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Abstract Emerging evidence has demonstrated the involve-
ment of stromal cell-derived factor 1 (SDF1, also known as
CXCL12)-CXCR4 signaling in a variety of pain state.
However, the underlying mechanisms of SDF1-CXCR4 sig-
naling leading to the maintenance of chronic pain states are
poorly understood. In the present study, we sought to explore
the role of SDF1-CXCR4 signaling in the forming of
neuroplasticity by applying a model of the transition from
acute to chronic pain state, named as hyperalgesic priming.
Utilizing intraplantar bee venom (BV) injection, we success-
fully established hyperalgesic priming state and found that
peripheral treating with AMD3100, a CXCR4 antagonist, or
knocking down CXCR4 by intraganglionar CXCR4 small
interfering RNA (siRNA) injection could prevent BV-
induced primary mechanical hyperalgesia and hyperalgesic
priming. Moreover, we showed that single intraplantar active
SDF1 protein injection is sufficient to induce acute mechani-
cal hyperalgesia and hyperalgesic priming through CXC4.
Intraplantar coinjection of ERK inhibitor, U0126, and PI3K
inhibitor, LY294002, as well as two protein translation inhib-
itors, temsirolimus and cordycepin, prevented the develop-
ment of SDF1-induced acute mechanical hyperalgesia and
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hyperalgesic priming. Finally, on the models of complete
Freund’s adjuvant (CFA)-induced chronic inflammatory pain
and spared nerve injury (SNI)-induced chronic neuropathic
pain, we observed that knock-down of CXCR4 could both
prevent the development and reverse the maintenance of
chronic pain state. In conclusion, our present data suggested
that through regulating ERK and PI3K-AKT pathways-medi-
ated protein translation SDF1-CXCR4 signaling mediates the
transition from acute pain to chronic pain state and finally
contributes to the development and maintenance of chronic
pain.

Keywords Chronic pain - Hyperalgesic priming - Mechanical
hyperalgesia - SDF1-CXCR4 signaling - PGE, - Plasticity

Introduction

Chronic pain is a common clinical symptom and produces a
large burden of economic losses, which affecting more than
100 million people in the USA [1]. In low-income and middle-
income countries, the prevalence rate of chronic pain is even
higher, with 33 % in the general adult population, 56 % in the
general elderly population, and 35 % in workers [2]. However,
to date, the mechanisms underlying chronic pain remain poor-
ly understood, limiting the identification of adequate treat-
ments. In order to improve the management of chronic pain,
International Association for the Study of Pain united with
WHO and divided the chronic pain into seven classes [3].
During recent decade, emerging evidence has demonstrated
that stromal cell-derived factor 1 (SDF1) and its cognate re-
ceptor CXCR4 was tightly correlated with various types of
chronic pain [4]. In unilateral sciatic nerve injury (CCI)-in-
duced peripheral neuropathic pain model and spinal cord
injury-induced central neuropathic pain model, the expression

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12035-016-9875-5&domain=pdf
user
高亮

user
高亮


Mol Neurobiol

level of SDF1 and CXCR4 was continuously increased [5, 6].
And intrathecal administration of AMD3100, a selective
CXCR4 antagonist, or SDF1 antibody significantly alleviated
spared nerve injury-induced pain through inhibiting ERK ac-
tivation in the spinal cord [7]. For diabetic neuropathy,
AMD?3100 also efficiently reversed the neuropathic pain [8].
Additionally, Shen and colleagues demonstrated that SDF1-
CXCR4 signaling contributed to the development and main-
tenance of bone cancer pain through mitogen-activated pro-
tein kinases (MAPKs)-mediated neuroinflammation [9, 10].
Recently, we provided compelling evidence that SDF1-
CXCR4 signaling contributes to bee venom (BV)-induced
acute inflammatory pain by regulating the excitability of pri-
mary nociceptive neurons through ERK-dependent Nav1.8
expression [11]. Usually, chronic pain is observed following
the completely recovery from acute inflammation or injuries
[3]. Based on the above general roles of SDF1-CXCR4 sig-
naling in both acute and chronic pain, we hypothesized that
SDF1-CXCR4 signaling contributed to the process of transi-
tion from acute to chronic pain state.

Hyperalgesic priming is a preclinical model which can be
induced by prior inflammatory insult and is expressed as a
long-lasting prolongation in the response to prostaglandin
E2 (PGE,) [12-16]. Briefly, in naive rats, intraplantar injec-
tion of PGE, only evoked a short-lasting mechanical
hyperalgesia (<4 h). However, under primed condition in-
duced by inflammagen, the mechanical hyperalgesia induced
by PGE, is markedly prolonged, lasting >24 h. [17-19].
Nowadays, hyperalgesic priming having served as an impor-
tant paradigm for probing the neuroplastic mechanism associ-
ated with the transition from acute to chronic pain. Thus, in the
present study, we firstly established the hyperalgesic priming
model by subcutaneous intraplantar injection of BV, which is
a frequently used acute inflammatory pain model [20]. Then,
we investigated the role of peripheral CXCR4 in BV-induced
primary mechanical hyperalgesia and hyperalgesic priming.
Moreover, we evaluated whether single intraplantar injection
of active SDF1 protein is sufficient to induce mechanical
hyperalgesia and hyperalgesic priming. Finally, we examined
the intracellular molecular mechanisms underlying SDF1-
CXCR4 signaling-induced mechanical hyperalgesia and
hyperalgesic priming.

Materials and Methods

Animals

The experiments were performed on male Sprague—
Dawley rats (150-250 g, purchased from the
Laboratory Animal Center of Fourth Military Medical

University, FMMU, Xi’an, People’s Republic of
China). Animals were housed in plastic boxes under a
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12 h light/dark cycle (with the lights on at 8:00 a.m. to
8:00 p.m.) at room temperature (22-26 °C). Water and
food were available ad libitum. All behavioral evalua-
tions were carried out between 9:00 and 17:00. The
present experiment protocols were approved by the
Institutional Animal Care and Use Committee of
FMMU and were in accordance with the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80-23) re-
vised 1996. International Association for the Study of
Pain (IASP)’s ethical guidelines for pain research in
conscious animals was followed. In our present study,
total number of 256 rats were used and their suffering
were greatly minimized.

Mechanical Pain Sensitivity Testing

The mechanical pain sensitivity testing was performed by ex-
perimenters blinded to the experimental treatments.
Mechanical stimuli were applied by using ascending graded
individual von Frey monofilaments with bending forces of
0.8, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0,
25.0, 30.0, 45.0, and 60 g. The rats were placed on a metal
mesh floor covered with plastic box and habituated for a min-
imum of 1 h before the measurement of mechanical withdraw-
al thresholds. Von Frey filaments were applied from under-
neath the metal mesh floor to the plantar area of the appropri-
ate hindpaw. Each von Frey filament was applied 10 times
(once every several seconds) in order to induce the withdrawal
reflex. The bending force value of the von Frey filament that
caused an appropriate 50 % occurrence of paw withdrawal
was expressed as the paw withdrawal mechanical threshold
(PWMT, g).

Drugs

Bee venom solution (200 pg/50 uL, Floret Ltd. and its
partner company New Techniques Laboratory Ltd.,
Tbilisi, Georgia, dissolved in 0.9 % sterile saline) was
injected into the plantar surface of the left hind paw to
establish acute inflammatory pain and complete Freund’s
adjuvant (CFA, 40 pL) was also intraplantar injected to
establish chronic inflammatory pain. For evaluating the
pro-algesic effect of SDF1-CXCR4 signaling, recombi-
nant active SDFI1 protein (10, 100, or 200 ng/10 pL,
Abcam, dissolved in 0.9 % sterile saline) was injected
into the plantar surface of the left hind paw. To induce
hyperalgesic priming, prostaglandin E2 (PGE,, 100 ng/
10 pnL, Tocris Bioscience, dissolved in 0.9 % sterile
saline) was intraplantarly injected following complete
resolution of the initial mechanical hypersensitivity (7,
14, or 21 days after BV injection, 5 days after SDFI
injection). The CXCR4 inhibitor AMD3100 (10, 100, or
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200 pg/20 pl, Sigma, dissolved in 0.9 % sterile saline)
was coinjected into the plantar surface of the left hind
paw with BV or SDF1 to evaluate the role of CXCR4
in primary hyperalgesia and hyperalgesic priming. The
ERK inhibitor U0126 (10 pg/10 ul, Sigma), the PI3-
kinase inhibitor LY294002 (10 pg/10 ul, Abcam), the
protein translation inhibitor cordycepin (10 pg/10 ul,
Abcam), or the mTOR inhibitor temsirolimus (20 pg/
10 pl, Abcam) were coinjected into the same site as
SDF1 injection to evaluate the downstream signal of
SDF1-CXCR4 signaling. In our present experiments,
all the intraplantar administrations of drugs were per-
formed by Hamilton microsyringe.

Dorsal Root Ganglion Microinjection

Dorsal root ganglion microinjection was performed according
to the method described previously [21]. Briefly, under sodi-
um pentobarbital anesthesia (50 mg/kg, i.p.), a midline inci-
sion was made in the lower lumbar back region, and the L4/5
DRG were exposed. By using in vivo transfection reagent as
the delivery vehicle, the CXCR4 small interfering RNA
(siRNA) solution (2 pl, 10 uM, sc-270577, Santa Cruz) or
no-targeting control scrambled siRNA (2 ul, 10 uM, sc-
37007, Santa Cruz) was injected into two sites in the L4 and
L5 DRG with a glass Hamilton microsyringe. The
microsyringe was remained for 5 min after each injection to
prevent spread of the agent. Then, the surgical field was irri-
gated with 0.9 % sterile saline, and the skin incision was
closed using 4.0 sutures. All rats were allowed to recover in
individual cages for at least 5 days. In our present experiment,
the injected rats showed no signs of paresis or other
abnormalities.

Immunohistochemistry

The rats were anesthetized with 1 % pentobarbital sodium
(50 mg/kg, i.p.), then perfused with physiological saline,
followed by 4 % paraformaldehyde in 0.1 M PB solution.
After perfusion, the L4, 5 DRGs, and sciatic nerve as well as
skin were removed and postfixed in the same 4 % fixative
overnight at 4 °C and cryoprotected by immersion in 30 %
sucrose in 0.1 M PB at 4 °C till its sunk on the bottom of the
container. Transverse frozen sections (15 um thick) were cut
on CM1900 freezing microtome (Leica, Germany). Sections
were blocked with 10 % goat serum in phosphate buffered
saline (PBS) for 2 h at room temperature and incubated with
goat anti-CXCR4 (Abcam) at 4 °C overnight. After three
washes with PBS, the sections were incubated with Cy3-
conjugated secondary antibodies (Sigma) for 2-3 h at room
temperature. The images were examined under a laser scan
confocal fluorescent microscope (Olympus FV1000, Japan),

and the immunofluorescence intensity was analyzed by Image
J software.

Western Blotting

Rats were sacrificed by decapitation, and the L4, 5 DRGs
ipsilateral to i.pl. injection were obtained and homogenized
in a RIPA lysis buffer containing protease inhibitors
(Applygen Technologies Inc., China). Protein concentrations
of the lysate were determined using a BCA Protein Assay kit
(Thermo Scientific, Rockford, IL, USA.). Protein samples
were heated for 10 min at 95 °C with SDS-PAGE sample
buffer and equal amounts of protein were then separated by
10 % separation gels. The resolved proteins were subsequent-
ly transferred to nitrocellulose membranes (Bio-Rad,
Hercules, CA, USA) followed by the incubation with 5 %
nonfat milk (Bio-rad, CA, USA) in PBS with 0.05 % Tween
20 (PBST) for at least 30 min at room temperature. Then, the
membranes were incubated with mouse anti-pERK (Santa
Cruz) or rabbit anti-pAKT (Cell Signaling) at 4 °C overnight.
After washing three times in PBST, the membranes were in-
cubated for 2 h at room temperature with an HRP-conjugated
secondary antibody (1:2000, Bio-Rad). The membranes were
visualized with enhanced chemiluminescence solution (Alpha
Innotech Corp) and the signals were captured with FluorChem
FC2 (Alpha Innotech Corp.). The density of specific bands
was measured with a computer-assisted imaging analysis sys-
tem (Bio-rad, CA, USA) and normalized to (3-actin intensity.

Spared Nerve Injury

Spared nerve injury (SNI) model of neuropathic pain
was carried out as described previously [22]. Briefly,
under 1 % pentobarbital sodium (50 mg/kg, i.p.) anes-
thesia, the sciatic nerve and its three terminal branches
were exposed. The common peroneal and the tibial
nerves were tight-ligated twice with 5.0 silk, and a 2—
4 mm of nerve stump between the two ligations was
removed. Then, the muscle and skin were closed layer
by layer.

Statistical Analysis

Data were analyzed using GraphPad Prism version 5
(GraphPad, San Diego, CA) and all data were expressed as
mean =+ SEM. Differences in changes of values of each group
were tested using ¢ tests and one-way or two-way repeated
ANOVA, followed by individual post hoc comparisons
(Bonferroni or Tukey test). A level of P<0.05 was accepted
as significant.
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Results

Hyperalgesic Priming Persists for Weeks After
Intraplantar Bee Venom Injection

In consistent with our previous report, single
intraplantar injection of BV (200 pg/50 pL) in the
rat induced a short-term mechanical hyperalgesia in
the ipsilateral hindpaw [23]. The PWMT decreased to
peak at 2 h after BV injection and then progressively
increased to reach baseline value, with resolving within
96 h (Fig. la). However, the PWMT of contralateral
hindpaw showed no significant change (data not
shown). After the rats completely recovered from BV-
induced mechanical hyperalgesia, the presence of
hyperalgesic priming was evaluated by intraplantar
injecting inflammatory mediator PGE, (100 ng/10 uL)
at the same site with previous BV injection. As shown
in Fig. 1b, at 7 days after BV injection, intraplantar
injection of PGE, resulted in a prolonged mechanical
hyperalgesia lasting >24 h. However, in saline injected
control rats, intraplantar injection of PGE, produced a
transient (<4 h) mechanical hyperalgesia. This phenom-
enon indicated that intraplantar injection of BV was
able to establish hyperalgesic priming which could pro-
long the mechanical hyperalgesia induced by PGE,. By
extending the window time between BV and PGE, in-
jection, we found BV-induced hyperalgesic priming
persisted for at least 21 days after BV injection
(Fig. lc, d).

CXCR4 Mediates the Bee Venom-Induced Primary
Mechanical Hyperalgesia and Hyperalgesic Priming

We have previously demonstrated that intraplantar injection of
AMD?3100, a selectively CXCR4 inhibitor, could efficiently
prevent the development of BV-induced primary mechanical
and thermal hyperalgesia [11]. Here, we detailedly evaluated
the time-dependent effects of AMD3100 on BV-induced pri-
mary mechanical hyperalgesia at 2, 5, 24, 48, 72, and 96 h
after BV injection. As shown in Fig. 2a, coinjection
AMD3100 (200 png/10 uL) with BV could remarkably sup-
press the mechanical hyperalgesia at 2 and 5 h after BV injec-
tion compared with coinjection vehicle control group. Next,
we injected PGE, in the same site as BV injection 7 days later
to explore whether peripheral CXCR4 was involved in BV-
induced hyperalgesic priming. We found that coinjection
AMD?3100 could prevent the development of BV-induced
hyperalgesic priming which was manifested as the increased
PWMT value at4 and 24 h after PGE, injection in AMD3100-
treated group compared to vehicle-treated control group
(Fig. 2b). To further verify the specific role of CXCR4 in
BV-induced primary mechanical hyperalgesia and
hyperalgesic priming, we applied intraganglionar CXCR4
siRNA injection 7 days before intraplantar BV injection which
could specifically target CXCR4. As shown in Fig. 3a, b,
intraganglionar CXCR4 siRNA injection remarkably knocked
down CXCR4 expression in DRG and sciatic nerve as well as
ipsilateral skin comparing with scrambled siRNA injection
group. And the Western blotting data also demonstrated that
intraganglionar CXCR4 siRNA injection could efficiently

Fig. 1 Intraplantar BV injection- A - Vehicle B - Vehicle
induced primary mechanical 30- = BV 301 -+ BV
hyperalgesia and hyperalgesic —_
priming. a Mean time courses of =) o
changes in PWMT following : 201 = 201
intraplantar injection of BV. b, d = =
Time course effect of intraplantar = 10- L = 10- ek
PGE, injection on PWMT at o P o PGE2
7 days (b), 14 days (c), and 21 day o
(d) aﬂe.r BV injection. P WMT 0 T L A s b 0 Day7 1h ah 2An
?lilr‘i:sl"fg E?Z?:;lvrzzzzﬁrgcme Time post injection (h) Time post PGE:z injection
the time for PGE, injection; c D
**P<0.01, ***P<0.001 BV vs. - Vehicle - Vehicle
vehicle (n=7-9, two-way 301 = BV 30 = BV
ANOVA, Bonferroni post hoc) o) S
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= 207 = 204
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Fig. 2 Role of CXCR4 in bee venom-induced primary mechanical

hyperalgesia and hyperalgesic priming. a Effect of intraplantar

AMD3100 coinjection on BV-induced primary mechanical
hyperalgesia. b Effect of intraplantar AMD3100 coinjection on BV-

decrease the expression level of CXCR4 in DRG cells
(Fig. 3c, d). Compared with scrambled siRNA injection,
intraganglionar CXCR4 siRNA injection had no significant
effect on the ipsilateral basal PWMT value (Fig. 3e).
However, we found selective knock-down of CXCR4 in pri-
mary afferent neurons could provide efficient inhibition on the
mechanical hyperalgesia and the inhibitory effect lasted for
72 h (Fig. 3f). In rats received intraganglionar CXCR4
siRNA injection 7 days before intraplantar BV injection,
PGE,-induced hyperalgesia at 7 days after intraplantar BV
injection was also significantly less at 4 and 24 h compared
with intraganglionar scrambled siRNA injection group
(Fig. 3g). These results demonstrated that peripheral CXCR4
inhibition prevented not only BV-induced primary mechanical
hyperalgesia but also the subsequent hyperalgesic priming.

Intraplantar Injection of SDF1 Induces Mechanical
Hyperalgesia and Hyperalgesic Priming Through CXCR4

As we know that CXCR4 is a seven transmembrane G
protein-coupled receptor and which transduces cellular signals
through binding of its solely endogenous ligand, SDF1. So
next, we sought to determine whether SDF1 alone was suffi-
cient to induce primary mechanical hyperalgesia and
hyperalgesic priming. Compared with vehicle, single
intraplantar injection with active SDF1 produced does-
dependent acute mechanical hyperalgesia. The pro-algesic ef-
fect of intraplantar SDF1 injection began at 0.5 h and
remained at a significant level for at least 24 h at higher doses
(100 and 200 ng/10 uL) (Fig. 4a). While the lowest dose
(10 ng/10 pL) of SDF1 has no significant effect on the base-
line value of PWMT over the whole observation period
(Fig. 4a). Regardless of the drug does, the primary mechanical
hyperalgesia induced by intraplantar SDF1 injection was con-
stricted to the ipsilateral hindpaws, but with the PWMT value
being unchanged in the contralateral hindpaw (Fig. 4b). To

30- - BV-Vehicle
= BV-AMD3100
o
~ 20
-
=
= 101
a PGE2
ET ) weded
" Day? 1h 4h 24h

Time post PGEzinjection

induced hyperalgesic priming. PWMT paw withdrawal mechanical
threshold; arrow heads indicate the time for PGE, injection;
*¥*P<0.01, ***P<0.001 BV-AMD3100 vs. BV-vehicle (n="7 for each
group, two-way ANOVA, Bonferroni post hoc)

determine the pro-algesic effect of SDF1 was CXCR4 specif-
ic, we coinjected AMD3100 with active SDF1 into the plantar
surface of rat hindpaw and found that both the higher doses of
AMD3100 (100 and 200 pg/10 pL) could inhibit the SDF1-
induced acute mechanical hyperalgesia, while the lowest dose
(10 pg/20 ul) had no significant effect (Fig. 4c). Also, the
PWMT value in the contralateral side remained unchanged
after intraplantar AMD3100 coinjection (Fig. 4d). Similar to
the results of intraplantar AMD3100 coinjection, we found
that knock-down CXCR4 in the primary afferent neurons by
intraganglionar CXCR4 siRNA injection 7 days before
intraplantar SDF1 injection could completely prevent SDF1-
induced acute mechanical hyperalgesia compared with scram-
bled siRNA group, while no significant effect was observed
on the contralateral baseline PWMT value (Fig. 4e, f).

At 5 days after intraplantar SDF1 injection when the acute
mechanical hyperalgesia was completely restored, intraplantar
injecting PGE, at the same site as SDF1 injection resulted in a
prolonged mechanical hyperalgesia lasted more than 24 h,
while PGE, induced hyperalgesia resolved within 4 h in
vehicle-treated rats (Fig. 5a). This result indicated that, similar
to intraplantar BV injection, single intraplantar SDF1 injection
was also sufficient to induce hyperalgesic priming. Not only
coinjection AMD3100 with SDF1 but also intraganglionar
CXCR4 siRNA injection 7 days before intraplantar SDF1
injection could prevent the development of SDF1-induced
hyperalgesic priming (Fig. 5b, c).

SDF1-Induced Hyperalgesic Priming Is Prevented
by Inhibiting Intracellular Second Messengers

Next, we sought to explore the intracellular downstream
signaling mechanism underlying SDF1-induced acute
mechanical hyperalgesia and hyperalgesic priming.
Since a large number of evidence have demonstrated
that ERK, a subfamily of mitogen-activated protein
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Fig. 3 Effect of intraganglionar CXCR4 siRNA injection on the
expression of CXCR4 and bee venom-induced primary mechanical
hyperalgesia and hyperalgesic priming. a Representative
immunofluorescence photomicrographs of CXCR4 in DRG and sciatic
nerve as well as skin from scrambled siRNA injection group and CXCR4
siRNA injection group, scale bars, 250 pum. b Quantification of the mean
immunofluorescent intensity of CXCR4 showing a decrease in CXCR4
expression following intraganglionar CXCR4 siRNA injection (n=5/
group, ***P<0.001, ¢ test). ¢ Representative Western blot bands
showing the expression of CXCR4 in lumbar DRG from scrambled
siRNA injection group and CXCR4 siRNA injection group. d
Quantification of the Western blot bands showing the expression of

kinase (MAPK), and PI3K-AKT pathways are the com-
mon intracellular downstream messengers of SDFI1—
CXCR4 signaling [7, 24-26]. Here, by using Western
blot assay, we found that intraplantar active SDFI
(200 ng/10 pL) injection could significantly activate in-
tracellular p-ERK and p-AKT of DRG neurons and
which were suppressed by AMD3100 (200 pg/10 uL)
(Fig. 6a, b). Then, we coinjected U0126, a potent ERK
inhibitor, or LY294002, a highly selective PI3K inhibi-
tor with active SDF1 into the plantar surface of
hindpaws and found that both U0126 and LY294002
could prevent SDFIl-induced acute mechanical
hyperalgesia at first 24 h after SDFI1 injection
(Fig. 6c¢, e). For SDF1-induced hyperalgesic priming,
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CXCR4 significantly decreased after intraganglionar CXCR4 siRNA
injection (n=4/group, **P<0.01, ¢ test). e Effect of intraganglionar
CXCR4 siRNA injection on the basal PWMT values 7 days later
(n=20 for each group, two-way ANOVA, Bonferroni post hoc). f
Effect of intraganglionar CXCR4 siRNA injection on BV-induced
primary mechanical hyperalgesia (n=7 for each group, two-way
ANOVA, Bonferroni post hoc). g Effect of intraganglionar CXCR4
siRNA injection on BV-induced hyperalgesic priming (n=7 for each
group, two-way ANOVA, Bonferroni post hoc). PWMT paw
withdrawal mechanical threshold; arrow heads indicate the time for
PGE, injection; *P<0.05, **P<0.01, ***P<0.001 CXCR4 siRNA vs.
scrambled siRNA

the mechanical hyperalgesia induced by intraplantar
PGE, injection at 5 day after SDF1 injection was also
partially suppressed by U0126 and LY294002 at 4 and
24 h (Fig. 6d, ).

Local Protein Translation Is Required in the Induction
of SDF1-Induced Hyperalgesic Priming

To test the hypothesis that SDF1-CXCR4 signaling through
ERK and PI3K-AKT pathway lead the protein synthesis to
result in acute mechanical hyperalgesia and hyperalgesic
priming. We firstly coinjected temsirolimus, a selective
mTOR inhibitor which has been shown to inhibit translation,
in the same site as SDF1 injection and found that not only the
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(Fig. 7a, b). To further demonstrate our above hypothesis,
we coinjected a second translation inhibitor, cordycepin,
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Fig. 5 Intraplantar injection of SDF1 induces hyperalgesic priming
through CXCR4. a Time course effect of intraplantar PGE, injection on
PWMT at 5 days after SDF1 (200 ng/10 pL) injection. ***P<0.001
SDF1 vs. vehicle (n="7 for each group, two-way ANOVA, Bonferroni
post hoc). b Effect of intraplantar AMD3100 coinjection on SDF1-
induced hyperalgesic priming. ***P<0.001 AMD3100 vs. vehicle

Time post PGEz injection
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(n=17 for each group, two-way ANOVA, Bonferroni post hoc). ¢ Effect
of intraganglionar CXCR4 siRNA injection on SDF1-induced
hyperalgesic priming. ***P <0.001 CXCR4 siRNA vs. scrambled
siRNA (n=6 for each group, two-way ANOVA, Bonferroni post hoc).
PWMT paw withdrawal mechanical threshold; arrow heads indicate the
time for PGE, injection
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Fig. 6 SDF1-induced mechanical hyperalgesia and hyperalgesic priming
depends on intracellular second messengers. a Western blot showing
intraplantar SDF1 injection activates p-ERK in DRG cells through
peripheral CXCR4, *P<0.05, (n=23/group, one-way ANOVA, Tukey
post hoc). b Western blot showing intraplantar SDF1 injection activates
p-AKT in DRG cells through peripheral CXCR4, *P<0.05, **P<0.01,
(n=3/group, one-way ANOVA, Tukey post hoc). ¢ Time course effect of
U0126 coinjection on SDF1 (200 ng/10 pL)-induced primary mechanical
hyperalgesia. ¥**P <0.01, ¥***P<0.001 U0126 vs. vehicle (n =7 for each
group, two-way ANOVA, Bonferroni post hoc). d Effect of U0126

which inhibits translation by a different mechanism than
temsirolimus. In contrast with the vehicle-treated group,
cordycepin efficiently attenuated SDF1-induced acute
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LY?294002 coinjection on SDF1 (200 ng/10 pL)-induced hyperalgesic
priming. **P<0.01, LY294002 vs. vehicle (n="7 for each group, two-
way ANOVA, Bonferroni post hoc). PWMT paw withdrawal mechanical
threshold; arrow heads indicate the time for PGE, injection

mechanical hyperalgesia at 3 and 5 h post SDF1 injec-
tion (Fig. 7c). The expression of SDFl-induced
hyperalgesic priming reflected as the prolongation of
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PGE,-induced mechanical hyperalgesia at 5 days after
intraplantar SDF1 injection was also partially inhibited
at 4 and 24 h post PGE, injection (Fig. 7d).

Knock-Down of CXCR4 Attenuates Chronic
Inflammatory Pain and Chronic Neuropathic Pain

To determine the contribution of SDF1-CXCR4 signaling to
the development of chronic pain, we used the CFA model as a
chronic inflammatory pain and SNI model as a chronic neu-
ropathic pain. As exhibited in Fig. 8a, b, we found knock-
down of CXCR4 expression in primary afferent neurons by
intraganglionar CXCR4 siRNA injection 7 days before signif-
icantly attenuated the chronic mechanical hyperalgesia in-
duced by intraplantar CFA injection and SNI. The anti-
hyperalgesic effects persisted over the whole observation pe-
riod (Fig. 8a, b).

To further examine the role of SDF1-CXCR4 signaling in
the maintenance of chronic pain, we intraganglionar injected
CXCRA4 siRNA at 3 days post CFA and 7 days post SNI when
the mechanical hyperalgesia were stable. The effects of post
intraganglionar CXCR4 siRNA injection were evaluated at 3,
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Fig. 7 Prevention of SDF1-induced mechanical hyperalgesia and
hyperalgesic priming by local protein translation. a Time course effect
of temsirolimus coinjection on SDF1 (200 ng/10 pL)-induced primary
mechanical hyperalgesia. *P<0.05, ***P<0.001 temsirolimus vs.
vehicle (n=6 for each group, two-way ANOVA, Bonferroni post hoc).
b Effect of temsirolimus coinjection on SDF1 (200 ng/10 pL)-induced
hyperalgesic priming. *P <0.05, ***P<0.001 U0126 vs. vehicle (n=6
for each group, two-way ANOVA, Bonferroni post hoc). ¢ Time course
effect of cordycepin coinjection on SDF1 (200 ng/10 pL)-induced
primary mechanical hyperalgesia. *P<0.05 **P<0.01 cordycepin vs.
vehicle (n=7 for each group, two-way ANOVA, Bonferroni post hoc).
d Effect of cordycepin coinjection on SDF1 (200 ng/10 pL)-induced
hyperalgesic priming. **P<0.01, ***P<0.001 cordycepin vs. vehicle
(n="17 for each group, two-way ANOVA, Bonferroni post hoc). PWMT
paw withdrawal mechanical threshold; arrow heads indicate the time for
PGE, injection
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Fig. 8 Knock-down of CXCR4 attenuates chronic inflammatory pain
and chronic neuropathic pain. a Time course effect of intraganglionar
CXCR4 siRNA injection 7 days before on CFA-induced chronic
mechanical hyperalgesia. b Time course effect of intraganglionar
CXCR4 siRNA injection 7 days before on SNI-induced chronic
mechanical hyperalgesia. ¢ Time course effect of intraganglionar
CXCR4 siRNA injection 3 days post on CFA-induced chronic
mechanical hyperalgesia. d Time course effect of intraganglionar
CXCR4 siRNA injection 7 days post on SNI-induced chronic
mechanical hyperalgesia. PWMT paw withdrawal mechanical threshold;
arrow heads indicate the time for CXCR4 siRNA injection. *P <0.05,
**P<0.01, ***P<0.001 CXCR4 siRNA vs. scrambled siRNA (n=6 or
7 for each group, two-way ANOVA, Bonferroni post hoc)

5,7, and 14 days after intraganglionar injection. As shown in
Fig. 8c, comparing with scrambled siRNA group, postinjec-
tion of CXCR4 siRNA significantly reduced CFA-induced
mechanical hyperalgesia at 8, 10, and 17 days post CFA (also
5,7, and 14 days post CXCR4 siRNA injection). Similarly, on
12, 14, and 21 days post SNI (also 5, 7, and 14 days post
CXCR4 siRNA), intraganglionar CXCR4 siRNA injection
could persistently reverse the established mechanical
hyperalgesia (Fig. 8d).

Discussion

In the present study, we demonstrated that (1) peripheral
CXCR4 mediated intraplantar BV injection-induced primary
mechanical hyperalgesia and hyperalgesic priming; (2) single
intraplantar active SDF1 protein injection is sufficient to in-
duce persistent mechanical hyperalgesia and hyperalgesic
priming through CXCR4; (3) intracellular ERK and PI3K-
AKT signaling as well as protein translation are required for
SDF1-induced primary mechanical hyperalgesia and
hyperalgesic priming; and (4) CXCR4 in primary afferent
neurons are required for the development and maintenance
of chronic inflammatory pain and chronic neuropathic pain.

@ Springer



Mol Neurobiol

Taken all these together, it is concluded that by regulating the
protein synthesis through intracellular ERK and PI3K-AKT
signaling pathways SDF1-CXCR4 signaling mediates the
transition from acute pain to chronic pain state and finally
contributes to the development and maintenance of chronic
pain.

SDF1-CXCR4 Signaling Mediates Primary Mechanical
Hyperalgesia

In consistent with our previous study, we here demonstrated
that blocking peripheral CXCR4 with AMD3100 could re-
markably suppress intraplantar BV-induced primary mechan-
ical hyperalgesia [11]. However, the analgesic effect time win-
dow of AMD3100 is limited just lasting about 5 h. To address
this problem, we applied intraganglionar specific siRNA in-
jection to targeted knocking down CXCR4 in the primary
afferent neurons. It is worthy to note that BV-induced acute
primary mechanical hyperalgesia was efficiently inhibited
over the whole observed time course. Moreover, for CFA-
induced chronic inflammatory pain and SNI-induced chronic
neuropathic pain, pre-knock-down of CXCR4 persistently
prevents the development of mechanical hyperalgesia. More
importantly, this novel CXCR4 siRNA treatment could also
reverse the established chronic inflammatory pain and chronic
neuropathic pain. This therapeutic role of CXCR4 is clinically
significant because most of patients come to seek medical
treatment with the existing chronic pain like the arthritis pain
and sciatica neuralgia [27, 28]. Our results were supported by
several other findings that SDF1 and CXCR4 were both in-
creased in the DRG and spinal cord following spared nerve
injury in rats and consecutive AMD3100 administration could
prevent and reverse the abnormal pain [6]. Since CXCR4 is
widely expressed in the body, including nerve system, blood
system as well as immune system and participates in a wide
physiological processes [29-32]. This severely lowered the
translational values of systemic treatments aiming at blocking
CXCR4 for analgesia because it is unlikely to completely
avoid the unpredictable side effects. The present approach
by intraganglionar specific CXCR4 siRNA injection to treat
pain may be much more relevant and valid. Another benefit of
this approach is that only the pathological pain state is
targeted, while the normal beneficial physiological pain is
not affected as shown by our data that targeting knock-down
of CXCR4 in the DRG of naive rats had no effects on the basal
PWMT.

To date, quite a few findings have demonstrated the in-
volvement of SDF1-CXC4 signaling in pain modulation [4].
In neuropathic pain induced by sciatic nerve injury and spinal
cord injury, the expression of SDF1-CXC4 signaling extreme-
ly up-regulated in DRG or spinal cord [5-7]. Similarly, the
increased expression of SDF1 and CXCR4 was also reported
in diabetic neuropathy, opioid-induced hyperalgesia, and bone
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cancer pain [8—10, 33]. However, all of these studies focused
on the evaluation of the anti-hyperalgesic effects of CXCR4
inhibitor, AMD3100, which offering an unclear interpretation
of the role of SDF1-CXCR4 signaling in the pain. To the best
of our knowledge, no study has detailedly clarified the pro-
algesic mechanisms of SDF1-CXCR4 in vivo. In line with
previous finding, our present experiments demonstrated that
single intraplantar SDF1 injection was sufficient to evoke
acute primary mechanical hyperalgesia [34]. The pro-algesic
effect of SDF1 was mediated by peripheral CXCR4 as both
intraplantar AMD3100 and intraganglionar CXCR4 siRNA
could completely block the mechanical hyperalgesia.
Likewise, we are the first to provide direct evidence attesting
that intraplantar SDF1 injection evoked both ERK and PI3K-
AKT signaling activation in primary afferent neurons through
peripheral CXCR4. Indeed, emerging evidence has indicated
that ERK and PI3K-AKT signaling in primary afferent neu-
rons played an important role in the pain [35]. Our previous
work demonstrates that intraplantar BV injection-induced per-
sistent pain and mechanical and thermal hyperalgesia could be
suppressed by intraplantar or intrathecal U0126, a selective
ERK inhibitor [11, 36]. In oxaliplatin-induced neuropathic
pain, the percentage of Akt2 positive primary afferent neurons
significantly increased and celecoxib attenuated the cold me-
chanical hypersensitivity via inhibiting PI3K-Akt2 pathway
[37]. Here, we confirmed these results finding that SDF1-
induced primary medical hyperalgesia was ERK and PI3K-
AKT signaling mediated which could be prevented by
coinjection with U0126 or selective PI3K inhibitor,
LY294002. As intracellular protein kinases, activated ERK
and PI3K-AKT usually contributes to pain through direct
phosphorylation of ion channels or through changes in gene
expression via translation regulation [38]. By utilizing two
protein translation inhibitors, temsirolimus which acts on the
initiation of protein biosynthesis by blocking mTOR and
cordycepin, a derivative of the nucleoside adenosine which
inhibit messenger RNA (mRNA) polyadenylation and conse-
quently preventing the initiation of protein translation [39], we
found that protein synthesis also contributed to SDF1-induced
mechanical hyperalgesia. Thus, it is conceivable that SDF1-
CXCR4 signaling promotes mechanical hyperalgesia via in-
tracellular ERK and PI3K-AKT pathways, leading to periph-
eral protein translation. Actually, our previous study has
shown that peripheral CXCR4 contributed to BV-induced in-
flammatory pain through ERK-dependent Nav1.8 up-
regulation [11]. Although it is now widely accepted that
SDF1-CXCR4 signaling participated in both acute and chron-
ic pain, knowledge about the different underlying mechanisms
remains limited. Furthermore, some clinical chronic pain can
often occur following episodes of acute inflammation and
injury [40, 41]. Thus, an important unanswered question arises
whether SDF1-CXCR4 signaling participates in this transition
process or not.
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SDF1-CXCR4 Signaling Participates in Hyperalgesic
Priming

Hyperalgesic priming models are a compelling preclinical
model of the transition to chronic pain state, allowing to
probe the underlying neuroplastic mechanisms. In the pres-
ent experiments, we demonstrate that, similar to the effect
of intraplantar carrageenan injection, the intraplantar bee
venom injection also produced a similar plastic changes
in primary afferent neurons [13]. Following BV injection,
the mechanical hyperalgesia induced by intraplantar PGE,
injection was strikingly prolonged, and this plastic phe-
nomenon was maintained at least for 21 days, suggesting
the hyperalgesic priming state was established and main-
tained. In the last decade, several advances have been
made on the researches of hyperalgesic priming. By ap-
plying different intraplantar stimuli, such as MCP-1, opi-
oid receptor agonist, and IL-6, various intracellular mes-
sengers and membrane receptors have been reported in the
development and maintenance of hyperalgesic priming
[42—45]. Here, the BV-induced priming model we present-
ed is novel which mimics the process of nature bee sting
vividly. Moreover, intraplantar BV injection is a compre-
hensive inflammatory injury recruiting various membrane
receptors and pro-inflammatory mediators as well as sec-
ond messengers, including P2X receptor, ion channels,
MAPKs, PKC, PKA, and cyclooxygenases, which would
be helpful to explore and compare the different roles of
different molecules in the development of hyperalgesic
priming [20]. Importantly, our present study demonstrated
the pivotal role of peripheral CXCR4 in pain
neuroplasticity for the first time by using BV-induced
hyperalgesic priming model. Either blocking or knocking
down CXCR4 in the primary afferent neurons could prom-
inently prevent the prolongation of PGE,-induced mechan-
ical hyperalgesia in BV-primed rats. Several in vitro ex-
periments suggested that SDF1-CXCR4 signaling plays an
important role in neuronal activity and plasticity in both
peripheral and central nerve systems. Hyperexcitability of
medium- and small-sized primary nociceptor neurons in-
duced by intraplantar BV injection could be inhibited by
CXCR4 antagonist, AMD3100 [11]. Electrophysiological
recording revealed that SDF1 increased the action potential
frequency and switched the firing pattern from a tonic to a
burst firing mode in dopaminergic neurons [46]. Also, in
cerebellar slices, SDF1 application increased intracellular
Ca*" level and spontaneous synaptic activity [47]. Under
the condition of ischemic brain injury, SDF1 was enriched
up for 4 weeks and enhanced GABAergic inputs to the
new neurons through CXCR4 [48]. Structurally, SDFI1-
CXCR4 signaling even regulated axonal elongation and
branching in hippocampal neurons [49]. We complemented
all these findings, providing strong in vivo evidence that

single intraplantar SDF1 injection is sufficient to induce
hyperalgesic priming state through peripheral CXCR4.
Furthermore, this SDF1-induced hyperalgesic priming is
ERK and PI3K-AKT signaling dependent as both U0126
and LY294002 prevented the prolongation of PGE,-in-
duced mechanical hyperalgesia. Given the continuous turn-
over of most cellular proteins, it is difficult to conceive
that simple intracellular second messengers activation were
sufficient to explain the maintenance of the plasticity as-
sociated with the primed state, the downstream protein
translation of these kinases signaling must be amplified
[39]. In intraplantar IL-6-induced primed state,
Melemedjian and colleagues have demonstrated that
CREB was nascently synthesized and transported to the
DRG through retrograde axonal trafficking which mediated
the BDNF expression and eventually promoted the
hyperalgesic priming [50]. In the present study, two pro-
tein translation inhibitors, temsirolimus and cordycepin,
preventing the development of hyperalgesic priming, also
strongly suggested that the local protein synthesis plays an
important role in SDF1-induced priming. Our recent data
demonstrated that SDF1-CXCR4 signaling contributed to
the acute inflammatory pain by regulating the expression
of Navl.8 protein in the DRG soma [11]. Actually, in the
axons of sciatic nerve, Navl.8 mRNA was also identified
and which partially contributed the peripheral increases in
Nav1.8 protein and eventually induced aberrant
nociception after nerve injury [51]. Whether the up-
regulated Nav1.8 was involved in the hyperalgesic priming
state remains to be determined in the future. Moreover, it
also remains to determine whether the present elucidated
mechanisms of hyperalgesic priming have broad applica-
tion in clinical features of chronic pain. At least, we here
provided powerful preclinical evidence indicating that
targeting SDF1-CXCR4 signaling could help prevent or
treat chronic inflammatory or neuropathic pain.

In conclusion, our present data demonstrated a
completely novel role for SDF1-CXCR4 signaling in
regulating a pathological state of neuroplasticity.
Through intracellular ERK and PI3K-AKT signaling me-
diated protein translation, SDF1-CXCR4 contribute to
the transition from acute to chronic pain states which
shed light on the development of future pain
therapeutics.
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