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Abstract This study investigated the effectiveness of keta-
mine, a noncompetitive N-methyl-D-aspartate (NMDA) recep-
tor antagonist, in alleviating the enhanced anxiety and fear
response in both a mouse model of PTSD induced by ines-
capable electric foot shocks and a rat model of PTSD induced
by a time-dependent sensitization (TDS) procedure. First, we
evaluated the effect of ketamine on behavioral deficits in a
mouse model of PTSD that consisted of foot shocks followed
by three situational reminders. Our results showed that the
aversive procedure induced several behavioral deficiencies,
such as increased freezing behavior and anxiety, as well as
reduced time spent in an aversive-like context, which were
reversed by repeated treatment with ketamine. The effect of
ketamine on behavioral changes after exposure to TDS was
also investigated, and the levels of brain-derived neurotrophic

Li-Ming Zhang and Wen-Wen Zhou contributed equally to this study.

Electronic supplementary material The online version of this article
(doi:10.1007/s00213-014-3697-9) contains supplementary material,
which is available to authorized users.

L.-M. Zhang * W.-W. Zhou * Y.-J. Ji - N. Zhao - H.-X. Chen -
R. Xue - Y.-Z. Zhang (°<) - Y.-F. Li

Department of New Drug Evaluation, Beijing Institute of
Pharmacology and Toxicology, 27 Taiping RoadHaidian
Beijing 100850, China

e-mail: 13901363887@163.com

W.-W. Zhou - Y.-J. Ji - H.-L. Wang (<))

Department of Anesthesiology, 309 Hospital of PLA, 17 Heishanhu
RoadHaidian Beijing 100091, China

e-mail: hlin309@sina.com

W.-W. Zhou - Y.-J. Ji - H.-L. Wang
Hebei North University, No. 11 Diamond RoadNew District
Zhangjiakou 075000, China

Y. Li - X.-G. Mei
Pharmaceutical Department, Beijing Institute of Pharmacology and
Toxicology, 27 Taiping RoadHaidian Beijing 100850, China

factor (BDNF) in the hippocampus were measured. The re-
sults revealed that after TDS, the rats showed a significant
increase in contextual freezing and a decrease in the percent-
age of time spent in and numbers of entries into open arms in
the elevated plus maze test. As a positive control drug, sertra-
line (Ser, 15 mg/kg, i.g.), a selective serotonin reuptake inhib-
itor (SSRI) ameliorated these behavioral deficits. These be-
havioral effects were mimicked by chronic ketamine treat-
ment. Furthermore, ketamine normalized the decreased
BDNF level in the hippocampus in post-TDS rats. Taken
together, these results suggest that ketamine exerts a therapeu-
tic effect on PTSD that might be at least partially mediated by
an influence on BDNF signaling in the hippocampus.

Keywords Freezing behavior - Posttraumatic stress disorder -
Electric footshocks - Time-dependent sensitization - Ketamine

Abbreviations
ANOVA  Analysis of variance

BDNF Brain-derived neurotrophic factor
NMDA  N-methyl-D-aspartate

PTSD Posttraumatic stress disorder

TDS Time-dependent sensitization

SSRIs Selective serotonin reuptake inhibitors
EPM Elevated plus maze

ST Staircase test

Introduction

Posttraumatic stress disorder (PTSD) is a debilitating anxiety
disorder that is characterized by intrusive reexperiences of
traumatic events, avoidance of situations and stimuli that
could serve as reminders of these events, and feeling jumpy
or easily startled. To date, selective serotonin reuptake
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inhibitors (SSRIs) have been established as first-line
pharmacotherapeutic agents for treating acute and chronic
PTSD, based on several well-controlled studies. And, sertra-
line (Zoloft) and paroxetine (Paxil) are the only FDA-
approved medications for PTSD. Although the efficacy of
SSRIs has proven to be very high in many sufferers, there
are adverse effects (including cognitive dysfunction, weight
gain, sexual dysfunction, sedation, dependence, and with-
drawal) (Haddad 1998; Nelson and Philbrick 2012; Sheeler
et al. 2012) that limit the utility of SSRIs and indicate a major
unmet medical need to explore more promising treatments for
PTSD.

The noncompetitive N-methyl-D-aspartate (NMDA) recep-
tor antagonist ketamine has recently attracted attention for its
rapid-onset antidepressant effects (Domino 2010; Hashimoto
2011; Machado-Vieira et al. 2009; Zarate et al. 2010).
Ketamine decreased the immobility time in the forced swim
test in rats (Engin et al. 2009; Garcia et al. 2008a, b; Li et al.
2010; Yilmaz et al. 2002) and mice (da Silva et al. 2010;
Maeng et al. 2008; Rosa et al. 2003) and in the tail suspension
test in mice (da Silva et al. 2010; Kos et al. 2006). Ketamine
also conveys both anxiolytic activity in humans (Krystal et al.
1994) and fast-acting antidepressant responses in patients
suffering from major depressive disorders (Berman et al.
2000; Zarate et al. 2010). Recently, many studies have report-
ed that NMDA receptor activation is also associated with the
formation of spontaneous intrusive memories and that high
NMDA receptor activity may serve as risk factors for devel-
oping PTSD. McGhee et al. (McGhee et al. 2008) reported
that patients at a military medical center who received keta-
mine had significantly lower rates of PTSD than those who
did not. These preclinical and clinical findings support the
idea that novel pharmacological tools targeting NMDA recep-
tors might be promising candidates for new anti-PTSD drugs.

Given all of the abovementioned factors, it is reasonable to
predict that ketamine is effective in the treatment of PTSD.
However, studies investigating the anti-PTSD effects of keta-
mine in animal models are scarce. Thus, the current study was
designed to assess the effects of ketamine in alleviating the
enhanced anxiety and fear response in both a mouse model of
PTSD induced by inescapable electric foot shocks and a rat
model of PTSD induced by a time-dependent sensitization
(TDS) procedure. Sertraline (Ser, a SSRI) was administered as
the positive control.

Brain-derived neurotrophic factor (BDNF) is one of several
endogenous proteins that play critical roles in the survival,
maintenance, and growth of the brain and peripheral neurons
(Lewin and Barde 1996). A growing body of evidence sug-
gests that BDNF might mediate the pathophysiology of mood
disorders, including PTSD. A recent study has demonstrated
significantly lower plasma BDNF levels in PTSD patients
compared to healthy control subjects (Felmingham et al.
2013; Matsuoka et al. 2013). In addition, sub-chronic
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ketamine administration has been shown to alter the expres-
sion of mRNAs for BDNF in the rat brain (Broekman et al.
2007; Duman and Monteggia 2006; Lommatzsch et al. 2005).
We thus hypothesized that alterations in BDNF levels might
be involved in the anti-PTSD effect induced by ketamine.
BDNF protein levels were measured using Western blotting
in the hippocampus of rats treated with ketamine.

Materials and methods
Animals

Both the male ICR mice (18+2 g) and the male Sprague—
Dawley rats (180+20 g) were purchased from Beijing SPF
Vital Laboratory Animal Technology Company (Beijing,
China). Animals were maintained under nonreversed 12-h
light/12-h dark cycle conditions (lights on from 7 a.m. to
7 p.m.) at constant room temperature (2341 °C) and relative
humidity (45 %). Experiments were conducted according to
the National Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80-23, revised
1996). The experimental procedures were approved by the
institutional committee on animal care and use, and all efforts
were made to minimize animal suffering and reduce the
number of animals used for the experiments.

Drugs and treatments

The sertraline (Ser) was purchased from Sigma (St. Louis,
MO, USA). The ketamine used in the present study was
purchased from Fort Dodge Animal Health (Fort Dodge, 1A,
USA) as injectable solution (concentration 0.1 g/ml).

Long-term behavioral effects of ketamine after electric foot
shocks procedures

The experimental procedure was carried out as described
previously (Qiu et al. 2013; Zhang et al. 2012). For the
training session, a plexiglass chamber (20x10x 10 cm) with
a stainless-steel grid floor (9-mm interval) was used. Electric
foot shocks were delivered through the grid floor by an
isolated shock generator (Med Associates Inc., USA). Each
mouse was placed in the chamber, and after a 5-min adapta-
tion period, a total of 15 intermittent, inescapable foot shocks
(intensity 0.8 mA, interval 10 s, and duration 10 s) were
delivered for 5 min. Control animals were placed in the same
chamber for 10 min, without electric foot shocks. Starting the
first day (day 1) after the foot shock procedure, Ser (15 mg/kg,
i.g.) or ketamine (0.625, 1.25, and 2.5 mg/kg, intraperitoneal
(i.p.)) was given once a day at 8:00-9:00 a.m. The drug doses
and the administration time were selected according to our
previous studies. Each animal was successively tested in the
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contextual freezing measurement test, the open field test, and
the staircase test.

Contextual freezing measurement

The test was performed as described previously, with minor
modifications (Zhang et al. 2012). All animals were exposed
to the reminder situation, i.e., the same chamber where the
foot shocks had been delivered, but with no further foot
shocks, for 5 min on days 3, 8, and 15. Freezing behavior,
defined as an absence of all movement (except for respira-
tion), was scored during the situational reminder during a 3-
min period on day 15. The total cumulative freezing time
(total seconds spent freezing during each assessment period)
was measured and analyzed automatically using computer
software (Med associates Inc Video Freeze SOF-843., USA).

The open field

To evaluate whether the reversion of contextual freezing by
ketamine depends on affecting locomotor activity, we
assessed the number of line crossings and rears in mice. This
test was performed as described previously, with minor mod-
ifications (Zhang et al. 2012). On day 16 after foot shocks,
mice were placed in the corner of a plastic box (36x29x
23 cm) with a base divided into equal sectors, for a 5-min
acclimation period, and the number of crossings (with all four
paws placed into a new square) and rears (with both front
paws raised from the floor) were recorded in the next 5 min.

The staircase test

The staircase was made from polyvinylchloride and consisted
of five identical steps (2.5 cm high, 10 cm wide, and 7.5 cm
deep). The height of the walls was constant (12.5 cm above
the stairs) along the entire length of the staircase. On day 18
after the foot shocks, the mouse was placed on the floor of the
box with its back toward the staircase. Each mouse was
individually placed onto the staircase. During a 3-min period,
the number of rearings and the number of steps climbed were
recorded. A step was considered climbed only if the mouse
placed all four paws on the stair. The number of steps
descended was not counted. At the end of 3 min, the mouse
was removed, and the staircase was cleaned with an alcohol
sponge to eliminate any residual odors. The treatments were
randomized, and the observer was blind to the grouping. All
studies were carried out between 8:00 and 11:00 a.m.

Long-term behavioral effects of ketamine after TDS
procedures

The TDS procedure was performed as described previously
(Zhang et al. 2012). Briefly, after a 1-week acclimatization

period, the rats were restrained for 2 h, and then each rat was
immobilized inside a disposable, clear polyethylene rodent-
restraint cone (day 1). The large end of the cone was closed
with tape. The bag size was adjusted according to the size of
the animal to achieve complete immobilization. A hole in the
small end of the cone allowed the rats to breathe freely. After
that, rats were individually placed in a clear acrylic cylinder
(24-cm diameter, 50-cm height), filled with water (24 °C) to
2/3 of its height, and forced to swim for 20 min. Following a
15-min recuperation period, rats were exposed to diethyl ether
until they lost consciousness. The rats were allowed to recover
for a week and were then subjected to a brief restress on day 7
(20-min swim stress).

Starting on the first day after the TDS procedure (day 2, rats
were exposed to the restraint, forced swim, and exposure to
ether), ketamine (0.625, 1.25, and 2.5 mg/kg, i.p.) was given
once per day at 8:00-9:00 a.m. To minimize effects of multi-
ple testing, tests were ordered from least to most stressful, and
cagemates were tested simultaneously or on consecutive days.
The originality of our protocol lies in the fact that the same
cohort of animal was tested in different behavioral paradigms,
according to the procedure described previously (Zhang et al.
2012).

The locomotor activity test

Locomotor activity was assessed using an open-field test
13 days after TDS. Rats were placed in the corner of a plastic
box (76 x76x46 cm), with the base divided into approximate-
ly 18 sectors. Rats were allowed to habituate to the environ-
ment for 5 min, and the number of crossings (crossing the
sector with four paws) and rears (raising the forepaws) were
recorded simultaneous for 5 min.

Contextual freezing measurement

The contextual fear paradigm was conducted after the end of
the 14-day drug treatments. Each rat was exposed to the
conditioning context (180 s, in the conditioning chamber
[60x21%30 cm] without any stimulation). Immediately
after that, a foot shock (0.8 mA, 4 s) was given through
a stainless steel grid floor (Med Associates Inc. USA).
Twenty-four hours after the initial foot shock (day 15
after TDS), the rat was placed in the conditioning
chamber where it had previously been foot shocked,
and the contextual fear response was then evaluated by
measuring the duration of freezing behavior in a 5-min
interval. “Freezing” behavior was defined as a total
absence of body or head movement except for that
associated with breathing, which was rated automatically
by computer software (Med associates Inc Video Freeze
SOF-843., USA).
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The EPM test

This paradigm has proven valid for detecting responses to
external stressful stimuli (Liebsch et al. 1998). The appa-
ratus consisted of four branching arms (50x10 cm) with
two arms open and the other two closed with dark walls
(14 cm high). The arms were connected by a center
platform (10x10 cm), and the maze was 50 cm above
the ground. Eighteen days after TDS (day 18), individual
rats were placed in the central platform, facing the closed
arms. For the purpose of analysis, open-arm activity was
quantified as the time spent in the open arms relative to
time in the open arms plus time in the closed arms and
the total number of entries into open arms relative to the
number of in the open arms plus the number of in the
closed arms. Rats were scored as entering an open or
closed arm only when all four paws passed over the
dividing line. The maze was cleaned with a 5 %
ethanol/water solution after each test to remove any con-
founding olfactory cues and dried thoroughly between
sessions.

Effects of ketamine on the BDNF level in post-TDS rats

Rats used in the TDS test were sacrificed by decapitation,
and the hippocampus was isolated for Western blotting
detection. The protein concentration was determined by a
BCA assay. Then, 20 pug of total protein was separated by
12 % SDS-PAGE and transferred to PDVF membranes
(Millipore, Billerica, MA, USA) by electroblotting.
Following blocking in 1 % BSA for 2 h, the protein
membrane was incubated in the primary antibody, rabbit
anti-BDNF (Sigma Company, 1:1000), at 4 °C overnight
and then in the secondary antibody, HRP-conjugated goat
anti-rabbit IgG (1:5,000), for 1 h. Bound antibodies were
detected using an enhanced chemiluminescence detection
reagent (Applygen Company, Beijing, China). Band inten-
sities were quantified using the ImageQuant software
package (GE Healthcare).

Statistical analysis

All data were expressed as the mean+SEM. Student’s ¢ test
compares the difference between two groups (i.e., control
nonshocked mice vs. shocked mice, shocked mice vs. shocked
+ Ser treatment mice; and non-TDS rats vs. post-TDS rats,
post-TDS rats vs. TDS + Ser treatment rats), with Bonferroni
corrections performed where necessary to control for Type |
error. Long-term behavioral effects of ketamine after electric
foot shocks in mice or TDS in rats were analyzed by one-way
analysis of variance (ANOVA) followed by Dunnett’s # test.
For all tests, differences of P<0.05 were considered
significant.
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Results

Long-term behavioral effects of ketamine after electric foot
shocks in mice

There was no significant effect on the number of line crossings
and rearings between the control nonshocked mice and the
shocked mice. Daily oral administration of either Ser
(15 mg/kg) or ketamine also did not significantly affect num-
ber of line crossings and rearings. These results indicate that
neither foot shocks nor repeated ketamine treatment affected
locomotor activity in this animal mode (figures are not
shown).

Electric foot shocks caused a significant increase in the
contextual freezing response (Student’s ¢ test, P<0.001) of
shocked mice compared to control, nonshocked mice, indicat-
ing that the electric foot shock model was successful. As a
positive control, Ser (15 mg/kg) also significantly reduced the
freezing behavior (Student’s 7 test, P<0.01) induced by foot
shock. However, since multiple tests were undertaken in this
analysis, we used the Bonferroni correction to identify these
effects. After this correction, the significant difference
remained, which demonstrates the predictive validity of this
model. Chronic treatment with ketamine showed a main effect
on the contextual freezing response in mice exposed to foot
shock (one-way ANOVA, F[3,36]=3.931, P<0.05). Further
post hoc analysis revealed that ketamine (0.625, 1.25, and
2.5 mg/kg) decreased the contextual freezing response
(Dunnett’s test, P<0.01 compared with foot shock-vehicle
group) on day 15 (Fig. 1b). These results indicate that mice
exhibit a persistent fear response to the context associated with
traumatic events and that repeated treatment with ketamine
can alleviate the contextual freezing behavior in the shocked
mice.

In the staircase test, mice that had been previously exposed
to foot shocks exhibited an increased number of rears
(Student’s ¢ test, P<0.05) but failed to demonstrate a signifi-
cant change in the number of steps. These results indicate that
the animals still avoided the aversive-like compartment and
that they exhibited a fear response to the context associating
with traumatic events. We also found that repeated adminis-
trations of ketamine or Ser decreased the number of rearings
(ketamine 1.25 and 2.5 mg/kg, one-way ANOVA, F[3,36]=
3.046, P<0.05; Ser 15 mg/kg, Student’s ¢ test, P<0.05) with-
out affecting climbing behavior in the staircase test (Fig. 1c),
suggesting that ketamine significantly improved the behavior-
al deficits induced by the aversive procedures.

Long-term behavioral effects of ketamine after exposure
to TDS

To examine the possibility that TDS and/or drug treatments
influenced baseline locomotor activity, we investigated the
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Fig. 1 Long-term behavioral effects of ketamine (KET) after electric foot
shocks in mice. a Treatment schedule and order of behavioral tests for the
inescapable electric foot shock model in mice. b Exposure to foot shocks
significantly increased the contextual freezing response. The freezing
behavior was significantly reduced in the groups that were administered
either Ser or ketamine (1.25 and 2.5 mg/kg, respectively, i.g.) on day 15.
¢, d Exposure to foot shocks resulted in an increased number of rearings

level of spontaneous locomotor activity in each group. The
results showed that there was no significant difference be-
tween the control, non-TDS rats and the post-TDS rats. As a
positive control, Ser (15 mg/kg) also did not significantly
affect the number of line crossings and rearings. The daily
oral administration of ketamine did not show an effect on the
number of line crossings and rears (figures are not shown).
Compared to vehicle treatment, exposure to TDS significantly

but failed to significantly affect the number of steps. Ketamine treatment
decreased the number of rearings without affecting the climbing behavior
in the staircase test. Data are presented as the means+SEM (n=8-10).
*P<0.05, ***P<0.001, compared with the foot shock (—) group;
#P<0.05, #P<0.01 compared with the saline-treated foot shock (+)
group (ANOVA followed by Dunnett’s  test)

increased the contextual freezing response (Student’s ¢ test,
P<0.05). A 14-day chronic coadministration with Ser allevi-
ated the enhanced contextual freezing in rats that experienced
TDS (Student’s ¢ test, P<0.001). A similar effect was also
observed with repeated ketamine (0.625 and 2.5 mg/kg) treat-
ment (one-way ANOVA, F[3,36]=4.743, P<0.01) (Fig. 2b).

As shown in Fig. 2¢, Student’s 7 test revealed that TDS-
exposed animals showed significant reductions in the
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Fig. 2 Treatment schedules and order of behavioral tests for the PTSD
model of TDS a. The post-TDS rats showed a significant increase in
contextual freezing b and a decreased percentage of both time spent in
and entries into open arms in the elevated plus maze test ¢. Repeated
administration of ketamine (KET) ameliorated these behavioral deficits.

percentage of time spent in open arms (Student’s ¢ test,
P<0.05) and in percent number of entries into open arms
(Student’s ¢ test, P<0.05) in the elevated plus maze (EPM)
test. One-way ANOVA analyses revealed that the chronic
coadministration of ketamine (0.1 and 0.3 mg/kg) significant-
ly increased the percentage of time spent in the open arms
(F13,36]=4.416, P<0.05) and the number of entries into the
open arms (F[3,36]=16.93, P<0.05), as did the repeated
administrations of Ser (15 mg/kg, Student’s 7 test, P<0.05).
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Daily administrations of either Ser or KET were begun on the first day
after the TDS procedure. Data are presented as the means=SEM (n=10).
*P<0.05, **P<0.01, ***P<0.001, compared with TDS (—) group;
##P<0.01, ##P<0.001 compared with the saline-treated TDS (+) group

Effects of ketamine on the BDNF level in post-TDS rats

The levels of BDNF in the hippocampus of post-TDS rats
were measured at the end of the EPM test. As shown in Fig. 3,
statistical analysis revealed that the TDS procedure signifi-
cantly reduced the level of BDNF in the hippocampus
(Student’s ¢ test, P<0.05). This effect was clearly reversed
by the chronic administration of ketamine treatment at 1.25
and 2.5 mg/kg (one-way ANOVA, F[3,36]=10.71, P<0.05).
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Fig. 3 Effects of ketamine (KET)

on the level of BDNF in the BDNF
hippocampus of post-TDS rats.

The upper panels are 5
quantification of BDNF. Values B-Actin

shown are means+=SEM of four 1.5=

rats per group; the
immunoblotting data are
expressed as percentages of
corresponding optical density
(normalized to (3-actin) in the
vehicle control samples.
**P<0.01 compared with TDS
(-); ##P<0.001 compared with
TDS-exposed group (ANOVA
followed by Dunnett’s ¢ test)

BDNF/actin (% of Saline)

0.0

TDS

Discussion

The present study demonstrated that chronic treatment with
ketamine caused significant suppression of enhanced anxiety
and contextual fear induced by inescapable electric foot shocks
in mice and TDS in rats, which is similar to the effects of the first-
line anti-PTSD drug sertraline (SSRI). Furthermore, ketamine
increased the level of BDNF in the hippocampus of post-TDS
rats.

Our results demonstrated that repeated situational reminders
followed by electric foot shocks elicited the acquisition of con-
ditioned fear and that the mice showed an innate aversive freez-
ing behavior. Repeated ketamine treatment significantly in-
creased the time spent in the aversive-like context, indicating that
ketamine alleviated the stressed animals’ fear of the context
associated with the traumatic event. Moreover, the aversive
procedure did not affect the animals’ spontaneous locomotor
activity or the number of steps climbed in the staircase test in
mice. These results are in accordance with the studies of Pynoos
et al. (1996), who showed that foot shocks associated with
situational reminders did not affect the motor activity of male
mice in an open field test performed 3—6 weeks after the first foot
shock. The present study indicates that aversive foot shocks
followed by repeated reminders are a reliable long-lasting animal
model for PTSD and that ketamine has a therapeutic effect in this
animal model within a certain dose range.

TDS models have utilized intense stressors, aversive chal-
lenges, and situational reminders of a traumatic stress in an
attempt to model long-term effects on behavioral, autonomic,

1.0+

0.625

1.25
KET(mg/kg)

sal'ine saline Ser 15 2.5

() (+)

and hormonal responses seen in humans with PTSD (Uys
et al. 2003). In this model, a single exposure to stress causes
subsequent sensitization during the restress. Rats are exposed
to various stressors (restraint stress, forced swim, and ether
exposure). Then, the rats are allowed to recover for a week and
are then subjected to a brief restress on day 7 (20-min swim
stress). There is growing evidence that the TDS model is a
proven PTSD animal model that utilizes intense stressors,
aversive challenges, and situational reminders of a traumatic
stress in an attempt to model the long-term behavioral, auto-
nomic, and hormonal responses observed in humans with
PTSD (Khan and Liberzon 2004; Uys et al. 2003). To date,
the TDS model has been proven by different laboratories to
resemble the clinical condition with accurate face, construct,
and predictive validity (Oosthuizen et al. 2005). The data
presented here demonstrate that contextual freezing is signif-
icantly enhanced in rats exposed to TDS and that the chronic
administration of ketamine successfully reverses these adverse
effects. EPM, a model that uses rodents’ natural fear of open
and elevated places, has been proven valid for detecting
responses to external stressful stimuli. It has been found that
the TDS procedure induced anxiety-like behavior in the EPM
test. The present study also shows that TDS exposure pro-
duces representative anxiety-like behavior, as evidenced by
the fact that TDS-exposed animals significantly decreased the
percentage of time spent in and the number of entries into the
open arms, while ketamine reversed these behavioral changes
and alleviated anxiety in rats after TDS exposure. We also
found that TDS and/or ketamine did not significantly influence
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spontaneous locomotor activity in rats, which is consistent with
earlier reports that ketamine does not affect locomotion in male
adult Sprague-Dawley rats, over a large range of doses (e.g., 0—
10 mg/kg) (Wilson et al. 2007). These findings suggesting that
the behavioral changes observed in this study were not due to a
change in basal locomotor activity.

Over the past decades, many studies have suggested that
several neurotrophic factors and related signaling cascades might
be involved in the pathophysiology of mood disorders, including
depression and PTSD (Broekman et al. 2007; Pivac et al. 2012;
Zhang et al. 2013). The hippocampus is a limbic structure that is
important in the control of learning and memory and in the
regulation of the hypothalamic—pituitary—adrenal (HPA) axis.
Moreover, the hippocampus has connections with the amygdala
and the prefrontal cortex. The hippocampus, prefrontal cortex,
and amygdala have all been implicated in PTSD. It is known that
stress decreases the expression of BDNF in limbic structures and
that chronic antidepressant treatment reverses the effects of stress
(Dell’Osso et al. 2009). Our data demonstrates that the repeated
administration of ketamine increased hippocampal BDNF pro-
tein levels in post-TDS rats. It should be stated that, despite the
role played by amygdala and prefrontal cortex in mediating
PTSD behaviors, in this study, we did not evaluate BDNF protein
levels in these areas. Therefore, we cannot discard the idea that
BDNF protein levels might also be altered in the amygdala and
the prefrontal cortex.

Previous studies have demonstrated that acute administration
of ketamine (15 mg/kg) causes an increase in BDNF protein
levels in the rat hippocampus, while repeated administration (for
14 days) of ketamine (15 mg/kg) does not alter hippocampal
BDNF protein levels(Garcia et al. 2008a, b). It should be noted
that, in those studies, BDNF levels were assessed in rats that
were not subjected to the TDS procedures. Thus, we must
consider that these studies used different behavioral procedures,
different doses, different routes, and different durations of keta-
mine administration.

It is important to note that NMDA receptor activation has
been suggested to play a role in some of the kindling-like
processes that have been associated with the formation of spon-
taneous intrusive memories (Adamec 1997; Grillon et al. 1996)
and that states of high NMDA receptor activity may increase the
risk of developing PTSD because they may increase the likeli-
hood for aversive memory encoding (Mehta and Binder 2012;
Reul and Nutt 2008). NMDA receptors play an important role in
the memory consolidation processes (Lee et al. 2006), and
antagonizing NMDA receptors in the hippocampus impairs the
consolidation of fear conditioning (Liu et al. 2009; Zimmerman
and Maren 2010), suggesting that NMDA receptor antagonists
may be useful in the treatment of PTSD. NMDA receptor
antagonists also interfere with anxiety-related behavior in rats if
they are given shortly after exposure to predator stress (Adamec
et al. 1999). In this respect, it is worth noting that in a preliminary
retrospective study, McGhee et al. (McGhee et al. 2008) found
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that in a group of burned service men, those treated with the
NMDA receptor antagonist ketamine during hospitalization had
a lower incidence of PTSD than did the others. These reports
were consistent with our finding that chronic injection of keta-
mine shortly after exposure to TDS ameliorated behavioral
deficits.

PTSD is an illness with high chronicity, comorbidity, and
severity, accompanied by different neuroendocrine and neu-
rochemical alterations and different clinical manifestations. In
fact, we recently found that NMDA receptor antagonist MK-
801, at doses 0f 0.0125, 0.025, and 0.05 mg/kg, i.p., which did
not significantly influence spontaneous locomotor activity,
produced no significant behavioral changes in mice after
electric foot shocks (figures are not shown). While ketamine,
in addition to binding with NMDA receptors, also binds to «-
amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid recep-
tors, GABA 4 receptors, opioid receptors, cholinergic recep-
tors, substance P receptors, dopamine D-2 receptors, 5-HT,
receptors, and voltage-sensitive Ca®" and Na'" channels, at
physiologically relevant concentrations (Lang and Borgwardt
2013a). Furthermore, ketamine binding at serotonergic and
dopaminergic receptors occurs with an affinity (e.g., 0.5 uM)
that is quite comparable to its affinity for NMDA receptors
(Kapur and Seeman 2002). Ketamine also interacts with
monoamine reuptake transporters in the same way as antide-
pressant drugs, increasing synaptic monoamine concentra-
tions (Tso et al. 2004; Lang and Borgwardt 2013b).
Considering this background, it seems plausible that ketamine
may be a strongly multi-target drug which may exert its anti-
PTSD-like effect via several receptor pathways. The precise
mechanism of action warrants further studies, which now are
now being undertaken by our group.

Conclusion

In summary, our findings indicate that ketamine has a clear
anti-PTSD-like effect that might be at least partially mediated
by an influence on BDNF signaling in the hippocampus.
Future studies are needed to clarify which receptor system is
responsible for the anti-PTSD effects of ketamine in animal
models. The results of these investigations have theoretical
implications for the neural theory of PTSD and clinical impli-
cations for the treatment of this mental disorder.
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