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Nerve Conduction Blockade in the Sciatic Nerve Prevents
but Does Not Reverse the Activation of p38 Mitogen-
activated Protein Kinase in Spinal Microglia in the Rat
Spared Nerve Injury Model
Yeong-Ray Wen, M.D.,* Marc R. Suter, M.D.,† Yasuhiko Kawasaki, Ph.D.,‡ Jin Huang,§ Marie Pertin, B.Sc.,�
Tatsuro Kohno, M.D.,# Charles B. Berde, M.D.,** Isabelle Decosterd, M.D.,†† Ru-Rong Ji, Ph.D.‡‡

Background: Current evidence indicates that p38 mitogen-
activated protein kinase activation in spinal microglia contrib-
utes to the development of neuropathic pain. However, how
nerve injury activates p38 in spinal microglia is incompletely
unknown. Nerve injury–induced ectopic spontaneous activity is
essential for the generation of neuropathic pain. The authors
examined whether peripheral neural activity is necessary for
p38 activation in spinal microglia.

Methods: To examine whether spinal microglia activation
depends on peripheral activity in the rat spared nerve injury
(SNI) model, the authors blocked conduction in the sciatic
nerve before or 2 days after SNI. The block was produced by
applying bupivacaine-loaded microspheres above the nerve in-
jury site. The p38 activation was examined by p38 phosphory-
lation using a phosphorylated p38 antibody, and neuropathic
pain-related behavior was evaluated before and after intrathecal
infusion of a p38 inhibitor.

Results: Three days after SNI, there was a marked p38 activa-
tion in the medial two thirds of the dorsal horn, where the
injured tibial and peroneal nerves terminated and where isolec-
tin B4 staining was lost. Phosphorylated p38 was only colocal-
ized with the microglial surface marker OX-42, indicating a
microglial localization of phosphorylated p38 in the SNI model.
Bupivacaine microspheres produced persistent block (loss of
sensory and motor function) of the sciatic nerve for the whole
period of the study (3 days). This blockade prevented but did
not reverse p38 activation in spinal microglia. Intrathecal infu-
sion of the p38 inhibitor FR167653 prevented and reversed
mechanical allodynia on post-SNI day 3.

Conclusions: After nerve injury, activity in the peripheral
nerve is required for the induction but not the maintenance of
p38 activation in spinal microglia.

MECHANISMS of nerve injury–induced neuropathic pain
are incompletely known, which hinders effective treat-
ment of this disabled pain condition. Increasing evi-
dence suggests that spinal microglia play an important
role in neuropathic pain sensitization.1–4 One of the
most robust changes in the spinal cord after peripheral
nerve injury is the up-regulation of the microglial surface
marker CD11b (OX-42).5,6 Nerve injury also increases
the expression of multiple receptors in spinal microglia,
such as the chemokine receptor CX3CR1 and the aden-
osine triphosphate receptor P2X4. Nerve injury may also
induce expression of the chemokine receptor CCR2 and
Toll-like receptor 4 in spinal microglia. Importantly,
blocking or deleting these receptors can reduce neuro-
pathic pain.7–10 Further, injection of adenosine triphos-
phate–activated microglia into the spinal cord is suffi-
cient to induce mechanical allodynia.9,11

Nerve injury also activates p38 mitogen-activated pro-
tein kinase signaling pathway in spinal microglia.6,12,13

Intrathecal inhibition of p38 has been shown to attenu-
ate neuropathic pain in different animal models.6,12–17

The upstream mechanisms causing p38 activation in
spinal microglia began to be revealed. For example, the
cytokine tumor necrosis factor � and the chemokine
fractalkine are necessary for p38 activation after nerve
injury.12,18

However, it still remains largely unknown how nerve
damage activates spinal microglia. Peripheral nerve in-
jury induces spontaneous activity in the axons and soma
of primary sensory neurons. Injury discharge is followed
by the onset of spontaneous activity that matches the
onset of mechanical allodynia, and this activity is
strongly implicated in the generation of neuropathic
pain.19–25 We examined whether spontaneous activity is
critical for the activation of p38 in spinal microglia. To
persistently block injury discharge and the spontaneous
discharge originating from the injury site, we used bio-
degradable polymeric microspheres loaded with bupiv-
acaine, allowing continuous drug delivery and long-term
nerve blockade for more than 3 days.26 We showed that
the induction but not maintenance of p38 activation in
spinal microglia requires spontaneous activity in the rat
spared nerve injury (SNI) model.

* Visiting Research Fellow, Pain Research Center, Department of Anesthesiol-
ogy, Brigham and Women’s Hospital and Harvard Medical School; Department
of Anesthesiology, Shin-Kong Wu Ho-Su Memorial Hospital, Taipei, Taiwan.
† Clinical Fellow, � Research Assistant, †† Assistant Professor, Anesthesiology
Pain Research Group, Anesthesiology Department, University Hospital Center
and University of Lausanne, Lausanne, Switzerland; Department of Cell Biology
and Morphology, Faculty of Biology and Medicine, Lausanne University, Lau-
sanne, Switzerland. ‡ Postdoctoral Fellow, § Summer College Student,
‡‡ Associate Professor, Pain Research Center, Department of Anesthesiology,
Brigham and Women’s Hospital and Harvard Medical School. # Associate Pro-
fessor, Department of Anesthesiology, Medical School of Niigata University,
Japan. ** Professor, Department of Anesthesiology, Children’s Hospital and
Harvard Medical School, Boston, Massachusetts.

Received from the Department of Anesthesiology, Brigham and Women’s
Hospital, Harvard Medical School, Boston, Massachusetts. Submitted for publica-
tion January 19, 2007. Accepted for publication April 25, 2007. Supported by R01
grant Nos. DE17794 and NS54932, and R03 grant No. TW7180 from the National
Institutes of Health, Bethesda, Maryland (Dr. Ji); a Collaboration Grant from the
International Association for the Study of Pain, Seattle, Washington (Drs. Ji and
Decosterd); and grants from the Swiss National Science Foundation (31000-
112577), Bern, Switzerland (Dr. Decosterd), and the P. Mercier Science Founda-
tion, Pully, Switzerland (Dr. Decosterd). Tissucol was provided by Baxter AG,
Switzerland. Drs. Wen and Suter contributed equally to this study.

Address correspondence to Dr. Ji: Department of Anesthesiology, Brigham and
Women’s Hospital, 75 Francis Street, Medical Research Building, Room 604,
Boston, Massachusetts 02115. rrji@zeus.bwh.harvard.edu. Information on pur-
chasing reprints may be found at www.anesthesiology.org or on the masthead
page at the beginning of this issue. ANESTHESIOLOGY’s articles are made freely
accessible to all readers, for personal use only, 6 months from the cover date of
the issue.

Anesthesiology, V 107, No 2, Aug 2007 312

YR WEN
反白

YR WEN
反白

YR WEN
反白

YR WEN
反白

YR WEN
反白

YR WEN
反白

YR Wen
螢光標示

YR Wen
螢光標示

YR Wen
螢光標示

YR Wen
螢光標示

yrwen
螢光標示

yrwen
螢光標示

yrwen
螢光標示

yrwen
螢光標示

yrwen
螢光標示

yrwen
螢光標示

yrwen
螢光標示

yrwen
螢光標示

yrwen
螢光標示



Materials and Methods

Animals
Male adult Sprague-Dawley rats (240–300 g) were

housed (two per cage) with free access to water and rat
chow. The animal room was artificially illuminated on a
12-h day–night cycle and maintained at ambient temper-
ature (22°–23°C). All the animals were used under ani-
mal care institutional guidelines for Harvard Medical
School, Boston, Massachusetts, and Lausanne University,
Lausanne, Switzerland.

Nerve Blockade and Sensory/Motor Function
Testing
As described in our previous study,26 bupivacaine mi-

crospheres were used to produce a slow release of the
local anesthetic and a long-term conduction blockade of
the sciatic nerve. The sciatic nerve was exposed from
the emergence of the musculocutaneous branch to the
trifurcation of the sural, tibial, and peroneal branches. A
silicone tube (11 mm long) was incised on its long axis
and placed carefully around the sciatic nerve. Two 5-0
silk ligatures were used to close the longitudinal slit. The
distal end of the tube was sealed with fibrin glue (Tissu-
col; Baxter, Volketswil, Switzerland). Bupivacaine micro-
spheres containing 75% bupivacaine (wt/wt) (provided
by Dr. Charles Berde) were prepared in a fibrin solution
(300 mg/ml). This solution also contained low concen-
tration of dexamethasone (0.05%), which might increase
the penetration of bupivacaine to nerve fibers, therefore
prolonging the duration of nerve block.27 The mixture
solution (bupivacaine microsphere in fibrin solution, 50
�l) was then slowly poured inside the tube through the
proximate end.26 Special care was taken to avoid any
stretch or damage to the sciatic nerve and its branches.
A sham blockade procedure was performed by filling the
tube with fibrin without bupivacaine microspheres, fol-
lowed by SNI (vehicle control) or sham surgery (sham
control). An additional control group was added by fill-
ing the perisciatic tube with a solution of fibrin contain-
ing dexamethasone (0.05%). All the animals received a
subcutaneous injection of amoxicillin (150 mg/kg) be-
fore surgery. To block nerve injury–induced immediate
discharge, SNI was performed 3 h after nerve blockade,
because a complete nerve blockade can be achieved 3 h
after treatment with bupivacaine microspheres.

To test the efficacy of the nerve blockade, rats were
allowed to recover from anesthesia and then gently held
with a cloth wrapped above their waist to restrain upper
extremities, and sensitivity measurements were per-
formed. Measurements were also performed daily for 3
days after nerve blockade.26 The nociceptive sensory
function was examined with noxious mechanical stimu-
lation (pinch with forceps) and noxious heat stimulation
(hot plate testing for the ipsilateral or contralateral hind
paws, with 12 s as cutoff to avoid tissue injury). The

motor function was examined by the presence or ab-
sence of hopping response and tactile placing.26

Spared Nerve Injury
Although we initially found p38 activation in the spinal

nerve ligation model,6,28 we chose the SNI model29 in
this study because (1) nerve conduction blockade is
easier to perform on the sciatic nerve than on the spinal
nerve and (2) the role of p38 has not been examined in
the SNI model. To produce SNI, two of the three sciatic
nerves’ terminal branches, the common peroneal and
tibial nerves, were ligated by a 5-0 silk suture and cut,
and a 3-mm portion of the nerves was removed. The
third branch, the sural nerve, was untouched, and great
care was taken not to stretch this nerve during the
surgical procedure. All the animals were killed 3 days
after SNI, because at this time point (1) mechanical
allodynia is fully developed and (2) p38 is induced in
spinal microglia.6

Spinal Drug Delivery
The p38 inhibitor FR167653 was provided by Fujisawa

Pharmaceutical Company (Osaka, Japan). For the study
of pretreatment (treatment given before and during SNI),
an osmotic pump (0.5 �l/h, 7-day capacity; Alzet, Cuper-
tino, CA) was filled with FR167653 (30 �g/�l, n � 5) or
vehicle (30% dimethyl sulfoxide [DMSO], n � 8) to
produce stable and sustained infusion of the inhibitor,
starting 2 days before SNI. Laminectomy was performed
under a microscope at the spinal level 2 cm below the
lumbar enlargement. A polyethylene (PE5) catheter was
implanted into the intrathecal space of the spinal cord
(L4–L5). The other end of the catheter was connected to
the pump. After filling, the pump was soaked in saline
for 3 h before implantation and placed subcutaneously
on the back.30,31 The concentrations of FR167653 (30
�g/�l) and DMSO (30%) for pump infusion were chosen
on the basis of previous studies.15,30

For single intrathecal injection, a spinal cord puncture
was made with 27-gauge needle between L5 and L6 level
to deliver the drug and vehicle to the cerebral spinal
fluid space around the lumbosacral spinal cord.31,32 An-
imals were briefly anesthetized with sevoflurane before
the puncture, and 20 �l liquid was injected with a
microsyringe. Immediately after the needle entry into
subarachnoid space (change in resistance), a brisk tail
flick was observed after the needle puncture. For single
injection, R167653 was dissolved in 10% DMSO and
intrathecally injected in 20 �l at the doses of 20, 50, and
100 �g (n � 8 for each dose). DMSO, 10% (20 �l), was
also injected as vehicle control (n � 5). The doses of
FR167653 and the concentration of DMSO for bolus
injection were chosen on the basis of previous stud-
ies15,30 and our pilot study.
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Immunohistochemistry
Three days after SNI or sham surgery, animals (n � 4

for each group) were terminally anesthetized with isoflu-
rane and perfused through the ascending aorta with
saline followed by 4% paraformaldehyde with 1.5%
picric acid in 0.16 M phosphate buffer (pH 7.2–7.4, 4°C).
After the perfusion, the L4 spinal cord segments were
removed, postfixed in the same fixative for 24 h, and
then replaced with 15% sucrose overnight. Transverse
spinal sections (free-floating, 30 �m) were cut in a cry-
ostat and processed for immunofluorescence.6,30 All of
the sections were blocked with 2% goat serum in 0.3%
Triton for 1 h at room temperature and incubated over-
night at 4°C with anti–phospho-p38 (p-p38) antibody
(rabbit, 1:500; Cell Signaling, Beverly, MA). The sections
were then incubated for 1 h at room temperature with
Cy3-conjugated secondary antibody (1:300; Jackson Im-
munolab, West Grove, PA). For double immunofluores-
cence, spinal sections were incubated with a mixture of
polyclonal p-p38 and monoclonal OX-42 (for CD11b, a
microglia marker, 1:5,000; Chemicon, Temecula, CA)
antibodies overnight at 4°C, followed by a mixture of
fluorescein isothiocyanate–conjugated and Cy3-conju-
gated secondary antibodies for 1 h at root temperature.
The stained sections were examined with a Nikon fluo-
rescence microscope (Tokyo, Japan), and images were
captured with a Spot charge-coupled device microscope
digital camera (Diagnostic Instruments, Sterling Heights,
MI). The specificity of the staining and antibodies has
been tested in previous studies.6,18

IB4 Staining
The free-floating spinal sections prepared for immuno-

staining were also used for the staining of isolectin B4
(IB4). The spinal sections were incubated with IB4 (1:
200; Sigma, St. Louis, MO) for 2 h in phosphate-buffered
saline solution at room temperature.33 The sections
were then washed in phosphate-buffered saline and ex-
amined under a Nikon fluorescence microscope.

Western Blotting
Western blotting was performed as previously report-

ed.6,31,32 Animals were rapidly killed 3 days after SNI or
sham surgery (n � 8), and the L4–L5 spinal segments
(dorsal part) were quickly removed and homogenized in
a lysis buffer containing a cocktail of proteinase and
phosphatase inhibitors (Sigma). Protein samples (40 �g)
were separated on sodium dodecyl sulfate polyacryl-
amide gel and transferred to polyvinylidene fluoride
blots (Millipore, Billerica, MA). The blots were blocked
with 5% milk and incubated overnight at 4°C with anti-
body against p-p38 (anti-rabbit, 1:1,000; Cell Signaling),
or p38 (anti-rabbit, 1:1,000; Cell Signaling), or glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH; anti-rab-
bit, 1:10,000; Abcam, Cambridge, England). These blots
were further incubated with horseradish peroxidase–

conjugated secondary antibody (1:5,000; Amersham, Pis-
cataway, NJ), developed in ECL solution (PerkinElmer,
Boston, MA), and exposed onto hyperfilms (Amersham).
The pixels of the specific bands were quantified with
Image Quant TL software (Zurich, Switzerland), and the
ratios of p-p38/p38, p38/GAPDH, and p-p38/GAPDH
were determined.

Behavioral Analysis
Animals were habituated to the testing environment

daily for 3 days before baseline testing. The room tem-
perature and humidity remained stable for all experi-
ments. For testing mechanical sensitivity, animals were
put in plastic boxes (11 � 13 � 24 cm) on an elevated
metal mesh floor and allowed 30 min for habituation,
and mechanical allodynia was tested using von Frey
filaments. Mechanical paw withdrawal thresholds were
determined using the up–down method described by
Chaplan et al.34 Hind paws were pressed with one of a
series von Frey hairs with logarithmically incremental
stiffness (0.6–26 g; Stoelting, Wood Dale, IL), presented
perpendicular to the plantar surface for 3–5 s for each
hair.31 The 50% withdrawal threshold was determined
using the up–down method of Dixon.35 The experi-
menter was not aware of drug treatment.

Quantification of p-p38 Immunoreactivity in
Microglia
Five nonadjacent sections (30 �m) from the L4 spinal

cord segments were randomly selected, and the num-
bers of p-p38–immunoreactive cell profiles with mor-
phology of microglia were counted. The region of the
dorsal horn sampled in all experiments is the medial two
thirds of the dorsal horn (laminae I–III), where most
p-p38–immunoreactive cells were found after SNI. This
area was captured under 20� objective in a square box
(450 � 338 �m), with the top line of the square in
parallel with the edge of the gray matter of the dorsal
horn.18,36 The size of the box was kept the same in all
conditions. The observer was unaware of the treatments
during counting.

Statistical Analysis
To minimize the number of animals used in this study,

we included four rats per group for quantification of
immunohistochemistry and Western blotting18,30,33,36

and five to eight rats per group for behavioral stud-
ies.18,31 Because paw withdrawal thresholds determined
by up–down method passed normality test for all the
groups, we compared differences using parametric tests
as previously shown.37 Differences were compared
(GraphPad InStat; GraphPad Software, Inc., San Diego,
CA, and SPSS 10; SPSS Inc., Chicago, IL) using the Stu-
dent t test (two groups) or one-way analysis of variance
(multiple groups) followed by the Fisher protected least
significant difference post hoc test.18,31 Data are pre-
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sented as mean � SEM. The criterion for statistical sig-
nificance was P � 0.05. The effect sizes were also esti-
mated using Cohen’s d values that are larger than 1.8
when P � 0.05.

Results

IB4 Staining in the Spinal Cord after SNI
Isolectin B4 has been widely used to label nonpepti-

dergic primary sensory neurons in the dorsal root gan-
glion. IB4 binding was also found in the central terminals
of dorsal root ganglion neurons in lamina II of the spinal
cord. After peripheral nerve injury, IB4 binding is rapidly
lost in the dorsal root ganglion neurons and their central
terminals.38 Therefore, we used IB4 as a marker to char-
acterize the projection of injured and intact nerve axons
after SNI.

Three days after SNI, there was a significant reduction

of IB4 binding in the medial two thirds of the dorsal horn
(figs. 1A and B), which is terminated by the injured tibial
and peroneal nerve. However, IB4 binding in the lateral
one third of the dorsal horn, which is terminated by the
intact sural nerve,39 remained unchanged (figs. 1A and
B). This IB4 staining pattern validated the SNI model we
produced.

SNI Activates p38 in Spinal Microglia
A specific anti–p-p38 antibody was used to study

changes in p38 phosphorylation. The basal expression of
p-p38 was low in the noninjured (contralateral) side of
the spinal cord after nerve injury, as previously shown.6

SNI induced a marked increase in p-p38 expression in
the spinal cord 3 days after nerve injury (figs. 1C and D).
Numerous p-p38–immunoreactive cells were found in
the ipsilateral spinal cord, especially in the medial two
thirds of superficial dorsal horn (laminae I–III; figs. 1C

Fig. 1. Spared nerve injury (SNI) induces
isolectin B4 (IB4) down-regulation, p38
activation, and CD11b (OX-42) up-regula-
tion in the spinal cord dorsal horn 3 days
after injury. (A and B) IB4 staining shows
a reduction of the staining in the medial
two thirds of the dorsal horn on the ip-
silateral side after SNI. (C–F) Immunohis-
tochemistry with phospho-p38 (p-p38)
and OX-42 antibodies reveals an increase
of p-p38–immunoreactive (C and D) and
OX-42–immunoreactive (E and F) cells in
the medial two thirds of the ipsilateral
dorsal horn (L4) after SNI. White lines
indicate the borders of the dorsal horn.
White stars indicate the spinal area ter-
minated by the intact sural nerve. Scale,
100 �m.
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and D). This result indicates that p38 is mainly activated
in the spinal region innervated by the injured axons after
SNI.

To further examine the SNI-induced changes in spinal
microglia, we also performed immunohistochemistry us-
ing OX-42 antibody, which labels the microglial surface
marker CD11b (also called complement receptor 3 or
Mac-1). SNI induced robust increase in OX-42 immuno-
reactivity also in the medial two thirds of the superficial
dorsal horn (laminae I–III), 3 days after injury (figs. 1E
and F). This increase is more likely to reflect an increase
in OX-42 expression or activation of microglia rather
than a proliferation of microglia. Double immunofluores-
cence showed that p-p38 was almost completely colo-
calized with OX-42 (figs. 2A–C), indicating that p38 is
exclusively activated in spinal microglia on post-SNI day 3.

To confirm p-p38 increase after SNI, we also per-
formed Western analysis using dorsal horn tissues from
rats 3 days after SNI or sham surgery. When normalized
to total p38 levels, SNI only induced a 26% increase in
p-p38 levels (unpaired t test, P � 0.0114, t � 3.031, df

� 11; figs. 2D and E). When normalized to GAPDH, SNI
also induced a 25% increase in p38 levels (unpaired
t test, P � 0.0196, t � 3.158, df � 6). Thus, both
phosphorylated and total p38 levels were increased after
SNI, and the actual increase of dorsal horn p-p38 levels is
63% when normalized to GAPDH (fig. 2E). However, SNI
only induced p-p38 increase in a very restricted area of
the dorsal horn, i.e., in the medial superficial dorsal horn
of the gray matter. Therefore, collecting the whole dor-
sal horn (a quarter of spinal cord including both white
and gray matter) for Western analysis largely masked the
p-p38 increase. In the remaining studies, we measured
p-p38 immunoreactivity in microglia of the medial su-
perficial dorsal horn to quantify p-p38 levels, which
showed a fivefold increase after SNI (see next section).

Nerve Blockade Prevents p38 Activation in Spinal
Microglia
As we previously reported,26 all animals demonstrated

complete sensory and motor blockade 3 h after applica-
tion of bupivacaine microspheres to the sciatic nerve

Fig. 2. p38 is activated in spinal microglia after spared nerve injury (SNI). (A–C) Double immunofluorescence shows phospho-p38
(p-p38)/OX-42 colocalization in the medial superficial dorsal horn 3 days after SNI. C is an overlay of A and B. The lower panel is
high magnification of the upper panel showing two microglia cells that are double-stained for p-p38 and OX-42. Arrow and
arrowhead show ramified (resting) and hypertrophy (active) states of microglia, respectively. Scales, 50 �m (upper panel) and 10
�m (lower panel). (D and E) Western blotting reveals an increase of p-p38 levels in the spinal dorsal horn 3 days after SNI. The p-p38
or p38 levels (pixels of specific Western bands) were normalized to corresponding p38 or glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) levels. * P < 0.05 (t test).
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that was checked before SNI. The block maintained for
the whole period of study (3 days). Therefore, none of
the rats receiving bupivacaine microspheres responded
to noxious heat stimulus in hot plate testing (P �
0.0001, t � 20.49, df � 13; fig. 3). Nor did they respond
to skin pinch in the territory of the sciatic nerve. In
addition, paw positioning and hopping responses were
abolished. In contrast, all sensory and motor functions
were preserved in rats receiving a sham procedure for
nerve blockade (vehicle). A complete sensory blockade
lasted more than a week, without signs of nerve damage,
because all of the animals recovered to full responsive-
ness in sensory and motor tests when the block wore
off.26

To investigate whether injury-induced spontaneous ac-
tivity generated in axons is essential for the induction of
p38 activation, we applied bupivacaine microspheres to
the sciatic nerve (proximal to the surgery site) before

SNI and examined spinal p38 activation 3 days after SNI.
A comparison among four groups (naive, sham, SNI, and
SNI plus nerve block) was statistically significant in the
number of p-p38–immunoreactive cells (analysis of vari-
ance, F3,12 � 22.318, P � 0.001). A post hoc comparison
showed no difference between naive and sham control
rats, but SNI induced a fivefold increase in p-p38 immu-
noreactivity (P � 0.001, compared with sham control).
The nerve blockade completely prevented SNI-induced
increase in spinal p-p38 immunoreactivity (figs. 4A–C)
compared with the SNI group (post hoc comparison,
P � 0.001).

To examine whether the low concentration of dexa-
methasone (20 �g, 0.05%) contained in the blocking
solution has any effect on SNI-induced p38 activation,
we included an additional control group receiving treat-
ment, before SNI, of a fibrin solution that contains dexa-
methasone but not bupivacaine. Dexamethasone did not
inhibit SNI-induced p38 activation: The numbers of
p-p38–immunoreactive cells/spinal section in the dexa-
methasone-treated and vehicle (fibrin solution only)–
treated groups were 76 � 3 and 73 � 9, respectively (t
� 0.2338, P � 0.8244, df � 5). Therefore, suppression
of p38 activation by blockade solution is not caused by
low concentration of dexamethasone.

Nerve Blockade Does Not Reverse p38 Activation in
Spinal Microglia
To investigate whether injury-induced spontaneous ac-

tivity generated in axons is essential for the maintenance
of p38 activation, we also applied bupivacaine micro-
spheres to the sciatic nerve 2 days after SNI and exam-
ined spinal p38 activation 24 h later on post-SNI day 3.
This delayed nerve block did not reverse SNI-induced
p38 activation (t � 1.774, P � 0.1265, df � 6; fig. 5).

Fig. 3. Application of bupivacaine (Bup) microspheres to the
sciatic nerve blocks heat responses. No rats respond to heat
stimulation in hot plate testing (56°C), as measured by paw
withdrawal latency. A 12-s cutoff was set to avoid tissue damage.
Paw withdrawal latency of sham control rats receiving vehicle
treatment did not change. ** P < 0.01, t test, compared with
corresponding bupivacaine group.

Fig. 4. Nerve conduction blockade pre-
vents p38 activation in spinal microglia.
Immunofluorescence shows phospho-
p38 (p-p38) immunoreactivity in the
spared nerve injury (SNI) rats (A) and SNI
rats receiving nerve blockade (B). Scale,
20 �m. (C) Number of p-p38–immunore-
active cells in the medial superficial (lam-
inae I–III) spinal cord with pretreatment
of bupivacaine microspheres. ** P < 0.01,
compared with sham controls; ## P <
0.01, compared with SNI, analysis of vari-
ance; n � 4. Sham control rats were given
vehicle (fibrin solution of microspheres).
SNI rats were given vehicle before SNI.
Bupivacaine microspheres were applied
before SNI.
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Effects of Contralateral Nerve Blockade on Spinal
p38 Activation
To examine whether this treatment of bupivacaine

microspheres would produce systemic effects, we ap-
plied bupivacaine microspheres to the contralateral
(noninjured) sciatic nerve before the ipsilateral nerve
injury and examined p-p38 expression on post-SNI day 3.
This contralateral blockade did not affect the activation
of p38 in the ipsilateral spinal cord (t � 0.7470, P �
0.4833, df � 6; fig. 6A).

To determine whether this treatment would affect
basal activation of p38 on the noninjured side, we also
examined p-p38 expression on the contralateral spinal
cord after block. This contralateral nerve blockade did
not affect p-p38 levels on the contralateral (noninjured)
side (t � 0.4368, P � 0.6775, df � 6), suggesting that
basal activation of p38 does not require nerve activity
(fig. 6B).

Intrathecal p38 Inhibitor Prevents and Reverses
SNI-induced Mechanical Allodynia
To determine whether p38 activation is required for

the development of neuropathic pain in the SNI model
that may have different sensitivity to drug treatment
compared with other neuropathic pain models,40 we
examined whether intrathecal infusion of the p38 inhib-
itor FR167653 would prevent SNI-induced neuropathic
pain. As previously shown,29 SNI induced rapid mechan-
ical allodynia that was robust on day 2 (fig. 7A). Intra-
thecal infusion of FR167653 (30 �g/�l) via an osmotic
pump, starting 2 days before SNI and continuing to
post-SNI day 3, did not affect the basal mechanical pain
threshold, but completely prevented SNI-induced me-
chanical allodynia on SNI day 2 (t � 5.514, df � 11, P �
0.0002) and day 3 (t � 6.868, df � 11, P � 0.0001; fig.
7A).

To further determine whether p38 activation is also
essential for the maintenance of neuropathic pain, we
gave a bolus injection of FR167653 (20, 50, or 100 �g)
into the spinal cerebrospinal fluid space by lumbar punc-
ture on post-SNI day 3. FR167653 produced a dose-
dependent reversal of mechanical allodynia at 3 h after
the injection (analysis of variance, F3,25 � 6.728, P �
0.0018; fig. 7B). The antiallodynic effect of FR167653
was maintained at 6 h after the injection (analysis of
variance, F3,25 � 3.050, P � 0.0471; fig. 7B) but com-
pletely recovered 24 h later. Vehicle (10% DMSO) had no
effect on SNI-induced mechanical allodynia (fig. 7B).

Discussion

We have made several interesting observations in this
study. First, SNI activated p38 mitogen-activated protein
kinase in microglia in the medial two thirds of dorsal
horn, which is terminated by the injured tibial and per-
oneal nerve. Second, intrathecal administration of the
p38 inhibitor FR167653 both prevented and reversed
SNI-induced mechanical allodynia on day 3. Third, nerve
conduction block in the sciatic nerve with bupivacaine
microspheres prevented but did not reverse spinal p38
activation in spinal microglia. Fourth, application of bu-
pivacaine microspheres to the contralateral nerve did
not prevent SNI-induced p38 activation.

Accumulating evidence suggests a glial activation of
p38 in the spinal cord. We initially found that p-p38 is
present in spinal glial cells and that chronic inflamma-
tion by complete Freund adjuvant induces a modest
increase in spinal p-p38 levels.33 Inflammation by forma-
lin, capsaicin, or complete Freund adjuvant was also
shown to activate p38 in spinal microglia.41–44 In these
inflammatory pain models, activation of peripheral noci-
ceptors by inflammatory mediators may produce spon-
taneous activity in the axons and cell bodies of the
primary sensory neurons.42 Therefore, p38 activation in

Fig. 5. Nerve conduction blockade does not reverse p38 activa-
tion in spinal microglia. Number of phospho-p38 (p-p38)–im-
munoreactive cells in the medial superficial (laminae I–III) spi-
nal cord with posttreatment of bupivacaine microspheres.
Bupivacaine microspheres were applied to the sciatic nerve 2
days after spared nerve injury (SNI). P > 0.05, t test (n � 4). All
of the rats were transcardially perfused 3 days after surgery.

Fig. 6. Lack of effects of contralateral nerve blockade on p38
activation on the ipsilateral and contralateral spinal cord. The
number of phospho-p38 (p-p38)–immunoreactive cells in the
medial superficial (laminae I–III) spinal cord was quantified.
Rats were given vehicle (n � 4, left and ipsilateral side) or
bupivacaine microspheres (n � 4, right and contralateral side)
before spared nerve injury and transcardially perfused 3 days
after spared nerve injury. P > 0.05, t test (n � 4).
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spinal microglia under inflammatory pain conditions
could be activity dependent. However, in a recent study,
application of bupivacaine (repeated 6 h later) to the
sciatic nerve did not block spinal p38 activation exam-
ined 15 h after hind paw carrageenan injection.43 This
failure may be caused by incomplete conduction block-
ade due to afferent input via saphenous nerves.43

Compared with inflammation, peripheral nerve injury
produces a more robust activation of p38 in spinal mi-
croglia.6,13 p38 activation was also found in spinal mi-
croglia after spinal cord injury, a central neuropathic
pain condition.44,45 Growing evidence from different
laboratories demonstrates that p38 inhibitors can atten-
uate neuropathic pain in different animal models.6,12–17

In the current study, we further confirmed microglial
activation of p38 in another neuropathic pain condition
after SNI. We have also shown that a different p38
inhibitor, FR167653, which can inhibit p38 activation,46

prevents and reverses mechanical allodynia by SNI.
A major finding of this study is that peripheral nerve

blockade can prevent p38 activation in the spinal cord,
suggesting that spontaneous activity, especially in the
neuroma, is indispensable for initial p38 activation in
spinal microglia. Spontaneous activity may release neu-
rotransmitters (glutamate, adenosine triphosphate, sub-
stance P) from central terminals of the primary afferents
to activate p38 in spinal microglia. Recently, we have
shown that nerve injury may cause the release of the
chemokine fractalkine, which is sufficient and required
to produce spinal p38 activation by activating the

CX3CR1 receptor expressed by microglia.18 However,
nerve conduction blockade in the sciatic nerve 2 days
after SNI cannot reverse p38 activation in spinal micro-
glia, indicating that maintenance of p38 activation may
not require spontaneous activity. After activation, micro-
glia produce multiple inflammatory mediators, such as
the cytokines interleukin 1�, interleukin 6, and tumor
necrosis factor �,47 which could maintain p38 activation
in spinal microglia, even in the absence of primary affer-
ent input.

It is generally believed that spontaneous activity or
ectopic discharge induced by peripheral nerve injury is
responsible for the generation of neuropathic pain.19–25

Local anesthetics are generally used to block nerve con-
duction and suppress spontaneous activity. The concen-
trations of local anesthetics required for blocking spon-
taneous activity are often lower than that required for
blocking nerve conduction.48,49 Local anesthetics may
produce nonspecific effects, such as neurotoxicity and
inhibition of fast axonal transport.2,50 Because cytokines
such as tumor necrosis factor � have been implicated in
spinal p38 activation,12,16 we cannot exclude the possi-
bilities that bupivacaine may inhibit spinal p38 activation
by suppressing (1) the local production of tumor necro-
sis factor � in the sciatic nerve (e.g., in Schwann cells)
and (2) axonal transport of tumor necrosis factor � to
central axons in the spinal cord. However, severe distur-
bance of axonal transport would cause nerve damage,
but we did not find obvious damage in the sciatic nerve
treated with bupivacaine microspheres; all of the treated

Fig. 7. Spared nerve injury (SNI)–induced
mechanical allodynia is both prevented
and reversed by p38 inhibitor FR167653.
(A) Prevention of mechanical allodynia.
FR167653 (30 �g/�l, n � 5) was infused
into intrathecal space via an osmotic
pump (0.5 �l/h for 5 days) starting 2 days
before SNI. Note that the basal mechani-
cal sensitivity does not change after
FR167653. ** P < 0.01, t test, compared
with corresponding vehicle controls
(30% dimethyl sulfoxide [DMSO], n � 8).
(B) Reversal of mechanical allodynia. A
bolus injection of FR167653 (20, 50, and
100 �g, 20 �l, n � 8 for each dose) into
lumbar cerebral spinal fluid space, start-
ing 3 days after SNI, reduces SNI-induced
mechanical allodynia in a dose-depen-
dent manner. The paw withdrawal
thresholds were tested before the injec-
tion and at 1, 3, 6, and 24 h after the
injection. * P < 0.05, ** P < 0.01, com-
pared with corresponding vehicle con-
trol (10% DMSO, n � 5).
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animals recovered to full responsiveness in sensory and
motor tests when the block wore off.26 Because low
concentration of bupivacaine was shown to suppress
inflammatory responses of immune cells and extracellu-
lar signal–regulated kinase activation in spinal neu-
rons,51,52 we tried to avoid the systemic effects of bu-
pivacaine by using microspheres. The lack of systemic
effects is supported by our data showing that application
of bupivacaine microspheres to the contralateral side of
the sciatic nerve does not change spinal p38 activation
on the other side (fig. 6).

Abnormal peripheral activity is elicited by immediate
injury discharge during axonal damage and sustained by
ectopic activity in both injured and noninjured fi-
bers.19–25 Application of bupivacaine to the sciatic nerve
in the SNI model should block spontaneous activity
originated from both injured fibers in common peroneal
and tibial nerves and intact fibers in sural nerves. How-
ever, p38 activation was mainly found in the medical
dorsal horn, which is innervated by the injured tibial and
peroneal nerve (fig. 1). Therefore, spontaneous activity
in the injured axons should play a major role in spinal
p38 activation. Although application of bupivacaine mi-
crospheres at the sciatic nerve should block spontane-
ous activity originated at the distal site (e.g., neuroma) of
the block, we do not know whether this block can also
suppress spontaneous activity at the proximal site (e.g.,
dorsal root ganglion soma and dorsal root).22 Therefore,
the role of proximal activity in p38 and microglia acti-
vation remains to be investigated.

In summary, this study has provided further evidence
that p38 activation (p-p38 induction) in spinal microglia
is a useful marker for microglia activation in the spinal
cord. Importantly, this marker is directly correlated with
chronic pain sensitization. In contrast, pain states may
not be associated with the changes of the commonly
used microglial surface marker CD11b (OX-42).5,9,53 Our
data also suggest that peripheral spontaneous activity is
important for the induction but not the maintenance of
p38 activation in spinal microglia after nerve injury.
Therefore, afferent barrage after the nerve injury may
trigger neuropathic pain by activating p38 in spinal mi-
croglia.
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