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The factors influencing resiliency to the development of post-traumatic stress disorder (PTSD) remain to be elucidated.

Clinical studies associate PTSD with polymorphisms of the FK506 binding protein 5 (FKBP5). However, it is unclear

whether changes in FKBP5 expression alone could produce resiliency or susceptibility to PTSD-like symptoms. In this

study, we used rats as an animal model to examine whether FKBP5 in the infralimbic (IL) or prelimbic (PL) medial prefrontal

cortex regulates fear conditioning or extinction. First, we examined FKBP5 expression in IL and PL during fear conditioning

or extinction. In contrast to the stable expression of FKBP5 seen in PL, FKBP5 expression in IL increased after fear condi-

tioning and remained elevated even after extinction suggesting that IL FKBP5 levels may modulate fear conditioning or ex-

tinction. Consistent with this possibility, reducing basal FKBP5 expression via local infusion of FKBP5–shRNA into IL

reduced fear conditioning. Furthermore, reducing IL FKBP5, after consolidation of the fear memory, enhanced extinction

memory indicating that IL FKBP5 opposed formation of the extinction memory. Our findings demonstrate that lowering

FKBP5 expression in IL is sufficient to both reduce fear acquisition and enhance extinction, and suggest that lower expression

of FKBP5 in the ventral medial prefrontal cortex could contribute to resiliency to PTSD.

Fear is an adaptive response for coping with dangerous situations
that involves a physiological stress reaction and the secretion
of glucocorticoids to promote adaptive learning processes.
Maladaptation to this response can promote the development of
stress disorders such as post-traumatic stress disorder (PTSD)
(Wessa and Flor 2007; Yehuda and LeDoux 2007; Morrison and
Ressler 2014). Patients with PTSD often exhibit disrupted hypo-
thalamic–pituitary–adrenal (HPA) axis responses (van Zuiden
et al. 2013; Morrison and Ressler 2014). Stressful events activate
the HPA axis causing the release of glucocorticoids such as cortisol
(humans) or corticosterone (rodents) from the adrenal glands
(Vedeckis et al. 1989; Raubenheimer et al. 2006; Spijker and van
Rossum 2012). Multiple proteins regulate the interactions of cir-
culating glucocorticoids with their cytoplasmic glucocorticoid re-
ceptors (GR) including FK506 binding protein 4 (FKBP4) and
FK506 binding protein 5 (FKBP5). FKBP4 increases the affinity of
GR for glucocorticoids, while FKBP5 serves as a negative intracel-
lular regulator of GR signaling that binds to GR and decreases its
affinity for glucocorticoids and impedes GR nuclear translocation
(Davies et al. 2002; Tatro et al. 2009; Cioffi et al. 2011).

Clinical studies have found associations between FKBP5
polymorphisms and altered GR sensitivity, low cortisol levels,
risk of PTSD development, and treatment efficacy (Binder 2009;
Koenen and Uddin 2010; Xie et al. 2010; Boscarino et al. 2011;
Mehta 2011; van Zuiden et al. 2012; McKlveen et al. 2013). This
implies that malfunction of the FKBP5 protein could lead to a mal-
adaptive stress response that predisposes people to develop PTSD
after trauma exposure. However, whether simply changing FKBP5
expression is sufficient to induce PTSD-like symptoms has not
been examined. In rodents, chronic corticosterone and early post-
natal stress exposure impair fear extinction (Gourley et al. 2009;

Matsumoto et al. 2009) pointing to HPA axis dysfunction as a po-
tential cause of the impaired fear extinction seen in patients with
PTSD (Wessa and Flor 2007; Milad et al. 2009; Hariri and Holmes
2015). In addition to impairing extinction, chronic corticosterone
or dexamethasone (GR agonist) exposure reduces methylation
of the FKBP5 gene leading to up-regulation of FKBP5 mRNA in
the prefrontal cortex (Scharf et al. 2011; Ewald et al. 2014).
Therefore, changes in FKBP5 in the medial prefrontal cortex
(mPFC) could contribute to the development of PTSD-like behav-
iors. In this study, we focused on the infralimbic (IL) and the pre-
limbic cortexes (PL) since these regions of the mPFC play a
prominent role in the control of fear conditioning and extinction
(Milad and Quirk 2002, 2012; Sierra-Mercado et al. 2011; Giustino
and Maren 2015). We combined behavioral and molecular ap-
proaches to address the following questions: (1) Is FKBP5 expres-
sion in IL and PL altered by fear conditioning or extinction? (2)
Is modulation of FKBP5 expression in IL or PL sufficient to affect
fear conditioning and/or extinction memory?

Results

Fear conditioning and extinction alter FKBP5 expression

in IL but not PL
Since previous studies have suggested different roles of IL and PL
during fear modulation, we began by examining FKBP5 baseline
expression at the mRNA and protein level. Figure 1A,B shows
the freezing behavior and the different time points that brain
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tissue was extracted to measure RNA and protein expression.
Figure 1C,D shows that FKBP5 mRNA (t(15) ¼ 2.74, P ¼ 0.01) and
protein levels (t(13) ¼ 3.01, P ¼ 0.01) in naı̈ve rats were signifi-
cantly higher in PL than IL.

Next we examined whether FKBP5 mRNA expression in IL or
PL changes after fear conditioning or extinction 5 h after learning
(when memory is being consolidated) or 24 h after learning (when
memory is already consolidated). We chose to quantify FKBP5
expression at 5 h after training because FKBP5 mRNA is increased
between 2 and 8 h after stress exposure (Scharf et al. 2011). In
Figure 2A, groups of rats were exposed to tones-only (naı̈ve), fear
conditioning (COND) alone, or fear conditioning and extinction
(EXT). The naı̈ve group was sacrificed 5 h later. The COND group
wassacrificed 5 h after fear conditioning, while the COND24group
was sacrificed 24 h after conditioning (before EXT) to determine
baseline levels before extinction. Similarly the EXT and EXT24
groups were sacrificed 5 and 24 h after fear extinction, respectively.

After fear training, corticosterone levels should be elevated
so we expected more activation of GR and increased FKBP5 in
the COND group. As predicted, FKBP5 was significantly elevated
5 h after fear conditioning and remained elevated the next day,
(F(4,30) ¼ 24.16, P , 0.0001). Tukey’s post hoc test confirmed a sig-
nificant increase in FKBP5 mRNA 5 (COND) and 24 (COND24)
hours after conditioning compared with naı̈ve (P , 0.05). Since
rats must recall the fear memory at the beginning of extinction,
we would expect an increase in FKBP5 mRNA in EXT group that
would be less than the increase after COND. Consistent with
this idea, we found a transient decrease in FKBP5 mRNA in IL 5
h after extinction that reversed to COND24 levels the following

day. In contrast to the changes in IL,
the mRNA expression of FKBP5 in PL
did not vary across learning phases
(F(3,23) ¼ 0.71, P ¼ 0.55; Fig. 2B) suggest-
ing that FKBP5 expression in IL is more
critical for regulating GR signaling dur-
ing fear learning. Since we did not ob-
serve changes in PL 5 h after extinction,
we did not look for changes in FKBP5
mRNA 24 h after extinction in this brain
region.

Similar to FKBP5 mRNA, IL FKBP5
protein levels varied after fear condition-
ing and extinction (Fig. 2C,D). FKBP5
protein increased in IL 24 h after fear
conditioning. One-way ANOVA revealed
a significant effect of group (F(4,36) ¼

5.23, P , 0.001). Tukey’s post hoc test
confirmed that FKBP5 protein increased
24 h after fear conditioning in IL
compared with naı̈ve and COND groups
(P , 0.01). In contrast to FKBP5 mRNA,
FKBP5 protein remained elevated 5 and
24 h after extinction compared with
COND (P , 0.05). As with the FKBP5
mRNA, the FKBP5 protein did not change
in PL (F(4,28)¼ 0.67, P ¼ 0.62; Fig. 2E,F).

Since the release of corticosterone in
response to the stress of fear conditioning
can increase FKBP5 expression, we next
examined whether the association of
the tone and shock contributed to the in-
crease in FKBP5 protein after fear condi-
tioning. Animals received either fear
conditioning (COND 24; one tone fol-
lowed by three tones paired with a shock)
or unpaired tones and shocks (Unpaired

24; four tones with a 2-min inter-trial interval and three consecu-
tive shocks immediately before removing from the conditioning
chamber). As shown in Figure 3A, the COND 24 group learned to
fear the tone while the Unpaired 24 group did not. In response
to the final tone, the COND 24 group froze more than the
Unpaired 24 group (t(20) ¼ 14.08, P , 0.001). The following day
both groups were sacrificed and FKBP5 protein expression was
compared in IL and PL tissue punches by Western blot (Fig.
3B,C). The COND 24 group expressed more FKBP5 in IL than the
Unpaired 24 group (t(20) ¼ 2.35, P , 0.029). Consistent with our
above findings, FKBP5 expression in PL was similar in both groups
(t(20) ¼ 1.51, P ¼ 0.15). These findings suggest that associative fear
learning increases FKBP5 expression in IL.

Decreasing FKBP5 in IL reduces acquisition

of conditioned fear
The dynamic changes in IL FKBP5 expression after fear condition-
ing and extinction suggest that IL FKBP5 expression might modu-
late fear conditioning or extinction. To test this possibility, we
determined whether reducing FKBP5 expression in IL is sufficient
to alter fear conditioning or extinction. First, we verified that
shRNA against FKBP5 would knockdown the expression of
FKBP5 in IL. After infusing rats with FKBP5–shRNA or scramble-
shRNA plasmids, we confirmed cannula placement (Fig. 4A), and
verified GFPexpression in transfected IL neurons (Fig. 4B). In a sep-
arate group, we collected IL tissue punches from FKBP5–shRNA or
scramble-shRNA-infused rats and measured FKBP5 protein levels
(Fig. 4C,D). FKBP5 protein was significantly reduced 2 and 5 d after

Figure 1. Different FKBP5 levels in IL and PL of naı̈ve rats. (A) Behavioral protocol and sacrifice time
points for mRNA and protein extraction. (B) Expression of fear during behavioral training in all groups.
Tissue punches were extracted at the time of sacrifice indicated by the arrows and RT-PCR and Western
blots were used to detect FKBP5 expression. (C) FKBP5 mRNA expression in IL and PL in naı̈ve rats nor-
malized to B-actin. (D) FKBP5 protein relative to GAPDH is also higher in PL than in IL. Unpaired t-test (∗)
P , 0.01, n ¼ 7–10 rats in each group.
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infusion (F(2,9) ¼ 14.52, P ¼ 0.002). Tukey post hoc test confirmed
that there was less FKBP5 protein 5 d after infusion than 2 d after
infusion (P , 0.01). As the greater reduction was observed 5 d after
infusion, all the behavioral testing was
done 5 d after plasmid infusion.

We subsequently examined whether
reducing the expression of FKBP5 in IL
wouldhaveaneffecton fearconditioning
using either scramble-shRNA or FKBP5–
shRNA plasmid to down-regulate FKBP5
expression in IL prior to fear conditioning
(Fig. 5A). Only those rats with confirmed
infusion in IL were included in the analy-
sis (Fig. 5B). Infusion of the FKBP5–
shRNA did not affect freezing to the first
conditioning tone (t(21) ¼ 1.26, P ¼
0.23) or to the context before the first
tone was presented (pretone, t(21) ¼

0.43, P ¼ 0.68) indicating that reducing
IL FKBP5 did not affect basal freezing to
the context or the tone. However, infu-
sion of the FKBP5–shRNA plasmid into

IL before fear conditioning unexpectedly
reduced acquisition of fear conditioning
(Fig. 5C). A repeated-measures ANOVA
showed a main group difference in freez-
ing during the conditioning tones from
COND1 to COND3 (F(1,21) ¼ 5.09, P ¼
0.03), a main effect of tone (F(2,20) ¼

98.12, P ¼ 0.001), and a tone by group ef-
fect (F(2,20) ¼ 6.66, P ¼ 0.006). Post hoc
independent t-test comparisons showed
that rats infused with FKBP5–shRNA
froze less to the second and third tones
(P , 0.05). Rats infused with FKBP5–
shRNA did not show significant reduc-
tion of fear expression during the recall
24 h after fear conditioning (t(21) ¼ 1.38,
P ¼ 0.18). Both groups showed similar
freezingtothecontextduringthepretone
period on day 2 (Pretone, t(21) ¼ 1.37, P ¼
0.19), and similar extinction learning
on day 2 repeated-measures ANOVA
(F(1,21) ¼ 2.38, P ¼ 0.14). However, the
group that received FKBP5–shRNA also
exhibited less fear during extinction re-
call on day 3 (unpaired t-test t(21) ¼ 2.28,
P ¼ 0.03). Our data demonstrate that re-
ducing FKBP5 expression in IL affects
fear acquisition and extinction recall.

Furthermore, the difference seen in
fear learning was not due to a change in
locomotor activity or general anxiety-
like behavior, since both groups showed
similar behavior in the open-field and el-
evated zero maze tasks (Table 1). This
finding is consistent with lack of effect
of systemic deletion of FKBP5 on anxiety
or locomotor activity (Touma et al.
2011). Thus reducing FKBP5 levels in IL
increased resiliency to fear conditioning
without affecting anxiety or locomotion.

Reducing IL FKBP5 before fear EXT

affects EXT recall not EXT learning
To determine whether FKBP5 expression in IL also modulates fear
extinction, we infused the FKBP5–shRNA or scramble-shRNA into
IL 24 h after fear conditioning recall and waited 5 d before

Figure 3. Aversive associative learning increases IL expression of FKBP5 protein. (A) Behavior of
groups that received paired (COND24) or unpaired (Unpaired24) tones and shocks. Animals were sac-
rificed the next day as indicated by arrows. (B) Western blots of FKBP5 protein in IL tissue punches rel-
ative to GAPDH. (C) FKBP5 protein expression in IL and PL tissue punches normalized to unpaired group
from each structure. (∗∗) P , 0.01.

Figure 2. Fear conditioning and extinction alter FKBP5 mRNA and protein expression in IL. (A) FKBP5
mRNA expression from IL tissue punches extracted after behavioral training and normalized to B-actin.
(B) FKBP5 mRNA expression in PL was also analyzed and compared with IL tissue punches. (C–F) FKBP5
protein expression in IL and PL tissue punches normalized to GAPDH and representative Western blots.
(∗∗∗) P , 0.001, (∗∗) P , 0.01.
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exposing the rats to extinction (Fig. 6A–C). A repeated-measures
ANOVA showed that both groups showed similar fear acquisition
(F(1,20) ¼ 0.02, P ¼ 0.89), fear recall (F(1,20) ¼ 1.1, P ¼ 0.31), and
extinction learning (F(1,20) ¼ 0.68, P ¼ 0.42). Since both groups
showed similar levels of fear recall at the beginning of extinction,
the FKBP5-shRNA did not cause a nonspecific degradation of the
fear memory. However, rats infused with FKBP5–shRNA into IL
exhibited less fear during extinction recall (Fig. 6D; unpaired
t-test, t(20) ¼ 2.28, P ¼ 0.03) indicating that reducing FKBP5 en-
hanced extinction memory. Taken together our results indicate
that FKBP5 levels in IL play a major role in regulating fear condi-
tioning (Fig. 5C) and extinction recall
(Fig. 6D).

Reduction of FKBP5 in PL does not

affect fear response
To exclude the possibility that the re-
duction in fear acquisition observed in
FKBP5–shRNA-infused rats was due from
backflow of plasmids from IL to PL, we in-
fused the FKBP5–shRNA and scramble-
shRNA plasmids into PL prior to fear con-
ditioning. Cannula placement and GFP
expression are shown in Figure 7A,B.
Although PL modulates fear expression
(Vidal-Gonzalez et al. 2006; Choi et al.
2010; Milad and Quirk 2012), reducing
FKBP5 in PL did not affect fear condition-
ing (Fig. 7C; F(2,19)¼ 0.50, P ¼ 0.61) or
extinction recall (Fig. 7D; t(20)¼ 0.91,
P ¼ 0.37) indicating that the effects of
FKBP5–shRNA infusions into IL were
not due to effects in PL.

Discussion

Although data suggest that FKBP5 plays a
role in PTSD, there is no evidence of a

causal relationship between FKBP5 expression and PTSD-like
behavior. In this study, we examined whether FKBP5 expression
in the mPFC affects fear conditioning or extinction. We found
that FKBP5 protein expression is elevated in IL, but not PL, after
fear conditioning and extinction. Furthermore, the expression
of FKBP5 in IL has functional consequences, since reducing basal
FKBP5 expression in IL reduced fear acquisition and facilitated ex-
tinction recall. Similarly, decreasing the expression of IL FKBP5 af-
ter fear conditioning enhanced extinction recall without affecting
extinction learning. Conversely, reducing FKBP5 in PL did not af-
fect fear acquisition or extinction. Our findings provide evidence
for a causal link between IL FKBP5 expression and conditioned
fear levels and suggest that lower FKBP5 expression in the ventral
medial prefrontal cortex (human equivalent of IL) may increase
resiliency to the development of PTSD after a traumatic event.
Our findings provide a possible explanation for why FKBP5 poly-
morphisms associated with lower FKBP5 protein expression seem
to favor less risk of PTSD (Binder et al. 2004, 2008).

A previous study showed that FKBP5 mRNA basal levels are
not uniform among brain structures and regions with lower basal
expression exhibited larger increases in FKBP5 mRNA in response
to stress or GR agonists (Scharf et al. 2011). Consistent with this,
we found that IL expressed lower baseline levels of FKBP5 and
showed larger increases in FKBP5 mRNA after fear conditioning
than PL. The differential expression of FKBP5 in IL and PL could
be related to the distinct roles of GR signaling in these structures
(McKlveen et al. 2013). GR signaling in PL modulates basal corti-
costerone levels, while GR activity in IL seems to mediate stress ad-
aptation (McKlveen et al. 2013). Higher levels of FKBP5 in PL
might maintain a stable lower GR activity to prevent PL from re-
sponding to every stressful event to allow more stable basal corti-
costerone levels.

In addition, IL and PL FKBP5 expression were differentially
affected by fear conditioning and extinction. Consistent with
stress-induced release of corticosterone, FKBP5 mRNA and subse-
quently protein increased in IL after fear conditioning. Although
the FKBP5 mRNA in IL decreased after extinction, the FKBP5 pro-
tein remained elevated. It is possible that the FKBP5 protein may

Figure 4. Knockdown of FKBP5 protein with FKBP5-shRNA plasmid in-
fusions. (A) Localized expression of GFP in IL 5 d after bilateral infusion of
Fkbp5-shRNA plasmid. (B) Expression of GFP from Fkbp5-shRNA plasmid
in IL neurons. (C) FKBP5 protein from IL tissue punches extracted 2 or 5 d
after infusion of Fkbp5–shRNA plasmids normalized to GAPDH. (D)
Western blot showing reduced expression of FKBP5 in IL tissue punches
from rats 5 d after infusion of scramble or Fkbp5-shRNA plasmids. (∗)
P , 0.05, (∗∗) P , 0.01, n ¼ 4–5 rats in each group. (CC) corpus
callosum.

Figure 5. Knockdown of FKBP5 in IL prior to conditioning reduces fear learning. (A) Timeline for
behavioral training after IL infusion of Fkbp5–shRNA or control (scramble) plasmids 5 d prior to
COND. (B) Cannula placement for scramble (black dots) and Fkbp5–shRNA (red dots) rats. (C)
Freezing of rats infused with Fkbp5–shRNA or scramble plasmid into IL. n ¼ 11–12 for each group,
(∗) P , 0.05; # P ¼ 0.09.
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have decreased at a later time point: however, even 24 h after fear
extinction IL FKBP5 remained elevated. A previous clinical study
of FKBP5 polymorphisms also found a disconnect between
FKBP5 protein and mRNA levels (Binder et al. 2004) suggesting
that FKBP5 mRNA may not accurately reflect FKBP5 protein levels.
In contrast to the dynamic regulation of FKBP5 in IL during fear
conditioning and extinction, PL levels of FKBP5 did not change
suggesting that FKBP5 expression in the two structures are regulat-
ed by different mechanisms.

Furthermore, IL expression of FKBP5 modulates fear learning
and memory as knocking down the basal levels of FKBP5 in IL re-
duced fear learning. This finding is surprising, since IL is not pro-
posed to play a role in fear learning in current models (Giustino
and Maren 2015). However, fear conditioning does increases cfos
in IL (Morrow et al. 1999) indicating that IL is activated by fear
learning. Since stimulation of IL suppresses fear expression
(Milad and Quirk 2002; Mueller et al. 2008; Santini and Porter
2010) we propose that reducing FKBP5 expression enhances IL ac-
tivity to impair fear learning perhaps by
modulating plasticity in the amygdala
(Quirk et al. 2003; Berretta et al. 2005;
Herry et al. 2008; Amano et al. 2010;
Ciocchi et al. 2010; Li et al. 2011; Cho et
al. 2013). Both intrinsic excitability and
synaptic plasticity in IL neurons are asso-
ciated with suppressed fear expression
(Quirk and Mueller 2008; Santini et al.
2008; Pattwell et al. 2012; Sepulveda-
Orengo et al. 2013) and could account
for the weaker fear conditioning after re-
ducing FKBP5, since glucocorticoids can
enhance intrinsic and synaptic excitabil-
ity of neurons (Duvarci and Paré 2007;
Rosenkranz et al. 2010; Revest et al.
2014).

It is also possible that decreasing
FKBP5 could reduce fear acquisition by
augmenting brain-derived neurotrophic
factor (BDNF) levels in IL, since BDNF ac-
tivity is increased by glucocorticoids
(Gourley et al. 2009; Revest et al. 2014)
and infusions of BDNF into IL reduce
fear recall (Peters et al. 2010). However,
BDNF infusion into IL has no effect on
fear acquisition (Peters et al. 2010) sug-
gesting that the impairments in fear ac-
quisition are not due high levels of
BDNF in IL.

In addition to modulating fear con-
ditioning, reducing FKBP5 in IL also en-

hanced extinction recall. Previous studies demonstrate that
reducing IL activity during extinction learning disrupts extinc-
tion recall (Santini and Porter 2010; Sierra-Mercado et al. 2011),
whereas, increasing IL activity enhances extinction recall
(Vidal-Gonzalez et al. 2006; Santini and Porter 2010; Criado-
Marrero et al. 2014). Therefore, reducing FKBP5 may have facilitat-
ed intrinsic (Santini et al. 2008) or synaptic plasticity (Pattwell
et al. 2012; Sepulveda-Orengo et al. 2013) in IL by modulating
SK- or M-type potassium channels (Santini and Porter 2010;
Santini et al. 2012; Criado-Marrero et al. 2014), b-adrenergic re-
ceptors (Mueller et al. 2008), metabotropic glutamate receptor
type 5 (mGluR5) receptors (Fontanez-Nuin et al. 2011), NMDA re-
ceptors (Burgos-Robles et al. 2007), BDNF (Peters et al. 2010), mus-
carinic receptors (Santini et al. 2012), or ERK (Kim et al. 2011;
Gupta et al. 2013), all of which regulate extinction recall via local
effects in IL.

An alternative mechanism by which reducing FKBP5 in IL
might affect fear conditioning and extinction is by modulating
the release of corticosterone in response to fear conditioning
and fear retrieval. Reducing GR expression in IL increases the re-
lease of corticosterone in response to acute stress (McKlveen
et al. 2013). Therefore, reducing FKBP5 in IL may enhance GR sig-
naling leading to lower corticosterone levels which would impair
consolidation of the fear memory (Raio and Phelps 2015;
Rimmele et al. 2015). Since the reconsolidation of the fear mem-
ory is also dependent on GR signaling (Jin et al. 2007), the en-
hanced extinction recall could be mediated in part by impaired
fear memory reconsolidation. In addition, the selective reduction
in FKBP5 in IL would likely compensate for lower corticosterone
levels and permit GR-mediated consolidation of the extinction
memory in IL.

Regardless of the mechanism, our findings highlight the im-
portance of FKBP5 levels in IL for the regulation of fear acquisi-
tion and extinction. Reducing basal FKBP5 levels selectively in IL

Figure 6. Reducing IL FKBP5 after fear conditioning facilitates extinction recall. (A) Timeline for
behavioral training after IL infusion of Fkbp5-shRNA or control (scramble) plasmids 5 d prior to EXT.
(B) IL cannula placement for scramble (black dots) and Fkbp5-shRNA (red dots) rats and GFP expression.
(C) Freezing of rats infused with Fkbp5–shRNA or scramble plasmid into IL prior extinction. (D) Average
freezing of IL-infused rats to two recall tones on day 9. n ¼ 9–13 for each group, (∗) P , 0.05.

Table 1. FKBP5 reduction in IL does not influence locomotion
or anxiety-like behaviors

Behavioral test Scramble FKBP5–shRNA P value

Open field
Distance (cm) 339+52 287+67 0.54
Mean speed (cm/s) 1.13+0.17 0.95+0.22 0.55
Center time (s) 15+5 17+9 0.82

Zero maze
Open arms # entries 20+2 18+2 0.57
Open arms time (s) 150+15 161+14 0.61
Closed arms # entries 21+2 18+2 0.44
Closed arms time (s) 149+15 137+13 0.55

Values are listed as the mean+ the standard error of the mean.
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was sufficient to decrease the sensitivity to fear acquisition. This
implies that people with lower FKBP5 expression in the vmPFC
may be more resilient to developing excessive fear following a
traumatic event. In addition, after a traumatic event, therapies
to reduce FKBP5 expression in IL might facilitate extinction.
For example, dexamethasone was recently shown to reduce
FKBP5 mRNA in the amygdala and enhance fear extinction
(Sawamura et al. 2015). FKBP5 inhibitors, such as SAFit2
(Hartmann et al. 2015), are being developed and could prove
to be useful for facilitating exposure therapy in patients with
PTSD.

Materials and Methods

Animal subjects
Adult male Sprague-Dawley rats (60 d post-natal) were obtained
from the Ponce Health Sciences University colony and pair-
housed in clear polyethylene cages. Rats were maintained on a
12-h light–dark cycle, in a temperature-controlled room, with
food and water available. All animal work was approved by
the Ponce Health Sciences University Institutional Animal
Care and Use Committee (IACUC), and carried out in accor-
dance with the NIH Guide for the Care and Use of Laboratory
Animals.

FKBP5 mRNA and protein expression
Fear conditioning and extinction protocols were performed in the
same context as previously described (Sepulveda-Orengo et al.
2013). The conditioned stimulus was a tone (amplitude: 80 dB;
frequency: 4 kHz; duration: 30 sec; inter-trial interval: 2 min).
This tone was paired with the unconditioned stimulus which
was an electric shock (0.44 mA, 0.5 sec) delivered through the
chamber floor bars during the conditioning phase. Only the
groups infused prior to extinction received 0.50 mA shocks with
five tone–shocks pairing during fear conditioning to strengthen
the fear memory because of the 7 d gap between fear conditioning
and extinction. The chamber was cleaned with 70% ethanol be-
tween each session. Each rat’s behavior was monitored and record-

ed using digital video cameras (Micro
Video Products). The fear response was
quantified as the time spent not moving
during the CS (time spent freezing).

To examine changes in FKBP5
mRNA and protein expression, adult
rats were exposed to fear conditioning,
extinction, and extinction recall. During
fear conditioning (day 1), rats received
one habituation tone and three paired
tone–shock trials at 2-min inter-trial
intervals. The next day (day 2), rats re-
ceived 15 tone-alone trials for extinction
training. Twenty-four hours later (day 3),
rats were exposed to two tones to test for
fear extinction recall. Rats were sacrificed
at 5 or 24 h after each phase of training to
determine mRNA and protein expres-
sion. For comparison, a naı̈ve group re-
ceived four tone-alone trials (naı̈ve) and
was sacrificed 5 h later. In a separate
experiment, we compared an unpaired
control group (unpaired 24) to a fear con-
ditioned group (COND 24) to exclude
the possibility that changes in FKBP5
were entirely due to stress and not the as-
sociative fear learning. The Unpaired 24
group received four tones with a 2 min
inter-trial interval and at the end of the
session 3 consecutive shocks immediate-
ly before removing from the condition-
ing chamber. Twenty-four hours later

both groups were sacrificed and FKBP5 protein expression was
compared by Western blot.

RNA analysis
After sacrifice, brain tissue punches were extracted from IL and PL
to measure FKBP5 mRNA expression. Samples were transferred
in Qiazol Buffer (QIAGEN, 79306) following RNA extraction.
RNA was extracted using the miRNeasy Micro Kit (QIAGEN,
217084). Total RNA (0.5 mg) was processed in duplicate for com-
plementary DNA synthesis using the iScript cDNA synthesis kit
(Bio-Rad, 170-8890) and iQ SYBR Green Supermix (Bio-Rad,
170-8880). Cycle threshold values (Ct) were detected and normal-
ized relative to B-actin. We analyzed gene expression using
the Eppendorf RealPlex2 PCR machine. Primers for FKBP5 and
B-actin were purchased from SA Biosciences: PPR51629B-FKBP5;
PPR06570C-Rat B-actin (FKBP5, 96 bp, Ref. position 1222,
NM_001012174).

Protein analysis
From different groups of rats, 1-mm brain tissue punches of IL
and PL slices were taken and homogenized in erythrocyte lysis
buffer (ELB) containing protease and phosphatase inhibitors
(Sigma-Aldrich, P2714 and P5726). Protein was quantified using
a BCA assay (Thermo Scientific, 23225). Protein (15 mg) was
loaded into a gel and run at 100 V for 60–75 min. Then, the
SDS-PAGE gel was transferred onto a PVDF membrane using the
iBlot (Life Technologies, IB1001). Membranes were incubated
in blocking solution (25 g of non-fat milk, 50 mL of 10× PBS,
500 mL of Tween-20) for 1 h, followed by overnight incubation
with rabbit polyclonal FKBP5 (Abcam, ab2901, 1:1000) and
GAPDH (SCB, Fl-335- 25778) antibodies. Membranes were
washed and then incubated with a secondary antibody (GE,
NA934) for 1 h. Membranes were washed and incubated for 5
min with SuperSignal West Pico Chemiluminescent Substrate
(Thermo Scientific, 34080) and the band intensities were mea-
sured using Bio-Rad ChemiDoc XRS Imaging System and Image
J software.

Figure 7. Reducing FKBP5 in PL does not affect fear conditioning or extinction. (A) Cannula place-
ment for scramble (black dots) and Fkbp5–shRNA (red dots) rats. (B) Localized expression of GFP in
PL 5 d after bilateral infusion of Fkbp5–shRNA plasmid. (C) Freezing of rats infused with Fkbp5–
shRNA or scramble plasmid into PL. (D) Average freezing of PL-infused rats to two recall tones on
day 3. n ¼ 10–12 for each group, unpaired t-test P . 0.05.
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shRNA plasmids
A set of four SureSilencing FKBP5–shRNA plasmids containing
GFP were used to knockdown the expression of the FKBP5 gene
by targeting different sites of its mRNA (SA Biosciences
KR51629, Clone 1, cgaaccaatgagctta; Clone 2, gcgaggatctatttgaa-
gatt; Clone 3, cgccaacatgttcaagaagtt; Clone 4, cgtgattcagtacgggaa-
gat). A scramble-shRNA (ggaatctcattcgatgcatac) was used as a
negative control. Competent E. coli were transformed with
SureSilencing shRNA plasmids and plasmids were purified using
the EndoFree Plasmid Maxi Kit (QIAGEN, 12362).

Preconditioning shRNA infusions into IL
Animals (285–310 g) were subcutaneously injected with the anal-
gesic carprofren (5 mg/kg) and anesthetized with isoflurane (3%–
4%). Using a stereotaxic apparatus, a bilateral guide cannula
(26-gauge stainless steel) was implanted into IL and infused
with FKBP5–shRNA or scramble plasmid. To enhance transfection
efficiency, the in vivo jetPEI (Polyplus, 201-10G) transfection re-
agent was infused together with a 0.5 mg of the plasmid clones
at 0.5 mL/ min (Hassani et al. 2005). To reduce tissue damage, can-
nulas were removed after the shRNA infusion and the holes were
sealed with wax to reduce plasmid backflow. Infusions were aimed
at IL (+2.5 mm AP, 0 mm ML to bregma, and 24.4 mm DV to skull
surface) or PL (AP, +2.5 mm; ML 0 mm; DV, 23.4 mm). After wait-
ing 5 d for plasmid expression, rats were exposed to fear condi-
tioning (one habituation tone and three paired tone–shock
trials at 2-min inter-trial intervals) on day 1 and two recall tones
on day 2.

Different groups were exposed to open-field and elevated
zero maze (EZM) testing 5 d after infusing the rats with Fkbp5–
shRNA or scramble plasmids into IL. For the open-field test, we
placed the rats in a 45 cm × 45 cm × 40 cm wood box covered
with black acrylic under low illumination. Rats were allowed to
explore the arena for 5 min and distance traveled, mean speed,
and time spent in the center were measured. One hour after expos-
ing the rats to the open-field test, rats were individually placed in
the EZM (SD Instruments) which is covered with black acrylic (11
cm × 72 cm; diameter 120 cm) and has two open quadrants and
two closed quadrants. For a total of 5 min we measured the num-
ber of entries into and the time spent in both closed and open
quadrants. The maze was cleaned between each run with 70%
ethanol.

Preextinction shRNA infusions
To allow infusion of the shRNA plasmids after fear conditioning,
dual cannulas were anchored with stainless steel screws and
secured to the skull surface with dental cement during stereotaxic
surgery. Five days later, rats received one habituation tone and five
tone–shock pairings at 2-min inter-trial intervals to strengthen
the fear memory because of the 7-d gap between fear conditioning
and extinction. On day 2, rats received two tone-alone trials to en-
sure adequate recall of conditioning. On day 3, the shRNA or
scramble plasmids were infused with in vivo jetPEI. Five days later
rats received extinction (15 tone-alone trials) and extinction recall
(two tone-alone trials) the following day.

Preconditioning shRNA infusions into PL
FKBP5-shRNA or scramble plasmids were infused into PL during
surgery as described for preconditioning infusions into IL. Five
days later rats received fear conditioning (one habituation tone
and three paired tone–shock trials at 2-min inter-trial intervals).
The next day, rats received extinction (15 tone-alone trials). The
following day, rats received two tones to test for extinction recall.

Immunofluorescence
After behavioral training, rats infused with the shRNA plasmids
were euthanized with pentobarbital (150 mg/kg) and perfused
with 0.9% saline followed by 30% sucrose–formalin solution.
Brains were submerged in 30% sucrose/formalin solution before

embedding in paraffin. Coronal slices (4 mm) were washed with
xylene (15 min) and dehydrated in ethanol washes. Sections
were rinsed in 10% PBS (Sigma-Aldrich, P3813) and heated in cit-
rate–EDTA Buffer (pH 6.0) at 95˚C for 40 min. After cooling, brain
sections were incubated with protein blocking solution (15 min)
(BioGenex, HK112-9KE); then incubated overnight at 4˚C with
primary antibodies against tubulin b III [TU-20] (Abcam,
ab7751; 1:50) and GFP (Abcam, ab6556; 1:2000). The tissue was
washed with 10% PBS (Sigma-Aldrich, P3813) and incubated for
1 h with the following secondary antibodies from Life Technolo-
gies: Alexa Fluor 555 goat anti-mouse (A-21422, 1:100) and Alexa
Fluor 488 goat Anti-rabbit (A-11034, 1:50,000). Images were taken
using an Olympus BX60 light microscope and analyzed using the
NIS Elements Imaging Software (Nikon).

Statistical analysis
Using FreezeScan software, the percent of time spent freezing
(cessation of movements) during each 30-sec tone was measured
and analyzed. The ANY Maze software (SD Instruments) was
used to quantify the Open-field and Zero Maze tests. Student’s
t-test or one-way and repeated-measures ANOVA (Prism Software
and SPSS) were used to analyze the mRNA, protein, and behav-
ioral data. Following a significant main effect with one-way
ANOVA, post hoc tests were performed with Tukey HSD tests or
Independent sample t-tests.
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