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Supraspinal Glial–Neuronal Interactions Contribute to
Descending Pain Facilitation
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Spinal glial reaction and proinflammatory cytokine induction play an important role in the development of chronic pain states after tissue
and nerve injury. The present study investigated the cellular and molecular mechanisms underlying descending facilitation of neuro-
pathic pain with an emphasis on supraspinal glial–neuronal relationships. An early and transient reaction of microglia and prolonged
reaction of astrocytes were found after chronic constriction injury (CCI) of the rat infraorbital nerve in the rostral ventromedial medulla
(RVM), a major component of brainstem descending pain modulatory circuitry. There were prolonged elevations of cytokines tumor
necrosis factor-� (TNF-�) and interleukin-1� (IL-1�) after CCI, and they were expressed in RVM astrocytes at 14 d after injury. Intra-
RVM injection of microglial and astrocytic inhibitors attenuated mechanical hyperalgesia and allodynia at 3 and 14 d after CCI, respec-
tively. Moreover, TNFR1 and IL-1R, receptors for TNF-� and IL-1�, respectively, were expressed primarily in RVM neurons exhibiting
immunoreactivity to the NMDA receptor (NMDAR) subunit NR1. CCI increased TNFR1 and IL-1R levels and NR1 phosphorylation in the
RVM. Neutralization of endogenous TNF-� and IL-1� in the RVM significantly reduced CCI-induced behavioral hypersensitivity and
attenuated NR1 phosphorylation. Finally, intra-RVM administration of recombinant TNF-� or IL-1� upregulated NR1 phosphorylation
and caused a reversible and NMDAR-dependent allodynia in normal rats, further suggesting that TNF-� and IL-1� couple glial hyper-
activation with NMDAR function. These studies have addressed a novel contribution of supraspinal astrocytes and associated cytokines
as well as central glial–neuronal interactions to the enhancement of descending facilitation of neuropathic pain.
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Introduction
The rostral ventromedial medulla (RVM) is an important com-
ponent of the descending nociceptive system that projects to the
spinal cord and trigeminal brainstem nuclei and constitutes a
major mechanism in the control of pain transmission (Millan,
2002; Ren and Dubner, 2002; Fields et al., 2006). Recent studies
indicate that hyperalgesia and allodynia in animal models of per-
sistent pain are closely linked to long-lasting activation of de-
scending modulatory circuits involving descending facilitation
(Porreca et al., 2002; Dubner and Ren, 2004; Gebhart, 2004;
Vanegas and Schaible, 2004), which significantly contributes to
the development of persistent pain after peripheral inflammation
(Urban and Gebhart, 1999; Wei et al., 1999; Guo et al., 2006) and
nerve injury (Pertovaara et al., 1996; Kovelowski et al., 2000).
Despite extensive studies on the role of RVM in descending pain
modulation, the cellular mechanisms of its involvement in de-
scending pain facilitation are poorly understood.

A considerable amount of evidence has demonstrated the ex-
istence of dynamic and bidirectional communication between
glia and neurons at the synapse, suggesting that glia play an active
role in regulation of synaptic transmission in the CNS (Fields and

Stevens-Graham, 2002; Newman, 2003; Perea and Araque, 2006).
Glial cells, primarily microglia and astrocytes, exhibit dynamic
plasticity by converting from a relatively resting or quiescent state
to a reactive or hyperactive state and appear to modulate neuro-
nal activity. Interestingly, after hyperactivation, glia subsequently
release cytokines at the spinal cord (DeLeo et al., 2004; Salter,
2004; Sommer and Kress, 2004; Marchand et al., 2005; Watkins et
al., 2007) and spinal trigeminal nucleus (Piao et al., 2006; Guo et
al., 2007), which may be implicated in central mechanisms of
persistent pain (Ren and Dubner, 2008). Whether supraspinal
glial hyperactivity and their interactions with neurons in the
RVM circuitry constitute a mechanism underlying descending
facilitation during the development of persistent pain has not
been studied.

Here, we have developed a quantitative behavioral measure of
mechanical hyperalgesia and allodynia associated with a rat
model of orofacial painful neuropathy, chronic constriction in-
jury of the infraorbital nerve (CCI-ION), to investigate the mech-
anisms of neuropathic pain with an emphasis on glial–neuronal
interactions in the pain modulatory circuitry. We found a pro-
longed astrocytic reaction and increased expression of cytokines
tumor necrosis factor-� (TNF-�) and interleukin-1� (IL-1�) in
astrocytes and their receptors in RVM neurons after nerve injury.
Intra-RVM microinjection of glial inhibitors and neutralization
of endogenous TNF-� and IL-1� significantly attenuated CCI-
induced mechanical hyperalgesia and allodynia. We further
found that CCI-induced enhancement of NMDA receptor
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(NMDAR) subunit NR1 phosphorylation in the RVM was signif-
icantly reversed by glial inhibitors or cytokine receptor antago-
nists. An elevated NMDAR subunit NR1 phosphorylation in the
RVM and moderate behavioral hypersensitivity were also ob-
served after microinjection of recombinant TNF-� and IL-1� in
the RVM of normal rats, and were reversed by pretreatment with
NMDAR antagonists. This is the first study showing that glial–
neuronal interactions coupling proinflammatory cytokines to
NMDAR function at the supraspinal level contribute to descend-
ing pain facilitation.

Materials and Methods
Animals. Adult male Sprague Dawley rats weighing 175–350 g (Harlan)
were used in all experiments. Rats were on a 12 h light/dark cycle and
received food and water ad libitum. The experiments were approved by
the Institutional Animal Care and Use Committee of the University of
Maryland Dental School.

Trigeminal neuropathic pain. A model of trigeminal neuropathic pain
was made by chronic constriction injury to the unilateral infraorbital
nerve (CCI-ION), which was performed based on the original descrip-
tion (Bennett and Xie, 1988) and via an intraoral approach described by
Imamura et al. (1997). Animals were anesthetized with pentobarbital
sodium (50 mg/kg, i.p.). Surgery was performed under an operation
microscope. The head of the rat was supine and fixed on a table. A
1-cm-long incision was made along the gingivobuccal margin in the
buccal mucosa, beginning immediately next to the first molar. The ION
was freed from surrounding connective tissue by a glass rod and clearly
visualized using a surgical microscope. At 3– 4 mm from the nerve where
its branches emerge from the infraorbital foramen, the ION was loosely
tied with two chromic gut (4.0) ligatures, 2 mm apart. This caused minor
constriction of the ION such that the superficial vasculature was mini-
mally retarded. The wound was checked for hemostasis and the incision
was closed using three 4.0 silk sutures. The sham-operated rats received
only a unilateral nerve exposure without ligature. All surgical procedures
were performed aseptically. In some cases, a long-lasting anesthetic agent
0.25% bupivacaine was injected at the incision sites before and after
surgery to block local nociceptive inputs induced by acute tissue injury
and then twice per day for another 2 d. Changes in gross behavior and
body weight gain in CCI and sham rats were monitored throughout the
study and were not significantly different when compared with that in
naive rats.

Behavioral testing. All behavioral tests were conducted under blind
conditions as previously described (Ren, 1999). The rat was not re-
strained but habituated to stand on its hindpaws and lean against the
experimenter’s hand who was wearing a regular leather work glove. The
habituation required no more than normal petting of the rat, and it was
achieved within one-half an hour. A series of calibrated von Frey fila-
ments with bending forces ranging from 9 mg to 118 g were slightly
applied to the skin within the infraorbital territory, near the center of the
vibrissal pad on hairy skin surrounding the mystacial vibrissae. These
areas were stimulated on both sides: ipsilateral and contralateral to the
side where surgery was performed. An active withdrawal of the head from
the probing filament was defined as a response. Each von Frey filament
was applied five times at intervals of a few seconds. The response frequen-
cies [(number of responses/number of stimuli) � 100%] to a range of
von Frey filament forces were determined, and a stimulus–response
(S–R) curve was plotted. After a nonlinear regression analysis, an EF50

value, defined as the von Frey filament force ( g ) that produces a 50%
response frequency, was derived from the S–R curve. We used EF50 value
as a measure of mechanical sensitivity.

Intra-RVM microinjections. As previously described (Guo et al., 2006),
animals were anesthetized with 2–3% isoflurane in a gas mixture of 30%
O2 balanced with nitrogen, and placed in a Kopf stereotaxic instrument.
A midline incision was made after infiltration of lidocaine (2%) into the
skin. A midline opening was made in the skull with a dental drill to insert
a microinjection needle into the target site. The coordinates for the nu-
cleus raphe magnus, the major structure of RVM, were as follows: 10.5
mm caudal to the bregma, midline, and 9.0 mm ventral to the surface of

the cerebellum (Paxinos and Watson, 2005). To avoid penetration of the
transverse sinus, the incisor bar was set at 4.7 mm below the horizontal
plane passing through the interaural line. Animals were subsequently
maintained at �1% halothane. Microinjections were performed by de-
livering drug solutions slowly over a 10 min period using a 0.5 �l Ham-
ilton syringe with a 32 gauge needle. The needle was withdrawn 5 min
after the completion of the injection, and the incision was sutured. All
wound margins were covered with a local anesthetic ointment (Nuper-
cainal; Rugby Laboratories). Different groups of animals were subjected
to intra-RVM microinjection with a 0.5 �l volume solution of (1) glial
metabolic inhibitors propentofylline (PPF) (1 fmol, 100 fmol, and 10
pmol; Sigma-Aldrich), fluorocitrate (FC) (1 and 100 fmol; Sigma-
Aldrich), and minocycline (MC) (10 fmol and 1 pmol; Sigma-Aldrich);
(2) cytokine receptor antagonists TNFRI/Fc (TNFRI antagonist; 50 fmol;
R&D Systems) and IL-ra (Kineret; IL-1R antagonist; 3 pmol; Amgen); (3)
recombinant rat TNF-� (rTNF-�; TNFR agonist; 120 fmol; R&D Sys-
tems) or IL-1� (rIL-1�; IL-1R agonist; 120 fmol; PeproTech); and (4)
glutamate receptor antagonists MK801 (dizocilpine maleate) (noncom-
petitive NMDAR antagonist; 10 pmol; Sigma-Aldrich). All drugs except
for fluorocitrate were dissolved or reconstituted in endotoxin-free sterile
distilled water, aliquoted, and stored at �70°C. At the time of testing, the
stored aliquot was thawed on ice and diluted in sterile 0.9% saline to a
final concentration. The doses of these agents were carefully chosen by
referring to the literature and adjusted by our pilot experiments. For
example, in the RVM, we found that a dose �0.1 pmol is necessary to
avoid an apparent effect of fluorocitrate on neurons (supplemental Fig.
S1, available at www.jneurosci.org as supplemental material) (S. Sweitzer
et al., 2001; Raghavendra et al., 2003a,b; Ledeboer et al., 2005; Guo et al.,
2006, 2007). The control rats underwent identical procedures with injec-
tion of the same volume (0.5 �l) of sterile 0.9% saline as vehicle treat-
ment. The fluorocitrate solution was prepared as described by Paulsen et
al. (1987). The vehicle solution was prepared in the same manner for
separate control experiments, except that fluorocitrate was omitted.

Immunohistochemistry. At different time points after nerve injury, rats
were behaviorally tested to identify CCI-ION-induced mechanical allo-
dynia, and then deeply anesthetized with pentobarbital and perfused
transcardially with 200 ml of saline followed by 500 ml of cold (4°C) 0.1
M phosphate buffer containing 4% paraformaldehyde. The brainstem
was removed, immersed in the same fixative overnight at 4°C, and trans-
ferred to 30% sucrose (w/v) in phosphate buffer for several days for
cryoprotection. Thirty-micrometer-thick coronal sections of the brain-
stem were cut with a cryostat at �20°C. Free-floating tissue sections
including RVM were incubated with relevant antibodies overnight. After
washes, the sections were incubated with AffiniPure biotinylated second-
ary IgG (1:800; Jackson ImmunoResearch Laboratories) for 1 h. For
fluorescence staining, the sections were incubated with streptavidin-
Alexa Fluor 568 or 488 (1:600; Invitrogen) for 1 h. For peroxidase iden-
tification, the sections were reacted with avidin and biotinylated HRP
complex (1:200; Vector Laboratories) for 1 h, and reacted with 0.025%
diaminobenzidine (Sigma-Aldrich) and 0.003% hydrogen peroxide for
5–20 min. Immunostaining control studies were performed by omission
of the primary or secondary antibodies, and by preabsorption with an
excess (10 �g/ml) of the respective antigens. Double labeling was per-
formed simultaneously with two primary antibodies obtained from dif-
ferent species. After overnight, the sections were incubated for 2 h in
solutions containing species-specific secondary antibodies coupled to
Alexa 568 or 488, respectively. After washes, all sections were mounted
on gelatin-coated slides and coverslipped with Vectashield (Vector Lab-
oratories). Images were collected sequentially using a Zeiss fluorescence
microscope and a charge-coupled device camera controlled by SPOT
software. If necessary, a Zeiss 510 MATA laser-scanning confocal micro-
scope was further used. Adobe Photoshop (version CS) was used for
image cropping and adjustment.

Western blot. Naive and treated rats were anesthetized with 2% halo-
thane and decapitated. The RVM tissues were removed as previously
described (Guo et al., 2006) and homogenized in solubilization buffer
(50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100,
0.5% deoxycholic acid, 0.1% SDS, 1 mM Na3VO4, 1 U/ml aprotinin, 2
�g/ml leupetin, 2 �g/ml pepstatin A). The homogenate was centrifuged
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at 20,200 � g for 10 min at 4°C, and the supernatant was removed. The
protein concentration was determined. Each sample contained proteins
from one animal. The proteins (50 �g) were separated on a 7.5% SDS-
PAGE gel and blotted to nitrocellulose membrane (GE Healthcare). The
blot was incubated with the respective antibody overnight at 4°C. The
membrane was washed with TBS and incubated for 1 h with anti-goat
IgG horseradish peroxidase (HRP) (1:3000; Santa Cruz Biotechnology)
in 5% milk/TBS. The immunoreactivity was detected using enhanced
chemiluminescence (ECL) (GE Healthcare). The loading and blotting of
equal amount of proteins were verified by reprobing the membrane with
anti �-actin antiserum (Sigma-Aldrich). The ECL-exposed films were
digitized, and densitometric quantification of immunoreactive bands
was performed using U-SCAN-IT gel (version 4.3; Silk Scientific).

Antibodies. The following antibodies were used for immunostaining
and Western blot: rabbit or mouse anti-glial fibrillary acidic protein
(GFAP) (astrocytic marker; 1: 1000; Dako), rabbit anti-S100� (for label-
ing astrocytic calcium-binding protein; 1:800; Fitzgerald), mouse anti-
OX-42 (for labeling CD11b as microglial marker; 1:800; Serotec), rabbit
anti-Iba-1 (for labeling microglial calcium-binding protein; 1:1000;
Wako), mouse anti-NeuN (neuronal marker; 1:1000; Millipore Bio-
science Research Reagents), goat anti-TNF-� (1:1000; R&D Systems),
rabbit anti-IL-1� (1:2000; Millipore Bioscience Research Reagents), goat
anti-TNFR1 (1:500; Santa Cruz Biotechnology), rabbit anti-IL-1R (1:
500; Santa Cruz Biotechnology), mouse anti-NR1 (1:5000; Millipore),
rabbit anti-P-ser896 NR1 (Sigma-Aldrich), and mouse anti-�-actin
(Sigma-Aldrich).

Histological reconstruction. The locations of microinjection sites in the
RVM were determined by visualization of serial Nissl-stained tissue sec-
tions under a microscope. Rats with misplaced microinjection sties were
excluded from the data analysis or considered as controls in some cases.

Data analysis. Results were expressed as mean � SEM. Statistical com-
parisons included Student’s t test or one- or two-way ANOVA with the
post hoc Scheffé F test in Western blot analysis or the Student–Newman–
Keuls test in behavioral experiments (ANOVA with repeated measures).
In all cases, p � 0.05 was considered to be statistically significant.

Results
Mechanical hyperalgesia and allodynia induced by trigeminal
nerve injury
To probe a role of central glial–neuronal interaction in the devel-
opment of persistent pain, we adapted and improved the CCI-
ION model in the rat (Vos et al., 1994; Imamura et al., 1997). The
ION is a pure sensory nerve, the largest branch of the maxillary
division of the trigeminal nerve, and innervates the mystacial
vibrissae, the hairy vibrissal pad, the upper lip, lateral nose and
teeth, and mucosa of the upper jaw (Waite and Tracey, 1995). To
reduce injury related to the surgical procedure and keep the facial
skin intact, we performed the CCI-ION operation through an
intraoral approach (Imamura et al., 1997). Although the testing
of behavioral hyperalgesia and allodynia in spinal models of pain
is straightforward, assessing nocifensive behavior of the trigemi-
nal region is difficult. Moreover, in the CCI-ION model, only
responses to noxious thermal stimulation (Imamura et al., 1997)
or mechanical stimulation (Kitagawa et al., 2006) have been ex-
amined in restrained rats. To reduce the stress of rats in an exper-
imental environment, we have developed an appropriate han-
dling approach without restraint to assess the mechanical
hyperalgesia and allodynia of the orofacial region in rats (Ren,
1999; Sugiyo et al., 2005). The response frequencies to a range of
von Frey filament forces applied to the ION territory were deter-
mined and a S–R curve was plotted (Fig. 1A). An EF50 value was
defined as the von Frey filament force ( g) that produces a 50%
response frequency. Compared with the baseline, the leftward
shift of the S–R curve, resulting in a reduction of EF50, represents
mechanical hyperalgesia and allodynia at 1 and 14 d after CCI-
ION (Fig. 1A), because there was an increased response to su-

prathreshold stimuli and a decreased response threshold for no-
cifensive behavior. Compared with naive and sham-operated
rats, there was a significant reduction of the EF50 values in the
ipsilateral ION territory from 1 to 28 d after unilateral CCI-ION
in rats ( p � 0.001 vs sham group) (Fig. 1B). There were no
changes in the contralateral EF50 values. A moderate and tran-
sient (for 1–3 d) reduction of the EF50 values was also seen in
sham rats ( p � 0.05 vs naive group), and was completely blocked
by local anesthesia of the surrounding tissues with 0.25% bupiv-
acaine (Moore, 1984) (Fig. 1B), suggesting that the response to
the surgical procedure alone at 1–3 d is caused by input from local
tissue after incision and inflammation. Thus, we have shown a
long-lasting and stable hyperalgesia/allodynia in the CCI-ION
rats and used this model to study the involvement of supraspinal
glia/cytokines in neuropathic pain of the orofacial origin.

Long-lasting astrocytic hyperactivation in the RVM after
nerve injury
To examine whether nerve injury induced glial reaction in the
RVM, we first observed changes in the expression of GFAP, a
marker of reactive gliosis and proliferation of astrocytes, in RVM
sections from naive rats and after CCI-ION (Fig. 1C). As shown
in sample sections at 3 d (Fig. 1Cc) and at 14 d (Fig. 1Cd) after
CCI-ION, increased GFAP immunoreactivity (IR) was seen in
small cell bodies and their processes, compared with naive ani-
mals (Fig. 1Ca,b), suggesting prolonged hyperactivation of astro-
cytes in RVM after nerve injury. It is known that S100� is a Ca 2�

binding protein that is produced primarily in astrocytes in the
CNS. Thus, enhanced S100� expression was also used as a specific
functional marker of astrocytes in the brain (Tanga et al., 2006).
The pattern of enhanced expression of S100� was compared with
GFAP expression by immunohistochemistry in the RVM of the
CCI-ION (Fig. 1Db– d) and naive rats (Fig. 1Da), beginning
from 1 to 28 d, further confirming the long-lasting hyperactiva-
tion of astrocytes in the RVM after nerve injury. We then used
Western blot to quantify the time course of changes of GFAP
levels in the RVM tissue (Fig. 1E). Although increased GFAP
expression was found in both sham and CCI rats at 1 and 3 d after
surgery, the level of GFAP expression was consistently increased
in the RVM at 7 d (by 234.3 � 12.1%; p � 0.001; n � 4 rats), 14 d
(by 231.70 � 6.64%; p � 0.001; n � 4), 21 d (by 176.70 � 18.70%;
p � 0.05; n � 3), and 28 d (by 194.54 � 8.30%; p � 0.001; n � 3)
after CCI but not sham treatment (by 123.10 � 7.38% at 7 d and
121.70 � 5.64% at 14 d; p � 0.05; n � 4 per group) compared
with the naive group (n � 3) (Fig. 1E). Consistent with a small
and short-lasting behavioral hyperalgesia and allodynia at 1 and
3 d in the sham-operated rats (Fig. 1B), the transiently increased
GFAP expression in the RVM of the sham-operated rats was
found at the same time points (Fig. 1E). To distinguish whether
these early effects in the CCI rats were partially attributable to the
tissue incision during the oral surgery, we used local anesthesia of
the surgical site to block the increased neural activity associated
with tissue injury during the first 3 d in sham animals. Long-
lasting anesthesia with 0.25% bupivacaine totally eliminated the
increased GFAP expression at 3 d after sham operation (n � 3 per
group) (Fig. 1F), suggesting that the earlier increase in GFAP
expression observed in the RVM at 1 and 3 d after CCI-ION is
partially caused by tissue injury. This observation is also consis-
tent with a recent study (Obata et al., 2006) that hindpaw incision
results in glial hyperactivation in the spinal dorsal horn, begin-
ning within 1 d and reaching a maximum hyperactivation at 3 d
after tissue injury.

In a parallel experiment, we extended our analysis to deter-
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mine whether microglial reaction occurs by examining expres-
sion of microglial markers in the RVM (Fig. 2). Different from
GFAP expression, CD11b expression in the RVM was primarily
increased at 1 d (data not shown) and 3 d, but not 14 d and later,

after CCI-ION compared with the naive
condition (Fig. 2A). This early hyperacti-
vation of microglia was also confirmed by
immunostaining with a functional micro-
glia marker, ionized calcium-binding
adaptor molecule 1 (Iba1) (Fig. 2B). With
Western blot analysis, an increase in
CD11b expression in RVM tissues was
only detected at early time points (1–3 d)
in both CCI and sham-operated rats ( p �
0.05; n � 3 per group), compared with na-
ive animals (Fig. 2C). Local tissue anesthe-
sia also completely blocked CD11b in-
crease in the RVM from sham-operated
rats at 3 d (n � 3 per group) (Fig. 2D),
suggesting that tissue injury also caused
microglial hyperactivation. These results
indicate that nerve and tissue injury acti-
vate acutely (1–3 d) both astrocytes and
microglia in the RVM, both of which are
likely involved in supraspinal mechanisms
underlying the generation of trigeminal
neuropathic pain, consistent with previ-
ous studies on glial function in the spinal
cord (DeLeo and Yezierski, 2001; Raghav-
endra et al., 2004; Ledeboer et al., 2006;
Obata et al., 2006). In addition, nerve in-
jury also induced a prolonged hyperactiva-
tion (at least for 28 d) of astrocytes in the
RVM. The role of the long-term astrocytic
reaction in the RVM during development
of neuropathic pain was the focus of our
subsequent studies below.

Consistent with previous studies (Piao
et al., 2006; Guo et al., 2007), the time
course-dependent upregulation of GFAP
and CD11b expression was also observed
after CCI-ION in the spinal trigeminal nu-
cleus ipsilateral to the nerve injury (data
not shown), a trigeminal site known to re-
ceive direct peripheral nociceptive input.
Importantly, glial reaction in the RVM is
specifically related to CCI-ION. The facial
nucleus lateral to the RVM did not exhibit
changes in GFAP and CD11b expression
after CCI-ION (data not shown).

Selective inhibition of astrocytes by
lower dose of glial toxin fluorocitrate
By its inhibition on aconitase, fluoroci-
trate interrupts the tricarboxylic acid
(TCA) cycle and can be used as a mito-
chondrial inhibitor (Voloboueva et al.,
2007). Fluorocitrate-induced glial inhibi-
tion results in a variety of metabolic effects
including reduced ATP production and
increased glucose metabolism (Fonnum et
al., 1997; Hirose et al., 2007). Although not
selectively affecting aconitase of different

cellular origin per se, fluorocitrate primarily inhibits TCA cycle of
astrocytes because of more avid uptake by astrocytes and has been
used to assess the importance of glial cells for brain function in
vivo (Fonnum et al., 1997; Zielke et al., 2007). However, fluoroci-

Figure 1. Mechanical hyperalgesia/allodynia and time course-dependent hyperactivation of astrocytes in the RVM after CCI-
ION. A, Examples of S–R function curves illustrating the intensity-dependent head withdrawal responses to mechanical stimuli.
There is a significant leftward shift of the curve at 1 d (green) and 14 d (red) after CCI ( p � 0.001; n � 9 rats) compared with the
pre-CCI baseline (blue). The leftward shift of the S–R curves indicates an increased response to suprathreshold stimuli and a
decrease in EF50 value, suggesting the presence of mechanical hyperalgesia and allodynia. B, Time course of mechanical hyper-
algesia and allodynia as indicated by a reduction of the EF50 values. CCI-ION results in mechanical hyperalgesia and allodynia that
persists over the 28 d observation period. The rats receiving a sham operation show a moderate reduction of the EF50 values that
lasted for 3 d, which is totally blocked by local tissue anesthesia with injection of 0.25% bupivacaine (twice at 1–3 d) at the
intraoral incision site in sham-operated rats. CCI-ION versus sham, ***p � 0.001; sham versus naive, #p � 0.05. C, Immunohis-
tochemistry of GFAP in the RVM. a, Low power of a tissue section at the rostral medulla level. b, Enlarged RVM region correspond-
ing to the small rectangle area in a. Enhanced expression of GFAP is observed at 3 d (c) and 14 d (d) after CCI, compared with GFAP
immunostaining in naive animal (b). D, Immunostaining of S100� in the RVM. Increased S100� expression is observed at 3 d (b),
14 d (c), and 28 d (d) after CCI, compared with naive (a). E, Western blots illustrating CCI-induced increase in GFAP in the tissues
punched out from the RVM. A representative blot is shown on top, and the mean protein levels are summarized below. Compared
with naive and sham-operated (�) rats, the level of GFAP is selectively increased at the 14 and 28 d time points in CCI-ION (�)
rats. The increase in GFAP at 1–3 d in sham-operated and CCI-ION rats is consistent with behavioral changes at these time points
(B). �-Actin was used as a loading control. The asterisks indicate significant differences from the naive rats (*p � 0.05; n � 3 per
time points). F, Western blots illustrating the effect of bupivacaine, a long-lasting local anesthetic, on the incision-induced
increase in GFAP expression in the RVM at 3 d after sham operation. Bupivacaine (0.25%; 0.1 ml) is injected at the intraoral incision
site twice in the first 3 d (�). Saline is injected as a vehicle control (�). Compared with naive rats, the GFAP expression is increased
at 3 d after sham operation (*p � 0.05; n � 3 per group), which is completely abolished by the bupivacaine (n � 3). Scale bars:
Ca, 0.5 mm; Cd (for Cb– d), Dd (for Da– d), 0.025 mm. NGC, Nucleus reticularis gigantocellularis; Py, pyramidal tract. Error bars
indicate SEM.
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trate may also produce neuronal damage
(Hornfeldt and Larson, 1990; Largo et al.,
1996). Intrastriatal injection of 1 nmol of
fluorocitrate produces ultrastructural al-
terations of astrocytes without affecting
neurons, whereas a larger dose at 2 nmol
also affects neuronal structures and me-
tabolism (Paulsen et al., 1987).

To search for a safe range of doses for
the selective effect of fluorocitrate on glial
cells, we performed double staining for the
neuronal marker, NeuN, with terminal de-
oxynucleotidyl transferase-mediated bio-
tinylated UTP nick end labeling (TUNEL),
a label for cell apoptosis, or Fluoro-Jade, a
marker of cell necrosis, in RVM sections
after microinjection of the drug (supple-
mental Fig. S1, available at www.
jneurosci.org as supplemental material).
When doses of fluorocitrate in the range
between 1 fmol (2.2 � 0.41 double-labeled
cells/section; n � 4; p � 0.05) and 100 fmol
(2.1 � 0.27; n � 4; p � 0.05) (supplemen-
tal Fig. S1Ac,C, available at www.
jneurosci.org as supplemental material)
were used, there was no apparent cellular
damage shown by Nissl (supplemental Fig.
S1Aa, available at www.jneurosci.org as
supplemental material) and TUNEL stain-
ing (supplemental Fig. S1Ab,c, available at
www.jneurosci.org as supplemental mate-
rial) except within the track of the micro-
injection needle and its nearby area com-
pared with that seen in naive (0.25 � 0.16
labeled cells/section; n � 4) (supplemental
Fig. S1C, available at www.jneurosci.org as
supplemental material) and vehicle treat-
ment (1.38 � 0.18; n � 4) (supplemental
Fig. S1Ab,C, available at www.jneurosci.
org as supplemental material). This finding suggests that a few
damaged cells may be induced by placement of the injection nee-
dle during the microinjection procedure but not by fluorocitrate.
However, when a higher dose of fluorocitrate (10 pmol) was in-
jected, TUNEL-labeled cells were significantly increased in the RVM
(11.88 � 1.26; n � 4; p � 0.001 vs vehicle group; n � 4) (supple-
mental Fig. S1Ad,C, available at www.jneurosci.org as supplemental
material), with labeled cells in areas far away from the tissue track
of the injection needle. Double immunostaining identified that
all TUNEL-labeled cells were also positive to NeuN (sup-
plemental Fig. S1B, available at www.jneurosci.org as supple-
mental material). These results suggest that a dose-dependent
neuronal apoptosis occurred after microinjection of fluorocitrate
into the RVM. Fluoro-Jade B staining was performed to examine
whether fluorocitrate induces neuronal necrosis in the RVM.
Many Fluoro-Jade-positive cells were located in the microinjec-
tion sites from rats injected with high (10 pmol; n � 4) but not
low (100 fmol) dose of fluorocitrate (n � 4 per group) (supple-
mental Fig. S1D, available at www.jneurosci.org as supplemental
material). No double-labeled cells for both Fluoro-Jade B and
NeuN were found in the RVM, although Fluoro-Jade-positive
cells and NeuN-immunoreactive neurons was also seen in the
same RVM region after microinjection of fluorocitrate (supple-
mental Fig. S1D, available at www.jneurosci.org as supplemental

material). This finding suggests that no significant necrosis of
RVM neurons was apparent after microinjection of fluorocitrate.
The Fluoro-Jade B-positive population may represent selective
degeneration of RVM glial cells resulting from toxic effects of a
high dose of fluorocitrate.

Neuronal damage has been found in the rat spinal dorsal horn
after sciatic nerve injury (Polgár et al., 2005; Scholz et al., 2005).
To test whether CCI-ION alone affected the extent of neuronal
damage in the RVM, we also examined TUNEL and Fluoro-Jade
staining in RVM sections from rats with the CCI or sham treat-
ment at 7 and 14 d after surgery. In comparison with the naive
animal, there were no significant differences in the number of
TUNEL- or Fluoro-Jade-labeled cells in the RVM in the CCI- or
sham-operated rats ( p � 0.05; n � 4 per group) (data not
shown), suggesting that there was no apparent neuronal damage
in the RVM produced by the CCI-ION alone.

We then examined the effects of low dose of fluorocitrate on
the glia cells in the RVM of CCI rats (supplemental Fig. S1E,
available at www.jneurosci.org as supplemental material). We
confirmed the lack of any neuronal apoptosis in the RVM sec-
tions from 3 d (n � 4 rats) (data not shown) and 14 d (n � 4)
(supplemental Fig. S1Ed, available at www.jneurosci.org as sup-
plemental material) CCI-treated rats after microinjection of low
dose fluorocitrate (100 fmol) compared with vehicle (n � 3)

Figure 2. Time course-dependent hyperactivation of microglia in the RVM after CCI. A, CD11b immunostaining in the RVM. a,
Low power of a section at the rostral medulla level. b, Enlarged RVM region corresponding to the small rectangle area in a. CD11b
expression is enhanced at 3 d (c) but not 14 d (d) after CCI-ION, compared with CD11b immunoreactivity in naive animal (b). B,
Iba1 immunostaining in the RVM. Enhanced Iba1 expression is observed at 3 d (b) and declined to near control expression levels
at 14 d (c) and 28 d (d) after CCI, compared with naive animal (a). C, Western blots illustrating CCI-induced short-lasting increase
in CD11b in RVM tissues. Compared with naive rats, CD11b expression is temporarily increased at the 1–3 d time points but not at
14 and 28 d in both sham-operated (�) and CCI-ION (�) rats. The asterisks indicate significant differences from the naive rats
(*p � 0.05; n � 3 per time points). D, Local tissue anesthesia (�), compared with saline injection (�), completely blocks sham
operation-induced increase in CD11b in the RVM at 3 d, when compared with naive rats [sham (�) vs naive, p � 0.05; n � 3 per
group]. Scale bars: Aa, 0.5 mm; Ad (for Ab– d), Bd (for Ba– d), 0.025 mm. NGC, Nucleus reticularis gigantocellularis. Error bars
indicate SEM.
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(supplemental Fig. S1Ea, available at www.jneurosci.org as sup-
plemental material). With regard to long GFAP turnover time,
we examined changes in GFAP protein expression in RVM tissue
at 6 h after astrocytic inhibition. Upregulation of GFAP expres-
sion in the RVM at 14 d after CCI (n � 4) (supplemental Fig.
S1Eb, available at www.jneurosci.org as supplemental material)
was decreased after microinjection of fluorocitrate (100 fmol)
(n � 4) (supplemental Fig. S1Ee, available at www.jneurosci.org
as supplemental material). In contrast, there was no effect of this
dose of fluorocitrate on the elevated CD11b expression in the
RVM sections at 3 d after CCI-treated rats (n � 4) (supplemental
Fig. S1Ef, available at www.jneurosci.org as supplemental mate-
rial) compared with vehicle injection (n � 3) (supplemental Fig.
S1Ec, available at www.jneurosci.org as supplemental material).
Western blot further confirmed that fluorocitrate (100 fmol) in-

duced the selective inhibition of enhanced
GFAP expression [91 � 21.5% (FC; n � 3)
vs 238 � 45.9% (vehicle; n � 3); p � 0.05]
(Fig. 3A) and S100� expression [83.3 �
9.5% (FC; n � 3) vs 159.7 � 17% (vehicle;
n � 3); p � 0.001] (Fig. 3B) at 14 d after
CCI in the RVM compared with vehicle
treatment.

In order to determine whether astro-
cytic inhibition by fluorocitrate function-
ally reduces cytokine production in the
RVM after CCI, we measured changes in
TNF-� and IL-1� protein levels in the
RVM. Fluorocitrate (100 fmol) totally pre-
vented CCI-induced enhancement of
TNF-� expression [86.3 � 27.5% (FC; n �
3) vs 241.3 � 30.1% (vehicle; n � 3); p �
0.001] (Fig. 3C) and IL-1� expression
[109.7 � 16.2% (FC; n � 3) vs 199 �
25.4% (vehicle; n � 3); p � 0.01] (Fig. 3D)
at 14 d in the RVM compared with vehicle
treatment. However, this dose of fluoroci-
trate did not affect the basal GFAP (Fig.
3A) and S100� (Fig. 3B) and TNF-� and
IL-1� protein levels in the RVM tissue at
14 d after a sham operation (Fig. 3C,D).

It was shown that intrathecal injection
of fluorocitrate (0.1–1 nmol) reduced
injury-induced elevation of CD11b ex-
pression in the spinal cord (Clark et al.,
2007; Sun et al., 2008), questioning its
preferential inhibition of astrocytic func-
tion. We examined the effect of fluoroci-
trate on microglial function in the RVM in
our model and with the low dose used to
study astrocytic function. The results
showed that fluorocitrate (100 fmol) did
not block tissue injury-induced enhance-
ment of CD11b expression [159 � 5%
(FC; n � 3) vs 153 � 3.93% (vehicle; n �
3); p � 0.05] (Fig. 3E) at 3 d in the RVM
tissues of sham-operated rats, and also did
not prevent nerve injury-induced eleva-
tion of CD11b expression [171.3 � 22.1%
(FC; n � 3) vs 168.3 � 16.3% (vehicle; n �
3); p � 0.05] (Fig. 3E) in the RVM at 3 d
after CCI. In contrast, the enhanced ex-
pression of CD11b in the RVM at 3 d after

sham operation or CCI was attenuated or abolished by MC (1
pmol) at 4 h after the microinjection (n � 3 per group; p � 0.05)
(Fig. 3E) compared with vehicle. Thus, our results suggest that
low doses of fluorocitrate could be used to locally and effectively
inhibit hyperactive astrocytes and their function without appar-
ent neuronal degeneration and microglial disruption in the
RVM.

Time course-dependent effects of glial inhibitors on allodynia
To identify participation of supraspinal glial hyperactivation in
the cellular mechanisms underlying the initiation and mainte-
nance of neuropathic pain, we tested the effects of selective dis-
ruption of glial metabolism by microinjection of single doses of
glial inhibitors into the RVM on mechanical hyperalgesia and
allodynia at early (3 d) and later time points (14 d) after CCI.

Figure 3. Western blot analysis shows inhibition of fluorocitrate on glial hyperactivation and functions. A, B, Microinjection of
fluorocitrate (FC�; 100 pmol) significantly inhibits enhanced expression of GFAP (A) and S100� (B) at 14 d after CCI-ION ( p �
0.05; n � 3 per group) but does not affect their expression at 14 d after sham operation, compared with vehicle treatment (�).
C, D, Fluorocitrate (100 pmol) significantly reverses upregulation of TNF-� (C) and IL-1� (D) at 14 d after CCI-ION ( p � 0.05; n �
3 per group) but does not change their expression at 14 d after sham operation, compared with vehicle treatment (�). E, There
are no effects of FC (100 pmol) on increases in CD11b expression at 3 d after sham operation and CCI-ION, compared with vehicle
(Veh) (n � 3 per group). However, the microglial inhibitor MC (1 pmol) attenuates or abolishes CD11b increase in the RVM at 3 d
after sham or CCI treatment. All asterisks indicate p � 0.05 when compared with the naive (n � 3 per group) in A–E. Error bars
indicate SEM.
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Propentofylline has been known to de-
press both microglial and astrocytic acti-
vation, reduce proinflammatory cytokine
release, and attenuate allodynia and hy-
peralgesia induced by nerve injury and in-
flammation when systemically or intrathe-
cally injected (S. M. Sweitzer et al., 2001;
Raghavendra et al., 2003a,b; Dorazil-
Dudzik et al., 2004; Tawfik et al., 2008).
The antiallodynic effect of propentofylline
is associated with a reduction of reactive
gliosis involving astroglia and microglia
(S. Sweitzer et al., 2001; Raghavendra et al.,
2003b; Sweitzer, 2006), which is consistent
with a role of propentofylline as a nonse-
lective glial modulator. Minocycline is a
semisynthetic tetracycline antibiotic with
a number of other properties distinct from
its antimicrobial action including neuro-
protection and antiinflammatory action
(Elewa et al., 2006). It has been used to
evaluate the involvement of microglia in
the development of neuropathic pain, and
has no direct action on astrocytes or neu-
rons (Tikka et al., 2001; Raghavendra et al.,
2003a; Ledeboer et al., 2005). Recent stud-
ies indicate that minocycline reduces mi-
croglial migration to cellular debris and
decreases microglial Kv1.3 expression
(Nutile-McMenemy et al., 2007).

We injected fluorocitrate, propentofyl-
line, and minocycline into the RVM of the
CCI and sham-operated rats at 3 and 14 d
after surgery. As shown in Figure 4, all
vehicle-treated CCI rats exhibited stable
and strong hypersensitivity in behavioral
tests (Fig. 4A–C). A single dose of PPF (10
pmol) had no effect on EF50 values in the
sham animals at 14 d after surgery (Fig.
4A, left). However, propentofylline (1
fmol, 100 fmol, and 10 pmol) significantly
attenuated mechanical hyperalgesia and
allodynia at 14 d after CCI in a dose-
dependent manner, lasting for 4 h or
longer (Fig. 4A, left). Similarly, at 3 d after
nerve injury, a high dose of propentofyl-
line (10 pmol) completely reversed hyper-
algesia and allodynia at least for 6 h, and
also transiently blocked moderate behav-
ioral hypersensitivity in sham-treated ani-
mals at 3 d (Fig. 4A, right). Although it had
no effect on EF50 values in the sham rats at
14 d, fluorocitrate (1 and 100 fmol) signif-
icantly attenuated mechanical hyperalge-
sia and allodynia to an extent similar to the
high dose of propentofylline at 14 d after
CCI, when compared with the vehicle-
treated CCI rats (Fig. 4B, left). Interest-
ingly, fluorocitrate at these doses did not
reverse hyperalgesia and allodynia ob-
served at 3 d after CCI (Fig. 4B, right).
Fluorocitrate did produce a trend toward
inhibition of behavioral hypersensitivity at

Figure 4. The different effect of glial inhibitors (propentofylline, fluorocitrate, and minocycline) on behavioral hyperalgesia/
allodynia at early (3 d) and later (14 d) time points after CCI-ION. At posttreatment, the glial inhibitor propentofylline (A), the
selective astrocytic inhibitor fluorocitrate (B), and the microglial inhibitor minocycline (C) are microinjected into the RVM at 3 d
(right column) and 14 d (left column) after sham operation or CCI-ION. The dose-dependent effects of the glial inhibitors on
behavioral hyperalgesia/allodynia are measured at 14 d after the surgery. An effective high dose of the inhibitor is then used for
behavioral observation at the 3 d time point. Vehicles are microinjected as a control. A, PPF (1 fmol, 100 fmol, and 10 pmol)
produces a dose-dependent attenuation of CCI-induced mechanical hyperalgesia and allodynia at 14 d, persistent for 4 –24 h
compared with vehicle microinjection in CCI rats (left). High-dose propentofylline (10 pmol) has no effect on EF50 values at 14 d
in sham rats (left). This dose of propentofylline transiently blocks moderate hyperalgesia and allodynia at 3 d compared with
vehicle in sham-operated rats (right), and also significantly abolishes mechanical allodynia at 3 d after CCI compared with vehicle
in CCI rats (right). B, Two doses of FC (1 and 100 fmol) after microinjection into the RVM significantly attenuate hyperalgesia and
allodynia similarly at least for 6 h, compared with vehicle treatment at 14 d in CCI rats (left). High dose of fluorocitrate (100 fmol)
has no effect on EF50 values at 14 d in sham rats (left). However, fluorocitrate (100 fmol) does not prevent CCI-induced behavioral
hypersensitivity to mechanical stimulation at 3 d after CCI or sham operation (right). C, In contrast, microinjection of MC (1 pmol)
into the RVM significantly reduces hyperalgesia and allodynia for 6 h at 3 d after CCI-ION compared with vehicle treatment in CCI
rats, and also transiently blocks sham operation-induced mechanical hypersensitivity (right). Lower dose of minocycline (10 fmol)
induced a slight and short-lasting inhibition for CCI-induced allodynia (right). The two doses of minocycline have no effect on
CCI-induced hyperalgesia and allodynia at 14 d (left). Also, there are no changes in EF50 values after minocycline (1 pmol) injection
at 14 d after sham-operated rats. *** , ###p�0.001; **p�0.01; * , #,ˆ p�0.05 versus CCI plus vehicle in left. ***p�0.001, *p�
0.05, CCI plus drug versus CCI plus vehicle in right. #p � 0.05, sham plus drug versus sham plus vehicle in right. Error bars indicate
SEM.
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3 d in sham animals when compared with the vehicle-treated
sham rats (Fig. 4B, right). In contrast, minocycline (1 pmol)
produced inhibition of behavioral hyperalgesia and allodynia,
which persisted over the 6 h observation period, at 3 d (Fig. 4C,
right) but not 14 d (Fig. 4C, left) after CCI-ION. This dose of
minocycline also transiently and significantly attenuated the
moderate hyperalgesia and allodynia induced by sham operation
at 3 d (Fig. 4C, right). These results support our hypothesis that
the development of neuropathic pain behavior in CCI-ION rats
involves glial hyperactivation in the RVM. In combination with
the immunohistochemistry and Western blot results, our behav-

ioral analysis further suggests that persis-
tent astrocytic hyperactivation in the RVM
contributes to mechanisms underlying the
maintenance of neuropathic pain after
nerve injury. These results also suggest
that the initiation of behavioral hyperalge-
sia and allodynia in the CCI-ION rats pri-
marily depends on cellular mechanisms
relevant to microglial reaction in the RVM
after nerve injury and tissue injury. It is
known that minocycline interferes with
the activity of matrix metalloproteinases 2
and 9 (MMP-2 and MMP-9) (Machado et
al., 2006), which are a family of zinc-
dependent proteases responsible for extra-
cellular matrix turnover and degradation
of bioactive proteins. MMP-2 and MMP-9
have been found in dorsal root ganglion
neurons and satellite cells and are involved
in induction and maintenance of neuro-
pathic pain through IL-1� cleavage and
glial hyperactivation at the spinal cord
(Kawasaki et al., 2008). Although the dis-
tribution of MMPs in the RVM and their
regulation after nerve injury are not
known, we cannot exclude the possible ef-
fect of minocycline on glial function via
MMPs and other factors in the RVM.

Enhanced expression of cytokines in
RVM astrocytes after nerve injury
On hyperactivation, astrocytes and micro-
glia increase expression and secretion of
proinflammatory cytokines, such as
TNF-� and IL-1�. These cytokines have
been shown to increase synaptic efficacy in
the hippocampus (Woolf and Salter, 2000;
Beattie et al., 2002; Viviani et al., 2003;
Perea and Araque, 2006, 2007) and con-
tribute to neuronal hypersensitivity in spi-
nal dorsal horn (DeLeo and Yezierski,
2001; Sommer and Kress, 2004; Marchand
et al., 2005; Watkins et al., 2007). Hence we
next examined whether astrocytic hyper-
activation during the development of neu-
ropathic pain is accompanied by an in-
crease in cytokine levels in the RVM.
Western blots showed that the expression
of TNF-� and IL-1� in the RVM tissues
was significantly upregulated by 58 and
62%, respectively, at 14 d after CCI com-
pared with sham-operated animals ( p �

0.05; n � 3 per group) (Fig. 5A). An increase of TNF-� and IL-1�
immunostaining in the RVM cells was found after CCI-ION (n �
6) (Fig. 5B). To verify the source of cells expressing these cytokines,
double labeling was performed and showed that both TNF-� IR and
IL-1� IR were colocalized with GFAP IR but not NeuN IR in RVM
cells at 14 d after CCI-ION (Fig. 5C,D). We did not find coexpression
of the cytokines with CD11b (data not shown), possibly because of
the very few hyperactivated microglia seen at 14 d. These results
suggest that hyperactivated astrocytes are a primary source of the
increased TNF-� and IL-1� in the RVM in the maintenance of neu-
ropathic pain at 14 d after nerve injury.

Figure 5. Enhanced expression of TNF-� and IL-1� in the RVM at 14 d after CCI-ION. A, Western blots illustrating that the levels
of TNF-� (left) and IL-1� (right) are increased in the RVM in CCI-ION rats compared with sham-operated rats (*p � 0.05; n � 3
per group). The anti-TNF-� antibody identifies both the transmembrane TNF-� precursor (26 kDa) and matured TNF-� (17 kDa).
Both TNF-� precursor and matured TNF-� exhibit an increase in the RVM at 14 d after CCI-ION. Error bars indicate SEM. B,
Immunostaining of TNF-� and IL-1� in RVM. a, d, Low power of a tissue section at the rostral medulla level. b, e, Enlarged RVM
region corresponds to the rectangle area in a and d, respectively. Compared with naive rats (b, e), there is an increase in TNF-� IR
and IL-1� IR in RVM at 14 d after CCI-ION (c, f ). The arrowheads indicate positively labeled cells. C, RVM tissue sections at 14 d after
CCI are double stained for TNF-� (a, d; red) and GFAP (b; green) or NeuN (e; green). The arrowheads indicate positively labeled
cells. Overlap of a and b reveals that the TNF-� IR is colocalized with GFAP IR in RVM cells (c; yellow, arrows), suggesting its
presence in astrocytes. Overlap of d and e shows a lack of TNF-� in RVM neurons (f ). D, RVM tissue sections were double stained
for IL-1� (a, d; red) and GFAP (b; green) or NeuN (e; green). The arrowheads indicate positively labeled cells. Overlap of a and b
reveals that the IL-1�-labeled cells are GFAP immunoreactive in RVM (c; yellow, arrows), suggesting its presence in astrocytes.
Overlap of d and e shows a lack of IL-1� IR in these RVM neurons (f ). Scale bars: Ba,d, 0.1 mm; Bb,c,e,f, 0.03 mm; C, D, 0.03 mm.
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Increased expression of cytokine
receptors in RVM neurons after
nerve injury
As a possible mechanism of glial–neuronal
interaction, we wanted to know whether
cytokine receptors were distributed in
RVM neurons as a link between astrocytes
and neurons and if these receptors were
upregulated in the RVM after trigeminal
nerve injury. Immunostaining showed
stronger expression of TNFR1, receptor
for TNF-�, and IL-1RI, receptor for IL-1�,
in the RVM at 14 d after CCI (Fig. 6Aa,b,
Ca,b, respectively) compared with naive
and sham-operated animals (data not
shown). Double labeling indicated that
TNFR1 IR and IL-1RI IR were primarily
localized in RVM neurons (Fig. 6A,C).
Western blot showed that the levels of
TNFR1 and IL-1RI were significantly in-
creased at 14 d after CCI when compared
with naive and sham-operated rats ( p �
0.05; n � 3 per group) (Fig. 6B,D). These
data demonstrate enhanced expression of
cytokine receptors for TNF-� for IL-1� in
the RVM neurons during maintenance of
neuropathic pain.

Cytokine receptor activation is linked to
phosphorylation of NMDARs and
mechanical allodynia after nerve injury
We have shown that glutamate receptor
subunit NMDARs are widely expressed
in rat RVM neurons and are upregulated and phosphorylated
in the RVM after tissue injury, contributing to thermal hyper-
algesia and mechanical allodynia after peripheral inflamma-
tion (Guan et al., 2002; Guo et al., 2006). To provide morpho-
logical evidence that supports the interactions between glia/
cytokines and neuronal glutamate receptors, we performed
double immunostaining. The results showed that cytokine re-
ceptors TNFR1 and IL-1RI colocalized with NR1 expression, a
principal component of NMDARs in RVM neurons at 14 d
after CCI-ION (n � 4) (Fig. 7 A, B), similar to the distribution
pattern from untreated rats (data not shown). To examine
whether CCI-ION also induces NMDAR activation, the phos-
phorylation levels of the NMDAR subunit NR1 were measured
in RVM tissues. As shown in Figure 7C, the immunostaining
against pNR1ser896 was clearly increased by twofold ( p �
0.001; n � 3) at 14 d after CCI-ION compared with the sham-
operated (data not shown) and naive rats (n � 3).

To further explore whether astrocytic hyperactivation and
consequent secretion of cytokines contributes to NMDAR acti-
vation, we examined the effect of local application of fluorocitrate
on increased expression of pNR1 produced by nerve injury.
Western blot showed that the increased pNR1ser896 was blocked
by fluorocitrate (100 fmol) at 2 h after microinjection into the
RVM at 14 d after CCI-ION ( p � 0.01; n � 3) compared with
vehicle treatment (n � 3) (Fig. 7D), whereas the same dose of
fluorocitrate had no effect on pNR1 expression in sham rats (n �
3) (Fig. 7D). Moreover, the CCI-induced enhancement of pNR1
was also completely eliminated by the soluble anti-TNFR1 IgG, a
biological sequester for endogenous TNF-� [TNFR/Fc (T/Fc); 50
fmol; n � 3; p � 0.05] (Fig. 7E) and IL-1ra, an IL-1RI antagonist

(3 pmol; p � 0.05; n � 3) (Fig. 7F) at 2 h after intra-RVM
injections, compared with vehicle injections (n � 3). We did not
detect any effects of the immune agents on pNR1 expression in
the RVM tissue in sham-operated rats ( p � 0.05; n � 3 each
group) (Fig. 7E,F), when compared with that in naive animals
(n � 3). These results suggest that NMDAR activation in the
RVM after CCI is facilitated by the activation of RVM astrocytes
and the cytokine receptors for TNF-� and IL-1� during the
maintenance of neuropathic pain.

To examine whether NMDARs and the cytokine receptors
TNFR1 and IL-1RI contribute to CCI-induced mechanical hy-
peralgesia and allodynia, we injected the receptor antagonists
into the RVM at 14 d after nerve injury. MK801 (10 pmol), an
NMDAR channel blocker, did not affect baseline EF50 values in
sham-treated rats (n � 6) (Fig. 7G); however, it significantly
attenuated mechanical hyperalgesia and allodynia after CCI at
least for 6 h (n � 6; p � 0.05) (Fig. 7G). The posttreatment with
TNFR/Fc (50 fmol) or IL-1ra (3 pmol) in the RVM also tempo-
rally reversed behavioral hypersensitivity to a similar extent in the
CCI rats but did not alter EF50 values recorded in sham rats (Fig.
7H). The microinjection of these compounds into the facial nu-
cleus near the RVM in CCI-ION rats did not disrupt the devel-
opment of behavioral hypersensitivity (data not shown), suggest-
ing that the inhibitory effects of the receptor antagonists on CCI-
induced hypersensitivity indeed occurred in the RVM but not the
surrounding regions. Thus, we have demonstrated the involve-
ment of RVM NMDAR activation in CCI-induced hyperalgesia/
allodynia and its dependence on local astrocytic hyperactivation
and cytokine release.

Figure 6. Enhanced expression of cytokine receptors for TNF-� and IL-1� in RVM neurons at 14 d after CCI-ION. A, C, Immu-
nostaining shows distribution of TNFR1 (A; red) and IL-1RI expression (B; red) in low power of a tissue section at the rostral
medulla level (a) and enlarged RVM region (b) corresponding to the small rectangle area in a. The arrowheads in b and c indicate
single-labeled neurons. Double labeling shows TNFR1-labeled (Ab) and IL-1RI-labeled cells (Cb) are immunoreactive to NeuN (Ac,
Cc; green), suggesting their expression in the RVM neurons (Ad, Cd; arrows). B, D, Western blots illustrating that the levels of
TNFR1 (B) and IL-1RI (D) are increased in the RVM tissues at 14 d in CCI-ION rats compared with sham-operated rats ( p � 0.05;
n � 3 per group). *p � 0.05 versus naive in B and D. Scale bars: Aa, Ca, 0.1 mm; Ab– d, Cb– d, 0.03 mm. Error bars indicate SEM.

10490 • J. Neurosci., October 15, 2008 • 28(42):10482–10495 Wei et al. • Glia in Descending Facilitation of Pain



Intra-RVM exogenous TNF-� and IL-1� produce NMDAR
activation and NMDAR-dependent descending facilitation
To test whether the cytokines directly increase NMDAR function
and are implicated in descending pain facilitation, we microin-
jected recombinant rat TNF-� (rTNF-�) and IL-1� (rIL-1�) into
the RVM of normal rats and further evaluated their effects on
local pNR1 expression and mechanical nociception (Fig. 8). In
comparison with vehicle, both exogenous rTNF-� (120 fmol)
and rIL-1� (120 fmol) produced a significant upregulation of

NR1 ser896 phosphorylation (by 1.8-fold
and 1.71-fold, respectively; p � 0.05; n � 4
per group) at 2 h after microinjections
(Fig. 8A). The cytokine-induced pNR1 in-
crease was completely blocked by pretreat-
ment with the NMDAR antagonist MK801
(10 pmol; p � 0.05; n � 4 per group) (Fig.
8A), suggesting that in addition to activat-
ing cytokine receptors at postsynaptic
sites, these cytokines may enhance gluta-
mate release from presynaptic terminals
and glia. Finally, we examined the effects
of exogenous cytokines on mechanical no-
ciceptive thresholds (Fig. 8B,C). A single
dose of rTNF-� (120 fmol) in the RVM
produced behavioral hyperalgesia and al-
lodynia, as indicated by a significant re-
duction of EF50 values ( p � 0.05; n � 8)
compared with vehicle injection (n � 5)
(Fig. 8B). The rTNF-�-produced effect on
EF50 began at 30 min and lasted for at least
4 h. Microinjection of rIL-1� (120 fmol)
produced a similar descending facilitation
to a lesser extent (Fig. 8C). The hyperalge-
sic/allodynic effects of these cytokines
were completely blocked by pretreatment
with MK801 (10 pmol; n � 5– 8). MK801
alone did not affect EF50 values in normal
rats (n � 5) (Fig. 8B). Thus, these results
further confirm that the regulation of
NMDAR activation by locally elevated cy-
tokines TNF-� and IL-1� induces hyper-
excitability in RVM neurons and contrib-
utes to NMDAR-dependent descending
facilitation of hyperalgesia and allodynia.

Discussion
In the present study, we observed early mi-
croglial hyperactivation at 1–3 d after CCI-
ION, followed by a prolonged astrocytic
hyperactivation in the RVM lasting at least
for 28 d, with a peak expression at 14 d. As
expected, inhibition of local glial hyperac-
tivation in the RVM using propentofylline
significantly attenuated mechanical hy-
peralgesia/allodynia at both 3 and 14 d af-
ter nerve injury. Interestingly, microinjec-
tion of the microglial inhibitor
minocycline in the RVM blocked CCI-
induced hyperalgesia/allodynia at the early
phase (3 d) but not the later phase (14 d).
In contrast, fluorocitrate, when used at
lower doses in the RVM, only attenuated
behavioral hypersensitivity at the later
phase. Consistent with our finding, studies

with disruption of spinal microglial function by intrathecal injec-
tion or local application of minocycline suggest that spinal mi-
croglial hyperactivation is required for the initiation, but not the
maintenance of nerve injury-induced hyperalgesia (Ledeboer et
al., 2005) and evoked neuronal activity in the spinal dorsal horn
(Owolabi and Saab, 2006). Similar to CCI-ION-induced glial re-
action in the RVM and behavioral hypersensitivity, microglial
hyperactivation preceding astrocytic hyperactivation is also ob-

Figure 7. The effect of cytokine inhibitors on NMDAR subunit NR1 phosphorylation in the RVM and behavioral hyperalgesia
and allodynia at 14 d after CCI-ION. A, B, Double immunostaining shows colocalization of TNFR1 (Ab; red) or IL-1RI (Bb; red) with
NR1 (Ac, Bc; green) in RVM neurons. Overlay of b and c reveals double labeling of RVM neurons with TNFR1/NR1 (Ad; yellow-
orange) or IL-1RI/NR1 (Bd; yellow-orange). Note colocalization of these receptors with NR1 in the cell membrane. C, Compared
with naive rats, the level of pNR1ser896 is increased at 14 d after CCI-ION ( p � 0.001; n � 3 per group). D, The increased
pNR1ser896 is totally blocked by intra-RVM microinjection of astrocytic inhibitor FC (100 fmol) compared with naive and sham-
operated rats (n � 3 per group). E, F, Neutralizing endogenous TNF-� and IL-1� in the RVM using TNFR1/Fc (T/Fc) (50 fmol) (E)
and IL-1ra (3 pmol) (F ), respectively, blocks CCI-induced increase in pNR1 expression in the RVM at 14 d after CCI-ION compared
with sham treatment ( p � 0.05; n � 3 per group). No effect of these inhibitors on basal pNR1 expression is observed in
sham-operated rats compared with naive rats (n � 3). G, Microinjection of NMDAR channel blocker MK801 (10 pmol) into the
RVM abolishes CCI-induced mechanical hyperalgesia and allodynia compared with vehicle (Veh) injection at 14 d after CCI-ION. H,
No effect of intra-RVM TNFR1/Fc (50 fmol) and IL-1ra (3 pmol) on basal mechanical threshold is observed in sham-operated rats
compared with naive rats. However, these doses of TNFR1/Fc and IL-1ra attenuate CCI-ION-induced hyperalgesia/allodynia for
4 – 6 h after microinjection compared with vehicle treatment in CCI rats. D–F, **p � 0.01; *p � 0.05 versus naive;
G, H, *** , ###p � 0.001; ** , ##p � 0.01; * , #p � 0.05 versus CCI plus vehicle. Scale bars: Aa, Ba, 0.015 mm; Ab– d, Bb– d, 0.005
mm. Error bars indicate SEM.
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served in the spinal cord after inflammation (Raghavendra et al.,
2004) and nerve injury (Kawasaki et al., 2008). In addition, recent
evidence suggests that the prolonged reaction of astrocytes in the
spinal cord plays an important role in maintaining neuropathic
pain (Tanga et al., 2006; Zhuang et al., 2006; Kawasaki et al.,
2008). Our data further support an important role of RVM mi-
croglia in the initiation phase and astrocytes in maintaining me-
chanical hyperalgesia/allodynia after nerve injury. Although su-
praspinal glial hyperactivation and cytokine expression had been
found after injury (Raghavendra et al., 2004; Apkarian et al.,
2006), no studies have investigated the possibility that they are
involved in mechanisms underlying descending modulation of
persistent pain. Thus, we provide the first evidence that a signal-
ing sequence from glial hyperactivation, cytokine release, and
glutamate receptor phosphorylation in the descending pain
modulatory circuitry contributes to the cellular and molecular
mechanisms of neuropathic pain.

On glial activation, cytokines including TNF-� and IL-1� are
secreted from glial cells and modulate neuronal activity as chem-
ical mediators between glia and neurons. Specifically, TNF-� and
IL-1� signaling have been shown to facilitate central glutamate
transmission and potentiate synaptic strength (Beattie et al.,
2002; Viviani et al., 2003; Pickering et al., 2005; Yang et al., 2005).
The current literature implicates an important role of TNF-� and
IL-1� in the peripheral nerve (Zelenka et al., 2005), the spinal
cord (Ferreira et al., 1988; Lindenlaub et al., 2000; S. M. Sweitzer
et al., 2001; Ohtori et al., 2004), or the trigeminal nucleus (Guo et
al., 2007) in the genesis or maintenance of persistent pain de-
pending on locally enhanced NMDAR functions (Bursztajn et al.,
2004; Guo et al., 2007; Zhang et al., 2008). Our study further
shows that the sustained elevation of TNF-� and IL-1� in the
RVM occurred at 14 d after CCI. More importantly, the use of
antagonists for TNF-� receptor and IL-1� receptor neutralize the
action of these endogenous cytokines in the RVM and greatly
attenuate mechanical hyperalgesia and allodynia at 14 d after
CCI. Therefore, these data suggest that secreted TNF-� and IL-1�
on astrocytic hyperactivation in the RVM are involved in su-
praspinal mechanisms related to the maintenance of neuropathic
pain.

NMDAR-containing neurons are widely distributed in the
RVM, and NMDAR-dependent descending pain facilitation con-
tributes to the development of hyperalgesia after injury (Guo et
al., 2006). We have now shown colocalization of cytokine recep-
tors TNFR1 and IL-1RI with the NMDAR subunit NR1 in RVM
neurons. Neutralizing these cytokines also completely blocked
CCI-induced NR1 phosphorylation. Furthermore, recombinant
TNF-� and IL-1� induced robust increases in NR1 phosphory-
lation in the RVM. Thus, TNF-� and IL-1� associated with glial
hyperactivation may affect NMDAR function, similar to other
gliotransmitters including chemokines, ATP, and nitric oxide
(Pickering et al., 2005; Perea and Araque, 2006, 2007). Coupling
of cytokine receptors to the NMDAR may involve several steps.
Indeed, recent evidence indicates that intracellular signaling
pathways related to Src family tyrosine kinase, PKC (protein ki-
nase C), extracellular signal-regulated kinases (ERKs), PSD-95
(postsynaptic density-95), phospholipase C, and phospholipase
A2 contribute to IL-1�-induced NMDAR phosphorylation (Vivi-
ani et al., 2003, 2006; Guo et al., 2007). Activation of intracellular
signaling pathways involving neuronal pERK and glial p38
mitogen-activated protein (MAP) kinases in dorsal root gan-
glion, spinal dorsal horn, and the RVM contribute importantly to
synaptic plasticity in central sensitization and the development of
persistent pain (Zhuang et al., 2005; Katsura et al., 2006; Wei et

Figure 8. Intra-RVM rTNF-� and rIL-1� enhance pNR1 levels and produce descending pain
facilitation in normal rats. A, Microinjection of rTNF-� (120 fmol) and rIL-1� (120 fmol) into the
RVM enhances expression of pNR1ser896 in the RVM tissue compared with baseline levels in
naive rats ( p � 0.05; n � 4 per group). Pretreatment of an NMDAR channel blocker MK801
(�) (n � 4) completely prevents rTNF-�- and rIL-1�-induced increase in pNR1 compared
with vehicle treatment (�). RVM tissues are collected at 2 h after microinjection of the recom-
binant agents into the RVM. B, Mechanical sensitivity of the skin is assessed after microinjection
of rTNF-�. The behavioral hyperalgesia and allodynia develops and lasts for 4 h after microin-
jection of rTNF-� (120 fmol) as indicated by a reduction of EF50 values ( p � 0.05). Pretreat-
ment of MK801 (10 pmol) significantly abolishes rTNF-�-produced mechanical hypersensitivity
compared with vehicle plus rTNF-�. C, Microinjection of rIL-1� (120 fmol) results in a signifi-
cant reduction of EF50 values for 2 h ( p � 0.05), which is prevented by pretreatment with
MK801. *p � 0.05, rTNF-� or rIL-1� versus vehicle injection. Error bars indicate SEM.
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al., 2006; Imbe et al., 2007, 2008; Kawasaki et al., 2008). We
hypothesize that the secreted TNF-� and IL-1� enhance phos-
phorylation of NMDARs by binding to their respective receptors
expressed on NMDAR-containing neurons and trigger the intra-
cellular signaling cascades. In addition, both TNF-� and IL-1�
also potentiate presynaptic glutamate signaling (Beattie et al.,
2002; Viviani et al., 2003; Pickering et al., 2005). Collectively,
cytokine TNF-� and IL-1� signaling mediates communication
from glial hyperactivation to neuronal hyperexcitability in the
RVM by coincidently promoting NMDARs and amplifying glu-
tamate signaling. Such supraspinal glial– cytokine–neuronal in-
teractions may be critical for the development of descending pain
facilitation of neuropathic pain. The role of the MAP kinase sig-
naling cascades in RVM glial cells and neurons in the pathogen-
esis of neuropathic pain also requires further study.

The present study demonstrated that nerve injury induced
upregulation of TNFR1 and IL-1RI and enhanced phosphoryla-
tion of NR1 in RVM, and that microinjection of TNF-� and
IL-1� in the RVM of normal rats evoked NMDAR-dependent
descending pain facilitation, suggesting that descending facilita-
tion may originate from hyperactivity of RVM neurons that ex-
press these cytokine receptors and NMDARs. However, the phys-
iological properties of these RVM neurons are unknown. In the
RVM, three populations of neurons have been identified based
on the correlation of their action potential firing rates with no-
cifensive responses (Fields et al., 1991). On-cells are thought to
promote nociception, whereas off-cells to inhibit nociception.
Although the role of neutral cells remains unknown, studies sug-
gest that they might be involved in pain modulation after inflam-
mation (Montagne-Clavel and Oliveras, 1994; Miki et al., 2002).
We now know that there are parallel descending facilitatory and
inhibitory systems modulating spinal nociceptive transmission
(Millan, 2002; Gebhart, 2004; Dubner, 2006). After tissue and
nerve injury, not only the enhanced descending facilitation par-
allels enhanced descending inhibition from the RVM, but also the
net facilitatory may become dominant, resulting in behavioral
hyperalgesia and allodynia (Porreca et al., 2002). Although le-
sions of cells expressing �-opioid receptors with dermorphin–
saporin conjugate in the RVM do reverse later maintenance of
hyperalgesia (Porreca et al., 2001; Burgess et al., 2002), �-opioid
receptors are found not only on on-cells (Heinricher et al., 1992),
but also are located on serotonergic cells (Kalyuzhny et al., 1996)
that are considered to be neutral cells in the RVM. Evidence also
indicates that the majority of spinally projecting serotonergic
neurons in the RVM respond to �-receptor agonists (Marinelli et
al., 2002; Zhang et al., 2006). At present, it is still difficult to
attribute the net effect of descending modulation to a single class
of RVM neuronal activity.

It is important to address the finding that fluorocitrate may
lead to neuronal damage after application with large doses into
cell cultures (Hassel et al., 1995), brain slices (Stone et al., 1990),
or in vivo brain tissue (Paulsen et al., 1987; Hornfeldt and Larson,
1990; Largo et al., 1996) and even induces animal seizures (Wil-
loughby et al., 2003). One reason may be that astrocytic inhibi-
tion may lead to accumulation of extracellular glutamate in the
CNS (Conti and Weinberg, 1999). We examined possible neuro-
nal damage induced by microinjection of fluorocitrate, and ob-
served that fluorocitrate caused neuronal apoptosis and glial ne-
crosis in the RVM in a dose-dependent manner, which occurred
only when high doses (10 pmol) were used. Consistent with the
present study, Fonnum et al. (1997) have reported that low doses
of fluorocitrate result in selective and reversible glial disruption
in the striatum, without any ultrastructural evidence of neuronal

damage at synaptic sites. In our experiment, the lower doses of
fluorocitrate (100 fmol) did not cause cell damage and also had
no effect on function of astrocytes in the RVM of normal animals;
however, the lower doses completely abolished upregulation of
GFAP, S100�, TNF-�, and IL-1� levels in the RVM and mechan-
ical hypersensitivity at 14 d after CCI. These findings verify that
fluorocitrate inhibits CCI-induced astrocytic hyperactivity at low
doses after focal application in vivo. Interestingly, long-lasting
hyperactivation of astrocytes paralleled an initial upregulation of
glutamate transporter-1 (GLT-1) that is expressed predomi-
nantly in astrocytes in the spinal cord at 1–3 d, and downregula-
tion of spinal GLT-1 at 7–14 d after nerve injury (Sung et al.,
2003; Tawfik et al., 2008; Wang et al., 2008). Propentofylline
prevented the decrease in astrocytic GLT-1 expression in the spi-
nal cord at 14 d after nerve injury (Tawfik et al., 2008). Future
studies are necessary to examine temporal changes in GLT-1 ex-
pression in the RVM after nerve injury and whether the glial
inhibitors change astrocytic GLT-1 expression after CCI-ION.

References
Apkarian AV, Lavarello S, Randolf A, Berra HH, Chialvo DR, Besedovsky

HO, del Rey A (2006) Expression of IL-1� in supraspinal brain regions
in rats with neuropathic pain. Neurosci Lett 407:176 –181.

Beattie EC, Stellwagen D, Morishita W, Bresnahan JC, Ha BK, Von Zastrow
M, Beattie MS, Malenka RC (2002) Control of synaptic strength by glial
TNFalpha. Science 295:2282–2285.

Bennett GJ, Xie YK (1988) A peripheral mononeuropathy in rat that pro-
duces abnormal pain sensation like those seen in man. Pain 33:87–107.

Burgess SE, Gardell LR, Ossipov MH, Malan TP Jr, Vanderah TW, Lai J,
Porreca F (2002) Time-dependent descending facilitation from the ros-
tral ventromedial medulla maintains, but does not initiate, neuropathic
pain. J Neurosci 22:5129 –5136.

Bursztajn S, Rutkowski MD, Deleo JA (2004) The role of the N-methyl-D-
aspartate receptor NR1 subunit in peripheral nerve injury-induced me-
chanical allodynia, glial activation and chemokine expression in the
mouse. Neuroscience 125:269 –275.

Clark AK, Gentry C, Bradbury EJ, McMahon SB, Malcangio M (2007) Role
of spinal microglia in rat models of peripheral nerve injury and inflam-
mation. Eur J Pain 11:223–230.

Conti F, Weinberg RJ (1999) Shaping excitation at glutamatergic synapses.
Trends Neurosci 22:451– 458.

DeLeo JA, Yezierski RP (2001) The role of neuroinflammation and neuro-
immune activation in persistent pain. Pain 90:1– 6.

DeLeo JA, Tanga FY, Tawfik VL (2004) Neuroimmune activation and neu-
roinflammation in chronic pain and opioid tolerance/hyperalgesia. Neu-
roscientist 10:40 –52.

Dorazil-Dudzik M, Mika J, Schafer MK, Li Y, Obara I, Wordliczek J, Prze-
włocka B (2004) The effects of local pentoxifylline and propentofylline
treatment on formalin-induced pain and tumor necrosis factor-alpha
messenger RNA levels in the inflamed tissue of the rat paw. Anesth Analg
98:1566 –1573.

Dubner R (2006) Descending modulatory circuitry in the initiation and
maintenance of neuropathic pain. In: Emerging strategies for treatment of
neuropathic pain (Campbell JN, Basbaum AI, Dray A, Dubner R, Dwor-
kin RH, Sang CN, eds), pp 123–138. Seattle: IASP.

Dubner R, Ren K (2004) Brainstem mechanisms of persistent pain follow-
ing injury. J Orofac Pain 18:299 –305.

Elewa HF, Hilali H, Hess DC, Machado LS, Fagan SC (2006) Minocycline
for short-term neuroprotection. Pharmacotherapy 26:515–521.

Ferreira SH, Lorenzetti BB, Bristow AF, Poole S (1988) Interleukin-1 as a
potent hyperalgesia agent antagonized by a tripeptide analogue. Nature
334:698 –700.

Fields HL, Heinricher MM, Mason P (1991) Neurotransmitters in nocicep-
tive modulatory circuits. Annu Rev Neurosci 14:219 –245.

Fields HL, Basbaum AI, Heinricher MM (2006) Central nervous system
mechanisms of pain modulation. In: Wall and Melzack’s textbook of pain,
Ed 5 (McMahon SB, Koltzenburg M, eds), pp 125–142. New York:
Elsevier Churchill Livingstone.

Fields RD, Stevens-Graham B (2002) New insights into neuron-glia com-
munication. Science 298:556 –562.

Wei et al. • Glia in Descending Facilitation of Pain J. Neurosci., October 15, 2008 • 28(42):10482–10495 • 10493



Fonnum F, Johnsen A, Hassel B (1997) Use of fluorocitrate and fluoroac-
etate in the study of brain metabolism. Glia 21:106 –113.

Gebhart GF (2004) Descending modulation of pain. Neurosci Biobehav Rev
27:729 –737.

Guan Y, Terayama R, Dubner R, Ren K (2002) Plasticity in excitatory amino
acid receptor-mediated descending pain modulation after inflammation.
J Pharmacol Exp Ther 300:513–520.

Guo W, Robbins MT, Wei F, Zou S, Dubner R, Ren K (2006) Supraspinal
brain-derived neurotrophic factor signaling: a novel mechanism for pain
facilitation. J Neurosci 26:126 –137.

Guo W, Wang H, Watanabe M, Shimizu K, Zou S, LaGraize SC, Wei F,
Dubner R, Ren K (2007) Glial-cytokine-neuronal interactions underly-
ing the mechanisms of persistent pain. J Neurosci 27:6006 – 6018.

Hassel B, Westergaard N, Schousboe A, Fonnum F (1995) Metabolic differ-
ences between primary cultures of astrocytes and neurons from cerebel-
lum and cerebral cortex. Effects of fluorocitrate. Neurochem Res
20:413– 420.

Heinricher MM, Morgan MM, Fields HL (1992) Direct and indirect actions
of morphine on medullary neurons that modulate nociception. Neuro-
science 48:533–543.

Hirose S, Umetani Y, Amitani M, Hosoi R, Momosaki S, Hatazawa J, Gee A,
Inoue O (2007) Role of NMDA receptors in the increase of glucose me-
tabolism in the rat brain induced by fluorocitrate. Neurosci Lett
415:259 –263.

Hornfeldt CS, Larson AA (1990) Seizures induced by fluoroacetic acid and
fluorocitrate may involve chelation of divalent cations in the spinal cord.
Eur J Pharmacol 179:307–313.

Imamura Y, Kawamoto H, Nakanishi O (1997) Characterization of heat-
hyperalgesia in an experimental trigeminal neuropathy in rats. Exp Brain
Res 116:97–103.

Imbe H, Okamoto K, Aikawa F, Kimura A, Donishi T, Tamai Y, Iwai-Liao Y,
Senba E (2007) Effects of peripheral inflammation on activation of p38
mitogen-activated protein kinase in the rostral ventromedial medulla.
Brain Res 1134:131–139.

Imbe H, Kimura A, Okamoto K, Donishi T, Aikawa F, Senba E, Tamai Y
(2008) Activation of ERK in the rostral ventromedial medulla is involved
in hyperalgesia during peripheral inflammation. Brain Res 1187:103–110.

Kalyuzhny AE, Arvidsson U, Wu W, Wessendorf MW (1996) Mu-opioid
and delta-opioid receptors are expressed in brainstem antinociceptive
circuits: studies using immunocytochemistry and retrograde tract-
tracing. J Neurosci 16:6490 – 6503.

Katsura H, Obata K, Mizushima T, Sakurai J, Kobayashi K, Yamanaka H, Dai
Y, Fukuoka T, Sakagami M, Noguchi K (2006) Activation of Src-family
kinases in spinal microglia contributes to mechanical hypersensitivity
after nerve injury. J Neurosci 26:8680 – 8690.

Kawasaki Y, Xu ZZ, Wang X, Park JY, Zhuang ZY, Tan PH, Gao YJ, Roy K,
Corfas G, Lo EH, Ji RR (2008) Distinct roles of matrix metalloproteases
in the early- and late-phase development of neuropathic pain. Nat Med
14:331–336.

Kitagawa J, Takeda M, Suzuki I, Kadoi J, Tsuboi Y, Honda K, Matsumoto S,
Nakagawa H, Tanabe A, Iwata K (2006) Mechanisms involved in mod-
ulation of trigeminal primary afferent activity in rats with peripheral
mononeuropathy. Eur J Neurosci 24:1976 –1986.

Kovelowski CJ, Ossipov MH, Sun H, Lai J, Malan TP, Porreca F (2000)
Supraspinal cholecystokinin may drive tonic descending facilitation
mechanisms to maintain neuropathic pain in the rat. Pain 87:265–273.

Largo C, Cuevas P, Somjen GG, Martín del Río R, Herreras O (1996) The
effect of depressing glial function in rat brain in situ on ion homeostasis,
synaptic transmission, and neuron survival. J Neurosci 16:1219 –1229.

Ledeboer A, Sloane EM, Milligan ED, Frank MG, Mahony JH, Maier SF,
Watkins LR (2005) Minocycline attenuates mechanical allodynia and
proinflammatory cytokine expression in rat models of pain facilitation.
Pain 115:71– 83.

Ledeboer A, Mahoney JH, Milligan ED, Martin D, Maier SF, Watkins LR
(2006) Spinal cord glia and interleukin-1 do not appear to mediate per-
sistent allodynia induced by intramuscular acidic saline in rats. J Pain
7:757–767.

Lindenlaub T, Teuteberg P, Hartung T, Sommer C (2000) Effects of neutral-
izing antibodies to TNF-alpha on pain-related behavior and nerve regen-
eration in mice with chronic constriction injury. Brain Res 866:15–22.

Machado LS, Kozak A, Ergul A, Hess DC, Borlongan CV, Fagan SC (2006)

Delayed minocycline inhibits ischemia-activated matrix metalloprotein-
ases 2 and 9 after experimental stroke. BMC Neurosci 7:56.

Marchand F, Perretti M, McMahon SB (2005) Role of the immune system in
chronic pain. Nat Rev Neurosci 6:521–532.

Marinelli S, Vaughan CW, Schnell SA, Wessendorf MW, Christie MJ (2002)
Rostral ventromedial medulla neurons that project to the spinal cord
express multiple opioid receptor phenotypes. J Neurosci 22:10847–10855.

Miki K, Zhou QQ, Guo W, Guan Y, Terayama R, Dubner R, Ren K (2002)
Changes in gene expression and neuronal phenotype in brainstem pain
modulatory circuitry after inflammation. J Neurophysiol 87:750 –760.

Millan MJ (2002) Descending control of pain. Prog Neurobiol 66:355– 474.
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