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Adolescent trauma (AT) is a common risk factor for adult-onset
posttraumatic stress disorder (PTSD). However, the vulnerability to
AT among different individuals varies dramatically, indicating that
other cofactors are important. Despite extensive studies, the identi-
fication of those cofactors has had little success. Here, we found that
after subjected to traumatic stress at postnatal day 25 (P25), a stage
that is comparable to the human adolescent period, inducible/
reversible forebrain-specific cholecystokinin receptor-2 trans-
genic (IF-CCKR-2 tg) mice exhibited a significantly higher level of
PTSD-like behavior at a later life (adult) stage compared with
their wild-type littermates. Moreover, in these traumatized IF-
CCKR-2 tg mice, both the glucocorticoid negative feedback inhi-
bition and spatial learning and memory were impaired. Interest-
ingly, if the CCKR-2 transgene was specifically suppressed during
the time of AT exposure, these observations were largely dimin-
ished, indicating that a temporal association of the elevated CCKer-
gic tone and AT is pathogenically critical. Treatment of traumatized
IF-CCKR-2 tg mice with fluoxetine, a selective serotonin reuptake
inhibitor, for a period of 4 wk significantly attenuated the PTSD-like
behavior and the impaired glucocorticoid negative feedback inhibi-
tion, but not the memory deficit, implying that the memory deficit is
an independent post-AT clinical entity and not a consequence of
PTSD. Taken together, these results reveal a dynamic role of the
CCKergic system in the development of post-AT psychopatholo-
gies and suggest that a timely antagonism of CCKR-2 activity dur-
ing AT exposure is a potential preventive strategy for post-AT
psychopathologies including PTSD and cognitive dysfunction.
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Posttraumatic stress disorder (PTSD), as a predominant form
of anxiety disorders, affects 7.8% of people of ages between 15

and 54 y in the United State (1). This prevalence goes up to 32–
36% in people who have a history of trauma (2). Particularly, over
half of the victims who experienced a preadult trauma such as
childhood physical or sexual abuse eventually develop PTSD (3).
Given that children, especially early adolescents, have a higher
possibility of exposure to traumatic attacks (4), adolescent trauma
(AT) is an important risk factor for PTSD.
However, the vulnerability among different individuals to AT is

different, and this variability may at least partially be attributed to
genetic variations (5). Another important factor is pretrauma
stress (6). Stress may dysregulate various neurotransmitter systems
in the brain, among which the CCKergic system, including chole-
cystokinin (CCK) peptides and their receptors, is of a significant
importance, based on its dynamic regulation in response to stress
(7, 8). Actually, the CCKergic system has long been recognized as
an anxiogenic factor (7), and CCK peptides were commonly used
to induce anxiety in volunteers (9, 10). CCK peptides and CCK
receptor-2 (CCKR-2) widely distribute in the brain, with the
highest level in the limbic system (11), the areas that are critically
involved in cognition and emotion (12). Our recent transgenic
study also showed that overexpression of CCKR-2 in neurons of

the forebrain of mice significantly enhanced anxiety-like be-
havior (13). However, it is still not clear whether or how a higher
level of the CCKR-2 expression in the brain contributes to
AT vulnerability.
In this study, by using our previously engineered inducible/

reversible forebrain-specific cholecystokinin receptor-2 transgenic
(IF-CCKR-2 tg; simply dtg hereafter) mice, we demonstrated that
a temporal coupling of the elevated CCKergic tone with an AT
episode is critical for the development of PTSD-like behavior in
mice at a later life stage.

Results
Expression and Function of the CCKR-2 Transgene in the Forebrain of
dtg Mice. As shown in Fig. S1 A–F, our results further confirmed
that the expression of the CCKR-2 transgene was forebrain-
specific, inducible/reversible, and functional. The enhanced CCK
receptor binding activity in the forebrain of dtg mice was ob-
served as early as postnatal day 20 (P20; Fig. S1E).

Effect of the CCKR-2 Transgene and AT on Fear Behavior in a Fear-
Conditioning Test. In the fear-conditioning test, as the acute
stressor (AS) was actually the unconditioned stimulus (US)
that paired the conditioned stimuli such as the context of the
shock box, mice without AS (US) would not show any condi-
tioning behavior and thus would not be meaningful to be used
as a control. Following AS, naïve (without AT) dtg mice showed an
impaired contextual conditioning (P < 0.05; Fig. 1A) but a normal
cued conditioning (Fig. 1B) compared with naïve WT mice. In-
terestingly, following the same AS, dtg mice with AT exhibited an
enhanced fear response in both the contextual (Fig. 1A) and cued
(Fig. 1B) conditionings compared with that in WT-naïve (P <
0.001), WT-AT (P < 0.001), or dtg-naïve mice (P < 0.05) separately.
These results indicated that (i) the CCKR-2 transgene alone im-
paired the hippocampus-dependent fear memory but not the
overall fear responses; and (ii) after subjected to AT, however, dtg
mice showed a significantly enhanced fear response in both the
contextual and cued conditionings.

Effect of the CCKR-2 Transgene and AT on Fear Extinction. Following
the experiments above, the same mice were subjected to con-
textual fear extinction. As shown in Fig. 1C, a within-group one-
way ANOVA revealed a significantly less freezing response fol-
lowing extinction trials in WT-naïve-AS [F(4,50) = 19.08, P <
0.001], dtg-naïve-AS [F(4,50) = 17.10, P < 0.001], WT-AT-AS [F
(4,50) = 19.55, P < 0.001], and dtg-AT-AS mice [F(4,50) = 12.78,
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P < 0.001]. Post hoc Fisher’s protected least significant differ-
ence (PLSD) tests indicated that the significant difference in
extinction rate was observed at the last extinction trial in dtg
mice but at the last two trials in all of the other three groups of
mice. Using a three-way ANOVA (transgene × AT × extinction
trial), we found a significant interaction in fear extinction be-
tween transgene and AT [F(1,212) = 18.65, P < 0.001)], but not
among all three factors. As summarized in Fig. 1D, the ex-
tinction rate in dtg-AT-AS mice, WT-AT-AS/dtg-naïve-AS
mice, and WT-naïve-AS mice was lowest, moderate, and high-
est, respectively. All these results indicated that the interac-
tion between the CCKR-2 transgene and AT impaired the
fear extinction. Freezing response in the animals was defined as
no any movement, except for respiration.

Effect of the CCKR-2 Transgene and AT on PTSD-Like Behavior in an
Elevated-Plus Maze. Six groups of mice were examined. A com-
parison between WT-naïve and dtg-naïve mice showed a signifi-
cant difference in every index examined (P < 0.05–0.01; Fig. 2 A–
D). Analyses of the other four groups with a two-way ANOVA
(CCKR-2 transgene × AT) indicated (i) a significant effect of the
transgene [F(1,44) = 30.22, P < 0.001], AT [F(1,44) = 11.95, P <
0.01], and interaction [F(3,44) = 4.45, P < 0.05] on the number of
open-arm visits (Fig. 2A); (ii) a significant effect of the transgene
[F(1,44) = 5.74, P < 0.05] and interaction [F(3,44) = 5.05, P <
0.05], but not AT, on the number of closed arm visits (Fig. 2B);
(iii) a significant difference of the transgene [F(1,44) = 28.08,
P < 0.001], AT [F(1,44) = 9.45, P < 0.01], and interaction
[F(3,44) = 4,31, P < 0.05] on the time spent in open-arms (Fig. 2C);
and (iv) a significant effect of the transgene [F(1,44) = 12.22, P <
0.01], AT [F(1,44) = 11.25, P < 0.05], and interaction [F(3,44) =
4.86, P < 0.05] on the time spent in closed arms (Fig. 2D). Detailed
post hoc analyses were marked in the figure. These results in-
dicated that the CCKR-2 transgene alone had an anxiogenic effect;
AT alone had an anxiogenic effect, but the effect was not consis-
tent; and CCKR-2 facilitated the anxiogenic effect of AT.

Effect of the CCKR-2 Transgene and AT on PTSD-Like Behavior in an
Open-Field Test. Another set of six groups of mice was used here.
A comparison between WT-naïve and dtg-naïve mice showed
a significant difference in every index examined (P < 0.05; Fig. 2
F–H), except for the total distance traveled (Fig. 2E). Analyses

of the other four groups with a two-way ANOVA (CCKR-2
transgene × AT) indicated (i) a significant effect of AT alone
[F(1,40) = 6.92, P < 0.05], but not the CCKR-2 transgene alone
nor the interaction, on the total distance traveled (Fig. 2E); (ii)
a significant effect of the transgene [F(1,40) = 27.45, P < 0.001],
AT [F(1,40) = 17.45, P < 0.001], and interaction [F(3,40) = 4.89,
P < 0.05] on the distance traveled in the center area (Fig. 2F);
(iii) a significant effect of the transgene [F(1,40) = 18.78, P < 0.001],
AT [F(1,40) = 14.18, P < 0.001], and interaction [F(3,40) = 4,14,
P < 0.05] on the number of central area entries (Fig. 2G); and
(iv) a significant effect of the transgene [F(1,40) = 24.84, P <
0.001], AT [F(1,40) = 11.38, P < 0.01], and interaction [F(3,40) =
5.83, P < 0.05] on the time spent in central area (Fig. 2H). De-
tailed post hoc analyses were marked in the figure. These results
indicated that both the CCKR-2 transgene and AT had an
anxiogenic effect and that a significant interaction existed between
these two anxiogenic factors.
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Fig. 1. Enhanced PTSD-like behavior in dtg mice with AT/AS in fear-condi-
tioning and fear-extinction tests. (A) Freezing response in contextual con-
ditioning. *P < 0.05–0.001 compared with WT-naïve-AS mice; @P < 0.001
compared with dtg-naïve-AS mice; #P < 0.05 compared with WT-AT-AS mice;
all were Student’s t test. (B) Freezing response in cued conditioning. The
same group comparisons: *P < 0.05; @P < 0.001; #P < 0.05; all were Student’s t
tests. as, adult stressor; at, adolescent trauma; nv, naïve. (C) Extinction curve
in contextual conditioning following multiple extinction trials. Data above
are all expressed as mean ± SD. (D) Overall extinction rate. A lower extinc-
tion rate is observed in dtg-AT-AS mice compared with that in any other
group. In each group, there were 11 mice (n = 11).
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Fig. 2. Enhanced PTSD-like behavior in dtg mice with AT/AS examined by
using a battery of behavioral tests. (A–D) Elevated-plus maze test. (A)
Number of open-arm visits. (B) Number of closed arm visits. (C) Time spent in
open arms. (D) Time spent in closed arms. *P < 0.05–0.01 compared with WT-
naïve mice; &P < 0.05–0.001 compared with WT-naïve-AS mice; #P < 0.01–
0.001 compared with dtg-naïve-AS mice; $P < 0.05–0.001 compared with WT-
AT-AS mice; all were Student’s t test. In each group, there were 12 mice (n =
12). as, adult stressor; at, adolescent trauma; nv, naïve. (E–H) Open-field test.
(E) Total distance traveled. (F) Distance traveled in the center area. (G)
Number of center area entries. (H) Time spent in the center area. The same
group comparisons: *P < 0.05; &P < 0.05; #P < 0.01–0.001; $P < 0.05–0.001; all
were Student’s t test. In each group, there were 11 mice (n = 11). (I and J)
Modified tone-fear conditioning test. (I) Total distance traveled. (J) Total
nonmovement time. The same group comparisons: *P < 0.05–0.01; &P < 0.05;
#P < 0.01–0.001; $P < 0.001; all were Student’s t test. In each group, there
were 12 mice (n = 12). Data are expressed as mean ± SD.
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Effect of the CCKR-2 Transgene and AT on Fear Generalization in
a Modified Tone-Fear Conditioning Test. A new set of six groups
of mice was examined. A comparison between WT-naïve and
dtg-naïve mice revealed a significant difference (P < 0.05;
Student’s t test) in the total distance traveled (Fig. 2I) and
nonmovement time (Fig. 2J). Analyses of the other four groups
with a two-way ANOVA (CCKR-2 transgene × AT) revealed (i)
a significant effect of the transgene [F(1,44) = 51.98, P < 0.001],
AT [F(1,44) = 46.02, P < 0.001], and interaction [F(3,44) = 7.74,
P < 0.01] on the total distance traveled (Fig. 2I); and (ii) a sig-
nificant effect the transgene [F(1,44) = 24.58, P < 0.001], AT
[F(1,44) = 20.15, P < 0.001], and interaction [F(3,44) = 4.72, P <
0.05] on the total nonmovement time (Fig. 2J). Detailed post hoc
analyses were marked in the figure. All these results further con-
firmed the results observed in the other two behavioral paradigms
described above.

Suppression of the CCKR-2 Transgene Expression During AT Exposure
Largely Diminished PTSD-Like Behavior. The expression of the
CCKR-2 transgene could be almost completely suppressed by
treating dtg mice with doxycycline (doxy) for 3 d or restored back
by withdrawing doxy for 5 d (Fig. S1 A and B). As shown in Fig.
3A, three groups of dtg mice were treated with doxy for three
periods of time: during AT (group I) for 1 wk, from immediately
post-AT to the prebehavioral test (group II) for 2 wk, and during
behavioral tests (group III) for 1 wk. The expression of the
CCKR-2 transgene was suppressed during the AT exposure, post-
AT period, and the expression of fear behavior, respectively.
PTSD-like behavior was examined 24 h after AS at an adult stage
(2 mo old). In an elevated-plus maze test, a one-way ANOVA
indicated a significant difference in the number of open-arm visits

[F(3,40) = 11.34, P < 0.001; Fig. 3B], number of closed arms
visits [F(3,40) = 6.54, P < 0.01; Fig. 3C], time spent in open arms
[F(3,40) = 5.26, P < 0.01; Fig. 3D], and time spent in closed
arms [F(3,40) =14.53, P < 0.001; Fig. 3E]. Post hoc tests
revealed a significant difference (P < 0.05–0.001) in all indices
examined between WT-naïve-AS (n = 12) and dtg-doxy-II (n =
12) mice and between WT-naïve-AS and dtg-doxy-III (n = 12)
mice but not between WT-naïve-AS and dtg-doxy-I (n = 12) mice.
Moreover, a significant difference (P < 0.05–0.001) in every index
was observed between dtg-doxy-I and dtg-doxy-II mice, and a
significant difference (P < 0.05–0.001) in every index, except for
the time spent in open arms, was observed between the dtg-doxy-I
and dtg-doxy-III groups.
To determine whether this phenotype could be observed in

another behavioral paradigm, 24 h after the test above, the same
mice were reexamined using a modified tone-fear conditioning
test. A one-way ANOVA revealed a significant difference in the
total distance traveled [F(3,40) = 16.17, P < 0.001; Fig. 3F] and
total nonmovement time [F(3,40) = 7.74, P < 0.001; Fig. 3G]. Post
hoc tests revealed that the difference in either the total distance
traveled (P = 0.064) or total nonmovement time (P = 0.135) be-
tween WT-naïve-AS and dtg-doxy-I mice was not significant. Be-
tween WT-naïve-AS and dtg-doxy-II mice or between WT-naïve-
AS and dtg-doxy-IIImice, however, the difference in either index is
highly significant (P < 0.01–0.001). A significant difference in ei-
ther index between dtg-doxy-II and dtg-doxy-III mice could not be
identified. All these results indicated that the temporary suppres-
sion of the CCKR-2 transgene expression in AT (group I), but not
in the other periods of time (group II or III), could largely diminish
the AS-triggered PTSD-like behavior.

dtg Mice with AT/AS Were Impaired in Spatial Learning and Memory.
Using a Morris water-maze test, we found that, although spatial
learning and memory was not significantly affected by AT alone,
nor by the CCKR-2 transgene alone, an interaction between these
two factors led to a significant deficit in this cognitive function
(Fig. S2 A and B), implying that the development of PTSD may
be accompanied by impairment of other cognitive function such
as spatial learning and memory.

Interaction Between AT and the CCKR-2 Transgene Prolonged the
Activation of the Hypothalamic-Pituitary-Adrenal Axis in Response
to AS. After subjected to AT, both WT and dtg mice were each
divided into five groups (n = 12 in each group) for a time course
study. The basal level of activity was examined before AS, and
the results showed that, although the difference in either the
adrenocorticotropic hormone (ACTH; P = 0.067; Fig. 4A) or
corticosterone level (CORT; P = 0.06; Fig. 4C) was not signifi-
cant between WT and dtg mice, a tendency of a lower level in
both hormones was noted in these dtg mice. The analysis of the
time course with a three-way ANOVA (transgene × AT × time
course) revealed (i) a significant effect of the transgene [F(1,220) =
21.04, P < 0.001], AT [F(1,220) = 29.02, P < 0.001], and interaction
between transgene and AT [F(1,220) = 14.16, P < 0.05], but not the
interaction among the three factors (P = 0.07), on ACTH level (Fig.
4B); and (ii) a significant effect of the transgene [F(1,220) = 23.57,
P < 0.001], AT [F(1,220) = 10.08, P < 0.01], and interaction be-
tween transgene and AT [F(1,220) = 5.16, P < 0.05], but not the
interaction among the three factors (P = 0.448), on CORT level
(Fig. 4D). A detailed post hoc analysis revealed that a significantly
higher (P < 0.05–0.01) level of both ACTH and CORT was found
in dtg-AT-AS mice at 1 (peak level), 2, and 4 h after AS compared
with those in any group of mice at the same point of the time course
studies. The exact values of all of the groups examined are listed in
Tables S1 (ACTH) and S2 (CORT). These results indicated that
the interaction between AT and the CCKR-2 transgene did not only
increase the peak level of HPA axis activity but also impaired the
HPA axis negative feedback inhibition in response to acute
stress in the body.
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Fig. 3. Suppression of CCKR-2 transgene expression during AT largely di-
minished PTSD-like behavior. (A) Diagram for temporary inhibitions of the
CCKR-2 transgene expression in dtgmice. as, adult stressor; at, adolescent trauma;
nv, naïve. Groups I, II, and III indicates that dtg mice were treated with doxy to
inhibit the CCKR-2 transgene expression from P21 to P28, P25 to P39, and P49 to
P56, respectively,which are indicatedbybarswith different black intensities. (B–E)
Elevated-plusmaze test. (B) Number of open-arm visits. (C) Number of closed-arm
visits. (D) Time spent in open arms. (E) Time spent in closed arms. *P < 0.05–0.01
compared with WT-naïve-AS mice; @P < 0.05–0.01 compared with WT-naïve-AS
mice. All were post hoc test following a one-way ANOVA. Data are expressed
as mean ± SD. There were 12 mice in each group (n = 12).
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Effect of Chronic Treatment with Fluoxetine on the Phenotypes
Observed in AT-Stressed dtg Mice. After subjected to AT, WT and
dtg mice were treated with fluoxetine (flx; 15 mg/kg per day) or
vehicle for 4 wk, and then PTSD-like behavior was examined. In
an elevated-plus maze test, a two-group comparison revealed a
significant difference (P < 0.05) in the number of open-arm visits
(Fig. 5A), number of closed arm visits (Fig. 5B), time spent in open
arms (Fig. 5C), and time spent in closed arms (Fig. 5D) between
WT-naïve-vehicle and dtg-AT-vehicle mice or between dtg-AT-
vehicle and dtg-AT-flx mice, indicating that flx could rescue PTSD-
like behavior. Interestingly, the impaired glucocorticoid negative
feedback inhibition returned to the normal level after the flx
treatment in traumatized dtg mice (Fig. 5 E and F). However, this
treatment could not attenuate the deficit in spatial learning and
memory, because a one-way ANOVA with repeated measure-
ments revealed a significant difference in the learning curve [F
(2,140) = 7.358, P < 0.01; Fig. 5G], and a Student’s t test indicated
a significant difference in the probe test (P < 0.05; Fig. 5H). All
these results indicated that both the PTSD-like behavior and the
impaired learning and memory were associated with an interaction
between the AT and CCKR-2 transgene, whereas the response to
the antidepressant treatment was different.

Discussion
We demonstrated in this study that a higher CCKergic tone in the
brain is a cofactor for AT to induce PTSD-like phenotypes inmice.
Following AT, dtg mice developed robust PTSD-like behavior,
together with a deficit in spatial learning and memory, and pro-
longedHPA axis activation followingAS. Interestingly, a temporal
coupling ofCCKR-2 transgene expressionwithAT is critical for the
expression of all these phenotypes. Moreover, a chronic treatment
of dtg mice with flx rescued both the PTSD-like behavior and the
impairedHPA inhibition, but not thememory deficit. These results
revealed a dynamic role of the CCKergic system in the patho-
genesis of post-AT PTSD and cognitive dysfunctions.
A unique behavioral paradigm used in this study is to model

human AT in the mouse via multiple trials of footshock at age
P25. Virtually, various stress paradigms have been used to model
traumatic stress in the laboratories or even during an early-life
stage (P21–P28) in the mouse (14). In contrast to those approaches,
the paradigm used here meets many features of a classical trau-
matic attack in the human such as “sudden,” “intensive,” “help-

lessness,” and “threatening to death.” In the case of prolonged or
repeated constraint stress, for example, the procedure of stress may
lead to an adaptive response, so that the effect of stress might
gradually fade (15). Another foundational strategy in this study is to
trigger PTSD-like behavior by the combination of AT and AS, with
an interval of 45 d between them. Clinically, PTSD may occur
immediately following a trauma, but in many cases, a time interval
may exist between the trauma and onset of the disease (16). To
confront a second stress, namely revictimization, is an important
etiologic factor for PTSD (17). Thus, the use of AT as an original
trauma and AS to mimic revictimization in this study is a compre-
hensive means to induce PTSD-like behavior. However, based on
the results in WT mice, AT/AS alone was still not a reliable way to
reproduce PTSD-like behavior in the behavioral tests such as the
elevated-plus maze or open-field test. When AT/AS is combined
with the CCKR-2 transgene, however, consistent PTSD-like be-
havior was observed in almost all of the behavioral tests used, in-
dicating that the development of PTSD-like behavior does not only
depend on the trauma itself.
One of the most comprehensive efforts in this study is the use

of multiple behavioral tests, in an attempt to probe almost all of
the aspects of the core symptoms of PTSD in humans. According
to DSM-IV, the cluster of the core symptoms of PTSD includes
reexperiencing previous traumatic episode/event, persistent
avoidance/numbing, and hyperarousal to certain trauma-related

Fig. 4. Prolonged HPA axis activation in response to AS in dtg mice. (A)
Basal serum level of ACTH in naïve WT mice (WT-nv) and naïve dtg mice (dtg-
nv). as, adult stressor; at, adolescent trauma; nv, naïve. (B) Time course of
ACTH response following the AS. (C) Basal serum level of CORT in naïve WT
mice and naïve dtg mice. (D) Time course of CORT response following the AS.
Detailed statistical analyses are described in the text. Data in all these figures
are expressed as mean ± SD. There were 12 mice in each group (n = 12).
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Fig. 5. Effect of flx on the PTSD-like behavior, impaired inhibition of HPA
reaction in response to AS, and impaired spatial learning and memory in
traumatized dtg mice. (A–D) Elevated-plus maze test. (A) Number of open-
arm visits. (B) Number of closed arm visits. (C) Time spent in open arms. (D)
Time spent in closed arms. *P < 0.05–0.001 compared with WT-naïve-vehicle
mice; @P < 0.05–0.01 compared with dtg-AT-vehicle mice; all were Student’s
t test, with n = 9–11. (E) Serum level of ACTH. (F) Serum level of CORT. The
same group comparisons: *P < 0.05–0.01; @P < 0.05–0.01; all were Student’s
t test, with n = 12–14. (G) Learning curve in a water maze test. The detailed
of statistical analyses of the learning curve are described in the text. (H)
Probe test in the water maze test. *P < 0.05, data in either dtg-AT-vehicle
group (n = 10) or dtg-AT-flx (n = 11) were compared with those in theWT-naïve-
vehicle group (n = 10). as, adult stressor; at, adolescent trauma; nv, naïve;
L, left quadrant; O, opposite quadrant; R, right quadrant; T, target quadrant.
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cues, together with cognitive deficit choices. The choices of be-
havioral tests in this study are based on the similarities between
the behavioral assessment and the nature of these PTSD core
symptoms. For example, to fear a cue that is, in certain way, as-
sociated with the previous trauma is a typical sign of reexperi-
encing in PTSD (18). This type of fear can be readily modeled in
the mouse with the fear-conditioning paradigm (19). However, as
an enhanced fear response in this test may indicate an enhanced
fear memory, another behavioral test, fear extinction (20), was
used, to provide a better resolution for behavioral phenotypes. In
PTSD patients, impaired fear extinction is a common reexper-
iencing symptom (21). Thus, the deficit in fear extinction in our
dtg mice indicates that the enhanced fear response in the fear-
conditioning test is more relevant to an anxiety-related phenotype.
The use of the elevated-plus maze and open-field tests apparently
strengthens the phenotypical validation, in which a higher avoid-
ance level or a lower exploratory motivation could be considered
as a homolog of avoidance/numbing in PTSD patients (22).
Similarly, fear to a conditioned cue in the mouse is frequently
used to model the hyperarousal observed in PTSD patients (19,
20). In this study, a changed tone-conditioning test was developed,
based on the nature of the “hyper”-arousal. Indeed, our results
show that this unique paradigm provides a consistent result with
other well-established tests, and thus, it is useful for the study of
the PTSD-like behavior. In addition to the PTSD-like behavior,
the deficit in spatial learning and memory (Fig. S2) provided
additional evidence that an impaired cognition is accompanied
with the development of PTSD-like behavior. However, in this
study, we did not comprehensively explore how this memory
function is impaired following AT.
One of the most important findings here is the demonstration

that a temporal coupling of the higher CCKergic tone with AT
is critical for the development of PTSD-like behavior. This finding
is achieved based on the inducible/reversible expression of the
CCKR-2 transgene. However, it is still not clear how this coupling
occurs, partially due to the fact that the functional significance of the
CCKergic system in the brain is still not clear. As G protein–
coupled receptors, CCK receptors are associated with Ca2+

release, protein kinase C (PKC) activation, phospholipase A2
activity, and cAMP production (23), whereas the most notable
information is from the discovery of its dynamic role in both reg-
ulating fear responses and the pathogenesis of anxiety disorders.
Following stress, the CCKergic activity in the brain increases (24),
and the level of anxiety is correlated with the increased CCKergic
activity (25). CCKR-2 agonists only produce, or produce more
pronounced, anxiogenic effect in stressed, but not in unstressed,
animals (26). More importantly, patients with PTSD are more
sensitive to CCKR-2 agonists than controls (27). Hence, our
findings do not only confirm that the CCKergic activity is indeed
dynamically involved in the pathogenesis of PTSD but also in-
dicate that this dynamic role is particularly relevant to trauma
exposure but not the expression of the fear behavior, implying
that the CCKergic system may be more importantly related to
the pathogenic mechanism. As there are robust interactions be-
tween the CCKergic system and other neurotransmitter systems
including dopaminergic, serotonergic, and GABAergic systems at
both the structural and functional levels (28–30), the mechanism
underlying this pathogenic interaction is complex and needs to be
further studied.
Another important finding in this study is the discovery of the

change inHPAaxis activity, which includes (i) a slightly lower basal
level of the HPA axis activity in dtg mice compared with control
mice, (ii) a synergistic effect of AT and the CCKR-2 transgene on
the peak level of HPA axis activity in response to AS; and (iii)
a prolonged decay time of HPA axis activity following AS in dtg
mice with AT. It has been established that a previous chronic stress
in the animals down-regulates HPA axis activity but enhances their
response to a novel acute stressor, despite the negative feedback
effects (31). Because chronic stress specifically facilitates the
release of CCK peptides into the paraventricular nucleus of the
hypothalamus (PVN), which projects to the pituitary directly, in

response to acute stress (32), the elevated CCKergic tone in our
dtg mice may mimic the effect of a chronic stress by working as an
“intrinsic stressor” for the animals. Indeed, chronic activation of
the HPA axis system is significantly associated with anxiety (33)
and early-life stress in humans (34). Therefore, this intrinsic
stressor constitutes a basis for the higher vulnerability of dtg mice
toAT.At the same time, the impairedAS-inducedCORTnegative
feedback response may, in turn, significantly impair memory in
these PTSD mice, which is consistent to findings that memory
dysfunction is also observed in PTSD (35).
In animal modeling, predictive validity, a paradigm of whether

a treatment that is commonly used for PTSD patients is effective
for the observed PTSD-related phenotypes in the animal model, is
a necessary validating component. Thus, it is important in this study
to confirm whether the overall phenotypes in dtg mice are sensitive
to such a treatment. flx, a selective serotonin reuptake inhibitor
(SSRI), has great success in the treatment of anxiety disorders (36).
Although the effect of flx on PTSD is still in doubt, flx is among the
first choices in clinics (37). In animal PTSDmodels, this compound
is also most commonly used to test predictive validity (38). In-
terestingly, in this study, a chronic treatment of traumatized dtg
mice with flx could not only rescue the PTSD-like behavior but also
the impaired glucocorticoid negative feedback inhibition, in-
dicating that the effect of flx on PTSDmight be related toHPA axis
activity, although in this study, we did not have evidence showing
how these two systems interact for PTSD.Moreover, this treatment
could not attenuate the deficit in spatial learning and memory,
indicating that the mnemonic dysfunction is not directly related to
PTSD itself, but it is a psychopathology or sequela of the interaction
between the elevated CCKergic tone and AT. These results also
support our recently established “two-behavior system” in the brain
in response to environmental stress (39).
Finally, the currently favorable theory for the pathogenesis of

anxiety disorders including PTSD is a gene/environment interaction
model (40). Indeed, a twin study of Vietnam veterans revealed that
about 37.9% of vulnerability to PTSD was genetically related (41).
Clinical association studies have identified more than 10 candidate
genes for PTSD (5, 42), whereas the CCKR-2 gene has been re-
peatedly associated to panic disorder, anothermajor formof anxiety
disorders (10). Moreover, polymorphisms in microRNAs that are
associated to panic disorder are also functionally related to the
CCKergic system (43). It should be noted that panic disorder and
PTSD are basically two types of anxiety disorders. Their clinical
features, as well as their pathogenic mechanisms, are or might be
fundamentally different (44). Thus, our findings in this study do not
directly apply to those clinical association results. On the other
hand, feeling extensive fear is the core and shared clinical symptom
for both panic disorder and PTSD, and the comorbidity rate be-
tween them is high (45). Given that a functional polymorphism
might directly change the gene expression level or pattern (46), the
finding of interaction between the increased CCKR-2 expression
and AT event may have some implication in this gene–environ-
mental interaction dogma.
In conclusion, our studies validated a robust PTSDmodel in the

mouse, demonstrated that a higher CCKR-2 expression level in
the brain is a cofactor for the pathogenic role of AT in PTSD, and
identified a critical time window for the interaction between the
elevated CCKergic tone and traumatic insult in the development
of PTSD and its related psychopathologies. These results may
prove to be valuable for our translational effort on preventing and
curing PTSD, a devastating mental disorder in humans.

Materials and Methods
Experimental Animals. The procedures for the generation of dtg mice are
described in SI Materials and Methods. All experimental procedures for the
use of animals were previously reviewed and approved by the institutional
animal care and use committee at the Louisiana State University Heath
Sciences Center at New Orleans, and all experiments were conducted in
accordance with the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health.
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Real-Time RT-PCR and In Situ Hybridization, CCKR Binding Assay, ELISA, AT, and
AS. Detailed procedures are described in SI Materials and Methods.

PTSD-Like Behavior. A battery of behavioral tests, as described in SI Materials
and Methods, was used to examine PTSD-like behavior. These tests included
a fear-conditioning test, fear-extinction test, open-field test, elevated-plus
maze test, and a modified tone-conditioning test.

Cognitive Behavior. As described in SI Materials and Methods, two behavioral
tests, fear-conditioning and Morris water maze, were used.

Treatment with flx. To determine whether PTSD-like behavior was curable,
mice were treated with flx (15 mg·kg−1·d−1; Sigma) for 4 wk in drinking water
up to the start of behavioral tests. flx solution was kept in opaque bottles
and was changed weekly.

Statistical Analysis. Both female and male mice were almost equally dis-
tributed in each group. Behavioral data were analyzed with one-, two-, or
three-way ANOVA or repeated ANOVAs, followed by post hoc tests such as
Fisher’s PLSD test or with the Student’s t test. Data from the other experi-
ments were analyzed with Student’s t test. P < 0.05 was considered signifi-
cant. MatLab statistical software (R2012B) was used.
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