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Abstract

Rationale The selective CRF (corticotropin releasing fac-
tor type 1) receptor antagonist SSR125543 has been previ-
ously shown to attenuate the long-term cognitive deficit
produced by traumatic stress exposure. Memory disturban-
ces described in post-traumatic stress disorder (PTSD)
patients are believed to be associated with changes in neu-
ronal activity, in particular at the level of the hippocampus.
Objectives The present study aims at investigating whether
the effects of SSR125543 (10 mg/kg/day for 2 weeks) on
cognitive impairment induced by traumatic stress exposure
are associated with changes in hippocampal excitability.
Effects of SSR125543 were compared to those of the 5-
HT reuptake inhibitor, paroxetine (10 mg/kg/day), and the
partial N-methyl-D-aspartate (NMDA) receptor agonist, D-
cycloserine (10 mg/kg/day), two compounds which have
demonstrated clinical efficacy against PTSD.

Methods Mice received two unavoidable electric foot-
shocks. Then, 1 or 16 days after stress, they were tested
for their memory performance using the object recognition
test. Neuronal excitability was recorded during the third
week post-stress in the CAl area of the hippocampus.
Drugs were administered from day 1 post-stress to the day
preceding the electrophysiological study.

Results Application of electric shocks produced cognitive
impairment 16, but not 1 day after stress, an effect which
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was associated with a decrease in hippocampal neuronal
excitability. Both stress-induced effects were prevented by
repeated administration of SSR125543, paroxetine and D-
cycloserine.

Conclusions These findings confirm that the CRF, receptor
antagonist SSR125543 is able to attenuate the behavioral
effects of traumatic stress exposure and indicate that these
effects are associated with a normalization of hippocampal
neuronal excitability impaired by stress.

Keywords Paroxetine - D-Cycloserine - CRF; receptor
antagonist - Memory - Input—output curve -
Electrophysiology - Excitability - Hippocampus - PTSD

Introduction

There are numerous clinical reports on decreased perfor-
mance in learning and memory in post-traumatic stress
disorder (PTSD) patients (Brewin et al. 2007). It has been
hypothesized that these cognitive impairments may relate to
functional and morphological changes in brain structures
implicated in memory function, such as the prefrontal cortex
(Arnsten 2009), the amygdala (Roozendaal et al. 2009) and
the hippocampus. This latter structure has received particular
attention and there are several clinical studies that have
reported hippocampal alterations in PTSD patients, such as a
volume reduction (Woon et al. 2010), hippocampal metabolic
deficits characterized by reduced ratio of N-acetylaspartate
relative to creatine in hippocampus (Schuff et al. 2008) and
functional impairments (Acheson et al. 2012).

In animal studies, stress-induced cognitive impairments
have been reported to be associated with damage to the
hippocampus, such as reduced dendritic arborisation in the
CA3 region (Sousa et al. 2000), dendritic atrophy of CA1
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pyramidal cells (Ivy et al. 2010) and a structural remodelling
of excitatory axo-spinous synaptic connectivity in CA1 area
(Donohue et al. 2006). Interestingly, treatment of PTSD
patients with selective serotonin reuptake inhibitors (SSRIs),
such as paroxetine resulted in an improvement in memory
function and an increase in hippocampal volume (Bremner
and Vermetten 2004; Nemeroff and Owens 2004; Vermetten
et al. 2003).

SSRIs represent the mainstay of treatment of PTSD, but
several new treatment avenues for this condition are being
investigated. One of them is targeting the N-methyl-D-
aspartate receptor (NMDAR), well known to be involved in
hippocampal synaptic plasticity and memory function (Li
and Tsien 2009). Clinical studies examining the effects of D-
cycloserine, a partial agonist of the NMDAR, have reported
that this compound both promoted the extinction of fear and
protected against reinstatement of fear in patients suffering
from PTSD (Litz et al. 2012), and facilitated fear extinction
in other anxiety disorders such as acrophobia (Ressler et al.
2004) or social anxiety disorder (Hofmann et al. 2006).
Moreover, de Kleine et al. (2012) reported recently a greater
symptom reduction in severe PTSD patients receiving D-
cycloserine compared to those from the placebo group dur-
ing exposure therapy. These clinical findings are supported
by experiments in rodents, which showed that D-cycloserine
promoted fear extinction (Ledgerwood et al. 2004, 2005;
Yamamoto et al. 2008). These latter authors demonstrated
that repeated administration of D-cycloserine reduced the
enhanced levels of mRNAs of NMDARs in the hippocam-
pus of rats exposed to a single prolonged stress, suggesting
that NMDAR-mediated signal transduction in the hippo-
campus may be involved in fear extinction.

Blockade of the corticotropin releasing factor type 1
(CRF)) receptor is another new concept which is being
explored for the development of alternative treatments for
PTSD (Holsboer and Ising 2008). The CRF; receptor is a
key player in the response to stress and it was notably
observed that PTSD patients exhibit increased cerebrospinal
fluids levels of the endogenous peptide, CRF (Baker et al.
1999; Bremner et al. 1997). The CRF; receptor has been
validated as a potential drug target for antidepressants and
anxiolytics in numerous studies in animals (Adamec et al.
2010; Griebel et al. 2002; Overstreet and Griebel 2004;
Philbert et al. 2012; Surget et al. 2009; Urani et al. 2011).
Although clinical studies with CRF; receptor antagonists in
depression have been disappointing so far, their potential
for treating PTSD remains to be determined (Griebel and
Holsboer 2012).

The objective of this study was to test the hypothesis that
protracted CRF, receptor-targeted blockade using the selec-
tive antagonist, SSR125543, would prevent the develop-
ment of a PTSD-like phenotype in a mouse model of
PTSD and to determine if these effects are associated with

@ Springer

functional changes in the hippocampus. SSR125543 has
been reported to produce anxiolytic- and antidepressant-
like effects in a variety of rodent models. We used a recently
established mouse model of PTSD (Griebel et al. 2002;
Philbert et al. 2011, 2012) based on the exposure of mice
to electric foot-shocks followed by the assessment of (1)
their cognitive performance using the object recognition
task, 2 weeks later, and (2) extracellular recordings of pop-
ulation spike amplitude in the hippocampal CA1 area, rep-
resenting the summation of action potentials, i.e., synaptic
transmission of a population of neurons within this network.
SSR125543 was administered repeatedly and its effects
were compared to those of paroxetine and D-cycloserine,
two clinically active compounds in PTSD patients.

Materials and methods
Animals

Swiss male mice (Janvier, Le Genest St-Isle, France) weigh-
ing 20-22 g at the start of the experiment were used. They
were housed individually in plastic cages (30x18x 18 cm)
with free access to food and water ad libitum. They were
maintained at a constant temperature of 21+1 °C, humidity
at 50+£10 % and under a 12:12 light/dark cycle (light on at
7:00A.M.). Experiments were conducted in accordance with
the "Guide and Care and Use of Laboratory Animals"
(National Institute of Health) and were approved by the
internal Animal Ethics Committee.

Shock application

Animals were placed into the shock chamber for a 190-s
habituation period following which two electric foot-shocks
(1.5 mA; for 2 s, 6 s apart) were delivered through the metal
grid floor. Animals remained in the shock chamber for
another 60-s period before they were returned to their home
cage. Control animals were exposed to the same procedure,
but without receiving any foot-shock.

Drug administration

Paroxetine (Sigma-Aldrich; CAS 110429-35-1), D-cycloserine
(Sigma-Aldrich; CAS 68-41-7), and SSR125543, synthesized
by Sanofi Medicinal Chemistry, were suspended in saline with
methylcellulose (0.6 %) and Tween 80 (0.1 %). Drug treat-
ments began 5 h after stress. Mice received one intraperitoneal
(i.p.) administration per day of 10 mg/kg. The dose and
administration route were chosen on the basis of previous
work with the compounds using mice as subjects (Griebel et
al. 2002; Poleszak et al. 2008; Rorick-Kehn et al. 2005; Urani
etal. 2011). A protracted treatment regimen was used because
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it is closer to the clinical situation where drugs are generally
given on a chronic basis, following the traumatic event
(see, e.g., the ongoing clinical trials involving the CRF;
receptor antagonist, GSK561679, in PTSD patients;
http://clinicaltrials.gov/ct2/show/NCT01018992). During
the object recognition task, performed 2 weeks after
stress exposure, treatments were administered 1 h before
the first session and 1 h before the second one. Treatments
lasted until the day before mice were sacrificed for the
electrophysiological study. Concentrations were adjusted to
administer a final volume of 10 ml/kg of body weight.

Object recognition task

The test took place in a square open-field, which consisted
of a uniformly lit (20+2 Ix) plexiglass enclosure (52 %52 x
40 high cm). The objects to be discriminated were a metal
triangle (3.3 cm high, 5.5 cm wide) and a plastic piece of
construction game (3 cm high and 3 cm wide). During the
first session, Swiss mice were allowed to become familiar
with the experimental environment for 8 min, time spent in
activity was measured. Twenty-four hours later, mice were
again placed in the enclosure in the presence of two identical
objects until they reached 10 s of object exploration (acqui-
sition session) with a limit of 5 min. Exploration of an object
was defined as pointing the nose to the object at a distance
of less than 2 cm and/or touching it with the nose. After a
60-min interval, mice were placed again in the enclosure
with a previously presented familiar object and a new one
for 5 min (retrieval session). Time spent exploring the
familiar and the new objects were recorded. Under a short-
term inter-trial procedure, animals spent more time explor-
ing the new object compared to the familiar one, reflecting a
memory of the familiar one. Animals displaying impaired
recall performance spent the same amount of time exploring
both objects, indicating a forgetting of the familiar object
(short-term visual memory deficit). For more details on the
procedure, see Pichat et al. (2007).

The following parameters were analysed: (a) activity
during context habituation session; (b) time to reach 10 s
of objects exploration in the acquisition session; (c) time of
exploration of each object during retrieval session and (d)
ratio of the time exploring the new object over the total time
of exploration. For exploration time, data were analysed
using a two-way ANOVA with repeated measures with
object as a fixed factor to analyse the ability of animals to
discriminate between the familiar and the novel object.
Effect of object factor was then analysed by Winer analysis
for each level of group factor. Student's #-test vs. 0.5 (chance
level value) was performed to analyse the ratios.

Two separate groups of mice were use to investigate
short- and long-term effects of stress exposure on memory,
respectively. In the first group (short-term), habituation

session was performed 5 h after the shock procedure, and
acquisition and recall sessions took place on the following
day. In the second group (long-term) memory performance
were assessed on the 14th and the 15th days following shock
application. This latter procedure was used to investigate the
effects of drug treatments and is depicted in Fig. 1.

Synaptic transmission

Between days 20 and 24 after shock application, mice were
anesthetised with isoflurane (4 %) before being decapitated
and their brains were quickly removed. Transverse hippo-
campal slices (400 um thick) were cut using a Leica vibro-
slicer VT1000S in artificial cerebrospinal fluid solution
containing 126 mM NaCl, 3.5 mM KCI, 1 mM MgCl,,
1.15 mM KH,PO,, 1 mM CaCl,, 25 mM NaHCOj;, and
11 mM glucose, at approximately 3 °C, aerated with 95 %
0,, 5 % CO, to a final pH of 7.35. Then, brain sections were
immediately trimmed, while still immersed in ice-cold arti-
ficial cerebrospinal fluid solution, so that they contained
only the hippocampal structure. Hippocampal slices were
transferred with a wide-bore Pasteur pipette to a holding
chamber containing the oxygenated artificial cerebrospinal
fluid solution at room temperature. One hour later, a slice
was placed into the recording chamber and superfused with
34 °C oxygenated artificial cerebrospinal fluid solution
(24 ml/min").

The Schaffer collaterals were stimulated once per 30 s by
a stimulating electrode made from Teflon-coated stainless
steel wire (75 pm diameter; A&M Systems, Carlsborg, WA,
USA). Extracellular evoked population spikes were mea-
sured with a recording electrode made from borosilicate
capillary-filled glass. It was placed into the CA1 cell bodies
by an electronic micromanipulator MPC200 (Digitimer
Ltd.). Signals were amplified (DAMS80; World Precision
Instruments) and analysed offline using Notocord-hem soft-
ware. Population spike amplitude was defined as the per-
pendicular distance from the negative peak to a tangent
drawn between the first and second positive peaks. Once a
stable population spike was obtained, the stimulus intensity
was increased from 2 to a maximum of 1,400 HA in gradual
increments in order to determine input—output curves.

The relationship between the applied intensity and the
resultant population spike amplitude, expressed as a per-
centage of the maximal response, is a four-parameter sig-
moid: Y=>b+/(1+exp[—s*(log(x)—log(s0))]), where ¢ denotes
the top of the curve, b is the bottom of the curve, s is the
slope, and /s is the stimulation intensity required to obtain
half-maximal excitability. Experimental unit considered (x)
was the hippocampus slice. A model was adjusted for each
condition on all available data. Next, some parameters of the
model were shared and statistical tests were then conducted
to determine if the fit was significantly degraded by sharing
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Fig. 1 Experimental design used to investigate the long-term effects of foot-shock stress

parameters. Iso rates were estimated for each slice of each
animal and comparisons between groups were performed
using one-way ANOVA.

Results
Object recognition task

Analysis of time spent exploring the objects during acqui-
sition revealed no significant difference across treatment,
stress manipulation and object (Table 1). During the retrieval
session (session 3), control mice spent more time exploring
the new object than the familiar one (Fig. 2a: F;, 2)=16.195;
»<0.001), with a discrimination ratio significantly different
from the chance value 0.5 (Fig. 2b: r=4.412, p<0.001). Mice
exposed to electrical foot-shocks on the day preceding the test
also spent more time exploring the novel object than the

Table 1 Time spent exploring the objects during the acquisition
session in the object recognition test

Condition Time object 1 (s) Time object 2 (s)
Paroxetine

Non-stressed control 5.55+0.41 4.44+0.41
Stressed vehicle 5.33+0.29 4.66+0.29
Stressed+10 mg/kg/day 5.31+0.31 4.50+£0.29
D-Cycloserine

Non-stressed control 5.92+0.39 4.08+0.39
Stressed vehicle 5.08+0.41 4.92+0.41
Stressed+10 mg/kg/day 5.38+0.56 4.62+0.56
SSR125543

Non-stressed control 5.11+£0.26 4.88+0.26
Stressed vehicle 4.51+0.37 5.48+0.37
Stressed+10 mg/kg/day 5.00+0.41 4.99+0.39

Data represent means + SEM
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known one (Fig. 2a: F(;, 22=9.002; p<0.01) with a ratio
significantly different from the chance value 0.5 (Fig. 2b: 1=
3.936, p<0.01). These results indicate that short-term memory
performance was not altered in mice on the day following
exposure to electrical foot-shocks.

The long-term effects of exposure to electrical foot-
shocks on memory performance are presented in Fig. 3.
Under control (vehicle) conditions, mice spent more time
exploring the new object than the known one (Fig. 3a;:
F(1,44):14.749, p<0001, Flg 3b1: F(1,43):13.925, p<
0.001; Fig. 3c;: F1,05=18.589, p<0.001), with a discrimi-
nation ratio significantly different from the chance value 0.5
(Fig. 3a,: t=2.752, p<0.05; Fig. 3b,: t=2.996, p<0.01;
Fig. 3c,: t=5.810, p<0.001). Conversely, mice previously
exposed to electrical foot-shocks 2 weeks before, spent the
same amount of time exploring the new and the known
ObjeCt (Flg 331: F(1’44):0.009, p:0924, Flg 3b1: F(1’43):
0.016, p=0.901; Fig. 3c;: F(1,05,=1.805, p=0.1823). This
indicates that stressed mice lost their ability to discriminate
between the two objects, which is indicative of a forgetting
of the familiar object.

Chronic treatment by paroxetine, D-cycloserine and by
SSR125543 for 2 weeks significantly increased in stressed
mice the amount of time preferentially spent investigating
the novel object compared to the known one (Fig. 3a;:
F(l, 44):18772,p<0001, Flg 3b1: F(1’43):7.860,p<0.01;
Fig. 3¢y F(1,05y=20.671, p<0.001). In the same way, dis-
crimination ratios were significantly different from the
chance value 0.5 for stressed mice treated by paroxetine
(Fig. 3a,: t=5.280, p<0.001), p-cycloserine (Fig. 3b,: =
4.154, p<0.001) and by SSR125543 (Fig. 3c,: t=5.556, p<
0.001). Neither locomotor activity recorded during the con-
text habituation session, nor total time spent in exploring
both objects during the acquisition and the recall sessions
was significantly modified by treatments (data not shown).
Thus, effects of these compounds did not result from non-
specific biases such as sedation and/or motor effects. These
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Fig. 2 Short-term memory
was not impaired on the day
following acute inescapable
stress exposure in mice. a Bars
represent means (+SEM) of
time spent exploring new or
familiar objects. Two-way
ANOVA with repeated measures
on factor "object". n=12

mice per group. **p<0.01,
**%p<0.001, new vs. familiar
object. b Bars represent means
(+SEM) of novelty ratio,
Student’s test vs. 0.5. **p<0.01,
**%p<0.001

Fig. 3 Effect of chronic
paroxetine (a), D-cycloserine
(b), and SSR125543 (¢)
treatments on short-term

memory impairment induced by 0D

acute inescapable stress in <

mice. (a;, by, ¢; Bars represent =

means (=SEM) of time spent S

exploring new or familiar 3

objects. Two-way ANOVA with g

repeated measures on factor o

"object". n=15-16 mice per 8

group. **p<0.01, ***p<0.001,

new vs. familiar object. a,, b,,

¢, Bars represent means

(£SEM) of novelty ratio,

Student’s test vs. 0.5. *p<0.05,

**p<0.01, ***p<0.001
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findings demonstrate that chronic treatments by paroxetine,
by D-cycloserine and by the SSR125543 prevent the mem-
ory deficit induced by acute inescapable stress exposure.

Synaptic transmission

As shown in Figs. 4a, 5a and 6a, 15, of stressed mice are
significantly different from control animals (Fig. 4a:
Fooe3=1.187, p<0.001; Fig. 5a: F47s3,=2.042, p<0.001;
Fig. 6a: F(4411)=0.824, p<0.001). In addition, Is, were
significantly higher in stressed mice compared to controls
(Flg 4b: F(3,56):6.81, p<0001, Flg 5b: F(3’52):6.69,
p<0.001; Fig. 6b: F(337,=7,37, p<0.001). These findings
demonstrate that exposure to two unavoidable electric
foot-shocks significantly reduced neuronal excitability in
CA1 hippocampal area.

Chronic treatments with paroxetine, D-cycloserine and
SSR125543 at 10 mg/kg/day (i.p.) during 3 weeks signifi-
cantly reversed stressed-induced decrease of hippocampal
neuronal excitability. The /5, parameter cannot be shared
between untreated stressed and stressed mice treated by
paroxetine (Fig. 4a: Fo,g3)=1.187, p<0.001), by D-cyclo-
serine (Fig. 5a: F( 720y=0.335, p<0.001), or by SSR125543
(Fig. 6a: F(2,565y=0.312, p<0.001). I5o from stressed mice
receiving paroxetine were significantly lower than /5, from
stressed mice receiving vehicle (Fig. 4b: F(356=6.81, p<
0.001). Similar results were obtained in stressed mice
treated by D-cycloserine (Fig. 5b: F3 55)=6.69, p<0.001) and
by SSR125543 (Fig. 6b: F(337y=7,37, p<0.001).

D-Cycloserine and SSR125543 have no effect on their
own on hippocampal neuronal excitability. The four param-
eters can be shared (Fig. 5a: F4 753y=2.04, p=0.087;
Fig. 6a: F4,.411)=0.824, p=0.51) and /5, from D-cycloserine-
and SSR125543-treated non-stressed mice were not signif-
icantly different from controls (Fig. 5b: F352)=6.69, p=
0.824; Fig. 6b: F(337,=7.37, p=0.867). On the contrary,

A

100 4
80 A
60 -
40 A

20 A

Population spike amplitude (%)

Controls, vehicle
Stressed, vehicle
Controls, paroxetine
Stressed, paroxetine

10 100 1000
Stimulation (microA)

Fig. 4 Effect of paroxetine chronic treatment on neuronal excitability
in CA1 hippocampal field 3 weeks after an inescapable stress in mice.
Input—output curves were obtained from CA1l following Schaffer col-
lateral stimulation in hippocampal slices. n=11-14 slices per group. a
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3-week paroxetine treatment (10 mg/kg/day, i.p.) pro-
duced a significant decrease in hippocampal neuronal
excitability in non-stressed mice, /5, cannot be shared
between groups (Fig. 4a: F(3g3=1.36, p=0.254) and
was significantly increased when compared to controls
(Flg 4b: F(3’56):681,p<0001)

Discussion

The present study demonstrated that chronic treatment with
the CRF, receptor antagonist, SSR125543 prevented the
decrease of hippocampal neuronal excitability associated
with a cognitive deficit in a mouse model of PTSD. These
effects were shared with the SSRI paroxetine and the
NMDAR partial agonist, D-cycloserine.

Exposing mice to two unavoidable electric foot-shocks
led to an impairment of their memory performance and to a
decrease in hippocampal CA1 neuronal excitability as ob-
served 2 and 3 weeks later, respectively. The finding that
there was no cognitive impairment 24 h following stress
exposure, is consistent with our previous data showing that
trauma-related symptoms, such as sleep disturbances and
generalized avoidance behavior, appeared after a delay of
at least 7 days (Philbert et al. 2011). It is important to note
that we did not assess hippocampal neuronal excitability
24 h after shock exposure, so that we cannot exclude the
possibility that changes in this response may have occurred
shortly after stress. However, taken as a whole, these find-
ings are compatible with the hypothesis that the current
procedure may be a valid animal model of PTSD requiring
that behavioral alterations are expected to persist for a long
time or become more intensive with the passage of time
(Siegmund and Wotjak 20006).

Long-lasting effects following an acute stressful event on
hippocampal synaptic transmission have received little

B

150

100

I50 (microA)

50

NO YES NO YES STRESS
Paroxetine

(10mg/kg/d)

Vehicle

Curves represent fitted sigmoidal functions (SEM) of population
spike mean amplitude. b Bars represent means (SEM) of stimulation
intensity required to obtain half-maximal excitability (/5y). One-way
ANOVA, ***p<(.001
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Fig. 5 Effect of D-cycloserine chronic treatment on neuronal excitabil-
ity in CA1 hippocampal field 3 weeks after an inescapable stress in
mice. Input—output curves were obtained from CA1 following Schaffer
collateral stimulation in hippocampal slices. n=11-16 slices per group.

attention in studies in animals. Sousa et al. (2000) reported
alterations in the lengths of terminal dentritic segments of
pyramidal cells in rat CAl hippocampus 3 weeks after
exposure to unpredictable chronic stress and demonstrated
that these effects persisted 1 month later. Donohue et al.
(2006) reported a remodelling of CA1 excitatory synaptic
circuitry 2 days after a chronic restraint stress of 3 weeks.
Other studies have reported that PTSD-like symptoms, such
as enhanced acoustic startle or impaired spatial memory,
observed in rats 7 days after exposure to single prolonged
stress were associated with deficit of hippocampal long-term
potentiation in the CAl region, reflecting an alteration of
synaptic plasticity (Kohda et al. 2007; Li et al. 2010).
However, none of these studies described long-term residual
effects of acute stress on hippocampal synaptic activity. A
reduction of the population spike amplitude threshold in the
CA1 area following stress exposure was previously de-
scribed in rats by Kerr et al. (1991), but this decrease was
induced by a 6-month exposure to moderate stress using the

A
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20

Population spike amplitude (%)

10 100 1000

Stimulation (microA)

Fig. 6 Effect of SSR125543 chronic treatment on neuronal excitability
in CA1 hippocampal field 3 weeks after an inescapable stress in mice.
Input/output curves were obtained from CA1l following Schaffer col-
lateral stimulation in hippocampal slices. n=9 — 12 slices per group. a

Controls, NaCl
Stressed, NaCl
Controls, D-cycloserine
Stressed, D-cycloserine

Controls, vehicle
Stressed, vehicle
Control SSR125543
Stress SSR125543

150

100

150 (microA)

50

NO YES NO YES
Vehicle

STRESS
D-Cycloserine
(10mg/kg/d)

a Curves represent fitted sigmoidal functions (+SEM) of population
spike mean amplitude. b Bars represent means (:SEM) of stimulation
intensity required to obtain half-maximal excitability (/59). One-way
ANOVA, ***p<0.001

shuttle escape task paradigm. Here, we demonstrated for the
first time that one brief inescapable exposure to two electric
foot-shocks induced long-lasting decrease of population
spike amplitude in hippocampal CAl area, indicating a
diminished synaptic transmission within this network.

The precise mechanism by which stressful exposure
decreases hippocampal synaptic transmission is unclear.
Data from the literature suggest that the increase in
glucocorticoid release induced by stress affects the hippo-
campus. This hypothesis is notably supported by studies
showing that hippocampal pyramidal cells display high
expression of glucocorticoid receptors, and are therefore
susceptible to the effects of stress (De Kloet et al. 1999;
McEwen 2000). In addition, exposure of rat hippocampus
slices to a single high dose of corticosterone, the primary
glucocorticoid hormone in rodents, reduced the amplitude of
the population spike in the CA1 pyramidal cell layer by
stimulation of Schaffer collaterals (Rey et al. 1987; Vidal et
al. 1986). Moreover, Zahorodna et al. (2006) demonstrated

100
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Curves represent fitted sigmoidal functions (SEM) of population
spike mean amplitude. b Bars represent means (SEM) of stimulation
intensity required to obtain half-maximal excitability (/5y). One-way
ANOVA, ***p<(.001
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in rats that 21-day, but not 7-day, treatment with corticoste-
rone (10 mg/kg/day) resulted in a decrease of population
spike amplitude by stimuli of small and intermediate inten-
sity without change in maximum amplitude of responses in
comparison with control hipoccampal slices. Other constit-
uents that parallel glucocorticoid release from the adrenal
gland, such as CRF, could have been involved in stress-
induced alteration of synaptic transmission in CA1 hippo-
campal field (Ivy et al. 2010). CRF-containing neurons and
receptors are found in brain areas involved in the stress
response, including the hippocampus (Holmes et al. 2003;
Van et al. 2000). Rebaudo et al. (2001) reported that bath-
applied CRF reduced population spike amplitude in CAl
hippocampal region at the concentration of 1 nM in slices
prepared from rats. In addition, there is ample evidence that
stressful exposure or glucocorticoid release can increase
glutamatergic tone in hippocampus, an effect which has
been associated with excitotoxicity (Sapolsky 2000).
Youssef et al. (2006) reported that 15 uM NMDA applied
for 10 min caused abolition of the population spike potential
in rat hippocampal slices and was followed by only partial
(33 %) recovery, suggesting that NMDA impaired neuronal
function that could eventually lead to cell death and de-
creased neuronal density in the field CAl. Thus, stress-
induced hippocampal dysfunctions could also result from
excitotoxic insults such as high glutamate release.

The idea that glutamate/NMDA and CRF neurotransmis-
sions may have been involved in the current effects of stress
is supported by the drug experiments which showed that
both memory deficit and alteration of hippocampal neuronal
excitability following stress were prevented by the NMDAR
partial agonist, D-cycloserine, and the CRF; receptor
antagonist, SSR125543. As mentioned above, studies
that investigated the effects of D-cycloserine in animal
models of PTSD demonstrated that repeated administration
of the drug normalized impaired fear extinction and stress-
induced increase of NMDAR mRNA levels in the hippocam-
pus of rats exposed to single prolonged stress (Ledgerwood et
al. 2004, 2005; Yamamoto et al. 2008). In addition, Rouaud
and Billard (2003) showed that D-cycloserine facilitated
NMDAR-mediated signal transduction and synaptic plasticity
in the CA1 field of rat hippocampal slices. These data, togeth-
er with our results, suggest that chronic D-cycloserine treat-
ment normalises stress-impaired synaptic transmission in the
CALl field, via NMDAR activation leading to increased syn-
aptic plasticity, which resulted in a restoration of memory
performance.

The effect observed after a chronic treatment with the
CRF; receptor antagonist, SSR125543, on the cognitive
deficit induced by acute stress is consistent with previous
results showing that acute administration of this drug
attenuated memory deficit in mice following exposure to
rats (Urani et al. 2011) or to electric foot-shocks 2 weeks
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post-stress (Philbert et al. 2012). This latter study demon-
strated that the effects of SSR125543 effects are unrelated to
an action at the level of the HPA axis, but may certainly
involve extra-hypothalamic CRF; receptors. This hypothe-
sis is strengthened by the current findings showing that
chronic treatment with SSR125543 normalized hippocam-
pal neuronal excitability in stressed mice, thereby suggest-
ing that hippocampal CRF; receptors may have been
involved in the cognitive effects of the compound. It is
additionally supported by the observations that the blockade
of CRF; receptor by a specific CRF; receptor antagonist
reduced hippocampal spine loss in CA3 area of mice ex-
posed to restraint stress (Chen et al. 2008). More recently,
central or peripheral administration of a CRF; receptor
antagonist to early-life stressed rats, was shown to improve
memory performance in the object recognition task and
prevented dentritic atrophy and long-term potentiation
attenuation in CA1 Schaffer collateral synapses (Ivy et al.
2010). It is likely that similar mechanisms may have been
involved in the current effects of SSR125543 on stress-
induced changes of population spike amplitude in the CA1
area. It is worth mentioning that other brain structures, such
as the basolateral amygdala, have been shown to be in-
volved in the beneficial effects of CRF, receptor antagonists
on fear reactions following stressful exposure (Hubbard et
al. 2007). However, a role of hypothalamic CRF; receptors
in these effects cannot be totally ruled out because exposure
of corticosterone affects hippocampal neural activity (De
Kloet et al. 2008) and a CRF; receptor antagonist may
improve this effect by normalizing HPA axis dysfunction.
Moreover, in this study SSR125543 was given chronically,
starting immediately after stress. This treatment design
could involve a different mechanism of action as that ob-
served when the drug is given at the time of testing (Philbert
et al. 2012). It is possible, that the blockade of the HPA axis
immediately after stress may have inhibited the consolida-
tion of enduring effects of stress as observed in previous
studies (e.g., Adamec et al. 2007) indicating that the chronic
regimen was not necessary.

The experiment with the SSRI paroxetine demonstrated
that repeated treatment with this drug prevented both the
cognitive deficit and the decrease in population spike am-
plitude in CA1 area induced by stress. The mechanisms
underlying these effects may involve the neurotrophic and
neuroprotective actions of the drug. Chronic administration
of SSRIs has been shown to induce a robust increase in
pyramidal cell dentritic spine synapse density in the CAl
hippocampal field in ovariectomised female rats (Hajszan et
al. 2005). Sairanen et al. (2007) demonstrated in rats that
chronic antidepressant treatment increases the expression of
GAP-43 in the CA1 region of the hippocampus, a protein
which plays an important role in synaptogenesis, axonal
path finding as well as regulation of cytoskeletal organisation
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(Benowitz and Routtenberg 1997). These studies suggest that
paroxetine treatment, in the current study, may increase syn-
aptic connectivity in the CAl area of the hippocampus of
stressed mice. This hypothesis is consistent with a recent study
showing that repeated paroxetine treatment, starting immedi-
ately after stress, reversed structural damages and apoptosis in
hippocampus in a mouse model of PTSD (Wang et al. 2012).
It is important to note that paroxetine impaired neuronal
excitability in non-stressed animals. This observation may
be consistent with that of Tokarski et al. (1996) who reported
that chronic treatment (14 days, twice daily, 10 mg/kg, p.o.)
with paroxetine decreased the amplitude of population spike
hippocampal slices from non-stressed rats. Moreover, since it
is widely acknowledged that altered hippocampal excitability
may be associated with cognitive impairment (McEwen and
Sapolsky 1995), it is worth mentioning that in a previous
study using the object recognition task in non-stressed mice,
paroxetine, given acutely, altered memory performance
(Philbert et al. 2012), effects also reported by others
(Naudon et al. 2007), and which have been suggested to be
related to the anticholinergic side effects of paroxetine
(Fujishiro et al. 2002). Although paroxetine was not tested
in the object recognition test in non-stressed animals in this
study, it can be hypothesized that similar mechanisms may
have been involved in its effects on hippocampal excitability
in non-stressed mice.

In conclusion, the results of the present study demon-
strate that protracted CRF; receptor blockade is able to
prevent the deleterious effects of unavoidable stress expo-
sure on memory performance and hippocampal excitability
at the level of the CALl area, suggesting that CRF; receptor
antagonists may be useful for PTSD symptoms prophylaxis.
Since there is evidence that CRF receptor antagonists given
acutely after stress have some efficacy to block both acute
and enduring effects of stressors in other animal models of
PTSD, it would be interesting to determine in future
experiments whether the current effects can be repro-
duced following a single administration of SSR125543
given immediately after stress.
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