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Posttraumatic stress disorder (PTSD) can develop after exposure to severe psychological trauma, leaving patients with
disabling anxiety, nightmares, and flashbacks. Current treatments are only partially effective, and development of better
treatments is hampered by limited knowledge of molecular mechanisms underlying PTSD. We have discovered that the
glucocorticoid receptor (GR) and FK506 binding protein 51 (FKBP51) form a protein complex that is elevated in PTSD
patients compared with unaffected control subjects, subjects exposed to trauma without PTSD, and patients with major
depressive disorder (MDD). The GR-FKBP51 complex is also elevated in fear-conditioned mice, an aversive learning
paradigm that models some aspects of PTSD. Both PTSD patients and fear-conditioned mice had decreased GR
phosphorylation, decreased nuclear GR, and lower expression of 14-3-3ε, a gene regulated by GR. We created a peptide
that disrupts GR-FKBP51 binding and reverses behavioral and molecular changes induced by fear conditioning. This
peptide reduces freezing time and increases GR phosphorylation, GR-FKBP52 binding, GR nuclear translocation, and 14-
3-3ε expression in fear-conditioned mice. These experiments demonstrate a molecular mechanism contributing to PTSD
and suggest that the GR-FKBP51 complex may be a diagnostic biomarker and a potential therapeutic target for
preventing or treating PTSD.
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Introduction
Posttraumatic stress disorder (PTSD) was originally described in 
soldiers exposed to horrific battlefield events, but the conception 
of psychological trauma has since been expanded to include any 
life- or limb-threatening event in either the military or civilian 
population. PTSD symptoms include flashbacks and nightmares, 
avoidance of reminders of the trauma, hyperarousal, and insomnia 
(1). PTSD affects approximately one-fifth of military combat veter-
ans (2) and victims of physical assault (3). Approximately 2% of US 
military personnel report having PTSD symptoms (4). In Canada, 
the lifetime prevalence of PTSD in the general population has been 
estimated to be 9% (5).

The current treatment for PTSD is cognitive-behavioral psy-
chotherapy aimed at desensitizing the patient to cues related to 
the traumatic event through gradual and repeated exposure (6, 
7). Medications are generally less effective than therapy, and only 
2 medications are currently approved by the US Food and Drug 
Administration (FDA) for the treatment of PTSD: sertraline and 

paroxetine, both of which are selective serotonin reuptake inhib-
itor antidepressants (8). Unfortunately, overall functioning and 
outcomes for patients with PTSD remain poor (9, 10), and stable 
remission of chronic PTSD is rare (11). PTSD is unusual among 
psychiatric disorders in having a clear precipitant, followed by a 
delay in onset of symptoms, and this interval presents a promising 
opportunity for preventative interventions in a readily identifiable 
at-risk population.

The molecular mechanisms underlying PTSD remain largely 
unknown, but an emerging pathway involves the FK506 binding 
protein 5 (FKBP5) gene (12, 13). FKBP5 is a negative-feedback reg-
ulator of the glucocorticoid receptor (GR), so high levels of FKBP5 
reduce available GRs and promote glucocorticoid resistance. A 
specific FKBP5 gene variant (rs1360780) affects susceptibility to 
PTSD after early-life trauma through modifying GR binding to 
this gene (14, 15). This risk allele likely influences the interaction 
of the GRE with the promoter, which in turn leads to demeth-
ylation of an intron 7 CpG site in FKBP5, resulting in persistent 
FKBP5 activation (12). The glucocorticoid release triggered by 
traumatic events in adulthood further activates the demethyl-
ated form of FKBP5 and leads to glucocorticoid resistance, which 
is believed to contribute to the symptoms of PTSD through pro-
moting hyperarousal of the stress-response system (16).

It has been hypothesized that the FKBP51 protein can bind to 
the GR and sequester it in the cytoplasm (13, 17–19), and here we 
provide direct evidence of such an interaction. We hypothesized 
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org/10.1172/JCI130363DS1). As previous studies have indicated 
that HSP90 (heat shock protein 90) may also form a complex with 
GR and FKBP51 (22), we confirmed the existence of a GR-HSP90 
complex in our experimental conditions. As shown in Supplemen-
tal Figure 1B, a GR antibody, but not IgG, coimmunoprecipitated 
with HSP90, while the HSP90 antibody coimmunoprecipitated 
with GR in the protein extract from mouse brain.

GR interacts with FKBP51 through the GRNT4-1 (S211–L225) region. 
To characterize the physiological and potentially pathological 
functions of the GR-FKBP51 interaction, we sought to develop 
an interfering peptide by identifying the regions of the GR that 
are necessary to bind FKBP51. We initially used GST-fusion pro-
teins encoding the amino-terminus (NT) of GR (GRNT) and the 
carboxyl- terminus (CT) of GR (GRCT) for affinity purification. As 
shown in Figure 1C, GST-GRNT, but not GST-GRCT, precipitates 
FKBP51, suggesting that GRNT is sufficient for the FKBP51-GR 
interaction. Extending this strategy, we examined GRNT fragments 
(Supplemental Figure 2) and concluded that GRNT4-1 is the region 
interacting with FKBP51 (Figure 1, D and E). Similarly, we showed 
that the TPR (tetratricopeptide repeat) domains of FKBP51 bind 

that the GR-FKBP51 protein complex should be higher in patients 
with PTSD and in fear-conditioned mice. If this is correct, a peptide 
that can disrupt the FKBP51-GR interaction should substantially 
block all the changes associated with the elevated GR-FKBP51 pro-
tein complex and attenuate behavioral responses in mice exposed 
to strong fear-inducing stimuli. These experiments may demon-
strate a mechanism contributing to PTSD, and identify a new treat-
ment target for PTSD.

Results
GR and FKBP51 form a protein complex in mouse brain. We first 
demonstrated that FKBP51 forms a protein complex with GR in 
mouse brain. As shown in Figure 1A, a GR antibody, but not IgG, 
coimmunoprecipitated with FKBP51, while the FKBP51 antibody 
coimmunoprecipitates with GR (Figure 1B), suggesting the exis-
tence of a GR-FKBP51 complex. The specificity of the FKBP51 
antibody was confirmed using proteins extracted from FKBP51 
knockout mice (brain tissue provided by WeiDong Yong) (20, 21) 
with FKBP52 as a positive control (Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.

Figure 1. GR forms a complex with FKBP51 via the S211-L225 region of the amino-terminus of GR. (A) In mouse brain lysate, GR antibody, but not IgG 
(negative control), coimmunoprecipitated with FKBP51. (B) In mouse brain lysate, FKBP51 antibody, but not IgG (negative control), coimmunoprecipitated 
with GR. (C) Western blot showing that GST-GRNT, but not GST-GRCT, can “pull-down” FKBP51 in mouse brain tissue. (D) Western blot showing that GST-
GRNT4, but not GST-GRNT1, GST-GRNT2, GST-GRNT3, GST-GRNT5, or GST-GRNT6 can pull-down FKBP51 in mouse brain tissue. (E) Western blot showing that GST-
GRNT4-1, but not GST-GRNT4-2, GST-GRNT4-3, GST-GRNT4-4, or GST-GRNT4-5, can pull-down FKBP51 in mouse brain tissue. (F) Western blot showing that GST-TPR, 
but not GST-FK1 or GST-FK2, can pull-down GR in mouse brain tissue. (G) Western blot showing that GST-TPR3, but not GST-TPR1, GST-TPR2, or GST-TPR4 
can pull-down GR in mouse brain tissue. (H) Coimmunoprecipitation shows that TAT-GRpep, but not TAT, is able to disrupt the GR-FKBP51 complex in 
mouse brain slices. Blots represent 3 independent experiments performed.
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in mouse brain (Figure 1H). Thus, we conclude that the GRNT4-1 
region is necessary for GR-FKBP51 complex formation and that 
GRpep disrupts the GR-FKBP51 complex.

Higher FKBP51-GR complex levels in fear-conditioned mice. 
We examined whether the GR-FKBP51 complex is affected by 
fear-conditioning in the mouse, an animal model of aversive learn-
ing that simulates some aspects of PTSD (26–28). Cued fear con-
ditioning consisted of 5 pairings of a light and tone (conditioned 
stimulus [CS]) with a foot-shock (unconditioned stimulus [US]). 
As shown in Figure 2, A and B, coimmunoprecipitation of FKBP51 

GR (Figure 1F). Further dissecting the FKBP51TPR into smaller 
fragments (Supplemental Figure 3) revealed that FKBP51TPR3 is the 
region interacting with GR (Figure 1G). We synthesized a peptide 
emulating the amino acid sequence of GRNT4-1 (GRpep [S211–L225]) 
and fused it to the cell-membrane transduction domain of the 
human immunodeficiency virus-type 1 TAT protein as previously 
described (23–25). If the GRNT4-1 region is essential for GR-FKBP51 
binding, GRpep should disrupt the GR-FKBP51 complex by com-
peting with GR for FKBP51. As expected, TAT-GRpep, but not 
the control TAT peptide, reduced GR-FKBP51 complex levels 

Figure 2. Systemic administration of TAT-GRpep reduces freezing behavior. (A and B) GR-FKBP51 complex levels are significantly higher in brain tissues 
from fear-conditioned mice. Coimmunoprecipitation shows higher levels of the GR-FKBP51 complex in fear-conditioned mouse brain lysate as compared 
with control (CTRL) mice. (A) Representative Western blot of FKBP51 and GR precipitated by GR antibody. (B) Densitometric analysis of the levels of 
FKBP51 coimmunoprecipitated by GR antibody in brain lysate of control (CTRL) or fear-conditioned mice. The level of coimmunoprecipitated FKBP51 
(FKBP51 Co-IP) was normalized after being divided by the level of precipitated GR (GR IP). Results for each sample are presented as the percentage of con-
trol (CTRL). ***P < 0.001 as compared with control samples, n = 7, t test. Data are shown as mean ± SEM. (C) A schematic illustration of the experimental 
schedule regarding data shown in D. (D) During the 3-minute habituation phase (absence of CS), the animals from both groups displayed a virtual absence 
of freezing behavior (P = NS). When cues were presented, however, animals in the treatment peptide group froze less than the control peptide (TAT) group 
(P < 0.05); n = 10. (E) A schematic illustration of the experimental schedule regarding data shown in F. (F) TAT-GRpep reduced cued freezing behavior in 
mice (P < 0.05); n = 14 (TAT) or n = 13 (TAT-GRpep).
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foot shock, before cued fear memory was assessed (Figure 2C). 
Approximately 2 hours before assessing the fear memory, animals 
were injected intraperitoneally (i.p.) with either control (TAT) or 
treatment peptide (TAT-GRpep) (3 nmol/g, i.p.). As shown in Fig-
ure 2D, there was no difference in freezing behavior between the 
TAT-GRpep and TAT alone groups during the habituation period 
without CS (P = NS). However, with the CS, TAT-GRpep signifi-
cantly reduced freezing compared with the TAT peptide (34.1 ± 
6.7 seconds vs. 64.2 ± 10.7 seconds, 2-way ANOVA with repeated 
measures, F1,18 = 5.988, P < 0.05), suggesting that TAT-GRpep can 
block the emergence of PTSD-like fear-related behaviors.

Furthermore, we tested whether disrupting the GR-FKBP51 
complex reduces consolidation of cued fear memory. Thus, 
TAT or TAT-GRpep was administered 2 hours after the end of 

by the GR antibody was significantly higher in fear conditioned 
mice versus control mice (P < 0.001, n = 7, Student’s t test, power 
= 0.993). There is no significant difference in direct immunopre-
cipitation of GR between the 2 groups (Figure 2B), suggesting that 
the GR antibody precipitates equal amounts of GR in both groups.

Systemic TAT-GRpep delivery reduces freezing. If the GR-FKBP51 
complex is part of the mechanism by which fear memories are 
stored or expressed, disrupting the complex should interfere 
with these memories. Thus, we tested the hypothesis that our 
GR-FKBP51–interfering peptide should reduce freezing behav-
iors in fear-conditioned mice. Two randomized groups of animals 
underwent 5 rounds of CS-US pairings (CS = light, US = 0.5 mA 
foot shock for 1 second). The animals were then subjected to 5 
days of extinction, in which the same cues were presented without 

Figure 3. Injection of TAT-GRpep directly into amygdala reduces fear memory behavior. (A) A schematic illustration of the experimental schedule. (B) 
The 2 groups did not differ in the acquisition of cued-fear memory (2-way ANOVA with repeated measures, F1,21 = 0.25, P = NS). (C) Two-way ANOVA con-
firmed significant cue effect (F1,46 = 10.387, P < 0.01), and treatment effect (F1,46 = 7.708, P < 0.01). The fear memory assessment showed that the treatment 
peptide (TAT-GRpep) reduced cued-fear memory as the animals injected with TAT-GRpep into the amygdala showed significantly lower level of freezing 
behavior compared with their control counterparts (P < 0.01); n = 10 (TAT) or n = 13 (TAT-GRpep). (D) For motor cortex injections, the 2 groups did not differ 
in the acquisition of cued-fear memory (2-way ANOVA with repeated measures (P = NS). (E) The 2-way ANOVA confirmed no significant treatment effect 
of motor cortex injection (F1,20 = 0.353, P = NS). The 2 treatment groups did not differ in freezing behavior whether the cue was on or off (P = NS in both 
cases); n = 10 (TAT) or n = 11 (TAT-GRpep).
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Figure 4. Disruption of GR-FKBP51 complex affects GR signaling in fear-conditioned mice. Representative Western blots (A) and densitometric analysis (B) 
of the levels of phosphorylated GR (S211) in brain lysate from fear-conditioned mice injected with saline, TAT, or TAT-GRpep. The level of phosphorylated GR (S211) 
was normalized after being divided by the level of GR. ***P < 0.001, n = 7, F2,18 = 12.81, 1-way ANOVA test followed by Dunnett’s post hoc test. (C–D) Represen-
tative Western blots (C) and densitometric analysis (D) of the levels of FKBP52 coimmunoprecipitated by GR antibody in fear-conditioned mice injected with 
saline, TAT-GRpep, or TAT peptide (3 nmol/g i.p.). The level of coimmunoprecipitated FKBP52 (FKBP52 Co-IP) was normalized after being divided by the level of 
precipitated GR (GR IP). ***P < 0.001 as compared with the fear-conditioned sample, n = 9, F2,24 = 14.15, 1-way ANOVA test followed by Dunnett’s post hoc test. 
(E–F) Representative Western blots (E) and densitometric analysis (F) of levels of nuclear GR from fear-conditioned mice injected with saline, TAT, or TAT-GRpep (3 
nmol/g i.p.). The level of nuclear GR was normalized after being divided by the level of Histone H3. ***P < 0.001 as compared with the fear-conditioned group, n = 
7, F2,18 = 14.50, 1-way ANOVA test followed by Dunnett’s post hoc test. (G–H) Representative Western blots (G) and densitometric analysis (H) of expression levels 
of 14-3-3ε in fear-conditioned mice injected with saline, TAT, or TAT-GRpep (3 nmol/g i.p.). The level of 14-3-3ε was normalized after being divided by the level of 
α-Tubulin. ***P < 0.001 as compared with the fear-conditioned group, n = 7, F2,18 = 13.57, 1-way ANOVA test followed by Dunnett’s post hoc test. For densitometric 
analysis, results are presented as the percentage of the fear-conditioned samples. Data are shown as mean ± SEM.
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fear conditioning (Figure 2E), before 5 consecutive daily extinc-
tion sessions of cue exposure without shock. Twenty-four hours 
after the last extinction session, neither treatment group froze 
without the CS. With the CS, the TAT-GRpep treatment group 
had significantly less freezing compared with the control TAT 
group (55.9 ± 3.3 seconds vs. 71.0 ± 3.6 seconds, 2-way ANO-
VA with repeated measures, F1,25 = 6.007, P < 0.05, Figure 2F). 
The ability of TAT-GRpep to disrupt the GR-FKBP51 complex 
in fear- conditioned mice was confirmed with coimmunoprecip-
itation in both brain tissues (Supplemental Figure 4, A and B, 
1-way ANOVA, F2,18 = 23.61, P < 0.001, n = 7, power = 0.984) and 
peripheral blood samples (Supplemental Figure 4, C and D, P < 
0.01, n = 7, Student’s t test, power = 0.992). We also confirmed 
the presence of TAT-GRpep in brain using confocal fluorescent 
microscopy (Supplemental Figure 4E) and in blood using flow 
cytometry (Supplemental Figure 4F). These results suggest that 
disruption of the GR-FKBP51 complex blocks the expression of 
PTSD-like fear-related behaviors, and inhibits the consolidation 
of cued fear memory.

Direct injection of TAT-GRpep into amygdala reduces freezing. To 
better understand where the GR-FKBP51 complex is acting to modu-
late fear memory, we tested whether direct injection of TAT-GRpep 
into the right amygdala would have effects similar to systemic injec-
tion (Figure 3A). The amygdala was targeted because it is critical for 
fear and emotional learning (29). As shown in Figure 3B, injection 
with either TAT-GRpep or the TAT control peptide produced no 
differences in the acquisition of cued-fear memory (2-way ANOVA 
with repeated measures, F1,21 = 0.25, P = NS). However, 2-way ANO-
VA confirmed a significant effect of the cue (F1,46 = 10.387, P < 0.01) 
and peptide (F1,46 = 7.708, P < 0.01) during the recall phase of fear 
memory testing. These results show that TAT-GRpep attenuated 
cued-fear memory expression since these animals had significantly 
less freezing than controls (P < 0.01, Figure 3C). To demonstrate the 
anatomical specificity of TAT-GRpep effects, we repeated the same 
experiments with peptide infusions into the motor cortex instead 
of the amygdala. As shown in Figure 3D, both groups acquired the 
memory of cued fear (2-way ANOVA with repeated measures, F1,20 
= 0.03, P = NS). Injecting TAT-GRpep into the motor cortex did not 
affect freezing (F1,20 = 0.353, P = NS), nor was there an interaction 
effect (F1,20 = 0.293, P = NS). Both treatment groups reacted similar-
ly to the cue (P = NS, Figure 3E). These data show that injection of 
TAT-GRpep specifically into the amygdala is sufficient to block the 
emergence of PTSD-like fear behaviors in the mouse.

TAT-GRpep peptide affects GR signaling in fear-conditioned 
mice. The next objective was to study the effects of the TAT- 
GRpep peptide on GR signaling by investigating whether dis-
ruption of the GR-FKBP51 complex affects GR phosphorylation, 
the GR-FKBP52 (aka FKBP4) interaction, and GR nuclear trans-
location (30, 31). In general, phosphorylation of GR protects it 
from degradation (32, 33). S211 is a known GR phosphorylation 
site located within the GR-FKBP51 interacting region, and S211 
phosphorylation increases recruitment of GR to target genes 
(34). Thus, we investigated whether the TAT-GRpep alters GR 
S211 phosphorylation in fear-conditioned mice. As shown in Fig-
ure 4, A and B, GR S211 phosphorylation is significantly higher 
in fear-conditioned mice treated with TAT-GRpep compared 
with those treated with TAT control or no treatment (n = 7, 1-way 

ANOVA, F2,18 = 12.81, P < 0.001, power = 0.950). Decreased GR 
S211 phosphorylation is observed in fear-conditioned mice com-
pared with control mice (Supplemental Figure 5, A and B, n = 7, P 
< 0.01, Student’s t test, power = 0.962).

Previous studies have suggested that impaired GR S211 phos-
phorylation decreases GR nuclear translocation (35). Others 
have suggested that dissociation of the GR-FKBP51 complex 
would promote GR-FKBP52 complex formation, leading to GR 
nuclear translocation, where GR can activate or repress tran-
scription of target genes (36). We saw that TAT-GRpep increased 
GR S211 phosphorylation in fear-conditioned mice. Thus, we 
predict that TAT-GRpep should also increase GR-FKBP52 com-
plex formation and GR nuclear expression when administered 
to fear-conditioned mice. Consistent with our hypothesis, we 
found significant increases in GR-FKBP52 complex levels in 
fear-conditioned mice after TAT-GRpep treatment (Figure 4, 
C and D, 1-way ANOVA F2,24 = 14.15, P < 0.001, n = 9, power = 
0.930). GR nuclear localization in fear-conditioned mice was 
also increased by TAT-GRpep (Figure 4, E and F, 1-way ANOVA, 
F2,18 = 14.50, P < 0.001, n = 7, power = 0.951).

Our observation that TAT-GRpep peptide treatment 
increases GR nuclear translocation implies that both GR 
nuclear translocation and GR-mediated gene transcription 
should be lower in fear- conditioned mice. Indeed, we found a 
decreased expression of 14-3-3ε, a target protein of GR, in fear- 
conditioned mice (37, 38) (Supplemental Figure 5, C and D, P < 
0.01, n = 7, Student’s t test, power = 0.967). This fear- mediated 
suppression of 14-3-3ε is rescued by TAT-GRpep treatment 
(Figure 4, G and H, 1-way ANOVA, F2,18 = 13.57, P < 0.001, n = 7, 
power = 0.970). Together, these data suggest that disruption of 
GR-FKBP51 complex with TAT-GRpep increases GR S211 phos-
phorylation, GR-FKBP52 complex levels, and GR nuclear trans-
location. All of these may contribute to increased expression of 
the GR- regulated protein 14-3-3ε in fear-conditioned mice.

Higher GR-FKBP51 complex levels, decreased GR S211 phosphoryla-
tion, and reduced nuclear GR in peripheral blood from PTSD patients. 
The next set of experiments was aimed at translating the fear- 
conditioned mouse results to humans. Of course it is not possible 
to obtain brain tissue from our patients, and instead we obtained 
peripheral blood samples. We observed similar results when ana-
lyzing GR-FKBP51 levels in either blood or brain tissue from mice 
(Supplemental Figure 4, A and B vs. C and D). Thus, we argue that 
examining the GR-FKBP51 interaction and associated changes in 
peripheral blood of PTSD patients provides useful insights despite 
the lack of brain tissue for this part of our study. Descriptive statis-
tics and demographic features of our clinical samples are shown in 
Supplemental Table 1 and Supplemental Table 2.

We measured GR-FKBP51 complex levels in the peripheral 
blood of PTSD patients recruited from the Centre for Addiction 
and Mental Health (CAMH), University of Toronto (Supplemen-
tal Table 1). Equal amounts of protein from each sample were 
incubated with anti–FKBP51 antibody and the precipitated pro-
teins were immunoblotted with either FKBP51 or GR antibody. 
Each Western blot included 5 samples per group and results were 
normalized against the mean of 5 control samples on the same 
blot. We found that the GR-FKBP51 complex is significantly 
higher in peripheral blood from PTSD patients compared with 
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Figure 5. Higher GR-FKBP51 complex levels, decreased GR S211 phosphorylation, and reduced nuclear GR in peripheral blood of PTSD patients. (A–B) Repre-
sentative Western blots (A) and densitometric analysis (B) of the levels of GR (left), FKBP51 (right) coimmunoprecipitated by FKBP51 antibody in peripheral blood 
samples from PTSD patients and healthy controls. Results for each sample are presented as the percentage of the mean of the control samples on the same blot. 
CTRL: 1 ± 0.069, PTSD: 1.408 ± 0.641, ***P < 0.001, n = 22, t test. (C) Densitometric analysis of the levels of GR (left), FKBP51 (right) coimmunoprecipitated by 
FKBP51 antibody in peripheral blood samples from PTSD patients and trauma controls. Results are presented as the percentage of trauma controls on the same 
blot. Trauma: 1 ± 0.061, PTSD: 1.455 ± 0.661, ***P < 0.001, n = 21, t test. (D) Densitometric analysis of the levels of GR (left), FKBP51 (right) coimmunoprecipitated 
by FKBP51 antibody in peripheral blood samples from MDD patients and healthy controls. Results are presented as the percentage of healthy controls on the same 
blot; P = 0.7768, n = 23, t test. (E) Densitometric analysis shows decreased GR phosphorylation at S211 in lymphocytes from PTSD patients compared with healthy 
controls (CTRL); **P < 0.01, n = 18, t test. (F) Densitometric analysis of levels of nuclear expression of GR in lymphocytes from PTSD patients and healthy controls 
(CTRL); **P < 0.01, n = 12, t test. (G) FKBP51 binding inhibits nuclear translocation of GR. Reduced nuclear translocation of GR is negatively correlated with higher 
GR-FKBP51 complex levels in lymphocytes from PTSD patients compared with CTRL; n = 24 (12 PTSD and 12 CTRL), Pearson correlation coefficient r = –0.44392, P = 
0.03. (H–I) Representative Western blots (H) and densitometric analysis (I) of levels of 14-3-3ε expression in lymphocytes from PTSD patients and healthy controls 
(CTRL). Results are presented as the percentage of the mean of the control samples on the same plot. **P < 0.01, n = 21, t test. Data are shown as mean ± SEM.
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that involves FKBP5 (41, 42). We also measured FKBP51-GR com-
plex levels in a separate group of samples from patients with MDD 
from Atlanta, GA. As shown in Figure 5D, there was no difference in 
FKBP51-GR complex levels between MDD and control subjects, and 
there was also no difference in FKBP51 expression alone (Supple-
mental Figure 6B). Descriptive statistics and demographic features of 
the MDD samples are shown in Supplemental Table 3. These results 
suggest that MDD does not significantly alter FKBP51-GR 
complex levels.

Consistent with our observation in fear-conditioned mice, 
we found that S211 phosphorylation is significantly decreased 
in peripheral blood samples from the Toronto PTSD patients 
(Figure 5E, n = 18, P < 0.01, Student’s t test, power = 0.835). 
These patients also had a lower proportion of GR in the nucle-
us compared with healthy control subjects (Figure 5F, P < 0.01, 
n = 12, power = 0.817). Further analysis suggests that higher 
GR-FKBP51 complex levels are correlated with a lower propor-
tion of the GR in the nucleus (Pearson’s r = –0.44, P = 0.030, 
Figure 5G). More importantly, the decreased expression of GR 
in the nucleus has a functional impact as shown by reduced tran-
scription of 14-3-3ε, a gene regulated by GR (37, 38) (Figure 5, 
H and I, P < 0.01, n = 21, power = 0.841). These data suggest 

healthy control subjects (n = 22 each group; P < 0.001, Student’s 
t test, power = 0.988; Figure 5, A and B). There was no significant 
difference either in the direct immunoprecipitation of FKBP51 
(Figure 5B) or the total expression of FKBP51 (Supplemental Fig-
ure 6A) between the 2 groups, suggesting that the observed higher 
level of GR-FKBP51 complex was not due to the differences in 
the amount of FKBP51 precipitated by FKBP51 antibody or the 
total expression of FKBP51 between the 2 groups.

We also obtained evidence that the elevated GR-FKBP51 inter-
action is specific to PTSD and not just a biomarker of trauma expo-
sure per se, by performing a replication and extension analysis in 
42 subjects from the Grady Trauma Project in Atlanta, GA (14, 39, 
40). All subjects had significant trauma exposure, but while 21 had 
severe PTSD, the age-, sex-, and race-matched trauma controls had 
few symptoms (Supplemental Table 2). We found significantly ele-
vated GR-FKBP51 in peripheral blood from PTSD subjects versus 
trauma-exposed controls (P < 0.001, Student’s t test, n = 21, power 
= 0.99853, Figure 5C), with no significant difference in direct immu-
noprecipitation of FKBP51 between the 2 groups (Figure 5C). These 
combined data suggested that the FKBP51-GR complex might be a 
biomarker for PTSD. In addition, major depressive disorder (MDD) 
has some similarities with PTSD in the context of GR signalling 

Figure 6. Summary of the molecular pathways within the neuron in the presence of TAT-GRpep. (A) TAT-GRpep is able to pass through the blood brain 
barrier and enter into the neuron due to the TAT sequence. (B) Once TAT-GRpep enters the cell, it competes with GR in binding to FKBP51. (C) More GR is 
phosphorylated and (D) consequently, more GR can bind to FKBP52. (E) Both events are responsible for translocating GR into the nucleus, where it binds to 
specific DNA sequences and promotes transcription.
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trauma (chronic vs. single acute event), premorbid and ongoing 
psychiatric comorbidity (e.g. other anxiety or mood disorders, 
substance abuse), the timing of sample collection relative to the 
trauma, and symptoms present at the time of sample collection. 
Thus, the issue of HPA axis activation in relation to PTSD and 
conditioned fear behaviors is complex.

In addition, we are aware that previous studies of PTSD 
found increased suppression of endogenous cortisol release 
by dexamethasone (47, 48), a standard indicator of reduced 
response to glucocorticoids, suggesting that PTSD is associated 
with enhanced GR signaling. There is also data supporting the 
notion that insufficient glucocorticoid signaling is present in 
stress-related psychiatric disorders, including PTSD (49, 50). 
An important issue here is the utility of the dexamethasone 
suppression test (DST), which was classically used as a test for 
depression but has since been abandoned (51). There are several 
reasons why the DST is no longer used as a clinical assay in eval-
uating depression, including the variable bioavailability of dexa-
methasone and the unreliability of the cortisol assay procedure. 
As well, the DST does not reliably distinguish depression from 
other diagnoses. It is also important to note that the DST is most 
consistently abnormal in Cushing’s syndrome, which is certainly 
not the clinical picture in PTSD, nor in depression.

We did not observe significant changes in cortisol levels in our 
group of PTSD patients, who are mostly females with chronic or 
repeated trauma. In our mouse model, we measured the change in 
glucocorticoid levels at 0.5, 2, and 24 hours after fear conditioning in 
mice. There is a significant increase in corticosterone 0.5 hour after 
fear conditioning compared with control animals, but not at 2 and 24 
hours after fear conditioning (Fang Liu, unpublished observations). 
Thus, it seems that glucocorticoid levels increase immediately 
after exposure to a fearful stimulus, but subside very quickly. While 
fear conditioning in the mouse is not a perfect model for PTSD in 
humans, the normal cortisol level in our PTSD patients could still be 
consistent with our claim that the GR-FKBP51 complex is involved in 
PTSD in humans and fear-conditioned learning in the mouse.

There are some apparent inconsistencies between our data 
and the literature with regard to the levels of FKBP51, indepen-
dent of the GR-FPBP51 complex. Increased FKBP5 mRNA and 
FKBP5 methylation have been reported to be elevated in MDD, 
PTSD, and with childhood trauma (12, 41, 52–54). However, in 
our study, we found no difference in total FKBP51 protein expres-
sion between PTSD and control subjects (Supplemental Figure 
6A). This is not a direct contradiction, since mRNA levels, gene 
methylation, and protein expression have a complex relationship 
and can often be divergent. We did observe a nonsignificant trend 
toward higher FKBP51 protein levels in patients with MDD alone 
compared with control subjects (Supplemental Figure 6B), which 
was consistent with earlier mRNA data. However, the amount of 
GR-FKBP51 complex was not different between MDD and unaf-
fected control subjects (Figure 5D).

Although previous studies have reported that GR, HSP90, 
and FKBP51 form a protein complex (55),they suggest that GR and 
FKBP51 interact indirectly via HSP90. Those other studies also 
suggest that the GR interacts with HSP90 via its hormone bind-
ing domain (HBD), located in the carboxyl terminal region of GR 
(56, 57). In contrast, our data show that the NT end of GR interacts 

that PTSD patients have elevated GR-FKBP51 complex levels, 
which may lead to less GR nuclear translocation and decreased 
GR-mediated gene transcription in PTSD.

Discussion
In summary, we have direct evidence for a GR-FKBP51 protein 
complex that is elevated in fear-conditioned mice and PTSD 
patients. We synthesized a blocking peptide TAT-GRpep, which 
contains the same amino acid sequence as the region of GR that 
binds FKBP51. This peptide blocks both the consolidation and 
recall of fear memories in mice. We propose that the reduction 
of PTSD-related fear behaviors by TAT-GRpep begins with the 
dissociation of GR-FKBP51, which leads to greater GR S211 phos-
phorylation and more GR-FKBP52 complex, both of which facili-
tate GR nuclear translocation (working model shown in Figure 6). 
Restoring GR to the nucleus in turn rescues the deficient transcrip-
tion of GR-regulated target genes such as 14-3-3ε.

Although the GR-FKBP51 complex is elevated in our subset 
of patients with PTSD, we are not suggesting that the GR-FKBP51 
complex is pathological per se. PTSD can be conceptualized as 
a failure to recover from the normal acute reaction to trauma, in 
which patients cannot return to a physiological homeostasis (43). 
In this model, there should be a spike in GR-FKBP51 levels imme-
diately after trauma, but PTSD arises in conjunction with a fail-
ure to return GR-FKBP51 to normal levels over time. The fact that 
the GR-FKBP51 complex is present in control subjects suggests 
that this complex has a physiological role in healthy individuals. 
Indeed, many studies support the view that the GR-FKBP51 inter-
action has protective effects via FKBP51 suppression of GR sig-
naling (43, 44). Thus, the GR-FKBP51 complex has an important 
normal physiological function but in excess it could be patholog-
ical. This seems to be a more general phenomenon that we have 
observed in our previous studies with other protein complexes in 
brain disorders (23, 45, 46).

One of the main claims of this paper is that the elevated 
GR-FKBP51 complex is specific to PTSD. We base this conclu-
sion on our data showing that the GR-FKBP51 complex is not 
increased in subjects exposed to trauma who did not develop 
PTSD (Figure 5C), nor in a separate cohort of patients with MDD 
alone (Figure 5D). Future research could examine GR-FKBP51 
levels in other neuropsychiatric disorders, especially those 
with an anxiety and fear-related component, to further estab-
lish the specificity of this protein complex as a biomarker for 
PTSD. Cortisol is a critical component of the stress response, 
and any discussion of molecular mechanisms in PTSD must 
include this hormone. Currently, there is no consensus in the 
literature about cortisol levels in PTSD, in part because patients 
with PTSD are very heterogeneous and because symptoms fluc-
tuate in a given patient. There is a substantial body of research 
reporting lower circulating levels of cortisol in PTSD, but a sim-
ilar amount of evidence supports the hypothesis of enhanced 
negative feedback or enhanced GR sensitivity in PTSD (for 
review, see ref. 43). Subgroups of patients may have increased, 
decreased, or apparently normal levels of cortisol. Patient het-
erogeneity could be due to preexisting genetic or epigenetic 
factors affecting FKBP51 transcription in response to a trau-
matic event (12). Patients also vary as to the type and pattern of 
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decreased 14-3-3ε in PTSD. However, we speculate that 14-3-3ε may 
be downregulated as part of the response to chronic physiological 
stress associated with PTSD symptoms. The 14-3-3 proteins func-
tion as a hub of protein signaling in the context of a different type 
of stress, cancer, at the cellular and biochemical level (61). More 
relevant to brain disorders, 14-3-3 proteins are involved in neuro-
development and signaling, and have been implicated in the patho-
physiology of schizophrenia and bipolar disorder, as well as number 
of neurological disorders (62). We are not aware of previous studies 
linking the 14-3-3 proteins with PTSD, so this observation requires 
further experiments to explain.

One limitation of our study is the use of peripheral blood as the 
human tissue for studying a brain disorder, and the cross- species 
translation to mouse tissue samples. We used peripheral blood to 
discover a protein biomarker for PTSD that we then targeted to suc-
cessfully disrupt fear-conditioning memory formation and recall 
in the mouse. We validated the peripheral blood measurement of 
GR-FKBP51 levels as a proxy for brain by demonstrating similar find-
ings in these 2 tissues in mice. TAT-GRpep peptide was also able to 
decrease GR-FKBP51 complex levels in both blood and brain tissue 
from mice (Supplemental Figure 4, A and B vs. C and D). These com-
bined data provide strong evidence that the elevated protein com-
plex we detected in blood from PTSD patients does indeed reflect 
a brain abnormality that when targeted in the mouse, can disrupt 
fear-memory paradigms relevant to PTSD in humans.

A final point for discussion is the heterogeneity of our human 
clinical subjects. This is a difficult issue for all human clinical stud-
ies. On one hand, having a more homogeneous sample will make 
biological conclusions simpler, but on the other hand, will be less 
representative of diverse clinical populations. The particular goals 
of each study influence the type of human population sample that is 
most informative. In the present study, we aimed to discover whether 
the GR-FKBP51 complex is involved in the biology of PTSD. Thus, 
a real-world sample would be most likely to be representative of the 
overall group of PTSD patients, and thus most likely to produce gen-
erally applicable results. As well, we have replicated our results in 2 
completely separate cohorts of patients and controls, collected at 2 
different times, in 2 different countries, by different clinical teams. 
Therefore, we argue that this heterogeneity of patients represents 
a strength, making our results more robust and generalizable to 
PTSD patients as a whole, not just a homogeneous subgroup.

Overall, our findings are significant for several reasons. First, 
we have evidence for a protein-protein interaction between the 
GR and FKBP51 proteins that represents an important molecular 
mechanism for modulating GR function under stress, in addition 
to the previously reported genetic interaction. Second, we have 
determined the binding sites for the GR-FKBP51 interaction and 
developed an interfering peptide as an experimental tool that 
also represents a potential treatment approach for PTSD. Third, 
because our interfering peptide can block the consolidation of 
fear memories, we propose that it or a therapeutic analog could 
be given to patients exposed to severe trauma, as a prophylaxis 
against the future emergence of PTSD. The protein complex could 
also be a treatment target for established PTSD symptoms and as 
a biochemical diagnostic marker for PTSD. Any of these advances 
would significantly improve on current clinical approaches to this 
important brain disorder.

with FKBP51, and so it appears that different domains of GR bind 
to FKBP51 and HSP90. It is possible for there to be multiple inter-
acting sites between 2 proteins, as we showed previously with the 
dopamine D1 and NMDA receptors (58).

We relied on a classic technique for measuring protein inter-
actions: coimmunoprecipitation. With this method, it is critical to 
ensure that equal amounts of protein are precipitated by the pri-
mary antibody. For samples from PTSD patients, we deliberately 
used excess protein to saturate the limited amount of anti-FKBP51 
antibody, resulting in approximately equal amounts of immuno-
precipitated FKBP51 protein (Figure 5, A–D). We were also careful 
to add equal amounts of protein from each patient sample into the 
primary antibody mixture and to equally divide the precipitated 
proteins for immunoblots with either GR or FKBP51 antibody. 
Thus, our results suggest increased GR-FKBP51 levels in PTSD 
when equal amounts of FKBP51 are present.

One of the key issues in our project is whether the effect of 
the TAT-GRpep is specific to the GR-FKBP51 interaction. The 
TAT-GRpep sequence was derived from the region within GR 
that is responsible for binding to FKBP51. We entered the GRpep 
[S211–L225] sequence into protein BLAST and did not find any pro-
teins with high homology, including the related mineralocor-
ticoid receptor (MR) (59, 60). Coimmunoprecipitation of both 
GR-FKBP51 and GR-FKBP52 in mouse brain lysates shows that 
TAT-GRpep reduces GR-FKBP51 binding (Figure 1H, Supplemen-
tal Figure 4, A–D), but not GR-FKBP52 binding (Figure 4, C and D), 
demonstrating good selectivity. Homology analysis of the FKBP51 
region (TPR3) that interacts with GR (Figure 1G) shows only 44% 
amino acid homology with the corresponding region of FKBP52. 
Thus, TAT-GRpep is likely specific to the GR-FKBP51 interaction.

Another important consideration is whether the interfering 
peptide TAT-GRpep actually was present in the tissues being ana-
lyzed and whether the peptide was successful in disrupting the 
GR-FKBP51 complex. We used fluorescence microscopy to visu-
alize TAT-GRpep labelled with anti–TAT antibodies, and showed 
that TAT-GRpep entered the brain after i.p. injection (Supple-
mental Figure 4E). For blood, we used flow cytometry instead, 
which also showed the presence of TAT-GRpep (Supplemental 
Figure 4F). These data support our conclusion that TAT-GRpep 
entered these tissues and was thus able to disrupt the GR-FKBP51 
interaction, as shown by the coimmunoprecipitation experiments 
(Supplemental Figure 4, A–D).

We examined phosphorylation of GR at S211, which is within 
the region that interacts with FKBP51, and found that S211 phos-
phorylation was decreased in both PTSD patients and fear- 
conditioned mice. These data suggest that under pathological 
conditions, increased GR-FKBP51 complex formation could lead 
to decreased GR S211 phosphorylation as part of the pathophysiol-
ogy of PTSD. Further experiments would be needed to determine 
the direction of causality between GR S211 phosphorylation and 
GR binding to the FKBP5.

As mentioned earlier, we found decreased nuclear translocation 
of GR, which would be expected to affect gene transcription regu-
lated by GR. Thus, we examined the expression of 14-3-3ε, a known 
target of GR regulation. Both RNA and protein screening studies 
have previously identified 14-3-3ε as a GR target protein (37). We did 
not perform further experiments to investigate the functional role of 
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construct GST-fusion proteins encoding truncated GR, cDNA frag-
ments were amplified by using PCR with specific primers. To facilitate 
subcloning into the pGEX-4T3 vector, 5′ and 3′ oligonucleotides incor-
porating specific restriction enzyme sites were used. To confirm appro-
priate splice fusion and correct nucleotide sequences, all constructs 
were resequenced. TAT-GRpep peptide (AA sequence: GRKKRRQRR-
RPQSPWRSDLLIDENCLL) was synthesized by Biomatik.

Cued fear conditioning. Animals were first habituated to the appa-
ratus for 5 minutes (Habitest, Colbourne Instruments). Animals were 
then exposed to 30 seconds of the cue (an in-house white light), which 
coterminated with 1 second of foot-shock (0.5 mA). The cue exposure 
and foot-shock were repeated 5 times, with 5-minute inter-trial inter-
vals. Following conditioning, animals were subjected to 2–5 days of 
extinction before assessment of cued fear memory, which consisted 
of 15 rounds of 30-second cue exposure, with 30-second inter- trial 
intervals (adapted from Andero et al.) (65). The expression of fear 
(in a different context from training) was assessed 24 hours after the 
last extinction session. The assessment consisted of a 3-minute peri-
od of habituation in the absence of CS, followed by a 3-minute trial 
of conditioned cues. The duration of freezing behaviors was recorded 
by an experimenter blind to the treatment group. Peptide was admin-
istered either 2 hours after conditioning or 2 hours before the behav-
ioral assessment. The i.p. injection does was 3 nmol/g body weight. 
For amygdala and motor cortex administration, an injector was gen-
tly inserted into the guide cannula mounted onto the skulls of the 
animals. Control peptide or treatment peptide (0.5 μL at 10 mM con-
centration) was slowly injected, and allowed to diffuse for 2 minutes 
before the injector was removed.

Nuclear protein isolation assay. Nuclear protein isolation assays 
were performed in mouse brain tissue using the Nuclear Protein 
Extraction Kit (Bio Basic Inc.). Nuclear protein isolation assays were 
performed in human lymphocytes using the NE-PER Nuclear and 
Cytoplasmic Extraction Reagents Kit (Thermo Fisher Scientific).

Immunohistochemistry. Mouse brains were dissected from desig-
nated groups 1 hour after i.p. injection of TAT-GRpep or saline, and 
then were fixed in 4% paraformaldehyde overnight, cryoprotected in 
30% sucrose, and stored at –80°C before further processing. Frozen 
coronal sections of 20-μm thickness were cut using cryostat (Bright 
Instrument Co., model 5030). All sections were initially permeabi-
lized with 0.1M PBS containing 0.1% Triton X-100 for 10 minutes, 
and blocked for 1 hour with 1% bovine serum albumin in PBS at 
room temperature. Sections were incubated with anti–TAT antibody 
(1:500, Abcam, catalog ab43014) overnight at 4°C and secondary 
antibody for 1 hour at room temperature. The fluorescent secondary 
antibody conjugated to Alexa 488 (1:200, Life Technologies, catalog 
A21206) was used for detection of the primary antibody. DAPI was 
used to stain cell nuclei. Confocal images were acquired using a con-
focal microscope (Olympus FluoView FV1200) at ×10 magnification.

Flow cytometry. Mouse whole blood was taken from the desig-
nated groups 1 hour after i.p. administration. Lymphocytes were 
isolated as indicated elsewhere in this paper. Briefly, cell pellets 
were fixed and washed twice in PBS, then resuspended in staining 
buffer (PBS with 4% FBS and 0.05% Na3N) at a concentration of 107 
cells/mL. Lymphocytes were stained by anti–HIV1 TAT antibody 
(Abcam, catalog ab43016) using the Flow Cytometry Fixation/Per-
meabilization Kit (Biotium, catalog 23006). After incubation in the 
dark at room temperature for 30 minutes, cells were washed twice 

Methods
Human subject recruitment and clinical assessment. PTSD patients (n = 
22) were recruited from an inpatient ward and outpatient clinics at the 
Centre for Addiction and Mental Health (CAMH), and healthy controls 
(n = 22) were recruited with public advertisements. Traumatic memory- 
related symptoms were assessed with the civilian version of the PTSD 
checklist (PCL-C), which is a self-report questionnaire that permits the 
scoring of both severity of posttraumatic symptoms and the diagnosis 
of PTSD based on DSM-IV criteria (63). PTSD subjects underwent a 
structured evaluation of their diagnosis using the Mini International 
Neuropsychiatric Interview (MINI) (64). Exclusion criteria were acute 
or chronic physical illnesses or systemic treatment with corticosteroids. 
Control subjects were excluded if they had a psychiatric diagnosis 
(including substance abuse) or had any serious medical illness (requir-
ing ongoing medical treatment). Two 10-mL tubes (BD Vacutainer, K2 
EDTA) of peripheral blood were collected by venipuncture between 9 
a.m. and 11 a.m., immediately after the interview. Lymphocytes were 
isolated using Ficoll-Paque PLUS (GE Healthcare Life Sciences) and 
stored at −80°C until further processing. Kerry J. Ressler (McLean Hos-
pital, Harvard Medical School, Belmont, Massachusetts) provided the 
human samples from the Grady Trauma Project in Atlanta.

Mice. Male C57BL/6 mice, aged 7 weeks, were purchased from 
Charles River Laboratories and given 1 week to acclimatize to the vivar-
ium. Some animals were later subjected to implantation of cannula into 
either amygdala (AP – 1.5, LM – 3.0, DV – 4.8) or motor cortex (AP + 2.1, 
LM – 2.0, DV – 1.0). Following surgeries, animals were allowed 1 week 
to recover before additional experimental procedures. WeiDong Yong 
(Comparative Medical Center, Institute of Laboratory Animal Science, 
Chinese Academy of Medical Sciences & Peking Union Medical College, 
Beijing, China) provided brain tissues from FKBP51 knockout mice.

Coimmunoprecipitation and Western blot. Coimmunoprecipitation 
and Western blot analyses were performed as previously described (23–
25). For coimmunoprecipitation, 500–1000 μg solubilized protein was 
extracted from whole mouse brain or human lymphocytes, and incu-
bated with primary antibody or control IgG (2–4 μg) for 4 hours at 4°C, 
followed by the addition of 25 μL protein A/G plus agarose (Santa Cruz 
Biotechnology) for 12 hours. Pellets were washed, boiled for 5 minutes 
in SDS sample buffer, and subjected to SDS-PAGE. Total protein extract 
(50–100 μg) was used as control in each experiment. After transfer of 
proteins into nitrocellulose, membranes were subject to Western blot 
with the primary antibodies. The protein level was quantified by densi-
tometry (software from ImageLab, Bio-Rad).

The antibodies used were against GR (Santa Cruz Biotechnology, 
rabbit, catalog sc-1002; Proteintech Group, rabbit, catalog 24050-1-
AP), FKBP51 (Santa Cruz Biotechnology, rabbit, catalog sc-13983), 
FKBP52 (Santa Cruz Biotechnology, mouse, catalog sc-100758). The 
other antibodies were 14-3-3ε (Santa Cruz Biotechnology, mouse, 
catalog sc-23957), β-Actin (Cell Signaling Technology, rabbit, cat-
alog 4970), anti-Histone H3 (Abcam, rabbit, catalog ab1791), anti–
phospho- GR (Ser211) (Cell Signaling Technology, rabbit, catalog 4161) 
and anti–α-tubulin (Sigma-Aldrich, mouse, catalog T8203).

GST fusion protein constructs and TAT-GRpep peptide. GST-fusion 
proteins encoding truncated GR fragments were amplified by PCR 
from full-length human cDNA clones. All constructs were sequenced 
to confirm the absence of PCR-generated errors. GST-fusion pro-
teins were prepared from bacterial lysates with glutathione sephar-
ose 4B beads as instructed by the manufacturer (Amersham) (24). To  
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