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From Memory Impairment to Posttraumatic Stress
Disorder-Like Phenotypes: The Critical Role of an
Unpredictable Second Traumatic Experience

Charles Finsterwald, Adam B. Steinmetz, Alessio Travaglia, and Cristina M. Alberini
Center for Neural Science, New York University, New York, New York 10003

Arousal and stress critically regulate memory formation and retention. Increasing levels of stress produce an inverted U-shaped effect on
cognitive performance, including the retention of explicit memories, and experiencing a severe stress during a traumatic event may lead
to posttraumatic stress disorder (PTSD). The molecular mechanisms underlying the impairing effect of a severe stress on memory and the
key contribution of traumatic experiences toward the development of PTSD are still unknown. Here, using increasing footshock inten-
sities in an inhibitory avoidance paradigm, we reproduced the inverted U-shaped curve of memory performance in rats. We then show
that the inverted U profile of memory performance correlates with an inverted U profile of corticosterone level in the circulation and of
brain-derived neurotrophic factor, phosphorylated tropomyosin-receptor kinase B, and methyl CpG binding protein in the dorsal hip-
pocampus. Furthermore, training with the highest footshock intensity (traumatic experience) led to a significant elevation of hippocam-
palglucocorticoid receptors. Exposure to an unpredictable, but not to a predictable, highly stressful reminder shock after a first traumatic
experience resulted in PTSD-like phenotypes, including increased memory of the trauma, high anxiety, threat generalization, and
resistance to extinction. Systemic corticosterone injection immediately after the traumatic experience, but not 3 d later, was sufficient to
produce PTSD-like phenotypes. We suggest that, although after a first traumatic experience a suppression of the corticosterone-
dependent response protects against the development of an anxiety disorder, experiencing more than one trauma (multiple hits) is a
critical contributor to the etiology of PTSD.
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Increasing levels of stress produce an inverted U-shaped effect on memory retention. Humans experiencing an acute trauma may
develop posttraumatic stress disorder (PTSD), but the key contributions of trauma to PTSD formation are still unknown. This
study in rats shows that a single traumatic experience leads to memory impairment, accompanied by blunted activations of
circulating corticosterone and of plasticity molecular changes in the hippocampus. Experiencing a traumatic, unpredictable
reminder, but not a repetition of the same trauma (predictable), leads to high anxiety, threat memory generalization, and extinc-
tion failure, typical responses of anxiety disorders and PTSD. Thus, although a first trauma elicits inhibiting responses, which may
be protective, experiencing more than one unpredictable trauma is a critical contributor of PTSD etiology. j
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cognitive impairments and may cause or promote mental health
disorders (de Kloet et al., 2005; de Quervain et al., 2009). This
inverted U curve describing performance under the effect of
stress, known as the Yerkes—Dodson law, applies to numerous
functions, including memory (Calabrese, 2008). Indeed, increas-

Introduction
Although low levels of stress or arousal promote strong and adap-
tive behavioral responses, high or prolonged stresses can lead to
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ing levels of arousal or stress are beneficial for strengthening
memory up to an optimal level, after which, however, an addi-
tional rise in stress leads to a decrease or loss of memory (Cabhill
and McGaugh, 1996; Diamond et al., 2007; Sandi and Pinelo-
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Nava, 2007). Notably, this inverted U effect is observed in
hippocampal-dependent memories (Okuda et al., 2004; Salehi et
al., 2010; Kaouane et al., 2012), whereas simple memories, such
as cued threat conditioning or broadly speaking amygdala-
dependent tasks, exhibit a proportional increase in memory re-
tention with increasing stress levels (Cordero et al., 2002; Rau et
al., 2005). The inverted U effect of stress on memory is mimicked
by the stress hormones corticosteroids [corticosterone (cort) in
rodents and cortisol in humans], and this effect is mediated by
their low-affinity receptors, the glucocorticoid receptors (GRs).
In fact, administration of low doses of cortisol or cort facilitates
hippocampal-dependent memories in rodents (Okuda et al.,
2004; Kaouane et al., 2012) and declarative memories in humans
(Schilling et al., 2013), whereas high doses of cort lead to memory
impairment (de Quervain et al., 1998; Kaouane et al., 2012).

The formation and strength of long-term memory rely on a
process known as consolidation, which leads to a long-lasting
memory storage (McGaugh, 2000; Dudai, 2012). The consolida-
tion of hippocampal-dependent memories requires the activa-
tion of numerous molecular pathways, among which those
leading to cAMP response element-binding protein (CREB)-
dependent gene expression play an evolutionarily conserved role
(Alberini, 2009). The molecular mechanisms associated with
adaptive memory responses have been relatively well investig-
ated: protein kinase signaling patterns are associated with fear
memories (Tronson et al., 2012). Stress-induced memory
formation and enhancement (adaptive response) requires GR-
dependent activation of the mitogen-associated protein kinase
(MAPK) pathway, early growth response protein 1 pathways, and
synapsin-Ia/Ib. (Revest et al., 2005, 2010). Recently, we showed
that the consolidation of rat inhibitory avoidance (IA) memory
evoked by a footshock that induces a strong memory formation
requires that GRs in the hippocampus activate the brain-derived
neurotrophic factor (BDNF) and CREB pathways (Chen et al.,
2012a). Furthermore, autoregulation of BDNF expression sus-
tains its own activation for >24 h, thus allowing memory consol-
idation to occur. This molecular activation returns to baseline by
2 d after training (Bambah-Mukku et al., 2014). Finally, the
enhancement of fear memory induced by glucocorticoids re-
quires the BDNF—tropomyosin-receptor kinase B (TrkB) signal-
ing through extracellular signal-regulated kinase 1/2 MAPK
phosphorylation (Revest et al., 2014).

However, the molecular mechanisms underlying severe
stress-induced memory impairment remain to be understood. In
addition, it is not clear whether this memory impairment is at-
tributable to deficit of consolidation or retrieval/expression of the
memory. Itis also unknown how a traumatic event contributes to
the etiology of anxiety pathologies, such as acute stress disorder
or posttraumatic stress disorder (PTSD); indeed, although stress
and glucocorticoids are known to be critical contributors of the
PTSD etiology, only a fraction of ~10-20% of the individuals
exposed to a traumatic event actually develops PTSD (Kessler et
al., 2005; Pitman et al.,, 2012). Understanding the effect and
mechanisms underlying memory formation after a traumatic ex-
perience is important for understanding the etiology of acute
stress disorder and PTSD.

In this study, we sought to determine whether increasingly
stressful episodic experiences (i.e., increasing the intensity of the
footshock in an IA paradigm) in rats lead to the inverted U-curve
effect on memory retention. We then investigated the circulating
cort response and the molecular mechanisms in the dorsal hip-
pocampus and medial prefrontal cortex (mPFC) that accompany
the stress-memory inverted U effect. Finally, we characterized
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behavioral effects and mechanisms associated with trauma re-
experiencing in predictable and unpredictable conditions.

Materials and Methods

Animals. Long—Evans male rats weighing between 200 and 250 g at the
beginning of the experiments (~8-9 weeks old) were used. Rats were
housed by pair in a 12 hlight/dark cycle with ad libitum access to food and
water. Experiments were performed during the light cycle. Rats were
handled for 3 min/d for 5 consecutive days before any procedure. All
protocols complied with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the New York
University Animal Welfare Committee.

TA. TA was performed as described previously (Chen et al., 2012a). The
IA chamber (Med Associates) consisted of a rectangular Perspex box
divided into a safe and a shock compartment separated by an automati-
cally operated sliding door. The safe compartment was white and illumi-
nated, and the shock compartment was black and dark. During training,
rats were placed into the safe compartment with their heads facing away
from the door. After 10 s, the door separating the compartments was
opened automatically, allowing the rat access to the shock compartment.
The door closed 1 s after the rat entered the dark compartment, and a 2
$/0.6, 0.9, 1.5, or 3 mA intensity footshock was delivered to the grid floor
of the shock chamber via a constant current scrambler circuit. After
footshock, rats were allowed to stay 10 s in the dark compartment and
were then returned to their home cages. Memory retention was measured
at the indicated time points after training by placing the rat back into the
lit compartment and recording their latency (in seconds) to enter the
dark compartment. No footshock was administered during retention
tests. Test was terminated once the rat entered the dark compartment or
after a 900 s cutoff limit. Activity during retention test was measured as
the number of times a rat consecutively broke two of the four infrared
beams equally distributed in the light compartment. The unconditioned
stimulus (US), which was delivered in the experiment depicted in Figure
1C, was done by placing the rat into the dark compartment, immediately
followed by a 2 s electrical footshock. After the footshock, rats were
returned immediately to their home cages. The reminder shock (RS)
consisted of exposing the rats to a 2 s electrical footshock in a different
context, namely a transparent box placed in an illuminated room to
avoid any association with the dark compartment. Immediately after the
shock, animals were returned to their home cages. In retraining experi-
ments, rats were trained in IA and tested for memory retention 2 d later.
After entering into the dark compartment, rats received a footshock. If
memory reached the 900 s cutoff limit, the rat was gently forced to enter
into the dark compartment for retraining.

IA extinction. To elicit IA extinction learning, memory retention was
tested once a day for 5 consecutive days. In each session, after entering the
shock (dark) compartment, rats were confined there for 5 min. Animals
that exhibited the cutoff latency were gently forced into the dark com-
partment. At the end of the extinction protocol, rats received an RS to
elicit the reinstatement of extinguished memories. An alternative proto-
col of extinction used for experiments shown in Figure 5C consisted in
conducting IA testing twice a day with 30 min intervals between sessions
for 7 consecutive days.

IA context generalization. Rats were trained in IA, and memory was
tested in a different shuttle box (context B). This modified IA chamber
consisted of a rectangular Perspex box divided into a light and a dark
compartment with modified shape, wall colors and patterns, and a col-
ored plastic board in place of the floor grid.

Open-field test. The open-field test was conducted in a brightly illumi-
nated (210 lux) square arena (1 X 1 X 0.5 m). Rats were placed in a
corner of the arena, and activity was monitored for 10 min using a video
camera mounted above the center of the arena. Activity was analyzed by
an experimenter blind to experimental conditions. The open-field arena
was virtually divided into 16 identical squares. Animals’ activity was
measured by scoring the number of times they moved from one square to
another. Activity in the entire arena (total activity), activity in the four
squares composing the center of the arena (center activity), time spent in
the four squares composing the center of the arena (center time), and the
ratio of total activity over center activity were quantified.
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Figure1.

Inverted U function between IA memory retention and increasing footshock intensity; anxiety and context generalization. Experimental schedules are shown above each panel. 4, Data

are shown as mean == SEM latency expressed in seconds. Latency was measured at 2 d (T1) and 7 d (T2) after TR that was elicited with a 0.6, 0.9, 1.5, or 3 mA footshock. B, Data are expressed as the
number == SEM of beam breaks per minute. Animals’ activity was tested at 2 d (T1) and 7 d (T2) after training. €, Latency was tested 2 d after the presentation of the 0.6, 1.5, or 3 mA footshock as
an US (T1) and compared with the latency of a different group at TR. D, Latency was measured in context B (ctx B) 2 d after TR. E-H, Open-field test (OFT) after TR and an RS. Data are expressed as
the mean = SEM of total activity, center activity, center time, and center/total activity. Total activity in the arena (E), activity in the center of the arena (F), time spent in the center of the arena (@),
and ratio of center activity over total activity (H) were measured in naive and trained animals with a 0.6, 1.5, or 3 mA footshock 2 d after training. *p << 0.05, **p << 0.01, ***p << 0.001.

Whole protein extracts, synaptoneurosomal preparations, and West-
ern blots were performed as described previously (Chen et al., 2012a).
Dorsal hippocampi or mPFC were dissected rapidly in cold dissection
buffer (in mm: 2.6 KCl, 1.23 sodium phosphate monobasic, 26 sodium
bicarbonate, 5 kynurenic acid, 212 sucrose, 10 dextrose, 0.5 CaCl,, and 1
MgCl,), followed by homogenization in buffer containing 10 mm
HEPES, 2 mm EDTA, 2 mm EGTA, 0.5 mm DTT, 2 mm NaF, 1 um
microcystin, 1 mm benzamidine, and phosphatase and protease inhibitor
mixtures (Sigma-Aldrich). A glass—Teflon homogenizer was used, and
homogenates were either used directly for obtaining whole extracts or
filtered sequentially through a 100 wm nylon mesh filter and a 5 um
nitrocellulose filter to generate synaptoneurosome preparations. Synap-
toneurosome fractions were next obtained by resuspending pellets in
homogenization buffer after centrifugation at 1000 X g for 10 min. For
whole protein extracts, 0.2 M NaCl was added to lysates before Polytron
homogenization. Protein concentrations were determined using the Bio-
Rad protein assay (Bio-Rad). For Western blot analyses, equal amounts

of protein (10—20 ug) to which 10% B-mercaptoethanol was added were
resolved using 10-15% denaturing SDS-PAGE and transferred to
Immunobilon-FL PVDF membranes (Millipore) by electroblotting. The
following primary antibodies were used: actin (1:2000; Santa Cruz Bio-
technology), activity-regualted cytoskeleton-associated protein (Arc;
1:1000; Synaptic Systems), BDNF (1:200; Santa Cruz Biotechnology),
phospho(Ser3)—cofilin (1:1000; Cell Signaling Technology), phospho-
(Ser133)—CREB (1:1000; Millipore), CREB (1:1000; Cell Signaling Tech-
nology), methyl CpG binding protein (MeCP2; 1:1000; Cell Signaling
Technology), phospho(Y817)-TrkB (1:1000; Abcam), and TrkB (1:1000;
Cell Signaling Technology). The following secondary antibodies were
used: anti-mouse IRDye 680 (1:10,000; LI-COR) or anti-rabbit IRDye
800 (1:10,000; LI-COR). Membranes were scanned using the Odyssey
Infrared Imaging System (LI-COR), and images were analyzed with Im-
age Studio software (LI-COR). Integrated intensities were normalized to
corresponding values for actin expression and expressed as fold changes
relative to the control value.
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Cort analysis. Plasma cort levels collected from trunk blood were ana-
lyzed using Cayman EIA corticosterone kit (Cayman Chemical Com-
pany), according to the instructions of the manufacturer.

Cort injections. Different doses of cort (0.5, 3.0, and 10.0 mg/kg;
Sigma-Aldrich) were dissolved in 5% ethanol and administered subcu-
taneously. Control animals were injected with vehicle. All preparations of
cort were made fresh before injections.

Statistical analyses. Statistical analyses were performed using one- or
two-way ANOVA followed by Tukey’s HSD post hoc test for Western blot
experiments, Bonferroni’s post hoc test for behavioral experiments, or
Dunnett’s post hoc test when all groups were compared with a single
control. Unpaired or paired two-sided Student’s t tests were used to
compare values from two independent sets of data or data from repeated
measures on single animals, respectively.

Results

IA memory retention follows an inverted U function with
increasing footshock intensity

To examine the effect of increasing levels of stress on long-term
memory, A training (TR) in rats was elicited using increasing
footshock intensities (0.6, 0.9, 1.5, and 3 mA), and memory re-
tention was tested 2 and 7 d after training (T1 and T2, respec-
tively). As shown in Figure 1A, although, compared with
acquisition, all groups of rats had significant memory retention,
increasing footshock intensity produced retention latencies that
followed an inverted U curve at both T1 and T2. Two-way
ANOVA comparing latencies across shock intensity (0.6, 0.9, 1.5,
and 3 mA) and tests (T1 and T2) showed a significant effect of
shock intensity (F,,,, = 12.60, p < 0.001), no effect of test
(F2.72) = 0.154, p = 0.704), and no shock intensity X test inter-
action (F, 5, = 0.54, p = 0.655; n = 10). Bonferroni’s post hoc
tests revealed that, compared with 0.6 mA, memory evoked by 1.5
mA footshock was significantly increased at T1 (p = 0.005) and
T2 (p = 0.001). However, 3 mA footshock led to a significant
memory decrease when compared with 1.5 mA at both T1 (p =
0.002) and T2 (p = 0.026).

Locomotor activity did not change with shock intensity
and/or day of test (Fig. 1B), as revealed by two-way ANOVA
comparing activity across shock intensity (F,,,, = 1.75, p =
0.164), day of test (F; ¢ = 0.11, p = 0.741), and shock inten-
sity X day of test interaction (F(, ,,) = 0.20, p = 0.894; n = 8).
Exposure to the footshocks alone (US) did not elicit any IA la-
tency 2 d later (T1; Fig. 1C; one-way ANOVA comparing latency
at acquisition and T1, F, o) = 1.05, p = 0.411; n = 7-8).

Because strong contextual memories may generalize to differ-
ent contexts (Vervliet et al., 2013), we tested the retention of the 3
mA-induced memories in a context different from that where train-
ing occurred (context B). The 0.6 mA- and 1.5 mA-trained groups
were used for comparison. Memory was tested in context B two days
after training (T1). As shown in Figure 1D, only rats trained with a 3
mA footshock exhibited significant context generalization after
training, as revealed by their significantly higher latency for
context B compared with that of rats trained at 0.6 mA.

The open-field test was used to assess anxiety-like behavior
revealed by total activity, activity in the center of the arena,
time spent in the center of the arena, and the ratio of center/
total activity, 2 d after training elicited by 0.6, 1.5, or 3 mA
footshock (Fig. 1E-H ). One-way ANOVA showed no differ-
ences after training among the groups (n = 10-12) in total
activity (F, ,9) = 1.20, p = 0.319), center activity (F, o) =
2.34, p = 0.085), and time spent in the center of the arena
(Fi2.79) = 2.56, p = 0.066; Fig. 1E-G), whereas a significant
decrease of the ratio of center activity/total activity was ob-
served only in the 3 mA-trained group when compared with
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the naive or 0.6 mA-trained group [F, ;) = 4.88, p = 0.005;
Bonferroni’s post hoc test showed significant differences of 3
mA-trained group compared with the naive or 0.6 mA-trained
group (p = 0.025 and p = 0.014, respectively; Fig. 1H)].

Together, these data indicate that the retention of A memory
elicited by increasing footshock intensity follows an inverted U
distribution and that only the rats trained with the highest shock
intensity, which leads to memory impairment, show significant
anxiety and generalization.

Molecular correlations of the inverted U memory retention
curve: inverted U concentrations of hippocampal levels of
BDNF, pTrkB, and MeCP2

In search for mechanisms underlying the inverted U memory
retention curve in response to stress, we examined molecular
changes in the dorsal hippocampus and mPFC, brain regions
known to be involved in contextual threat and traumatic memo-
ries encoding, consolidation, and expression (Squire et al., 2004;
Maren et al., 2013). Molecular investigations were performed on
the groups of rats that represent the inverted U memory retention
curve, i.e., after a 0.6, 1.5, or 3 mA footshock-induced training.

Western blot analyses of dorsal hippocampal extracts were
done at 1 h and/or 20 h after training, time points at which pre-
vious studies established that IA training elicits significant
changes in plasticity markers in the dorsal hippocampus (Al-
berini, 2009; Chen et al., 2012a). Specifically, we determined the
levels of Arc, pCREB, BDNF, pTrkB, and pcofilin, all of which
have been reported previously to have a critical role in long-term
plasticity and memory formation (Silva et al., 1998; Cunha et al.,
2010; Chen et al., 2012a). Furthermore, because MeCP2 plays a
key role in the regulation of BDNF expression (Chahrour et al.,
2008) and contributes critically to synaptic plasticity, learning,
and memory (Na et al., 2013), we also monitored the expression
levels of this transcriptional regulator. Finally, we investigated the
expression level of GRs, because they play a critical role in stress
response and memory consolidation (Chen et al., 2012a; Finster-
wald and Alberini, 2014).

As shown in Figure 2A, compared with naive conditions, at 1 h
after training, there was a significant induction of Arc [one-way
ANOVA (F(, o5) = 4.16, p = 0.016; n = 7—-8) followed by Dun-
nett’s post hoc tests at 0.6 mA (p = 0.036), 1.5 mA (p = 0.003),
and 3 mA (p = 0.026)] and pCREB [one-way ANOVA (F, g,y =
4.23,p = 0.01; n = 7-8) followed by Dunnett’s post hoc test at 0.6
mA (p = 0.008), 1.5 mA (p = 0.013), and 3 mA (p = 0.014)].
Levels of BDNF, pTrkB, and GR did not change (data not shown).
Thus, the initial activation or induction of fundamental hip-
pocampal plasticity mechanisms critical for long-term memory
formation occurs in all conditions, irrespectively of the intensity
of the threat and memory performance.

The significant increase in pCREB persisted at 20 h after train-
ing in all groups [Fig. 2B; one-way ANOVA (F, ;5 = 9.26, p <
0.001; n = 15-16) followed by Dunnett’s post hoc test at 0.6 mA
(p=10.034), 1.5mA (p < 0.001), and 3 mA (p = 0.001)]. How-
ever, at 20 h after training, a time point at which a relatively mild
footshock is known to increase the expression of BDNF
(Bambah-Mukku et al., 2014), the levels of BDNF and synaptic
pTrkB displayed an inverted U profile that paralleled that of
memory retentions. One-way ANOVA (F, 43, = 4.71, p = 0.06;
n = 10-12) followed by Tukey’s HSD post hoc test revealed that
BDNEF levels increased significantly after training with 1.5 mA
compared with naive (p = 0.005), but that 3 mA training signif-
icantly decreased BDNF levels compared with 1.5 mA training
(p = 0.049; Fig. 2B). Statistical analysis of pTrkB expression in
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synaptoneurosomal fractions by one-way
ANOVA (F06) = 657, p = 0.01; n =
15-16) followed by Tukey’s HSD post hoc
test revealed a similar significant increase
of pTrkB at 1.5 mA compared with naive
(p = 0.008) and a significant decrease at 3
mA compared with 1.5 mA (p = 0.001;
Fig. 2B). Analysis of pTrkB expression lev-
els also in the whole dorsal hippocampus
extract had a similar inverted U profile
with increasing shock intensities (data not
shown). Furthermore, pcofilin also dis-
played an inverted U profile, but the
changes did not reach any statistical sig-
nificance [one-way ANOVA (F( 5, =
0.93, p = 0.436; n = 12)]. The concentra-
tion of MeCP2 also followed an inverted
U profile at 20 h after training; one-way
ANOVA (F, 4, = 6.46, p = 0.001; n =
10) followed by Tukey’s HSD post hoc test
revealed a significant increase of MeCP2
at 1.5 mA compared with naive (p =
0.001) and a significant blunting at 3 mA
compared with 1.5 mA (p = 0.011). The
levels of GRs were significantly higher at
20 h after training only in the 3 mA-
trained group compared with naive [one-
way ANOVA (F(, ¢,y = 5.57, p = 0.003;
n = 8-12) followed by Dunnett’s post hoc
test (p < 0.001); Fig. 2B].

In the mPFC, we tested the 20 h post-
training time point. Although it appeared
that BDNF and pcofilin displayed a trend
toward an inverted U profile, none of the
markers changed significantly with in-
creased footshock intensity at training com-
pared with the naive condition (Fig. 2C), as
revealed by one-way ANOVA for the ex-
pression of pCREB (F(, 95y = 0.04, p =
099 n = 8), BDNF (Fe5 = 0.30,
p = 0.827; n = 4), pcofilin (F, o5y = 1.79,
p = 0173 n = 8), MeCP2 (Fj540, =
0.55, p = 0.657; 1 = 4), GR (F(5.95) = 0.32,
p=0.807;n=8),and pTrkB (F, o5, = 0.32,
p = 0.807; n = 8). Finally, no changes in
CREB and TrkB total protein levels were
found in the dorsal hippocampus or mPFC
(data not shown). Together, these data indi-
cate that some hippocampal markers critical
for plasticity and memory consolidation,
such as Arc and pCREB, are induced by
training independently of the intensity of
the footshock—and hence threat— experi-
enced and independently of the inverted U

<«

BDNF, pcofilin (pcof.), MeCP2, and GR in dHPC total fraction
and of pTrkB in synaptoneurosomal fraction at 20 h after train-
ing elicited with a 0.6, 1.5, or 3 mA footshock. €, Expression of
pCREB, BDNF, pcof., MeCP2, and GR in mPFC total fraction and
of pTrkB in mPFC synaptoneurosomal fraction at 20 h after
training elicited with a 0.6, 1.5, or 3 mA footshock. *p << 0.05,
**p <001, ***p < 0.001.
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effect on memory retention. However, interestingly, the concentra-
tion of BDNF, pTrkB, and MeCP2 in the dorsal hippocampus par-
allels the inverted U profile of memory retention.

The impaired memory is reinstated by a reminder shock

To determine whether the memory deficit of the 3 mA group
results from a disruption of memory consolidation, therefore
reflecting loss of memory formation, or a deficit in memory re-
trieval or expression, we administered a reminder footshock (RS)
in a different context that had no associations with the dark com-
partment, a procedure known to reinstate decreased threat mem-
ory responses such as that observed in extinction training (Inda et
al., 2011). Hence, rats trained with a 3 mA footshock were given
an RS of the same intensity 1 d after T2 and were tested 1 d later
(T3). As shown in Figure 3A, one-way ANOVA followed by Bon-
ferroni’s post hoc tests revealed that memory was reinstated sig-
nificantly after RS [(F;35 = 16.36, p < 0.001; n = 10; T3
compared with T1 and T2, p < 0.001 for both)], and most rats
reached the maximal (cutoff) latency level, indicating that the
decrease in retention was likely attributable to impaired memory
retrieval or expression rather than impaired consolidation. Ad-
ministering the 3 mA RS 1 d after T1 (Fig. 3B; paired two-sided
Student’s t test, p < 0.001; n = 9) or 1 d after training without
previous testing (Fig. 3C; n = 8) also increased significantly mem-

ory retention and produced latencies that were almost all at the
maximal level (cutoff latency). Hence, a 3 mA RS given at 1, 3,
or 8 d after training, irrespectively of posttraining testing session,
converts a high-stress-induced memory impairment into a very ro-
bust memory expression. Furthermore, the 3 mA-induced memory
after the RS of the same intensity in a different context significantly
increased memory generalization, which was not found in the other
groups of rats trained at 3 mA and exposed to an RS of either 0.6 or
1.5 mA (Fig. 3D).

Finally, the 3 mA RS after 3 mA training promoted significant
anxiety-like behavior. All the open-field measures were signifi-
cantly and dramatically reduced compared with naive controls
[Fig. 3E—H; unpaired two-sided Student’s ¢ test (n = 17-18) in
total activity (p < 0.001), center activity (p < 0.001), center time
(p < 0.001), and center/total activity (p = 0.001)].

Together, these results indicate that a highly stressful re-
minder of the traumatic experience significantly reinstates reten-
tion of the memory, which additionally generalizes to other
contexts, and dramatically increases anxiety-like behavior.

The blunted induction of BDNF, pTrkB, and MeCP2 after a
traumatic event does not change after the RS

We then asked whether molecular changes that occur after train-
ing were influenced by the administration of an RS that, as shown
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Western blot examples are shown above each quantitative panel. 4, Levels of pCREB, BDNF, pcofilin (pcof.), MeCP2, and GR in the total fraction and of pTrkB in the synaptoneurosomal fraction of the
dHPCafter 3 mA training followed by an RS compared with levels in naive animals. B, Levels of pCREB, BDNF, pcof., MeCP2, and GRin the total fraction and of pTrkB in the synaptoneurosomal fraction
of the mPFC after 3 mA training followed by an RS compared with the levels in naive animals. *p << 0.05, **p < 0.01.

in Figure 3A—C, dramatically increases or reinstates memory re-
tention. In particular, we asked whether BDNF and pTrkB con-
centrations, which exhibit inverted U profiles after training,
correlate with the levels of memory retention or the traumatic
aspect of the first experience. Rats were trained at 3 mA and 1 d
later received an RS of the same shock intensity. Hippocampal
and mPFC levels of pCREB, BDNF, pcofilin, MeCP2, and GR in
total fractions, as well as synaptic pTrkB, were quantified at 20 h
after the RS and compared with levels of naive rats. In the dorsal
hippocampus, although pCREB (p = 0.005; n = 15-16) and GR
(p = 0.026; n = 8-10) remained significantly elevated after the
RS, to a level comparable with that found after training, BDNF
(p=0.17;n=11-12), pTrkB (p = 0.77; n = 8-9), pcofilin (p =
0.75; n = 8), and MeCP2 (p = 0.096; n = 12) levels remained
completely blunted (Fig. 4A). In the mPFC, exposure to an RS did
not change the expression of any of the marker tested (Fig. 4B), as
revealed by unpaired two-sided Student’s ¢ tests for pPCREB (p =
0.43), BDNF (p = 0.42), pcofilin (p = 0.44), MeCP2 (p = 0.9),
GR (p = 0.42), and pTrkB (p = 0.3; n = 8 per group). The
expression levels of total CREB and total synaptic TrkB in the
dorsal hippocampus or mPFC did not change among groups
(data not shown).

These data indicate that, although memory expression is in-
creased significantly by the RS, the levels of hippocampal BDNF,
pTrkB, and MeCP2 remain blunted, suggesting that these hip-
pocampal changes are not targets of the RS effect and that the
decreased activation of these hippocampal markers correlates
with the experience of a severe episodic stress rather than the
levels of memory expression or performance.

The unpredictability of the RS is key for eliciting PTSD-like
phenotypes, including extinction failure

Because failure of extinction is another characteristic phenotype
of traumatic memories associated with PTSD (Cain et al., 2012;
Steckler and Risbrough, 2012; Parsons and Ressler, 2013), we
assessed extinction learning in rats that received a 3 mA foot-
shock training followed by a 3 mA RS and compared it with
extinction curves of memories induced by lower shock intensities
(i.e., 0.6 mA).

Using a protocol that rapidly produces IA extinction as it
confines the animal to the dark side of the IA chamber for a
prolonged time (5 min) in the absence of footshock, we first
determined the extinction profile of a traumatic memory formed
after 3 mA footshock training. As shown in Figure 54, A memory
extinguished rapidly. Latencies were analyzed throughout the ex-
tinction protocol (E1-E5) using one-way ANOVA (F; 59, = 3.29,
p = 0.014; n = 8) followed by Dunnett’s post hoc test [E1 vs E2
(p=0.084), E1 vs E3 (p = 0.036), E1 vs E4 (p = 0.016), and E1
vsE5 (p=0.019)]. An RS delivered after the last extinction trial
reinstated the memory (paired two-sided Student’s ¢ test com-
paring E5 and T1 p = 0.002), hence validating the extinction
protocol.

We then tested extinction learning of the memory elicited
after the RS and asked whether/how the intensity of the initial
training and/or of the RS influences extinction. Hence, we com-
pared the extinction curve of memories elicited by 0.6 or 3 mA TR
followed by either a 0.6 or a 3 mA RS. As shown in Figure 5B, the
memories elicited with a 0.6 mA TR followed by either a 0.6 or 3
mA RS, as well as memories elicited with a 3 mA TR followed by
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Training with a strong footshock followed by a strong RS elicits extinction-resistant memories. Experimental schedule is shown above each panel. Data are expressed as the mean =+

SEM of latency (in seconds) to enter the dark compartment. 4, Memory was tested for 5 consecutive days from day 2 after 3 mA-induced training (E1-E5). At the end of each testing session, animals
were enclosed for 5 mininto the dark compartment of the IA chamber to promote memory extinction. An RS of the same intensity as that received at training was delivered (Figure legend continues.)
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a 0.6 mA RS, were all significantly and similarly sensitive to ex-
tinction. In contrast, compared with these, the memory induced
by a3 mA TR followed by a 3 mA RS was significantly resistant to
extinction as shown by one-way ANOVA at E1 (F(, ¢y = 1.83,
P =0.167), E2 (F 5 49) = 5.26, p = 0.006), E3 (F(5.90) = 10.04, p <
0.001), E4 (F, 99) = 9.04, p < 0.001), and E5 (F g9y = 7.14, p =
0.001) followed by Bonferroni’s post hoc tests (p < 0.001 from E1
to E5 for the 3 mA TR plus 3 mA RS group compared with the
three other groups; n = 6-8). A second RS after the last trial
significantly reinstated the extinguished memories in all groups,
thus validating the extinction protocol [paired two-sided Stu-
dent’s t test revealed significant memory reinstatement after an
RS (E5 vs T2): 0.6 mA TR plus 0.6 mA RS (p = 0.01), 0.6 mA TR
plus 3mA RS (p = 0.027), 3 mA TR plus 0.6 mA RS (p = 0.009),
and 3 mA TR plus 3 mA RS (p = 0.007)]. These results were
confirmed using a similar extinction paradigm that excluded the
testing before exposure to the RS (data not shown), as well as
another extinction protocol that consisted of exposing the rats to
repeated testing trials for 7 consecutive days [Fig. 5C; mean la-
tency between 0.6 mA training plus RS and 3 mA training plus RS
were compared using unpaired two-sided Student’s t tests:
El (p=0.073),E2 (p = 0.083),E3 (p = 0.058), E4 (p = 0.15), E5
(p = 0.07), E6 (p < 0.001), E7 (p = 0.007), E8 (p < 0.001), E9
(p =0.001), E10 (p < 0.001), E11 (p = 0.003), E12 (p < 0.001),
E13 (p =0.022),and E14 (p = 0.009); the mean latencies at E14 and
T2 were compared using paired two-sided Student’s  tests for the 0.6
mA group (p = 0.011) and the 3 mA group (p = 0.26); n = 8].

Together, these results indicate that two severely stressful ex-
periences (traumatic experiences) are critical for generating
memories that are resistant to extinction, a hallmark of traumatic
memories associated with PTSD (Cain et al., 2012; Steckler and
Risbrough, 2012).

The unpredictability in experiencing a stressor appears to criti-
cally contribute to the development of trauma-induced psychopa-
thologies in humans (Grupe and Nitschke, 2013) and animal models
(Foa et al., 1992). To investigate the contribution of the unpredict-
ability of the second traumatic experience to the behavioral
phenotypes, we compared the extinction curves and memory gen-
eralization of rats that underwent a 3 mA-induced TR followed by
either a 3 mA RS (given in a context different from training) or a
second identical training trial with 3 mA footshock (2TRs). As
shown in Figure 5D, memories elicited by 2TRs exhibited rapid ex-

<«

(Figure legend continued.) 1d after E5 and memory was tested for reinstatement 1d later (T1).
#p << 0.05 (vs T1); %%p < 0.01 (E5 vs T1). B, Memory was tested 2 d after training elicited with
0.6 or3mAintensity. One day after T1,an RS of 0.6 or 3 mA intensity was delivered, and memory
was tested for 5 consecutive days (E1-E5) with the same protocol described in A. An RS of the
sameintensity as that received at training was delivered 1d after E5, and memory was tested 1d
later for reinstatement (T2). Data are expressed as the mean == SEM of latency (in seconds) to
enter the dark compartment. ***p < 0.001; %p < 0.05 and °p < 0.01 (E5 vs T2). €, Rats
trained with 0.6 or 3 mA intensity footshock were tested 2 d after training (T1). An RS of the
same intensity as during training was delivered 1d later, and rats were tested twice a day with
an intra-testing interval of 30 min for 7 consecutive days (E1—E14). One day after E14, an RS
(RS2) was delivered, and memory was tested 1d later (T2). *p << 0.05, **p < 0.01, ***p <
0.001; §p < 0.05 (T15 vs T16). D, Re-experiencing the same traumatic experience does not
elicit a traumatic memory phenotype. Memory was tested at 2 d after a 3 mA training (T1). At
the end of T1, rats were either retrained at 3 mA intensity (TR2) or were exposed toa 3 mARS.
Extinction protocol was given for 5 consecutive days (E1—E5). One day after E5, an 3 mA RS was
delivered, and memory was tested 1 d later (T2) for reinstatement. *p << 0.05, **p << 0.01,
6% < 0.001; 5p << 0.01and %% < 0.001 (E5 vs T2). E, Two days after training elicited with
a3 mAfootshock, rats were leftin theirhome cages (—), retrained at 3 mA, or exposed toa 3 mA
RS, and memory was tested for IA generalization in a modified context (ctx B) 1 d later (T1).
*p < 0.05, **p < 0.01.
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tinction, in marked contrast to extinction-resistant memories elic-
ited by TR followed by an RS [unpaired two-sided Student’s ¢ tests
comparing latencies between groups that were exposed to either
2TRs (n = 8) or TR followed by an RS (n = 7) at E2 (p = 0.048), E3
(p=0.015),E4 (p =0.005),and E5 (p < 0.001)]. An RS after the last
extinction test significantly reinstated extinguished memories, thus
validating the extinction protocol [paired two-sided Student’s ¢ tests
comparing latencies between E5 and T2 (p < 0.001) and (p =
0.007)]. In addition, memory generalization of rats that received
2TRs at 3 mA was similar to that of rats that had a single TR, whereas
rats that received a TR plus RS exhibited a significantly increased
memory generalization compared with rats exposed to one or two
training trials [Fig. 5E; one-way ANOVA (F; 4, = 6.845, p = 0.005;
n = 8) followed by Bonferroni’s post hoc tests; 3 mA TR vs 3 mA TR
plusRS (p =0.01) and 3mA 2TRsvs 3mA TR plus RS (p = 0.016)].

Thus, despite the fact that the rats were exposed to two trau-
matic experiences of the same physical intensity, only those who
received a second traumatic event in an unpredictable context
developed behavioral phenotypes similar to PTSD.

Cort response is blunted with high shock; cort administration at
training with high shock, but not at later times, is sufficient to
induce PTSD-like phenotypes

The levels of circulating cort after training with different shock
intensity were determined. As shown in Figure 64, an inverted U
profile of cort plasma levels was found 30—45 min after training
with the different shock intensities. One-way ANOVA (F; ;) =
6.90, p = 0.008; n = 7—8) followed by Tukey’s HSD post hoc tests
revealed that, compared with naive animals trained with 0.6 mA,
showed a trend toward an increase in cort plasma level (p = 0.19)
and animals trained with 1.5 mA had a robust and significant
elevation of plasma cort (p = 0.001), which was also significantly
higher than that found with 0.6 mA (p = 0.01). Conversely,
training with 3 mA significantly decreased the cort plasma level
compared with 1.5 mA training (p = 0.042). A similar experi-
ment done 10 min after training also showed a significant de-
crease in cort plasma level in 3 mA-trained rats compared with
1.5 mA trained rats (data not shown). Thus, we hypothesized that
the decrease in circulating cort after high threat may result froma
blunted cort synthesis. If that were the case, administering cort at
training with 1.5 or 3 mA shock would produce opposite out-
comes. Indeed, in line with this hypothesis, one-way ANOVA
(F3.20) = 34.42, p < 0.0001; n = 7-8) followed by Tukey’s HSD
post hoc tests revealed that, compared with vehicle, a subcutane-
ous injection of cort (10 mg/kg) immediately after training sig-
nificantly impaired a 1.5 mA memory (p < 0.001) and
significantly enhanced a 3 mA memory (p < 0.001) tested 2 d
later (Fig. 6B).

Furthermore, the cort-injected rats after 3 mA footshock train-
ing, but not after 1.5 mA footshock training, had significantly in-
creased memory generalization compared with the 1.5 mA—vehicle
(p < 0.001), 1.5 mA—cort (p < 0.001), and 3 mA—vehicle (p <
0.05), as revealed by one-way ANOVA (F; ,5, = 10.44, p < 0.001)
followed by Tukey’s HSD post hoc test. There were no other signifi-
cant differences between the other groups (Fig. 6C).

Cort administration after a 3 mA footshock training also aug-
mented anxiety-like behaviors: all open-field measures were re-
duced significantly compared with naive controls [Fig. 6D-G;
unpaired two-sided Student’s ¢ test (n = 8) in total activity (p <
0.001), center activity (p < 0.001), center time (p < 0.001), and
center/total activity (p < 0.001)]. There was also a significant
decrease in center/total activity for the 3 mA-vehicle-treated
group compared with naive animals (p < 0.001).
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Systemic cort administration immediately after a strong footshock training is sufficient to produce PTSD-like phenotype. 4, Plasma cort levels at 30 — 45 min after training (TR) elicited

witha 0.6, 1.5, 0r3 mAfootshock. B, Systemicinjection of cort, compared with vehicle (Veh), immediately after training with 1.5 or 3 mA footshock leads to opposite effects on 1A latency (in seconds)

tested 2 d later. €, Latency of the groups of rats described in B exposed to a new context (ctx) 2

d after TR. D-G, Open-field test (OFT) performed on the groups of rats described in B and compared

with naive rats. Data are expressed as the mean == SEM of total activity, center activity, center time, and center/total activity. Total activity in the arena (D), activity in the center of the arena (E), time

spent in the center of the arena (F), and ratio of center activity over total activity (G). H, Extincti

ion curves after TR with 1.5 or 3 mA shock and vehicle or cort injection Data are expressed in latency

(in seconds). 1, Extinction curves of memory first tested 2 d after training (T1) with either 1.5 or 3 mA footshock, injected 1 d later with cort (0.5, 3.0, or 10.0 mg/kg) or vehicle (Veh), and, starting 1d

later, undergone extinction for 5 consecutive days (E1-E5). One day after E5, an RS was given an

d memory was tested 24 h later (T2). Data are expressed in latency (in seconds). p << 0.001, E5 versus

T2 for all groups except for cort at 0.5 mg/kg in the 3 mA group at p << 0.01.J, Plasma cort levels were measured at 45— 60 min after RS or a second training trial (TR2) delivered 1 d after the original

training and compared with those of naive animals. *p << 0.05, **p << 0.01, ***p < 0.001.

Cort administration after 3 mA but not 1.5 mA training also
resulted in a memory resistant to extinction (Fig. 6H ). Extinction
training began 3 d after training. A one-way ANOVA across ex-
tinction sessions, at E1 (F; 55, = 22.37, p < 0.001), E2 (F; ,5) =
40.94, p < 0.001), E3 (F(3.,3) = 100.2, p < 0.001), E4 (F (53 =
58.75, p < 0.001),and E5 (F; 3y = 31.65, p < 0.001) followed by
Bonferroni’s post hoc tests revealed a significant slower extinction
for the 3 mA cort-injected group compared with vehicle injected
and both 1.5 mA trained rats (p < 0.001 on E1-E5 for 3 mA with
cort compared with 1.5 mA-vehicle, 1.5 mA—cort, and 3 mA-
vehicle groups; p < 0.05 on El for 1.5 vehicle group compared
with 1.5 mA—cort and 3 mA-vehicle groups). All of the other

groups had comparable extinction. These extinction curves did
not change if an RS was added 2 d after training, except for the 3
mA trained rats injected with vehicle, which with RS showed
PTSD-like phenotypes (data not shown).

However, cort administered 3 d after training, thus given in
the place of the RS, failed to elicit both latency increase and ex-
tinction resistance. cort (0.5, 3.0, or 10 mg/kg) injected subcuta-
neously 24 h after the first test (T1) to rats trained with 1.5 or 3
mA footshock did not change latencies or the extinction curve in
either group (Fig. 6I), as determined by a one-way ANOVA for
the 1.5 mA group (n = 6) at E1 (F5,,) = 0.93, p = 0.442), E2
(Fis7) = 040, p = 0.756), E3 (F(3,, = 031, p = 0.814), B4
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(Fis.07) = 0.93, p = 0.442), and E5 (F (5, = 0.35, p = 0.791),
and for the 3 mA group (n = 6) at E1 (F(5 ,,, = 0.56, p = 0.648),
E2 (F(5y) = 0.35, p = 0.787), E3 (F(3.7, = 0.29, p = 0.834), E4
(Fi3.27) = 0.31,p = 0.815), and E5 (F 5., = 0.30, p = 0.824). An
RS given after the last extinction test significantly reinstated the
extinguished memories, hence validating the extinction protocol
(E5vs T2, p < 0.001 for all groups except 0.5 mg/kg cort in the 3
mA group at p < 0.001).

Together, these results show that cort administered immedi-
ately after 3 mA training but not days later is sufficient to elicit the
PTSD-like phenotypes.

Analyses of plasma cort levels 45— 60 min after either the 3 mA
TR plus RS or 2TRs revealed that, compared with naive rats, both
groups had a significant elevation of cort concentrations. The
increase after RS was significantly higher than that detected after
a second training trial [Fig. 6]; one-way ANOVA (F, 4y = 23.08,
p < 0.001; n = 6-8) followed by Tukey’s HSD post hoc tests;
naive vs 2TRs (p < 0.001), naive vs TR plus RS (p < 0.001), and
2TRs vs TR plus RS (p < 0.05)].

Together, these data indicate that a first traumatic experience
blunts both cort surge and memory expression; this memory is
readily extinguishable. However, a second unpredictable, but not
a predictable, traumatic experience converts the blunted re-
sponse in PTSD-like phenotypes. Notably, increasing cort during
the first traumatic experience, but not at later times, in lieu of a
second unpredictable trauma is sufficient to elicit the PTSD-like
phenotypes.

Discussion

We showed that, in rats, increasing the severity of stress in a
contextual experience produces an inverted U effect on memory
retention, which is a characteristic effect of complex cognitive
performance in humans (Diamond et al., 2007). The memory
decrease elicited by a strong footshock during a first traumatic
experience correlates with blunted circulating cort response and
blunted hippocampal activation of BDNF, pTrkB, and MeCP2,
but not of pCREB and Arc. A reminder of the traumatic experi-
ence in a different context, but not a repetition of the experience
in the same context, elicits PTSD-like behavioral phenotypes that
include strong memory of the trauma, high anxiety, threat con-
text generalization, and extinction failure. Hence, although a first
traumatic experience induces a correlative molecular signature in
the hippocampus with memory impairment, it does not produce
a PTSD-like behavior. The induction of a PTSD-like phenotype
requires that at least a second severe and unpredictable stressful
episode be experienced. The unpredictability of the second trau-
matic experience is key to produce a PTSD-like phenotype.

Our data, in line with those of Diamond et al. (1996, 1999) and
Salehietal. (2010), indicate that animal models, including rat IA,
can be used to reproduce the inverted U effect of stress on
hippocampal-dependent memories and underscores the impor-
tant role of hippocampal systems in the development and regu-
lation of stress-induced human pathologies, including anxiety
disorders and PTSD (Kim and Diamond, 2002; Miller and McE-
wen, 2006). These models, rather than milder (and hence
adaptive) threat conditioning paradigms, should be used for pre-
clinical investigations aimed at identifying effective mechanisms
and selective therapeutic approaches for neuropsychiatric disor-
ders in humans.

In fact, as our data indicate, both behavioral and molecular
responses underlying a threat memory evoked by a highly stress-
ful (traumatic) experience (e.g., 3 mA) are different from those
evoked by a strong but not traumatic stress (e.g., 1.5 mA). First, as
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revealed by training with increasing shock intensities, the in-
verted U memory retention correlates with inverted U level of
circulating cort, indicating that a traumatic experience may dif-
ferentially regulate the stress responses. In agreement with this
idea, a significant increase in GR levels in the dorsal hippocampus
only occurs after the traumatic experience, which is associated
with a decrease in memory performance and circulating cort con-
centration. In several species and paradigms, including chicks
(Sandi and Rose, 1997), ground squirrels (Mateo, 2008), rats
(Roozendaal et al., 1999; Okuda et al., 2004), and humans (An-
dreano and Cahill, 2006), either very low or high glucocorticoid
levels have been reported to be associated with poor performance
in a variety of learning and memory tasks (Park et al., 2006).
Although other paradigms report a linear increase in cort plasma
level with increasing shock intensities (Conrad, 2008), the
very strong footshock that was used here may have been accom-
panied by a distinct regulation of circulating cort and of the hy-
pothalamic—pituitary—adrenal (HPA) axis. The blunting of
circulating cort response is intriguing and should be understood
in detail. Because none of the two time points investigated (10
and 30 min after training) revealed a plasma cort surge at 3 mA
intensity, we speculate that the decrease in plasma cort compared
with milder intensity shock (i.e., 1.5 mA) may be attributable to a
very rapid or differential tissues sequestration or to a dampened
synthesis or release. In both cases, the end result appears to be
protective against the development of anxiety disorders. Interest-
ing regulatory mechanisms that may be involved in blunting cort
and hippocampal responses in the high-shock intensity condi-
tion is the regulation of corticotropin-releasing hormone and its
receptor, and the regulation of GR expression, both of which thus
far have been mostly studied in prolonged and chronic stress
(Reichardt et al., 2000; Chen et al., 2012b).

Second, the correlation with an inverted U curve of hip-
pocampal levels of BDNF-pTrkB and MeCP2, but not pCREB
and Arc, indicate that some but not all critical pathways associ-
ated with memory consolidation and persistence are activated
after a traumatic experience. Alternatively, the severe stress of 3
mA footshock may produce a negative regulation of the BDNF
pathway, perhaps attributable to cort blunting. Although the ac-
tivation of pCREB and induction of Arc indicate that memory
consolidation has been initiated, the blunting of the BDNF/
pTrkB activation at 20 h after training suggests that the persis-
tence of the consolidation process is potentially compromised.
Therefore, this inhibition, which also remains after the RS, ap-
pears to be a signature of exposure to a traumatic experience and
might occur to limit or prevent excessively strong or prolonged
activation, which could lead to an overconsolidated memory of a
trauma. In other words, we suggest that the blunting of the cort
response, BDNF expression and activation of pTrkB may repre-
sent a protective mechanism against PTSD development after
experiencing a trauma. In agreement with this suggestion, cort
injection immediately after 3 mA training leads to PTSD-like
phenotypes. Furthermore, the hippocampal inverted U profile of
MeCP2 suggests that this factor may play a positive regulatory
role in memory consolidation and learning-dependent BDNF
expression in the hippocampus. Alternatively, the regulation of
BDNF release and expression after traumatic experiences may
follow very different rules. This interesting correlation requires
additional studies to be better understood.

BDNF and pTrkB activation has been shown previously to be
impaired in both acute and chronic stress paradigms (Duman
and Monteggia, 2006; Andero and Ressler, 2012). Given the feed-
backs, homeostatic and allostatic regulations, as well as the tem-
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poral differences between acute and chronic stresses (McEwen,
2000), the effects in the two conditions may not be comparable.
Hence, the decrease of BDNF after an acute severe trauma may
not necessarily be accompanied by the same mechanisms as those
elicited by chronic stress.

Although it is known that mPFC plays an important role in
PTSD pathophysiology (Liberzon and Sripada, 2008), we did not
find in this brain region any of the molecular changes occurring
in the dorsal hippocampus at 20 h after training. Hence, increases
in hippocampal pCREB and GR levels and the inverted U effect of
stress on hippocampal MeCP2, BDNF, and pTrkB do not occur at
the same extent or similar temporal profile in the mPFC. Addi-
tional studies after more extensive temporal molecular investiga-
tions in the mPFC and other cortical regions are needed to better
understand the role of the cortex in processing traumas.

Our data also revealed that the encounter of a second trau-
matic event that reminds of the original traumatic experience,
but is not a predictable repetition of the first experience (e.g., an
RS), unleashes severe behavioral responses that are similar to
those described in PTSD. To produce the PTSD-like phenotype,
the second event needs to be highly stressful (e.g., 3 mA RS) and
to follow a previous severely stressful (traumatic) experience
(e.g., 3 mA footshock training). An initial or second less intense
stressful episode (e.g., 0.6 mA footshock) is not sufficient. The
resulting PTSD-like phenotypes included a remerging of a very
strong IA response that was also accompanied by an elevated
anxiety, increased context generalization, and finally extinction
failure. All these behavioral responses are similar to those of pa-
tients experiencing anxiety disorder and PTSD. It is possible that
the extrinsic nature of the stress, which occurs with the RS be-
cause it is triggered by conditions unrelated to the first trauma, is
key to generate PTSD-like phenotypes; conversely, an intrinsic
stress such as one originated by contextual elements of the first
trauma (second training trial) is not able to elicit pathological
responses (Sandi and Pinelo-Nava, 2007).

A context generalization response was reported previously in
mice after an injection of cort given after a high-shock intensity
pavlovian threat conditioning training (Kaouane et al., 2012),
which is in agreement with our data showing that the RS leads to
a significant increase in plasma cort concentration. However, we
found that cort injection given in place of the RS is not sufficient
to produce extinction failure, a typical behavioral response in
PTSD. Thus, we suggest that, in addition to cort surge, additional
mechanisms (yet to be identified) activated by a second, severe
and unpredictable stressful event interact with the changes oc-
curred after the first trauma to produce PTSD-like behavioral
phenotypes.

Furthermore, although a second predictable exposure to the
same trauma (retraining) produces a significant increase in cir-
culating cort levels, a second unpredictable traumatic experience
(RS) causes a significantly higher cort surge. Only the unpredict-
able but not the predictable second traumatic experience
generated PTSD-like behavioral phenotypes. We suggest that re-
experiencing a trauma is a necessary condition for inducing the
psychopathology and that the unpredictability (and hence un-
controllability) of the traumatic re-experience critically contrib-
utes to the development of the psychopathology (Foa et al., 1992;
Grillon et al., 2009; Bowirrat et al., 2010; Koolhaas et al., 2011). In
agreement with our suggestion, unpredictability of a stressor is
known to evoke a high-stress response, whereas repeated, similar
exposures to the same stressor lead to a dampened stress response
(Muir and Pfister, 1987; Grissom and Bhatnagar, 2009). As pro-
posed by Grissom and Bhatnagar (2009), the decline of the HPA
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response with repeated exposures to stressors may reflect a
higher-order adaptive process that results from the increased pre-
dictability and control over the stressful situation. This could
explain why a second training event, which exposes the animals
to the same high footshock intensity as an RS, does not produce
PTSD-like phenotypes.

The temporal window of exposure to the reminder is rather
prolonged, as shown by our results indicating that the two trau-
matic events given 1, 3, or 8 d apart do evoke the PTSD-like
phenotypes. Future experiments shall address whether there is a
temporal limit and other boundary conditions for evoking
PTSD-like phenotypes after two traumatic events.

We conclude that, although a first traumatic experience elicits
a blunted stress and memory expression, perhaps as protective
measure, an unpredictable second traumatic experience, there-
fore multiple traumatic hits, critically contributes to generating
behavioral responses typical of psychopathologies such as PTSD.
These understandings can be used to reproduce in animal models
PTSD-like phenotypes for research and screening in preclinical
studies and can be informative for reviewing clinical data.
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