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indicating that there was a localized spinal response to the CFA
injection.

In people carrying specific variants of FKBP51, childhood trau-
ma can induce a decrease in DNA methylation in the promoter of
FKBP51. This demethylation enhances stress-dependent expression
of FKBP51 and is associated with a higher risk of developing PTSD
in adult life (2). We therefore examined whether noxious stimula-
tion could also induce changes in FKBP51 DNA methylation. For
this, we performed bisulphite pyrosequencing on rat superficial
dorsal horn tissue after injection of CFA into the ankle joint and
observed a fast (2 hours after CFA) and long-lasting (7 days after
CFA) ipsilateral decrease in methylation at specific CpG sites pre-
viously identified in the promoter sequence of FKBP51 (17) (Fig. 2,
B and C). This suggested that changes in DNA methylation might
contribute to the rapid increase in spinal FKBP51 levels after CFA
and that FKBP51 may regulate both the development and mainte-
nance of long-term pain states. To test this hypothesis, we next
used FKBP51 KO mice and their wild-type littermates.

Global deletion of FKBP51 has no effect on naive thresholds
and the short-term inflammatory response

We found no difference in the cutaneous mechanical sensory thresh-
old (Fig. 3A) or thermal heat (Fig. 3B) and cold (Fig. 3C) thresholds
between KO and wild-type animals, suggesting that acute nociception
was not impaired by FKBP51 deletion. This conclusion was supported
by the normal expression of primary afferent markers IB4 and CGRP
in the superficial dorsal horn in these mice (Fig. 3D and fig. S1).
Moreover, there was no difference between the two genotypes in
the nociceptive sensitivity that follows the hindpaw injection of short-
term inflammatory agents such as formalin (Fig. 2E) or interleukin-6

A mRNA expression post CFA injection

B DNA methylation 2 hours post CFA injection

(IL6) (Fig. 2F). These data suggested that deletion of FKBP51 does
not impair acute pain responses.

Global deletion of FKBP51 prevents the full development of
long-term pain states

We next tested the effect of FKBP51 KO on long-term pain states.
Although both KO and wild-type mice showed a significant reduction
in mechanical threshold after CFA injection in the ankle joint, KO
mice were less sensitive than wild-type mice (Fig. 4A). However, there
was no difference in CFA-induced spinal phosphorylated extracellular
signal-regulated kinase (pERK) (Fig. 4B and fig. S2A) and cFos (Fig.
4B and fig. S2B). Similarly, hindpaw injection of CFA, which induces
long-term inflammation, caused significantly less mechanical hyper-
sensitivity in KO than in wild-type mice (Fig. 4C), despite causing
the same degree of edema in the hindpaw (Fig. 4D). Finally, to test
whether the modulatory role of FKBP51 on persistent pain states
extended beyond long-term inflammation, we also investigated a
model of neuropathic pain. KO mice with spared nerve injury
(SNI) (18) showed less mechanical hypersensitivity than wild-type
mice, starting at 5 days after surgery (Fig. 4E). They also performed
better on the rotarod test (Fig. 4F), likely a result of reduced
mechanical hyperalgesia, as well as increased ability to cope with stress
(3, 4). However, glial activation, which contributes to the hyper-
sensitivity seen in neuropathic pain states (19), was not different in
KO mice 14 days after SNI surgery than that in wild-type mice (fig.
S3, A and B). Together, these results showed that FKBP51 KO mice
display reduced mechanical hypersensitivity in long-term pain states,
suggesting that FKBP51 is required for full development of persistent
pain states. Because our previous findings (10) suggested a role for
spinal FKBP51 in pain processing, we next used siRNA to determine
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Fig. 2. After noxious stimulation, FKBP51 expression increased, and
FKBP51 DNA methylation decreased. (A) FKBP51 mRNA expression (nor-
malized to sham) in the rat dorsal horn 2 and 6 hours after CFA injection in
the ankle joint and in the mouse ipsilateral (Ipsi) and contralateral (Contra)
dorsal horn 24 hours and 3 days after CFA. Rat data: Student’s t test: 2 hours:
P = 0.007; 6 hours: P = 0.033; n = 4 to 5 per group. Mouse data one-way
analysis of variance (ANOVA), factor TREATMENT: 24 hours: 519 =7.73; P =
0.004; Bonferroni post hoc analysis: Sham versus Ipsi: P = 0.009; Sham versus
Contra: P = 0.023; 3 days: F,3 = 9.7, P = 0.001; Bonferroni post hoc analysis:
Sham versus lpsi: P = 0.002; Sham versus Contra: P = 0.021; n = 5 to 7 per
group. *P < 0.05, **P < 0.01, Bonferroni post hoc analysis. $, data previously
published (70). (B and C) DNA methylation at CpG sites (CG1 to CG7) in the
promoter sequence of FKBP51 in spinal dorsal horn tissue, 2 hours and 7 days

www.ScienceTranslationalMedicine.org

after CFA injection in the ankle joint. Data are means percentage of DNA
methylation at specific CpGs + SEM. Nested ANOVA (B) factor TREATMENT:
CG2: F,3=142.1,P=0.001; Bonferroni post hoc analysis: Ipsi versus Sham: P <
0.001, Ipsi versus Contra: P < 0.001; CG5: F, 3 =59.1, P = 0.004; Bonferroni post
hoc analysis: Ipsi versus Sham: P = 0.034, Ipsi versus Contra: P = 0.021; CG7:
F53 = 370.9, P < 0.001; Bonferroni post hoc analysis: Ipsi versus Sham: P <
0.001, Ipsi versus Contra: P < 0.001 (n = 6 per group). (C) Factor TREATMENT:
CG2: F,3=154.9, P <0.001; least significant difference (LSD) post hoc analysis:
Ipsi versus Contra: P=0.031; CG5: F, 3 = 19.4, P= 0.016; LSD post hoc analysis:
Ipsi versus Contra: P = 0.050; CG6: F,5 = 107.4, P < 0.001; LSD post hoc anal-
ysis: Ipsi versus Contra: P = 0.026; CG7: F,3 = 85, P = 0.001; LSD post hoc
analysis: Ipsi versus Contra: P = 0.031 (n = 6 per group). *P < 0.05, ***P <
0.001, Bonferroni; *P < 0.05, LSD post hoc analysis.
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We then used the highly specific FKBP51
inhibitor SAFit2 (11) to block FKBP51 ac-
tivity. Like anti-FKBP51 siRNA treatment,
SAFit2 administered intrathecally im-
proved the mechanical hypersensitivity
induced by ankle joint inflammation
when injected 3 days after the CFA treat-
ment (Fig. 5C), suggesting that FKBP51
may be a promising therapeutic target
for the treatment of chronic pain.

Thus, spinal FKBP51 is not only suf-
ficient for the full development of chronic
pain but also critical to the maintenance
of this pain. We next explored the mech-
anism by which FKBP51 regulates noci-
ceptive processing.

Signal intensity (normalized to WT)

CGRP 1B4

-~ WT
- KO

FKBP51 regulates injury-induced
hypersensitivity by modulating

/ glucocorticoid signaling

FKBP51 is an antagonist of GR (13), and
GR signaling regulates the hyper-
sensitivity that develops after nerve inju-
ry (14, 15). We therefore hypothesized
that FKBP51 regulates the hypersensitivity
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Fig. 3. Global deletion of FKBP51 has no influence on naive thresholds or the response to short-
term inflammatory agents. (A to C) Mechanical threshold (A), thermal heat threshold, (B) and thermal
cold threshold (C) in naive KO and WT mice (n = 8 per group). (D) Immunohistochemical CGRP and B4
signal intensity in tissue from untreated KO and WT mice. Signal intensity was normalized to WT ex-
pression levels (n = 3 per group). (E and F) In WT and KO mice (E), nociceptive behavior after intra-
plantar injection of formalin (n = 7 per group) and (F) mechanical hypersensitivity after intraplantar
injection of IL6 (n = 6 to 7 per group). Data show means + SEM. B1, B2, and B3: baseline data taken on

separate days.

whether FKBP51 specifically expressed in the spinal cord contributed
to nociceptive signaling.

Spinal FKBP51 drives long-term pain states

We specifically deleted FKBP51 in the spinal cords of wild-type mice
using intrathecal injections of siRNA. Injections of siRNA reduced
FKBP51 expression in the spinal cord by 24% but had no effect on
FKBP51 expression in the DRGs (fig. S4A). This decrease in FKBP51
expression is similar to that reported by others when intrathecally in-
jecting siRNA, a treatment known to have a significant effect on be-
havior (20). This deletion is likely to have occurred in neurons
exclusively because in the superficial dorsal horn, we found that only
neurons expressed FKBP51 (by using immunohistochemistry with
tyramide amplification). Although siRNA injections did not affect
mechanical threshold and motor performance in naive animals (fig.
$4, B and C, respectively), siRNA injections starting 48 hours before
the CFA injection significantly reduced the mechanical hypersensitivity
induced by CFA-triggered ankle joint inflammation when compared
to scramble siRNA injections (Fig. 5A). Because it mimics the clinical
situation, siRNA silencing of FKBP51 starting 3 days after injury, when
hypersensitivity was maximal, significantly attenuated the pain state
(Fig. 5B).
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that develops in long-term pain states by
modulating glucocorticoid signaling. We
studied the coexpression of FKBP51 and
GR in wild-type superficial dorsal horn
with immunohistochemistry. We found
that colocalization of FKBP51 and GR
was equivalent in tissue from both
sham-treated mice and mice injected with
CFA in the ankle joint, with an average of
84 + 1% of FKBP51-positive neurons
expressing GR (85.5 = 4%, CFA ipsi-
lateral; 83.7 + 1%, CFA contralateral; and 82.1 + 1%, sham) and 81 +
1% of GR-positive neurons expressing FKBP51 (78.7 + 7%, CFA ipsi-
lateral; 82.7 + 2%, CFA contralateral; and 81.2 + 4%, sham) (n = 3 mice
per group; three sections counted per mouse and 30 to 70 neurons
counted per half section; Fig. 6A).

GR has two main isoforms in both humans and rodents, GRa and
GRp, each associated with a distinct response to glucocorticoid hor-
mones (21). In the spinal cord, we found a small difference in total GR
mRNA expression between FKBP51 KO and wild-type mice (Fig. 6B).
Nevertheless, CFA injection to the ankle joint did not induce any sig-
nificant changes in GR mRNA levels in either genotype, and we found
no difference in GR protein levels between KO and wild-type mice, in
both naive and CFA-injected animals (fig. S5). There was also no
difference in GRo. mRNA levels between KO and wild-type, in both
naive and CFA-injected animals; however, both wild-type and KO
mice showed increased GRp levels on the side ipsilateral to the CFA
injection compared to the contralateral side, and levels of GRB were
significantly lower in KO animals than in wild-type animals (Fig. 6B).
Increased GRp levels have been associated with glucocorticoid
resistance in inflammatory disorders (22). Therefore, our results sug-
gest that in inflammatory pain states, KO mice are more sensitive to
glucocorticoids than are wild-type mice. Supporting this interpretation,
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Fig.4. Global deletion of FKBP51 reduces
the mechanical hypersensitivity that de-
velops in long-term pain states. (A) Me-
chanical sensitivity in KO and WT mice after
injection of CFA in the ankle joint (n = 8 per
group): two-way ANOVA, factor GENOTYPE
day 1 (D1) to D7: F; 15 = 30.9; P < 0.0001.
KO versus WT: D1, P < 0.001; D2, P < 0.001;
D3,P<0.001;D4,P<0.001; D5,P=0.012; D6,
P =0.002; D7, P = 0.01. Although the sensi-
tivity induced by CFA was reduced in KO
compared to WT mice, it was nonetheless
significantly different from baseline values
(one-way ANOVA, factor TIME B3 to D4:
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stained by immunohistochemistry for pERK
and cFos. (€) Mechanical sensitivity in KO
and WT mice after intraplantar injection of
CFA (n = 8 per group, two-way ANOVA,
factor GENOTYPE D2 to D7: F114=203,P <
0.0001; KO versus WT: D2, P = 0.024; D4, P =
0.001; D5, P = 0.022; D6, P = 0.010; D7, P <
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N

Mechanical threshold
0.0

-0.5+4

-1.0 4
/
CFA

) (intraplantar)

,20 -
-~ WT
-&- KO

Threshold of mechanical sensitivity (log(g))

=25

1 T T T 1 T 1 T T T 1
B1 B2 B3 6housD1 D2 D3 D4 D5 D6 D7
Time post CFA injection

pPERK cFos

D Paw edema
| W

B KO B8 Naive (KO +WT)

Paw size (mm)

0.0001). (D) Paw edema after intraplantar
CFA-induced inflammation in KO, WT, and
naive mice (n = 8 per group, ANOVA TREAT-

Time post CFA injection

T T T T T T T T T T T
B1 B2 B36howsD1 D2 D3 D4 D5 D6 D7 D5 D7

Time post CFA injection (i.pl.)

MENT F, ,; = 70.8; P < 0.0001; D5, D7: Naive = E Mechanical threshold F Locomotor activity

versus WT: P < 0.001; D5, D7: Naive versus = 0.0 120-

KO:P <0.001).i.pl, intraplantar. (E) Mechanical 3 m wT
sensitivity in KO and WT mice after SNI (two- 3, 054 1004 B KO
way ANOVA, factor GENOTYPE D5 to D14: 3 = =

Fi13 = 31.6; P < 0.0001; KO versus WT: D5, 2 o g .

P =0.001; D6, P = 0.01; D7, P < 0.001; D8, P < 2 -10+ J=f_, _
0.001; D10, P=0.005;D14,P < 0.001,n=7 to g g 60

8 per group). Although the sensitivity in- 4’:: 154 T

duced by CFA was reduced in KO compared ¢ 2 401

to WT mice, it was nonetheless significantly ‘& =

different from baseline values (one-way o ~204 WT 204

ANOVA, factor TIME B3 to D1: Fi6=8.1;P= g ': ‘o

0.029). (F) Time on the rotarod apparatus & -25dp0——0 0~~~ 0

after SNI surgery in KO and WT mice (n = 8 B1 B2 B3 DI D2 D3 D5 D6 D7 D8 D10 D14 D3 b7 D10
to 9 per group; Student’s t test; D7 KO versus Time post SNI Naive Time post SNI

WT: P=0.030; D10 KO versus WT: P = 0.020).

Animals were not tested at baseline to minimize the number of tests on the rotarod. Data show means + SEM. *P < 0.05, **P <0.01, ***P <0.001, WT versus KO
in (A), (O), (E), and (F), and KO or WT CFA versus naive in (D). Injection or surgery time is indicated by arrows.

KO mice had lower corticosterone levels than wild-type mice, both in
naive and in persistent pain states (Fig. 6C), indicating a stronger sup-
pression of corticosterone secretion in FKBP51-deficient mice, as re-
ported previously (3).

Next, to test whether FKBP51 drives chronic pain by modifying
GR signaling in the spinal cord, we used the GR antagonist mifepris-
tone (RU38486). First, we intrathecally injected mifepristone in naive
animals. Both naive wild-type and naive KO mice showed increased
mechanical hypersensitivity after mifepristone administration (Fig. 6D),
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indicating that GR was antinociceptive under basal conditions, regard-
less of FKBP51 expression. However, when mifepristone was
administered 3 days after CFA injection in the ankle joint, the GR an-
tagonist eliminated the CFA-induced hypersensitivity in wild-type
animals (Fig. 6E and fig. S6A for full time course of behavior), as seen
in neuropathic pain models (15, 16), but aggravated CFA-induced
mechanical hypersensitivity in KO mice (Fig. 6F and fig. S6B for full
time course of behavior). Mifepristone also increased the CFA-induced
hypersensitivity in mice with reduced levels of FKBP51 only in the
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