baseline ASR. Control
and shocked groups were balanced so that the average baseline ASRs of each group were
similar at the start of the experiment. The day after the ASR pretest, mice were exposed to
the shock apparatus, which consisted of two chambers separated by a remotely moveable
door (Gemini Avoidance System, San Diego Instruments, San Diego, California). One
chamber was brightly lit with an odorant that served as an additional contextual cue. The
other chamber was dark with no odorant. Each mouse in the shocked group was placed in
the well-lit chamber and allowed to acclimate to the environment (1.5 min). The door to the
dark chamber was then opened remotely. When the mouse entered the dark chamber, the
door was shut and the mouse was administered a footshock (2 mA, 10 sec) and then returned
to its home cage. On the fourth day after the shock, mice were exposed to the first SR,
during which each mouse was restricted to the light chamber for 1 minute. Situational
reminders were repeated five times every following fourth day for six total SRs. The day
after the last SR, mice were given a second ASR test (posttest 1). Mice in behavioral
experiments then underwent behavioral testing over the course of about a month. To
demonstrate persistence of behavioral changes, some mice underwent a third ASR test
(posttest 2) 2 months after the shock. Control mice received the same treatment as shocked
mice, including SRs, but were not shocked during their initial exposure to the box.

Differentiation of TERS-Resilient and TERS-Susceptible Mice—The TERS-
exposed mice were separated into cohorts: TERS-susceptible individuals (or mice that
develop a PTSD-like syndrome) and TERS-resilient individuals (or mice that do not develop
a PTSD-like syndrome). The TERS-susceptible mice were defined as those whose
percentage increase in ASR between the ASR pretest and posttest 1 was greater than 70%
(about 45.7% of shocked mice). The TERS-resilient mice were defined as those whose
percentage change in ASR between the ASR pretest and posttest 1 was less than 30% (about
40.3% of shocked mice). Mice whose percentage change in ASR was between 30% and
70% (about 14% of shocked mice) displayed a mixed behavioral phenotype and were
excluded from the study. The proportion of susceptible, resilient, and excluded mice varied
across experiments.

Behavioral Protocols
Acoustic Startle Response—Acoustic startle response was measured using four startle
chambers (SR-Lab System, San Diego Instruments). Each chamber included a ventilated,
sound-attenuated cabinet with a speaker and contained a cylindrical Plexiglas enclosure with
a piezoelectric accelerometer to detect movement. Chambers were regularly calibrated for
both sensitivity to movement and sound level to ensure consistency between chambers and
experiments. Testing took place 3 to 7 hours following the onset of light cycle. Mice were
acclimated to the testing room for a minimum of 1 hour before ASR testing. Each ASR
session began with a 5-minute acclimation period, during which 65 dBB white noise was
played. Trials consisted of 10 consecutive presentations of a 40-millisecond, 100 dB white
noise stimulus. Startle stimuli were presented for an average of 15 seconds at intervals of 21,
7, 20, 9, 14, 21, 11, 8, and 23 seconds. Interstimulus intervals were varied in this way to
avoid anticipatory compensation by the mouse. Acoustic startle response data were
calculated by averaging responses over the 10 trials. Between tests, each chamber was
cleaned thoroughly. Mice with pretest ASR scores over 405 mV were not included because a
high ASR pretest made it difficult to accurately classify them into susceptible and resilient
groups by the percentage change in startle. For pharmacological experiments, mice
underwent posttest 1, as described in the TERS protocol. After 3 days of rest, mice received
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an injection of saline, prazosin, or clonidine and were then given another ASR test. The
ASR protocol was modified from methods previously described (16).

Locomotion during Sixth SR—Locomotor behavior during the last SR was quantified
by dividing the chamber into quadrants. Movement from one quadrant to another was
considered one locomotor count.

Light-Dark Box Test—Locomotor behavior during the light-dark box (LD) test was
scored by a blinded observer as previously described (17). Mice were placed in the light side
of a two-chambered box with one light chamber and one dark chamber. Mice were observed
for 5 minutes, and the time spent in either chamber was recorded.

Resident Intruder—Resident intruder (RI) testing was conducted as previously described
(18). Mice underwent three RI trials (up to 5 min, data are from third trial) over 3 days,
during which a stress-naïve group-housed intruder mouse of equal or slightly lesser weight
was introduced into the resident’s home cage. The trial was terminated if a mouse vocalized
or if wrestling continued for more than 5 seconds, as these were indicators of attack biting
that could cause injury.

Social Interaction—Mice were acclimated to the social interaction (SI) arena (circular, 1-
m diameter) for 10 minutes a day over 2 days. On the third day, mice were placed in the
arena with a stress-naïve group-housed companion mouse of equal or slightly lesser size that
was marked to distinguish it from the experimental mouse. Mice were videotaped for 7
minutes. Total interaction time was recorded by SMART Video track system (San Diego
Instruments) and a blinded observer. Trials during which aggressive interactions occurred,
although rare, were discarded.

Drug Administration—For ASR, SI, and RI testing, mice were administered saline,
prazosin, or clonidine 30 minutes before testing. A unique cohort of mice was used for each
drug condition.

Neuroanatomical Analysis
Activation of stress-related brain regions was assessed by quantitating c-Fos expression in
the central nucleus of the amygdala (CeA); the basal nucleus of the amygdala; the lateral
nucleus of the amygdala; medial nucleus of the amygdala; the bed nucleus of the stria
terminalis (BNST), ventral portion (vBNST); ventral tegmental area (VTA); and the locus
coeruleus (LC), following a 15-minute forced swim stress. Three days after the last SR, mice
were placed in a bucket of water (30°C) and forced to swim for 15 minutes. Mice were then
removed from the water, towel dried, and returned to their home cage. One hour after the
termination of the swim, mice were euthanized with an overdose of pentobarbital and
perfused transcardially with cold phosphate-buffered saline (PBS) followed by 4%
paraformaldehyde in .1 mol/L phosphate buffer. Brains were removed and postfixed for 12
hours, followed by cryoprotection in 30% sucrose for3days. Brains were then cut coronally
on a cryostat and stored in PBS with .05% sodium azide. Expression of c-Fos was detected
using immunohistochemical techniques as previously described (19–21). Sections were
washed in PBS and incubated in 3% hydrogen peroxide for 30 minutes, washed again,
incubated in 3% normal goat serum for 1 hour, and then incubated in primary antibody (anti-
c-Fos polyclonal, 1:2000) (H-125, #SC-7202, Santa Cruz Biotechnology, Santa Cruz,
California) for 12hoursatroom temperature. Sections were washed and incubated in
secondary antibody (biotinylated anti-rabbit, 1:200) (Vector Laboratories, Burlingame,
California) for 1 hour and then washed again. Staining was visualized with Vector
Laboratories ABC Kit, followed by incubation in diaminobenzidine (Sigma, St. Louis,

Olson et al. Page 4

Biol Psychiatry. Author manuscript; available in PMC 2013 August 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Missouri). Sections from each region of interest were mounted in DPX Mountant for
Histology (Sigma, St. Louis, Missouri), visualized on a Nikon Eclipse E-800 light
microscope (Nikon Instruments, Melville, New York), and photographed using a QImaging
Retiga 1300i digital camera (Q Imaging, Surrey, British Columbia, Canada). Images were
then anatomically matched using two to four landmarks. An identical template demarcating
the area of interest and a grid were laid over each image. Positive cells in each grid square
were counted by a blinded investigator. Data constitute the sum of all grid square counts
contained within the demarcated region.

Data Analysis
Data were analyzed using one-way analysis of variance (ANOVA) and post hoc testing was
performed using Dunnett’s multiple comparison test, unless otherwise specified. Resident
intruder data were analyzed by Pearson χ2 test.

Results
ASR in TERS-Exposed Mice

A shock followed by SRs has been demonstrated to increase the ASR in both mice (15) and
rats (16). Thus, we hypothesized that mice exposed to the TERS protocol would develop an
elevated ASR. To better characterize the change in ASR over the course of TERS treatment,
we assessed baseline ASR in all mice 1 day before the shock (pretest) and 24 hours after the
last SR (posttest 1). Shocked mice showed a higher ASR during the posttest than control
mice (control n = 30, shocked n = 43, p < .05). However, the ASR of shocked mice during
the posttest was variable. Some mice developed an increased ASR, whereas other mice
showed a decrease below their baseline. We posited that these nonresponsive mice might be
displaying an adaptive phenotype that could translate to other behavioral correlates of PTSD
symptoms. To test this, shocked mice were separated into two cohorts based on individual
change in ASR: a TERS-resilient group, which included mice that showed an increase in
ASR of 30% or less, and aTERS-susceptible group, which included mice that showed an
increase in ASR of 70% or more. Using ASR to separate mice into susceptible and resilient
groups incorporates a number of desirable attributes: 1) it is a quantitative trait objectively
measured by computer; 2) people with PTSD manifest exaggerated startle response; and 3)
mice meeting this criterion also exhibit a PTSD-like profile in other behavioral assays (see
below). The results of an ASR time-course study can be seen in Figure 2. When mice were
separated into cohorts, differences among groups were observed [F(2,65) = 13.47, p < .0001;
Figure 2]. Post hoc testing showed that TERS-susceptible mice showed a higher ASR during
the posttest compared with control mice (p < .0001), whereas TERS-resilient mice did not
differ from control mice. To determine if this difference in ASR persisted, mice were tested
again 2 months after the shock. The TERS-susceptible mice maintained an elevated ASR
compared with control mice at 2 months after the shock and 1 month after the last SR
[F(2,65) = 4.425, p < .05; Figure 2]. In addition, we found that ASR in TERS-susceptible
mice increased in an SR exposure-dependent manner (Figure S1 in Supplement 1).

TERS-Resilient Phenotype Is Not due to Extinction of Fear Response
The nonresponsiveness of TERS-resilient mice could be due to factors unrelated to positive
adaptive change and therefore not indicative of a resilient phenotype. For example, it is
possible that TERS-resilient mice do not feel the shock as much as susceptible mice, that
they forget the shock, or that they extinguish their fear response during the SR period. To
test this possibility, fear responses in TERS-exposed and control mice were examined by
monitoring locomotion during the sixth SR and by assessing their responses on the light-
dark box test. A significant decrease in locomotor activity in TERS-susceptible and TERS-
resilient mice was observed (p < .0001) compared with control mice during the last SR
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[ANOVA F(2,54) = 19.03, p < .0001; Figure 3A]. Qualitatively, the behavior of the TERS-
exposed mice was very different from that of control mice. Control mice freely explored the
SR chamber, whereas most TERS-susceptible and TERS-resilient mice remained immobile
in a corner, with the exception of a few mice that jumped, an escape behavior. Several
shocked mice displayed piloerection, indicating sympathetic nervous system activation.

We used the LD test as a second measure of fear response. The LD apparatus is similar to
that of the shock box in that it consists of two chambers, one light and one dark. However,
its location in the testing room, dimensions, and smell differed from the shock apparatus.
Mice were placed in the light chamber of the LD apparatus and time spent in either chamber
was recorded. Analysis of variance demonstrated a difference among groups [F(2,67) =
6.632, p < .0024; Figure 3B]. Both TERS-resilient (p < .01) and TERS-susceptible (p < .05)
mice spent less time in the dark chamber than control mice. Taken together, these data
indicate that both TERS-resilient and TERS-susceptible mice maintain a robust fear
response for over a month after the shock.

TERS-Susceptible Mice Show Increased Aggressive Behavior Compared with Control Mice
We next sought to assess other behavioral correlates of PTSD symptoms. People with PTSD
can manifest both increased aggressive behavior and social withdrawal (22). To quantify
aggressive behavior in TERS-exposed mice, mice underwent the RI test. To determine if
mice showed an increased propensity toward extreme aggression (prolonged wrestling and
attack bites), we quantified how many mice in each group were separated before the end of
the 5-minute testing period. Compared with control mice, more TERS-susceptible mice
engaged in violent attacks that required separation before the end of the testing period,
whereas TERS-resilient mice did not differ from control mice (Pearson χ2 = 8.009, df = 2, p
< .0182; Figure 4A).

TERS-Susceptible Mice Show Decreased SI Compared with Control Mice
To examine social behavior, mice were assessed with the SI test while interacting with an
unknown, stress-naïve companion mouse in a neutral environment. Time spent interacting
differed significantly among groups [F(2,46) = 3.762, p < .0307; Figure 4B]. Mice in the
TERS-susceptible group spent less time interacting with the companion mouse than control
mice (p < .05), whereas TERS-resilient mice did not differ from control mice.

TERS-Resilient and TERS-Susceptible Mice Show Different Patterns of Neural Activation
Following a Stressor

To determine if TERS-susceptible and TERS-resilient mice activate different neural circuits
in response to a stress, we examined c-Fos activation in the brain regions implicated in the
fear and/or stress response, including the LC, several nuclei of the amygdala, the vBNST,
and the VTA following a swim stress. The TERS-susceptible mice showed an increase in c-
Fos activation in LC, the CeA, and the VTA compared with control mice, whereas TERS-
resilient mice did not [LC F(2,29) = 4.411, p < .0213; CeA F(2,29) = 4.310, p < .023; VTA
F(2,19) = 7.001, p < .0053; Figure 5A–C]. However, TERS-resilient mice showed a
significant increase in c-Fos activation in the basal nucleus of the amygdala compared with
control mice, whereas activation in this region did not differ from control mice in TERS-
susceptible mice [F(2,30) = 4.821, p < .0153]. Finally, TERS-resilient mice showed
decreased activation in the vBNST compared with control mice, whereas TERS-susceptible
mice did not differ from control mice in activation of this region [F(2,28) = 8.859, p < .001;
Figure 5D]. No differences were observed between groups in the lateral nucleus of the
amygdala or medial nucleus of the amygdala (Figure 5B) or in prefrontal cortex (data not
shown).
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The Role of Norepinephrine in the TERS-Susceptible Phenotype
Because we observed increased c-Fos activation in the LC, the largest noradrenergic nucleus
in the brain, in TERS-susceptible mice, we hypothesized that increased noradrenergic
activation may contribute to the behavioral sequelae of PTSD symptoms in these mice.
Totestthis, we pharmacologically decreased noradrenergic activation in TERS-exposed and
control mice and assessed their ASR, aggressive behavior, and SI.

Clonidine is an α2-AR agonist, which, at low doses, activates LC inhibitory auto-receptors
and thereby decreases norepinephrine (NE) release. We assessed the efficacy of clonidine in
normalizing the behavior of TERS-susceptible mice (Figure 6A). A treatment effect was
observed in TERS-susceptible mice [F(3,130) = 19.28, p < .0001) but not in control or
TERS-resilient mice. Clonidine decreased the ASR in TERS-susceptible mice at both .005
mg/kg (p < .05) and .01 mg/kg (p < .01).

Multiple studies have demonstrated that prazosin is an effective treatment for trauma-related
nightmares in PTSD (11,12,23), suggesting that increased signaling through the α1-AR may
mediate some symptoms of PTSD. We assessed the ability of prazosin to normalize the
behavior of TERS-susceptible mice (Figure 6B). A significant treatment effect was observed
in TERS-susceptible mice [F(3,90) = 19.28, p < .05] but not in control or TERS-resilient
mice. Prazosin decreased the ASR in TERS-susceptible mice at both .1 mg/kg (p < .05) and .
5 mg/kg (p < .05).

The ability of clonidine and prazosin to normalize the hyperaggressive behavior in TERS-
susceptible mice was also assessed. Upon injection of saline (a control; Figure 7A), TERS-
exposed and control mice behaved similarly to their uninjected counterparts. That is, TERS-
susceptible mice showed a greater propensity to attack during RI test (Pearson χ2 = 8.731,
df = 2, p < .0127). However, after administration of either clonidine (.005 mg/kg; Figure 7B)
or prazosin (.5 mg/kg; Figure 7C), this difference was no longer evident. We observed
similar results in the SI test. As in uninjected mice, saline-injected TERS-susceptible mice
showed a decrease in SI compared with control mice [F(2,65) = 4.044, p < .05; Figure 7D].
Administration of clonidine (.005 mg/kg; Figure 7E) or prazosin (.5 mg/kg; Figure 7F)
eliminated this difference. These data suggest that increased noradrenergic activity,
specifically signaling at the α1-AR, may lead to the increase in ASR and aggression and the
decrease in SI observed in TERS-susceptible mice.

Discussion
Why some individuals develop psychopathology while others maintain normal
psychological functioning following exposure to psychological trauma is unknown. Animal
models of PTSD may facilitate understanding of individual differences in response to stress.
Here we describe the TERS mouse model of PTSD in which resilient and susceptible mice
can be identified by differences in ASR. Mice that develop an increase in ASR (susceptible
mice) also manifest other behavioral correlates of PTSD, including social withdrawal and
increased aggression. By contrast, resilient mice behave similarly to control mice on most
tests. The fact that TERS-resilient mice do not develop PTSD behavioral sequelae is not
likely due to extinction or forgetting the trauma, as they maintain a robust fear response.
Analysis of c-Fos expression suggests that TERS-susceptible and TERS-resilient mice
manifest divergent activation of stress neural circuits upon exposure to a swim stress.
Increased c-Fos expression in the LC in conjunction with results from pharmacological
studies support the idea that increased noradrenergic outflow and α1-AR activation may
underlie the behavioral changes observed in susceptible mice.
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In developing the TERS model, we sought to emulate the clinical syndrome. Posttraumatic
stress disorder is distinct from other psychiatric stress-related disorders because it persists
for long periods (sometimes years to decades) and is characterized by symptoms from three
distinct categories or clusters: 1) episodes of re-experiencing the traumatic event; 2)
avoidance of trauma-associated stimuli and social withdrawal/emotional numbing; and 3)
symptoms of hyperarousal, including outbursts of anger and an exaggerated startle response.
In the TERS paradigm, SRs may phenomenologically mimic episodes of re-experiencing.
To determine if mice manifest behavioral correlates of symptoms from the other two
clusters, we assessed social interaction, ASR, and aggression in TERS-exposed mice.
Although TERS-susceptible mice developed all of these behavioral sequelae of PTSD, we
observed the strongest differences between groups in ASR, and we also found that ASR
increased in an SR exposure-dependent manner (Figure S1 in Supplement 1). Startle testing
has a number of advantages as a methodology for translational research. It can be
objectively measured by a computer with great accuracy; it can be repeatedly tested to
assess the efficaciousness of therapies or disease progression (24); and it is an
endophenotype that can be measured in humans and mice that is mediated by conserved
neural circuitry (25,26). Thus, ASR testing can serve as an integrative research tool,
allowing more direct comparison between clinical and preclinical studies (26). For these
reasons, we suggest that the use of ASR in the TERS paradigm greatly increases the utility
of the model.

The neurobiological substrates of PTSD and resilience to traumatic stress remain unclear,
but the noradrenergic system has been proposed as a substrate for stress vulnerability
(27,28). Clinical studies demonstrate that PTSD patients manifest increased noradrenergic
outflow and/or receptor responsiveness that may contribute to symptomatology (5–
9,11,12,23,29–32). Similarly, TERS-susceptible mice may have elevated brain
noradrenergic release due to increased LC activation during stress. Both clonidine and
prazosin normalize the ASR and aggressive and social behaviors in these mice, further
supporting this idea. We do not know which noradrenergic projection regions contribute to
the behavioral correlates of PTSD symptoms in TERS-susceptible mice, but several of these
regions may mediate stress vulnerability, including the BNST (33), the VTA (34), and the
hippocampus (35). We found stress-induced c-Fos expression in TERS-susceptible and
TERS-resilient mice to be divergent in a number of brain areas, including the vBNST, VTA,
CeA, and LC. Presumably, prazosin and clonidine could exert their therapeutic effects in
any or all of these regions or in other areas not included in our study, such as the
hippocampus (35).

Adaptations in the noradrenergic system may also contribute to resilience (5–9,11,12,23,29–
32). The TERS-resilient mice show a trend toward decreased responsiveness to increased
noradrenergic outflow caused by yohimbine administration (Figure S4 in Supplement 1),
supporting the idea that an attenuated noradrenergic response may play a role in resiliency.
Further supporting this idea is the fact that TERS-resilient mice show decreased activation in
the vBNST, a brain region that receives one of the densest noradrenergic innervations in the
brain (36,37). Stress elevates NE release in the BNST (38), and activation of this brain
region has been linked to increased ASR and anxiety-related behaviors (39,40). Blockade of
NE receptors in this region has been shown to block the anxiogenic effects of stress (39).
One possible mechanism by which TERS-resilient mice could moderate noradrenergic
outflow in this and other regions is upregulation of neuropeptide Y and/or galanin activity.
Both of these neuropeptides are co-expressed in noradrenergic neurons (41), can inhibit LC
activity (42,43), and have been linked to resiliency in preclinical models of PTSD (3,17,33)
and in the case of neuropeptide Y, in clinical studies as well (44,45).
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Animal models of PTSD offer the opportunity to elucidate the neurobiological mechanisms
that lead to psychopathology or resilience in response to traumatic stress (1). The data
presented here suggest that the TERS model may be a valuable tool in understanding both of
these complex processes and provide further preclinical evidence for the dysregulation of
the noradrenergic system in the neuropathology of PTSD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Time line of the traumatic experience with reminders of stress protocol. Mice undergo
baseline acoustic startle response (ASR) testing and shock and no-shock groups are balanced
so the average baseline ASR of the two groups does not differ. The following day, mice are
exposed to the shock box. On the fourth day after the shock and every following fourth day
for a total of six exposures, mice were exposed to the situational reminder, during which
each mouse was restricted to the light chamber of the box for 1 minute. The day after the last
situational reminder or 25 days after the shock, mice were subjected to a second ASR test
(posttest 1). For about a month after posttest 1, mice in behavioral experiments underwent
behavioral testing. In c-Fos experiments, mice were euthanized 3 days after ASR posttest 1.
To demonstrate persistence of behavioral changes, some mice underwent a third ASR test
(posttest2) 56 days or 2 months after the shock. SR, situational reminder.
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Figure 2.
Traumatic experience with reminders of stress (TERS)-susceptible mice exhibit elevation of
acoustic startle response (ASR) that persists for up to 2 months after the shock. After
undergoing exposure to the TERS protocol, TERS-susceptible mice (black bars, n = 25)
show a significantly higher ASR than control mice (white bars, n = 30) during posttest 1,
almost 1 month following the shock. The TERS-resilient mice (gray bars, n = 13) did not
differ from control mice. An additional startle test was performed at 2 months postshock to
determine if the startle effect persisted over time. The TERS-susceptible mice showed a
higher ASR than control mice during posttest 2 (2 months after the shock), whereas TERS-
resilient mice did not differ from control mice. ***p < .001; *p < .05.
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Figure 3.
Traumatic experience with reminders of stress (TERS)-exposed mice do not extinguish fear
response. We assessed the conditioned fear response in TERS-susceptible (black bars),
TERS-resilient (gray bars), and control (white bars) mice by quantifying freezing behavior
during the last situational reminder (SR) and by measuring avoidance of an environment
similar to the shock chamber. (A) We indirectly measured freezing behavior in TERS-
exposed mice by quantifying locomotor activity during the sixth SR. Both TERS-susceptible
(n = 15) and TERS-resilient (n = 15) mice showed a significant decrease in locomotor
activation during the last SR compared with control mice (n = 27). Experimenter
observation confirmed that mice were engaged in freezing behavior during the SR, often
huddled in the corner opposite the door to the shock chamber. (B) Mice were exposed to a
light-dark box, a rectangular apparatus divided into a light and a dark chamber and therefore
similar to the shock box. Both TERS-susceptible (n = 29) and TERS-resilient (n = 14) mice
spent less time in the dark chamber than control mice (n = 27). *p < .05;**p < .01; ***p < .
001. LD, light-dark box.
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Figure 4.
Traumatic experience with reminders of stress (TERS)-susceptible mice show other
behavioral correlates of posttraumatic stress disorder symptoms. (A) We assessed aggressive
behavior in TERS-susceptible, TERS-resilient, and control mice using the resident-intruder
test. To measure extreme aggression, we quantified the frequency of violent attacks that
required separation to prevent physical injury before the end of the testing period. The
TERS-susceptible mice (black bars) showed an increased frequency of violent attacks
compared with control mice (white bars), whereas TERS-resilient mice (gray bars) did not
(Pearson χ2 = 8.009, df = 2) *p < .0182. (B) We assessed social behavior in TERS-
susceptible, TERS-resilient, and control mice using the social interaction test. The amount of
time the experimental mouse spent interacting with a stress-naïve, group-housed, novel
companion mouse in a neutral environment was quantified. The TERS-susceptible mice
(black bars) showed decreased social interaction time compared with control mice (white
bars), whereas TERS-resilient mice (gray bars) did not differ from control mice, *p < .05.
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Figure 5.
Traumatic experience with reminders of stress (TERS)-resilient and TERS-susceptible mice
show different patterns of neural activation following a stressor. We measured c-Fos
activation in stress-related brain regions following a 15-minute forced swim stressor in
TERS-exposed and control mice. (A) The TERS-susceptible mice (black bars, n = 10), but
not TERS-resilient mice (gray bars, n = 10), show elevated levels of c-Fos in the locus
coeruleus compared with control mice (white bars, n = 12). (B) The TERS-susceptible mice
show increased c-Fos activation in the central nucleus of the amygdala (n = 9–12), while
TERS-resilient mice show increased levels of c-Fos in the basal nucleus of the amygdala (n
= 8–14), compared with control mice. (C) The TERS-susceptible mice (n = 6), but not
TERS-resilient mice (n = 5), show elevated levels of c-Fos in the ventral tegmental area
compared with control mice (n = 11). (D) The TERS-resilient mice (n = 6), but not TERS-
susceptible mice (n = 15), show decreased levels of c-Fos in the ventral portion of the bed
nucleus of the stria terminalis compared with control mice (n = 10). *p < .05, **p < .01. BA,
basal nucleus of the amygdala; CeA, central nucleus of the amygdala; LA, lateral nucleus of
the amygdala; LC, locus coeruleus; MeA, medial nucleus of the amygdala; vBNST, ventral
portion of the bed nucleus of the stria terminalis; VTA, ventral tegmental area.
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Figure 6.
Administration of either clonidine or prazosin decreases the acoustic startle response (ASR)
in traumatic experience with reminders of stress (TERS)-susceptible mice. (A) Pretreatment
with clonidine (.005 or .01 mg/kg, subcutaneous), which activates noradrenergic α2-
adrenoreceptor autoreceptors, significantly decreased the ASR in TERS-susceptible mice (n
= 10–62) but had no effect on TERS-resilient (n = 10–58) or control (n = 11–57) mice at
either dose tested. (B) Blockade of postsynaptic α1-adrenoreceptors via administration of
the drug prazosin (.1 or .5 mg/kg, intraperitoneal) significantly decreased the ASR in TERS-
susceptible mice (n = 6–47) but had no effect on TERS-resilient (n = 10–43) or control (n =
13–49) mice. *p < .05, **p < .01. inj, injection.
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Figure 7.
Administration of either clonidine or prazosin normalizes aggressive behavior in traumatic
experience with reminders of stress (TERS)-susceptible mice. (A) Similar to uninjected
TERS-susceptible mice (Figure 3A), TERS-susceptible mice (black bars, n = 22) treated
with saline before the resident intruder test showed increased aggressive behavior compared
with control mice (white bars, n = 16) treated with saline, whereas TERS-resilient mice
(gray bars, n = 15) did not differ from control mice. *p < .05. In groups treated with either
clonidine (B) (.005 mg/kg) or prazosin (C) (.5 mg/kg), neither TERS-susceptible (n = 6–22)
nor TERS-resilient (n = 11–20) mice differed from control mice (n = 12–19). Neither drug
affected the behavior of control mice. (D) Similar to uninjected TERS-susceptible mice
(Figure 3B), TERS-susceptible mice (black bars, n = 26) treated with saline before the social
interaction test showed decreased social interaction compared with control mice (white bars,
n = 23) treated with saline, whereas TERS-resilient mice (gray bars, n = 19) did not differ
from control mice *p < .05. In groups treated with either clonidine (E) (.005 mg/kg) or
prazosin (F) (.5 mg/kg), neither TERS-susceptible (n = 6–22) nor TERS-resilient (n = 11–
19) mice differed from control mice (n = 12). Neither drug affected the behavior of control
mice.
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