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Altered Expression and Uptake Activity of Spinal Glutamate
Transporters after Nerve Injury Contribute to the
Pathogenesis of Neuropathic Pain in Rats

Backil Sung, Grewo Lim, and Jianren Mao
Massachusetts General Hospital Pain Center, Department of Anesthesia and Critical Care, Massachusetts General Hospital and Harvard Medical School,
Boston, Massachusetts 02114

The central glutamatergic system has been implicated in the pathogenesis of neuropathic pain, and a highly active central glutamate
transporter (GT) system regulates the uptake of endogenous glutamate. Here we demonstrate that both the expression and uptake activity
of spinal GTs changed after chronic constriction nerve injury (CCI) and contributed to neuropathic pain behaviors in rats. CCl induced an
initial GT upregulation up to at least postoperative day 5 primarily within the ipsilateral spinal cord dorsal horn, which was followed by
a GT downregulation when examined on postoperative days 7 and 14 by Western blot and immunohistochemistry. Intrathecal adminis-
tration of the tyrosine kinase receptor inhibitor K252a and the mitogen-activated protein kinase inhibitor PD98059 for postoperative
days 1-4 reduced and nearly abolished the initial GT upregulation in CCI rats, respectively. Prevention of the CCI-induced GT upregu-
lation by PD98059 resulted in exacerbated thermal hyperalgesia and mechanical allodynia reversible by the noncompetitive NMDA
receptor antagonist MK-801, indicating that the initial GT upregulation hampered the development of neuropathic pain behaviors.
Moreover, CCI significantly reduced glutamate uptake activity of spinal GTs when examined on postoperative day 5, which was prevented
by riluzole (a positive GT activity regulator) given intrathecally twice a day for postoperative days 1- 4. Consistently, riluzole attenuated
and gradually reversed neuropathic pain behaviors when the 4 d riluzole treatment was given for postoperative days 1-4 and 5-8,
respectively. These results indicate that changes in the expression and glutamate uptake activity of spinal GTs may play a critical role in
both the induction and maintenance of neuropathic pain after nerve injury via the regulation of regional glutamate homeostasis, a new
mechanism relevant to the pathogenesis of neuropathic pain.
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Introduction

Peripheral nerve injury could result in neuropathic pain syn-
dromes, including hyperalgesia, allodynia, and spontaneous
pain. Both peripheral and central mechanisms have been impli-
cated in the pathogenesis of neuropathic pain (Wall et al., 1974;
Devor, 1983; Woolf, 1983; Dubner, 1991; Mao etal., 1995; Woolf
and Mannion, 1999), and dynamic interactions between periph-
eral and central mechanisms also have been indicated (Gracely et
al., 1992; Mao etal., 1992b,c). An increase in neuronal excitability
within the CNS may be initiated and maintained after excessive
activation of central glutamate receptors by their endogenous
ligands, namely glutamate and aspartate. To date, much effort
and progress have been made in investigating the role of gluta-
mate receptor activation and subsequent intracellular events in
the pathogenesis of neuropathic pain (Dougherty and Willis,
1991; Dubner, 1991; Wilcox, 1991; Dougherty et al., 1992; Mao et
al., 1992a,b, 1995; Yamamoto and Yaksh, 1992; Malmberg et al.,
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1997; Woolf and Mannion, 1999; Guo et al., 2002). Little has been
known about the role of regulating endogenous ligands of gluta-
mate receptors in the central mechanisms of neuropathic pain.
The homeostasis of extracellular glutamate, as well as aspar-
tate, is regulated tightly by a highly active glutamate transporter
(GT) system within the CNS (Robinson and Dowd, 1997; Semba
and Wakuta, 1998; Mennerick et al., 1999; Jabaudon et al., 2000;
Danbolt, 2001). Thus far, at least five Na *-dependent cell mem-
brane GT proteins have been cloned, including EAAT1 [GLAST
(glutamate/aspartate transporter)], EAAT2 (GLT-1),and EAAT3
(EAACI) (Kanai and Hediger, 1992; Pines et al., 1992; Storck et
al., 1992; Arriza et al., 1993; Tanaka, 1993; Fairman et al., 1995).
GLAST and GLT-1 are expressed primarily in glial cells, whereas
EAACI is the predominant neuronal GT (Robinson and Dowd,
1997; Danbolt, 2001). Both neuronal and glial GTs actively par-
ticipate in a number of fundamental physiological functions, in-
cluding synaptic plasticity, by regulating extracellular glutamate
concentration (Mennerick et al., 1999; Lievens et al., 2000; Vor-
werk et al., 2000; Trotti et al., 2001). Importantly, GTs regulate
the duration and intensity of glutamate receptor activation dur-
ing signal transduction. As such, GTs play a critical role in pre-
venting overstimulation of glutamate receptors, a process that
could trigger both neuroplastic changes and excitotoxic cascades
under a variety of pathological conditions, including spinal cord
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and peripheral nerve injury (Mennerick etal., 1999; Lievens et al.,
2000; Vorwerk et al., 2000; Trotti et al., 2001).

Thus spinal GTs could change after peripheral nerve injury
and contribute to the pathogenesis of neuropathic pain, a patho-
logical condition known to involve the central glutamatergic sys-
tem. In the present study changes in the expression and glutamate
uptake activity of spinal GTs and their functional relation to neu-
ropathic pain behaviors were examined by using immunohisto-
chemistry, Western blot, in vitro glutamate uptake assay, and
pharmacological evaluation in a rat model induced by chronic
constriction sciatic nerve injury (CCI). Previous studies have in-
dicated that GT expression could be modulated by neurotrophic
factors via the activation of tyrosine kinase (Trk) receptors and
intracellular mitogen-activated protein kinases (MAPK) (Dan-
bolt, 2001). Accordingly, the effects of the Trk receptor and
MAPK activation on the regulation of GT expression and their
relation to the development of neuropathic pain were examined
in CCl rats by using K252a and PD98059, nonselective inhibitors
for Trk receptors and MAPK, respectively. In addition, the role of
modulating spinal GT glutamate uptake activity in the induction
and maintenance of neuropathic pain was investigated by using
riluzole, a positive regulator of GT uptake activity (Azbill et al.,
2000; Mu et al., 2000), before or after the development of neuro-
pathic pain in CCI rats.

Materials and Methods

Animal surgery and drugs

Adult male Sprague Dawley rats weighing 275-325 gm (Charles River
Laboratories, Wilmington, MA) were used. The animal room was lighted
artificially from 7:00 A.M. to 7:00 P.M. The surgical procedure was per-
formed aseptically under halothane anesthesia (2%). CCI rats were pro-
duced by loosely ligating the common sciatic nerve according to the
method of Bennett and Xie (1988). Briefly, on one side the rat’s sciatic
nerve was exposed in the mid-thigh, and four loose ligatures of 4.0 chro-
mic gut were made around the dissected nerve with a 1.0-1.5 mm inter-
val between each of them. Skin wound was closed with 6.0 nylon sutures.
Sham rats were made by following the same surgical procedure except for
nerve ligation. In some groups intrathecal catheter implantation was
made under the same surgical condition, and a PE10 catheter was in-
serted into the lumbar enlargement according to the method described
previously (Yaksh and Rudy, 1976). Those rats exhibiting postoperative
neurological deficits or poor grooming were excluded from the
experiments.

Riluzole [2-amino-6-(trifluoromethoxy)-benzothiazole] and MK-801
[(+)-5-methyl-10,11-dihydro-5H-dibenzo(a,b)cyclohepten-5,10-
imine maleate] were purchased from Sigma (St. Louis, MO), and K252a
and PD98059 were purchased from Calbiochem (La Jolla, CA). Riluzole,
K252a, and PD98059 were dissolved in 10% DMSO diluted in normal
saline (vehicle), and MK-801 was dissolved in normal saline. In those
experiments in which riluzole, K252a, or PD98059 was used as a treat-
ment, the nontreatment groups received vehicle as control. The experi-
ments were conducted with the experimenters blinded to treatment
conditions.

Behavioral tests

Animals were habituated to the test environment for 2 d consecutively
before baseline testing. All animals were tested for thermal hyperalgesia
and mechanical allodynia. For testing thermal hyperalgesia, we exposed
the plantar surface of a rat’s hindpaw to a beam of radiant heat through a
transparent perplex glass surface (Hargreaves et al., 1988). The with-
drawal latency was averaged from at least two trials separated by a 2 min
interval, and the cutoff was set at 25 sec to avoid tissue damage.

For examining mechanical allodynia, we placed each rat on a metal
mesh floor, covered it with a plastic box (15 X 15 X18 cm), and allowed
it 30 min to habituate. The mechanical stimulation resulting from the
bending force of a von Frey filament was applied to the plantar surface of
each hindpaw. Each trial consisted of five applications of a von Frey
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filament given every 4 sec, and the cutoff force was 20 gm. Brisk foot
withdrawals (at least three times of five applications) in response to von
Frey filament stimulation were considered positive. Depending on the
initial response, subsequent filaments were applied in the order of either
descending or ascending force to determine the threshold force (Tal and
Bennett, 1994; Mao et al., 1997).

Statistical analysis of behavioral data

Data from the thermal hyperalgesia test were analyzed first by generating
difference scores between two hindpaws (contralateral withdrawal la-
tency minus ipsilateral withdrawal latency). As such, a higher difference
score represents a higher degree of thermal hyperalgesia. The data from
both thermal hyperalgesia and mechanical allodynia (threshold bending
force) tests were analyzed by using two-way ANOVA repeated across
testing time points to detect overall differences among treatment groups.
Whenever applicable, the data also were examined by using two-way
ANOVA repeated across treatment groups to examine overall differences
among testing time points. In both cases, when significant main effects
were observed, the Waller—Duncan K-ratio t test was performed to de-
termine sources of differences. Differences were considered to be statis-
tically significant at the level of o = 0.05.

Western blot

Animals were killed after being exposed to a CO, chamber. Fresh tissue
samples taken from the L, and L, spinal cord dorsal horns were removed
as quickly as possible by laminectomy at the lumbar region. The choice of
examining the L, and Ly segments was based on the consideration that
these lumbar segments are the major contributor to the sciatic nerve and
that previous studies have detected a high level of neurochemical and
metabolic changes in these lumbar segments in CCI rats (Bennett et al.,
1989; Kajander and Xu, 1995; Mao et al., 1995). Dorsal horns ipsilateral
and contralateral to CCI were homogenized separately with a hand-held
pellet pestle in a lysis buffer containing a mixture of phosphatase inhib-
itors (100X) and proteinase inhibitors (25X; Sigma). The quantification
of protein contents was made by the Bradford method. Protein samples
(40 ng) were separated on SDS-PAGE gel (4—15% gradient gel; Bio-Rad,
Hercules, CA) and transferred to polyvinylidene difluoride filters (Milli-
pore, Bedford, MA). The filters were blocked with 3% milk and incu-
bated overnight at 4°C with a polyclonal guinea pig anti-GLAST (1:2500)
or rabbit anti-GLT-1 (1:2500; both from Chemicon, Temecula, CA) or
rabbit anti-EAACI (1:2500; Alpha Diagnostics, San Antonio, TX) pri-
mary antibody. Then the blots were incubated for 1 hr at room temper-
ature (RT) with a corresponding HRP-conjugated secondary antibody
(1:3000; Amersham Biosciences, Arlington Heights, IL), visualized in
ECL solution (PerkinElmer Life Sciences, Emeryville, CA) for 1 min, and
exposed onto X-Omat film from Kodak (Rochester, NY) for 1-30 min.
Finally, the blots were incubated in a stripping buffer (67.5 mm Tris, pH
6.8, 2% SDS, and 0.7% B-mercaptoethanol) for 30 min at 50°C and
reprobed with a polyclonal rabbit anti-B-actin antibody (1:1000; Alpha
Diagnostics) as loading controls.

The Western analysis was made in triplicate. All three primary anti-
bodies have been used extensively in previous studies, and our Western
blot bands showed the same band sizes as indicated in the antibody
information sheets. The density of each specific band was measured with
a computer-assisted imaging analysis system (IPLab software, Scanalyt-
ics, Fairfax, VA). There was no significant difference in the density of
B-actin-loading control bands among groups. To compare the differ-
ences between control and treatment groups, we first normalized the
density of each specific band against the density of the corresponding
internal loading band. The percentage of change of the band density
between treatment and control groups then was determined by using the
equation: [(band density of a control group —band density of a treatment
group)/band density of a control group] X 100%. Differences for each
GT were compared by using Student’s ¢ test between two groups or by
using one-way ANOVA for multiple groups repeated across time points,
followed by Fisher’s test.

Immunohistochemistry
Animals were anesthetized with halothane and perfused transcardially
with 200 ml of normal saline, followed by 200300 ml of 4% paraformal-
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dehyde in 0.1 M phosphate buffer (PB). The lumbar spinal cords were
dissected, postfixed for 1.5 hr, and transferred into 30% sucrose in 0.1 M
PB for overnight. Tissues from both treatment and control groups then
were mounted together in OCT compound and frozen on dry ice. Spinal
cords (20 wm sections) were cut on a cryostat, mounted serially onto
microscope slides, and stored at —80°C. For immunostaining, spinal cord
sections were rinsed in 0.1 M PBS three times before being covered in 2%
normal donkey serum containing 0.3% Triton X-100 for 1 hr at RT. The
sections were incubated overnight at 4°C with a guinea pig anti-GLAST
(1:4000), rabbit anti-GLT-1 (1:2000), or goat anti-EAAC1 (1:1000)
(Chemicon) primary antibody in PBS with 0.1% Triton X-100. Then the
sections were incubated in a corresponding FITC-conjugated secondary
antibody (1:40; Jackson ImmunoResearch, West Grove, PA) for 1 hr at
RT in 0.1 M PBS containing 0.1% Triton X-100. Nonspecific bindings
were examined by omitting the corresponding primary antibody during
the incubation process. Four to six nonadjacent sections from the L, and
L, segments were selected randomly, and the topographic distribution of
GT changes within the spinal cord dorsal horn was observed and re-
corded with a CCD camera (Soft Imaging System, M [nster, Germany).

In vitro glutamate uptake assay

An in vitro spinal synaptosome preparation was used to assess glutamate
uptake activity of spinal GTs according to the previously published
method (Mitrovic et al., 1999; Azbill et al., 2000; Mu et al., 2000). In brief,
animals were killed after being exposed to a CO, chamber, and fresh
tissue samples from the L, and L spinal dorsal horns were removed as
quickly as possible by laminectomy. Dorsal horns ipsilateral and con-
tralateral to CCI were homogenized separately in an ice-cold buffer so-
lution, pH 7.2, containing 0.32 M sucrose plus (in ug/ml) 4 pepstatin, 5
aprotinin, 20 trypsin inhibitor, 4 leupeptin, and (in mm) 0.2 PMSF, 2
EDTA, 2 EGTA, and 20 HEPES. The homogenates were centrifuged at
1500 rpm for 10 min at 4°C, and the supernatant was collected. The
remaining pellets were resuspended by using the same buffer solution
and recentrifuged as above. Both supernatants were combined and again
centrifuged at 13,000 rpm for 10 min at 4°C. The so-obtained synapto-
somal pellets, which contain both neuronal and glial GTs (Mitrovic et al.,
1999; Azbill et al., 2000; Mu et al., 2000), were suspended in 2 ml of
Locke’s buffer containing (in mm) 154 NaHCO;, 5.6 glucose, 5 HEPES,
pH 7.2, and saturated with 95% O,/5% CO,. The protein concentration
of final synaptosome pellets was measured by the Bradford method and
was adjusted to 200 ug/ml in Locke’s buffer. Glutamate uptake activity
was determined by incubating the synaptosome preparation (in 100 ug
protein content) with the solution containing [ *H]L-glutamate (0.4 uCi/
mmol; Amersham) at 37°C for 5 min. The reaction was terminated by
filtering synaptosomes through a Whatman (Maidstone, UK) GF/C 2.4
cm filter presoaked in the same buffer solution. Then the filter was
washed three times with ice-cold Locke’s buffer (2 ml) and transferred to
avial containing scintillation mixture (10 ml; Fisher Scientific, Houston,
TX). The radioactivity in the final samples was measured by a liquid
scintillation counter (Bio-Rad). The basal uptake activity in counts per
minute (cpm) was measured in the absence of any treatment. The per-
centage of change in glutamate uptake activity was calculated with the
following equation: [(basal cpm without treatment — cpm with treat-
ment)/(basal cpm without treatment)] X 100%. Differences between
two groups were compared by using Student’s ¢ test.

Experimental design

Experiment 1: time course of changes in spinal GT expression after CCL To
determine whether the expression of spinal GTs changed after CCI, we
used six groups of rats (n = 8—10/group for two separate sampling pro-
cedures: immunostaining and Western blot) to examine the time course
of GT changes in CCI rats. Thus spinal cords from one group of CCI rats
were harvested on postoperative day 1, 4, 7, or 14 after the behavioral
tests. Each group of sham-operated or naive rats (n = 4-5/group) also
was included to serve as control, and their spinal cords were removed on
postoperative day 14 after the behavioral tests. These samples were used
for the semiquantification of spinal GT changes (Western blot) and for
the examination of the topographic distribution of such changes
(immunostaining).
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Experiment 2: modulation of GT expression by K252a or PD98059 and its
relation to the development of neuropathic pain. The above time course
experiment revealed an initial GT upregulation after CCI (see Results).
Because Trk receptors and MAPK have been shown to modulate GT
expression (Danbolt, 2001), the effect of blocking Trk receptors and
MAPK on GT expression and its relation to the induction of neuropathic
pain behaviors were examined in CCI rats by using intrathecal K252a, a
nonselective Trk receptor inhibitor, or PD98059, an inhibitor primarily
for the extracellular signal-regulated kinase (ERK) members of MAPK
(Encinas et al., 1999; Pascual et al., 2001; Troller et al., 2001). Five groups
of rats (n = 6—8/group) were used, which included (1) CCI + vehicle,
(2) CCI + K252a (0.5 ug/10 ul), (3 and 4) CCI + PD98059 (1 j1g/10 l),
and (5) sham + vehicle. The doses for K252a and PD98059 were based on
previous and our pilot studies that showed reliable inhibition of Trk
receptors and MAPK (Encinas et al., 1999; Pascual et al., 2001; Troller et
al., 2001). Each treatment was given intrathecally twice a day for postop-
erative days 1-4 (groups 1, 2, 3, 5) or postoperative days 1-2 (group
4-PD98059), beginning immediately after the operation. Thermal hy-
peralgesia and mechanical allodynia were tested on postoperative days 1,
2,and 3 (all groups) as well as on day 5 (groups 1, 2, 3, 5 only) to examine
the effect of K252a or PD98059 on behavioral changes. Spinal cords from
these groups were harvested either on day 3 (group 4 only) or day 5
(groups 1, 2, 3, 5) to determine GT changes with Western blot. An addi-
tional group of CCl rats (1 = 4) was treated with vehicle, and their spinal
cords were taken on postoperative day 3 for comparing GT changes with
the above group 4. Two groups of sham rats (n = 4/group) were in-
cluded, and each received the same 4 d treatment regimen of K252a or
PD98059 as that in CCI rats, with their spinal cords taken on postoper-
ative day 5 to control for nonspecific effects of these agents on GT ex-
pression and behaviors.

CCl rats (n = 4-5) treated with K252a, PD98059, or vehicle between
postoperative days 1 and 4 as described above were given MK-801 (10
nmol, i.t.) at the end of the behavioral tests. Then the behavioral tests
were repeated at 30 min after the MK-801 treatment to examine whether
blocking NMDA receptors by MK-801 would reverse the effects of K252a
or PD98059 on thermal hyperalgesia and mechanical allodynia.

Experiment 3: modulation of spinal GT uptake activity by riluzole and its
relation to the induction and maintenance of neuropathic pain. To examine
changes in spinal GT uptake activity and its modulation by riluzole (a
positive regulator of GT activity) with an in vitro glutamate uptake assay,
we used two groups each of CCI or sham rats (n = 4-5). CCI or sham rats
were given either intrathecal vehicle or 10 ug of riluzole twice daily for
postoperative days 1-4 beginning immediately after the operation. Spi-
nal cord dorsal horn samples then were obtained on postoperative day 5
after the behavioral tests as described above. Differences in glutamate
uptake activity were compared between sham and CCI groups treated
with riluzole or vehicle. The basal glutamate uptake activity from addi-
tional naive rats (n = 3) also was obtained to control for possible changes
in basal glutamate uptake activity in sham rats.

To examine whether pharmacological perturbation of GT uptake ac-
tivity would regulate neuropathic pain behaviors in CCI rats, we gave
riluzole intraperitoneally either before (pretreatment) or after (post-
treatment) the development of neuropathic pain behaviors in CCI rats.
Thus a total of six groups of rats (n = 6—8 group) was used, including (1)
CCI + 1 mg/kg riluzole pretreatment, (2) CCI + 4 mg/kg riluzole pre-
treatment, (3) CCI + 1 mg/kg riluzole post-treatment, (4) CCI + 4
mg/kg riluzole post-treatment, (5) CCI + vehicle, and (6) sham + 4
mg/kg riluzole. The riluzole doses were chosen on the basis of previous
studies that showed reliable changes in GT uptake activity under both in
yitro and in vivo conditions (Azbill et al., 2000; Mu et al., 2000; Mao et al.,
2002a,b). Both pretreatment and post-treatment regimens consisted of
twice-daily injections for a 4 d period. The pretreatment regimen began
immediately after the operation, whereas the post-treatment regimen
began on postoperative day 5. The CCI + vehicle and sham + 4 mg/kg
riluzole groups underwent the same treatment duration beginning on
postoperative day 5. Behavioral tests were made on postoperative days 5,
8, and 10 in both treatment regimens.
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Figure 1. Time course of GT changes after CCl. CClinduced a hiphasic change in the expres-

sion of EAACT, GLAST, and GLT-1 within the spinal cord dorsal horn ipsilateral to CCl. There was
an initial increase in GT expression when rats were examined on postoperative days 1and 4,
which was followed by a downregulation of all three GTs when rats were examined on postop-
erative days 7 and 14. Top, Western blot bands from representative CCl and sham rats showing
postoperative changes in protein levels of EAACT (69 kDa), GLAST (67 kDa), and GLT-1 (67 kDa)
within the ipsilateral spinal cord dorsal horn. 3-Actin is a loading control. Bottom, Statistical
analysis of relative density changes of Western blots between CCl and sham rats. The data are
expressed as the percentage of changes in CCl rats as compared with sham controls. (C/-D7 to
((I-D14 refers to CCl rats on postoperative days 1-14. *p << 0.05 as compared with the sham
control.

Results

Changes in spinal GT expression after CCI

CCI induced significant changes in the expression of spinal GTs
(EAACI1, GLAST, GLT-1) as revealed by Western blot (Fig. 1).
The GT changes occurred primarily within the spinal cord dorsal
horn ipsilateral to CCI. There were no reliable differences in GT
expression between CCI and sham rats on the contralateral spinal
cord dorsal horn, nor were there differences in GT expression
between sham and naive rats ( p > 0.05). Further, the time course
analysis showed a biphasic pattern of GT changes in CCI rats with
an initial GT upregulation when examined on postoperative days
1 and 4, followed by a GT downregulation when examined on
postoperative days 7 and 14 (Fig. 1). The B-actin level did not
change after CCI, indicating a specific effect of CCI on the GT
expression.

EAACI

The EAACI level within the ipsilateral spinal cord dorsal horn
was increased significantly on postoperative days 1 and 4 as com-
pared with the sham group (Fig. 1). This increase in EAAC1 was
followed by a decrease below the sham control level shown on
postoperative days 7 and 14 (Fig. 1). The percentage of relative
EAACI density on Western blots was 155, 125, 45, and 30% of the
sham control on postoperative days 1, 4, 7, and 14 (ANOVA,
F4,17) = 4.025 p < 0.05), respectively.

GLAST
The pattern of postoperative GLAST expression was similar to
that of EAAC1 (Fig. 1). As such, there was a significant increase
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over the sham control in GLAST expression within the ipsilateral
spinal cord dorsal horn when it was examined on postoperative
days 1 and 4. This initial increase was followed by a moderate
decrease in the GLAST level when it was examined on postoper-
ative day 7. On postoperative day 14 the GLAST level was at
~41% of the sham control (ANOVA, F, ,,, = 3.89; p < 0.05).

GLT-1

An initial increase in GLT-1 expression as shown on postopera-
tive days 1 and 4 also was followed by a decreased GLT-1 expres-
sion in CCI rats when it was examined on postoperative days 7
and 14 (Fig. 1). The percentage of relative GLT-1 density on
Western blots from CCI rats was 141, 138, 69, and 48% of the
sham control on postoperative days 1, 4, 7, and 14 (ANOVA,
F4 17 = 4.12; p < 0.05), respectively.

Topographic distribution of spinal GT changes in CCI rats
All three GTs were shown in the spinal cord dorsal horn in sham
rats, indicating a basal level of GT immunostaining in this spinal
region (Fig. 2). In particular, there was profound baseline immu-
nostaining with EAAC1 and GLAST within laminas I-II of the
spinal cord dorsal horn. In contrast, the immunostaining pattern
of GLT-1 was rather diffuse across the spinal dorsal horn. In
general, the pattern of spinal GT distribution is in agreement with
the role of GTs in regulating extracellular glutamate, because the
highest density of glutamate receptors also is located primarily
within the superficial spinal cord dorsal horn (Petralia et al,,
1994a,b; Kus et al., 1995; Bonnot et al., 1996; Kalb and Fox, 1997).
Sham operation did not change the baseline immunostaining
of all three GTs as compared with that of naive rats. Consistent
with the semiquantitative GT changes revealed by Western blot
(Fig. 1), CCl induced significant changes in GT immunostaining
within the spinal cord dorsal horn ipsilateral to CCI that followed
a similar biphasic pattern shown in the Western analysis (Fig. 2).
In addition, the pattern of GT distribution within the spinal cord
dorsal horn remained unchanged between sham and CCI rats.
That is, the most significant change of GT immunostaining oc-
curred primarily within laminas I-II after CCI (Fig. 2). Thus both
Western blot and immunostaining revealed consistent changes of
GT expression in CCI rats, indicating that the ipsilateral superfi-
cial dorsal horn was the primary locus of GT changes at the spinal
level after CCL

Effects of K252a or PD98059 on GT upregulation

Intrathecal treatment with K252a (0.5 pg) or PD98059 (1 ug) in
CCI rats significantly reduced the upregulation of EAACI
(ANOVA, Fg 4, = 4.23; p < 0.05), GLAST (ANOVA, Fg,,, =
3.98; p < 0.05), and GLT-1 (ANOVA, F(q ., = 4.12; p < 0.05) as
compared with CCI rats treated with vehicle. The K252a or
PD98059 treatment was initiated immediately after the surgical
procedure and continued twice daily during the first several post-
operative days. In particular, the PD98059 treatment nearly abol-
ished the increased GT expression in CCI rats when examined on
postoperative days 3 and 5 (Fig. 3; p < 0.05), whereas K252a
partially reduced the GT expression when examined on postop-
erative day 5 (Fig. 3; p < 0.05). Of note is that the percentage of
change of GT expression in vehicle-treated CCl rats did not differ
significantly between postoperative days 3 and 5 (day 3: EAACI,
153 £ 7.5%; GLAST, 132 * 7.1%; GLT-1, 153 *= 7.8; day 5:
EAACI, 161 * 7.1%; GLAST, 141 * 6.7%; GLT-1, 165 * 6.1;
each p > 0.05), indicating that the CCI-induced GT upregulation
was present up to at least postoperative day 5, and PD98059
effectively prevented the GT upregulation on both postoperative
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days 3 and 5. Neither K252a nor PD98059 alone significantly
changed the baseline spinal GT expression (Fig. 3; p > 0.05),
indicating a modulatory role of Trk receptors and MAPK in the
upregulation of spinal GTs after CCI.

Effects of K252a or PD98059 on neuropathic pain behaviors:
reversal by MK-801

The PD98059 treatment exacerbated the development of thermal
hyperalgesia (Fig. 4A; ANOVA, F;,;) = 4.76; p < 0.01) and
mechanical allodynia (Fig. 4 B; ANOVA, F; ,3) = 3.88; p < 0.05)
in these same CClI rats as compared with the vehicle-treated CCI
rats. The exacerbation of neuropathic pain behaviors was mani-
fested as a shortened onset of and an increased degree of thermal
hyperalgesia and mechanical allodynia in CCI rats showing the
blocked GT upregulation by PD98059 (Fig. 4). K252a or
PD98059 alone did not affect baseline behaviors in sham rats.
CCl rats treated with K252a did not show reliable exacerbation of
thermal hyperalgesia or mechanical allodynia as compared with
CCl rats treated with vehicle (Fig. 4; p > 0.05). Given that the GT
upregulation was nearly abolished by PD98059 but only partially
reduced by K252a (Fig. 3), these data indicate that the initial
increase in GT expression played a significant role in hampering
the development of neuropathic pain behaviors in CCI rats.

The noncompetitive NMDA receptor antagonist MK-801 re-
versed both thermal hyperalgesia and mechanical allodynia po-
tentiated by PD98059. Thus a single intrathecal administration
with 10 nmol of MK-801 on postoperative day 5 reversed thermal
hyperalgesia (Fig. 5, top) and mechanical allodynia (Fig. 5, bot-
tom) in CCI rats treated with PD98059 ( p < 0.05) when they
were examined at 30 min after the MK-801 treatment. The same
MK-801 dose also reversed thermal hyperalgesia and mechanical

CCI-D4

Topographic distribution of GT changes within the ipsilateral spinal cord dorsal horn. The photo micrographs taken from representative CCl and sham rats show an increase in EAACT,
GLAST, and GLT-Tin (Clrats (B, £, H) on postoperative day 4 within the ipsilateral spinal cord dorsal horn as compared with those of the sham control (4, D, G). All three GTs were downregulated when
examined on postoperative day 14 (G, F, /). Note that EAACT, GLAST, and GLT-1 are located primarily within the superficial laminas of the spinal cord dorsal horn. Scale bar, 100 wm.
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CCI-D14

allodynia in CCI rats treated with vehicle or K252a. MK-801
alone did not change the baseline responses to thermal or me-
chanical stimulation. These results indicate that the effects of
modulating GT expression by PD98059 on neuropathic pain be-
haviors were mediated at least in part via the activation of NMDA
receptors in CCI rats.

Changes in spinal glutamate uptake activity in CCI rats and
its modulation by riluzole

There was a significant reduction of glutamate uptake activity (>
30% reduction) in the ipsilateral L,—Ls spinal cord dorsal horn
sample of CCI rats as compared with that of sham rats when
examined on postoperative day 5 (Fig. 6; p < 0.05). No reliable
differences in glutamate uptake activity were observed between
CCI and sham rats on the contralateral side of the spinal cord
dorsal horn (Fig. 6; p > 0.05). Sham operation also did not affect
basal glutamate uptake activity as compared with that of naive
rats. However, glutamate uptake activity in the ipsilateral dorsal
horn of CCI rats was enhanced on postoperative day 5 by intra-
thecal treatment with 10 ug of riluzole (a positive regulator of GT
uptake activity), but not vehicle, given twice daily for postopera-
tive days 1-4 beginning immediately after the operation (Fig. 6;
p < 0.05). The 4 d riluzole treatment also moderately enhanced
the glutamate uptake activity in the contralateral spinal cord dor-
sal horn of CCI rats as well as in both contralateral and ipsilateral
spinal cord dorsal horn of sham rats (Fig. 6). These results indi-
cate that (1) CCI reduced GT uptake activity primarily within the
ipsilateral spinal cord dorsal horn and (2) the in vivo riluzole
treatment was effective in enhancing spinal GT glutamate uptake
activity.
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Modulation of GT expression by the Trk receptor inhibitor K252a or the MAPK inhibitor PD98059. The upregulation of EAACT, GLAST, and GLT-1, respectively, was reduced and nearly

abolished by intrathecal treatment with K252a (0.5 w.g) and PD98059 (1 r.g) given twice daily between postoperative days 1and 4 beginning immediately after nerve ligation. Top, Western blots
from representative CCl and sham rats with samples taken on postoperative day 3 (the C+P3 group) or day 5 (the remaining groups). Bottom, Statistical data showing GT expression in (Cl rats
treated with K252a (C+K), PD98059-day 3 (C+P3), PD98059-day 5 (C+P5), or vehicle (C+ V) and in sham rats treated with vehicle (SHAM), K252a (S+K), or PD98059 (S+P). *p << 0.05 and
**p < 0.01 as compared with the sham control; *p << 0.05 as compared with the C+V group. Note that the C+V group shows the bands from vehicle-treated CCl rats on day 5, because the
percentage of change of GT expression in vehicle-treated CCl rats did not differ significantly between postoperative days 3 and 5 (see Results for details).

Effects of riluzole on the induction of neuropathic

pain behaviors

Both thermal hyperalgesia and mechanical allodynia were ob-
servable on postoperative day 5 and continued on postoperative
days 8 and10 in vehicle-treated CCI rats (Fig. 7A,B). Intraperito-
neal treatment with 1 or 4 mg/kg riluzole, given twice daily for the
first 4 postoperative days beginning immediately after the oper-
ation, significantly reduced thermal hyperalgesia (Fig. 7A;
ANOVA, F(; ,,) = 5.12; p < 0.01) and mechanical allodynia (Fig.
7B; ANOVA, F 3 ,,, = 3.98; p < 0.05) as compared with vehicle-
treated CCI rats. The effects of riluzole on thermal hyperalgesia
and mechanical allodynia also were observed in CCI rats receiv-
ing a similar postoperative riluzole treatment regimen except that
riluzole (10 ug) was given intrathecally (data not shown), sug-
gesting a spinal site of riluzole action.

There are several noteworthy features concerning the riluzole
effects. (1) When tested on postoperative day 5, thermal nocicep-
tive threshold was not statistically different between riluzole-
treated CCI rats and sham rats, indicating a preventive effect of
riluzole on the development of thermal hyperalgesia. This ri-
luzole effect lasted at least several days after its discontinuation on
postoperative day 5 (Fig. 7A). (2) In contrast to the effects of
riluzole on thermal hyperalgesia, mechanical allodynia was not
reduced significantly on postoperative day 5 in CCI rats treated
with riluzole (Fig. 7B). Instead, mechanical allodynia was re-
duced significantly in riluzole-treated CCI rats when tested on
postoperative days 8 and 10 after the riluzole treatment had been

discontinued on postoperative day 5 (Fig. 7B). The effects of
riluzole on both thermal hyperalgesia and mechanical allodynia
indicate a critical role of regulating GT uptake activity during the
early stage of nerve injury in modulating the development of
neuropathic pain behaviors in CCI rats. (3) There was a dose—
response effect on thermal hyperalgesia from the riluzole treat-
ment (Fig. 7A; 4 mg/kg > 1 mg/kg > vehicle; p < 0.05). (4)
Riluzole itself produced a mild but statistically insignificant in-
crease in thermal and mechanical nociceptive thresholds in hind-
paws contralateral to CCI. Moreover, riluzole at the current doses
did not produce sedative effects or decreased locomotor activity
(e.g., impaired motor coordination, a loss of righting reflex), in-
dicating a specific effect of riluzole on neuropathic pain behaviors
in CClI rats.

Effects of riluzole on the maintenance of neuropathic

pain behaviors

Riluzole also gradually reversed thermal hyperalgesia and me-
chanical allodynia in CCI rats when the treatment began on post-
operative day 5. Thus riluzole (1 or 4 mg/kg, i.p.), given twice
daily for 4 d beginning on postoperative day 5, significantly re-
duced thermal hyperalgesia (Fig. 8 A; ANOVA, F 5 ,;, = 4.23;p <
0.05) and mechanical allodynia (Fig. 8 B; ANOVA, F 3 ,,, = 3.76;
p <0.05) as compared with vehicle-treated CCI rats when exam-
ined on postoperative days 8 and 10. Similar to the dose-response
effect of riluzole on the induction of thermal hyperalgesia, CCI
rats receiving 4 mg/kg riluzole resulted in more reduction of
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Figure4. Modulation of thermal hyperalgesia and mechanical allodynia by PD98059. Ther-

mal hyperalgesia (A) and mechanical allodynia ( B) were exacerbated in CCl rats treated with
PD98059 (1 g, iit.) twice daily between postoperative days 1 and 4 beginning immediately
after the operation. This exacerbation was manifested as a shortened onset of and an enhanced
degree of thermal hyperalgesia and mechanical allodynia in those CCl rats. K252a did not in-
crease neuropathic pain behaviors significantly. *p << 0.05 and **p << 0.01 as compared with
sham control; *p << 0.05 as compared with CCl rats treated with vehicle. Diff. score, Difference
scores (contralateral minus ipsilateral withdrawal latency).

thermal hyperalgesia as compared with those treated with 1
mg/kg riluzole (Fig. 8A; p < 0.05).

Discussion

The present findings demonstrate that both expression and glu-
tamate uptake activity of spinal neuronal and glial GTs are altered
after peripheral nerve injury, which contributes to neuropathic
pain behaviors in CCI rats. First, spinal GT expression showed a
biphasic change, with an initial upregulation followed by a down-
regulation after CCI. Second, prevention of this initial GT up-
regulation after CCI by the MAPK inhibitor PD98059 resulted in
exacerbated thermal hyperalgesia and mechanical allodynia that
were reversible by the noncompetitive NMDA receptor antago-
nist MK-801. Third, preventing CCI-induced reduction of spinal
GT glutamate uptake activity by the positive GT activity regulator
riluzole attenuated thermal hyperalgesia and mechanical allo-
dynia when riluzole was given in a 4 d treatment regimen begin-
ning either immediately after the operation or on postoperative
day 5. These results provide, for the first time, lines of evidence
indicating that spinal GTs may play a critical role in both induc-
tion and maintenance of neuropathic pain induced by peripheral
nerve injury.
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Figure 5.  MK-801 reversed thermal hyperalgesia and mechanical allodynia potentiated by
PD98059. A single intrathecal administration of 10 nmol of MK-801 on postoperative day 5
reversed thermal hyperalgesia (fop) and mechanical allodynia (bottom) in (Cl rats treated with
PD98059 (1 g, i.t.) when they were examined at 30 min after the MK-801 treatment. The
same dose of MK-801 also reversed thermal hyperalgesia and mechanical allodynia in CCl rats
treated with vehicle or K252a. MK-801 alone did not change the baseline response to thermal or
mechanical stimulation. *p << 0.05 and **p < 0.01 as compared with the corresponding
baseline level. Pre-MK and After-MK refer to nociceptive responses before and at 30 min after
the MK-801 treatment on postoperative day 5, respectively. For definition of Diff. score, see
Figure 4.

Overall consideration on data interpretation

Glutamate is a major excitatory amino acid neurotransmitter
within the CNS participating in important physiological func-
tions such as synaptic plasticity and cognitive awareness. Main-
taining a low extracellular glutamate concentration is key to pre-
venting glutamate neurotoxicity that may occur under many
pathological conditions (Robinson and Dowd, 1997; Danbolt,
2001). Because the clearance of extracellular glutamate via gluta-
mate metabolism or diffusion is virtually negligible (Robinson
and Dowd, 1997; Danbolt, 2001) and inhibition of GT activity
leads to extracellular glutamate build-ups within seconds (Jabau-
don et al., 1999, 2000), regulation of extracellular glutamate is
performed primarily by glutamate uptake via an efficient, high-
capacity GT system (Robinson and Dowd, 1997; Danbolt, 2001).
Among the identified cell membrane GT proteins (Kanai and
Hediger, 1992; Pines et al., 1992; Storck et al., 1992; Arriza et al.,
1993; Tanaka, 1993; Fairman et al., 1995), EAAC1, GLAST, and
GLT-1 are particularly relevant for regulating glutamate uptake
in broad CNS regions (Danbolt, 2001). Because the role of other
cell membrane GTs (EAAT4 and EAAT5) remains unclear,
EAACI, GLAST, and GLT-1 were investigated specifically in the
present experiments. Although GTs also regulate aspartate up-
take, only glutamate will be mentioned in the following to sim-
plify the discussion.
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Figure 6.  Changes in spinal glutamate uptake activity in CCl rats and its modulation by
riluzole. CClinduced a significant reduction of glutamate uptake activity in the samples taken
from the ipsilateral L,~Ls spinal cord dorsal horn as compared with that of sham rats when
examined on postoperative day 5. When they were examined on postoperative day 5, gluta-
mate uptake activity in CCl rats was enhanced by intrathecal treatment with 10 g riluzole
(CCIRIL), but not vehicle (CCI+ VEH), given twice daily for postoperative days 1— 4 beginning
immediately after the operation. Note that the 4 d riluzole treatment also moderately enhanced
the glutamate uptake activity of the contralateral spinal cord dorsal horn in CCl rats and of
bilateral spinal cord dorsal horn in sham rats (SHAM+RIL). *p << 0.05 as compared with the
SHAM+VEH group.

Several lines of evidence support a critical role of regulating
GT expression and uptake activity in maintaining in vivo gluta-
mate homeostasis as indicated in in vitro studies (Semba and
Wakuta, 1998; Azbill et al., 2000; Jabaudon et al., 2000; Lievens et
al., 2000; Matthews et al., 2000; Mu et al., 2000). First, in a previ-
ous study downregulation of spinal GTs induced by chronic mor-
phine administration resulted in the exacerbated response to ex-
ogenous glutamate (Mao et al., 2002b). Second, perturbation of
GT activity by using either a GT inhibitor (L-trans-pyrrolidine-2-
4-dicarboxylate) or activator (riluzole) modulated abnormal
pain sensitivity in morphine-tolerant rats that was mediated by
NMDA receptors (Mao et al., 2002a,b). Third, mechanical allo-
dynia induced by exogenous prostaglandin (PG) E2, PGF2a,
NMDA, or AMPA was modulated by the GT inhibitor D,L-threo-
B-benzyloxyaspartate (Minami et al., 2001). Fourth, in the
present study the noncompetitive NMDA receptor antagonist
MK-801 also effectively reversed thermal hyperalgesia and me-
chanical allodynia that were potentiated by preventing CCI-
induced GT upregulation resulting from the PD98059 treatment.
Moreover, riluzole both enhanced spinal GT uptake activity and
effectively reduced thermal hyperalgesia and mechanical allo-
dynia in CCI rats. Thus the effects of altered expression and glu-
tamate uptake activity of spinal GTs on neuropathic pain behav-
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Figure 7.  Effects of riluzole on the induction of thermal hyperalgesia and mechanical allo-
dynia after CCl. Intraperitoneal treatment with 1 or 4 mg/kg riluzole (RIL-1 or RIL-4) twice daily
for postoperative days 14 beginning immediately after the operation significantly reduced
the development of thermal hyperalgesia (A) and mechanical allodynia (B). Note that the
effects of riluzole on thermal hyperalgesia and mechanical allodynia lasted at least several days
after its discontinuation on postoperative day 5, indicating a significant role of regulating GT
uptake activity in the development of neuropathic pain behaviors in CCl rats. The effect of
riluzole on thermal hyperalgesia was dose-dependent. *p << 0.05 and **p << 0.01 as compared
with CCl rats treated with vehicle (CCI--VEH); *p << 0.05 as compared with the low dose (1
mg/kg) riluzole group. For Diff. score, see Figure 4.

iors in CCI rats are likely to be mediated via changes in regional
glutamate homeostasis and at least in part via the subsequent
activation of NMDA receptors.

It should be pointed out that riluzole may have neuroprotec-
tive and anticonvulsive effects in part via its possible effects on
glutamate release (Cheramy et al.,, 1992; Martin et al., 1993;
Doble, 1996; Hammer et al., 1999). More recently, however, ri-
luzole has been shown to be a positive regulator of GT uptake
activity that potently increases spinal glutamate uptake under
both in vitro and in vivo conditions at the dose range compatible
to that used in the present study (Azbill et al., 2000; Mu et al.,
2000). This also was supported by our present data indicating the
modulatory effects of riluzole on spinal GT uptake activity of
both CCI and sham rats. A caveat is that the effects of riluzole on
regulating glutamate uptake are nonselective between neuronal
and glial GTs. At present there is no reliable GT uptake activity
activator selective for neuronal or glial GTs, although MS-153 has
been proposed to be a potential candidate for glial GTs (Naka-
gawa et al., 2001). Thus the effects of riluzole on neuropathic pain
behaviors in CCI rats should be considered to involve the regulation
of glutamate uptake activity of both neuronal and glial GTs.
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Figure 8.  Effects of riluzole on the maintenance of thermal hyperalgesia and mechanical
allodynia after CCl. Intraperitoneal treatment with 1 or 4 mg/kg riluzole (RIL-1 or RIL-4) twice
daily for 4 d beginning on postoperative day 5 gradually reversed thermal hyperalgesia ( 4) and
mechanical allodynia ( B) when rats were examined on postoperative days 8 and 10. *p << 0.05
and **p < 0.01 as compared with CCl rats treated with vehicle (CC/-+VEH); "p < 0.05 as
compared with the low dose (1 mg/kg) riluzole group. Arrows indicate the beginning of the
riluzole treatment on postoperative day 5. For Diff. score, see Figure 4.

Possible mechanisms of GT changes after CCI
An interesting observation from the present study is that CCI-
induced a biphasic change in GT expression primarily within the
ipsilateral superficial spinal cord dorsal horn. All three GTs under
examination showed an initial increase in their expression after
CCI, which lasted up to at least postoperative day 5 and was
followed by a GT downregulation when examined on postoper-
ative days 7 and 14. The time course of this late phase GT down-
regulation is similar to that of changes in neurotransmitters and
receptors within the spinal cord dorsal horn of CCI rats (Stevens
etal., 1991; Kajander and Xu, 1995). Thus a plausible explanation
for the GT downregulation is a loss of primary afferents resulting
from CCI (Bennett et al., 1989), given that neuronal GTs are
located primarily at presynaptic sites (Robinson and Dowd, 1997;
Danbolt, 2001). Likewise, degenerative changes within the spinal
cord might be attributable to, at least in part, the downregulation
of glial GTs after their initial reactive phase after CCI. These
possibilities merit future investigations. Conceivably, this late
phase GT downregulation would be contributory to persistent
neuropathic pain behaviors in CCI rats demonstrated both in the
present and previous studies (Bennett and Xie, 1988; Mao et al.,
1992a,¢).

Several cellular and intracellular mechanisms may be impli-
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cated in the upregulation of spinal GT's during the early stage after
CCI. For instance, nerve injury-induced glutamate release from
the primary afferents may serve as a positive feedback on GT
expression (Danbolt, 2001). Alternatively, Trk receptors and
MAPK may play an active role in GT upregulation as well (Dan-
bolt, 2001). Trk receptors include at least subtypes A, B, and C,
which can be activated by nerve growth factor, brain-derived
neurotrophic factor, and neurotrophin-3, respectively (Hage-
mann and Blank, 2001; Ji and Woolf, 2001). Expression of neu-
rotrophic factors in the dorsal root ganglion and spinal cord is
upregulated dramatically under pathological conditions (Coffey
et al., 1997; Li et al., 1999; Oyesiku et al., 1999; Ha et al., 2001),
and such neurotrophic factors can be released into the spinal cord
after peripheral nerve injury (Deng et al., 2000; Walker et al.,
2001). Activation of Trk receptors in turn initiates downstream
cascades, including activation of MAPK (Encinas et al., 1999;
Hagemann and Blank, 2001). Activation of MAPK enhances gene
expression for a variety of protein elements (Gegelashvili et al.,
1997; Hagemann and Blank, 2001; Williams et al., 2001; Ji et al.,
2002) and indeed has been shown to induce the expression of
both GLT-1 mRNA and protein in astrocytes (Gegelashvili et al.,
2000; Zelenaia et al., 2000). Thus the Trk receptor and MAPK
pathway may participate in GT upregulation in CCI rats.

Our findings indicate that the initial GT upregulation indeed
was reduced significantly in CCT rats receiving the 4 d treatment
with K252a (a nonselective Trk receptor inhibitor) or PD98059
(an inhibitor for ERK-MAPK) beginning immediately after the
operation. Of significance is that a much greater reduction of GT
expression was observed in CCI rats treated with PD98059 than
with K252a. This is consistent with the possible role of MAPK as
an intracellular downstream effector for a variety of upstream
regulatory mechanisms (Hagemann and Blank, 2001; Ji and
Woolf, 2001; Williams et al., 2001). That is, because the Trk re-
ceptor activation is likely to be one of those upstream mecha-
nisms, its inhibition leads to a partial prevention of GT upregu-
lation in comparison with the effects of the MAPK inhibition.
Accordingly, prevention of the GT upregulation by PD98059, but
not the partial GT reduction by K252a, resulted in the exacerba-
tion of thermal hyperalgesia and mechanical allodynia in CCI
rats. The functional implication is that the initial GT upregula-
tion after CCI may serve as a protective mechanism to minimize
adverse consequences from nerve injury-induced glutamate
overstimulation. Therefore, although the initial GT upregulation
alone is insufficient to prevent the development of neuropathic
pain in CCl rats, it plays a critical role in hampering the induction
of neuropathic pain after CCI, as indicated by the exacerbated
hyperalgesia and allodynia in the absence of this initial GT up-
regulation. Of note is that a nonselective Trk receptor inhibitor
was used in this study because of the lack of selective subtype Trk
receptor inhibitors at present. In addition, because the ERK-
MAPK inhibitor PD98059 was used in this study, future studies
may examine whether other members of the MAPK family (e.g.,
P38 MAPK) are also contributory to this process.

Besides the altered GT expression after CCI, changes in GT
glutamate uptake activity also play a significant role in regulating
regional glutamate homeostasis and neuropathic pain behaviors
in CCI rats. Previous studies that used the electrophysiological
method have shown that inhibition of GT activity may not pro-
long significantly the single stimulus-induced excitatory postsyn-
aptic glutamate-mediated currents, but it does so if the stimulus
is repetitive and excessive (Overstreet et al., 1999), a condition
that is encountered after peripheral nerve injury (Wall et al.,
1974; Seltzer et al., 1991). In this regard, enhancing GT uptake



2908 - J. Neurosci., April 1,2003 - 23(7):2899-2910

activity by the positive GT activity regulator riluzole would be
expected to reduce glutamate excitation regardless of changes in
GT expression. This hypothesis is supported strongly by the
present findings that riluzole reduced thermal hyperalgesia and
mechanical allodynia when given during either the induction or
maintenance phase of neuropathic pain behaviors in CCI rats.
That is, even when the GT expression was reduced after the initial
stage of CCI, an enhanced GT uptake activity by riluzole, as dem-
onstrated in our in vitro glutamate uptake assay, was able to offset
significantly the effects of GT downregulation on neuropathic
pain behaviors in CCI rats. Similar effects of regulating GT up-
take activity have been observed on the development of mor-
phine tolerance (Nakagawa et al., 2001; Mao et al., 2002a,b), a
process that has been shown to share certain common glutamate-
mediated cellular and intracellular mechanisms (Mao et al., 1994,
1995; Ossipov et al., 1995).

Contributions to the central mechanisms of neuropathic pain
Neuropathic pain is perhaps the most challenging chronic pain
condition. Both peripheral and central mechanisms have been
proposed to explain clinical features of neuropathic pain. With
regard to the peripheral mechanisms, abnormal expression or
distribution of certain sodium channels and spontaneous ectopic
discharges are some of the proposed mechanisms likely to be
contributory to the development of neuropathic pain (Wall et al.,
1974; Devor, 1983; Porreca et al., 1999; Waxman et al., 1999; Gold
et al., 2003). For over a decade the central glutamatergic system
has been a major focus of research interest on the central mech-
anisms of neuropathic pain. Basic research from this field has
generated enormous information that has contributed major
progress in understanding the neural mechanisms of neuropathic
pain. To date, however, studies on the role of the central gluta-
matergic system in neuropathic pain have been focused mainly
on the modulation of glutamate receptors and the associated in-
tracellular events (Dougherty and Willis, 1991; Dubner, 1991;
Wilcox, 1991; Dougherty et al., 1992; Mao et al., 1992a,b, 1995;
Yamamoto and Yaksh, 1992; Malmberg et al., 1997; Woolf and
Mannion, 1999; Guo et al., 2002).

The present findings suggest a new mechanism of nerve
injury-induced central changes that modulate regional glutamate
availability by regulating glutamate uptake capability via spinal
GTs. Changes in regional glutamate uptake capability could be
attributable to an altered expression of GTs at the spinal and/or
supraspinal loci, a decreased GT uptake activity, or both after
peripheral nerve injury as seen in CCI rats. Conceivably, in-
creased regional glutamate availability secondary to GT changes
would result in persistent and enhanced activation of glutamate
receptors leading to increased neuronal excitability and possibly
neurotoxic consequences. Such a process could take place inde-
pendently of the modulation of glutamate receptors and the re-
lated intracellular changes and/or reinforce the previously pro-
posed glutamate-mediated cellular and intracellular changes,
further implicating the central glutamatergic system in the patho-
genesis of neuropathic pain.

Regulation of regional glutamate uptake has been linked crit-
ically to the prevention of glutamate neurotoxicity as well as the
pathogenesis of neurological disorders, including brain ischemia,
epilepsy, amyotrophic lateral sclerosis, spinal cord injury, and
Alzheimer’s disease (Mennerick et al., 1999; Lievens et al., 2000;
Vorwerk et al., 2000; Bigini et al., 2001; Trotti et al., 2001; Vera-
Portocarrero et al., 2002). The present findings suggest a new
strategy for treating neuropathic pain by reducing regional glu-
tamate availability and preventing glutamate overexcitation via
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an enhanced GT system. The potential clinical implications of
such a strategy merit future investigations with the development
of more specific GT regulators and improved clinical trial meth-
odologies (Hammer et al., 1999; Galer et al., 2000).
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