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1 To gain further insight into the mechanisms underlying the antihyperalgesic and antiallodynic
actions of gabapentin, a chronic pain model was prepared by partially ligating the sciatic nerve in
mice. The mice then received systemic or local injections of gabapentin combined with either central
noradrenaline (NA) depletion by 6-hydroxydopamine (6-OHDA) or a-adrenergic receptor blockade.
2 Intraperitoneally (i.p.) administered gabapentin produced antihyperalgesic and antiallodynic
effects that were manifested by elevation of the withdrawal threshold to a thermal (plantar test) or
mechanical (von Frey test) stimulus, respectively.

3 Similar effects were obtained in both the plantar and von Frey tests when gabapentin was injected
intracerebroventricularly (i.c.v.) or intrathecally (i.t.), suggesting that it acts at both supraspinal and
spinal loci. This novel supraspinal analgesic action of gabapentin was only obtained in ligated
neuropathic mice, and gabapentin (i.p. and i.c.v.) did not affect acute thermal and mechanical
nociception.

4 In mice in which central NA levels were depleted by 6-OHDA, the antihyperalgesic and
antiallodynic effects of i.p. and i.c.v. gabapentin were strongly suppressed.

5 The antihyperalgesic and antiallodynic effects of systemic gabapentin were reduced by both
systemic and i.t. administration of yohimbine, an a2-adrenergic receptor antagonist. By contrast,
prazosin (i.p. or i.t.), an a1-adrenergic receptor antagonist, did not alter the effects of gabapentin.
6 It was concluded that the antihyperalgesic and antiallodynic effects of gabapentin are mediated
substantially by the descending noradrenergic system, resulting in the activation of spinal
a2-adrenergic receptors.
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Introduction

Gabapentin (Neurontin) is an antiepileptic agent with estab-

lished clinical efficacy in patients with refractory partial
seizures and secondarily generalized tonic–clonic seizures
(Goa & Sorkin, 1993). More recent studies have demonstrated
that gabapentin also exhibits analgesic effects in patients with

several neuropathic conditions, including diabetic neuropathy
and postherpetic neuralgia (Segal & Rordorf, 1996; Backonja
et al., 1998). Its clinical efficacy in the regulation of chronic

pain is supported by animal studies employing various models
of hyperalgesia and tactile allodynia (Singh et al., 1996; Field
et al., 1997; Pan et al., 1999b; Luo et al., 2001).

Gabapentin was originally designed and synthesized as a
structural analogue of g-aminobutyric acid (GABA) that
would be able to penetrate the blood–brain barrier. However,

it exhibits negligible affinity for a number of widely studied
neurotransmitter-binding sites, including GABAA and GABAB

receptors (Taylor et al., 1998; but see Ng et al. (2001) and

Bertrand et al., 2001). Nevertheless, the finding that it

specifically binds to the a2d-1 auxiliary subunit of the voltage-
sensitive Ca2þ channel (Gee et al., 1996) may provide a

molecular explanation for the inhibition of high-threshold Ca2þ

channels (Sutton et al., 2002), the modulation of synaptic

transmission (Patel et al., 2000; Shimoyama et al., 2000; Bayer

et al., 2004), and the antiallodynic effects (Luo et al., 2001; 2002)

observed with gabapentin. The studies by Luo et al. (2001; 2002)

revealed that upregulation of the a2d-1 subunits of voltage-
sensitive Ca2þ channels in the spinal cord and dorsal root

ganglia correlates with the development of allodynia following

spinal nerve injury, and that gabapentin is effective only in

animal models of neuropathic pain accompanied by upregula-

tion of the a2d-1 subunit. While these lines of experimental
evidence have contributed considerably to our knowledge of the

actions of gabapentin, much more information will be required

to reach a full and detailed understanding of the mechanisms

responsible for its anticonvulsant/analgesic effects.
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Based on the importance of spinal plasticity and sensitiza-
tion following peripheral nerve injury (Sandkühler & Liu,

1998; Yaksh et al., 1999; Miletic & Miletic, 2000; Sandkühler,
2000), attention has been focused on the spinal cord as the
primary site of analgesic action of gabapentin, and indeed

intrathecal (i.t.) administration of gabapentin has been shown
to produce analgesic effects in chronic pain (Hwang & Yaksh,
1997; Cheng et al., 2000; Kaneko et al., 2000; Luo et al., 2001).

In the present paper, we provide evidence that gabapentin also
has a supraspinal site of action, in which central noradrenaline
(NA), an essential neurotransmitter in the endogenous pain-
inhibitory system, is involved.

Methods

All of the experimental protocols used here were approved
by the Animal Care and Use Committee of Nagoya City
University, and were carried out according to the guidelines of

the National Institutes of Health and the Japanese Pharma-
cological Society.

Preparations of the animal model

The surgical procedure was based on that described by Seltzer
et al. (1990). In brief, 4-week-old, male ddY mice were

anesthetized by intraperitoneal (i.p.) administration of pento-
barbital sodium (60mg kg�1). One-third to one-half of the
dorsal aspect of the right sciatic nerve was ligated just distal to
its branch to the posterior biceps and semitendinosus muscles.

Thermal hyperalgesia and tactile allodynia were assessed 7
days after ligation.

Assessment of thermal responsiveness

Thermal hyperalgesia was assessed using the plantar test (Ugo
Basile, Comerio, Italy), following a modification of the

method of Hargreaves et al. (1988). Mice were placed in a
clear plastic chamber with a glass floor and allowed to
acclimate to their environment before testing. During this

time, the mice initially demonstrated exploratory behavior,
but subsequently stopped exploring and stood quietly with
occasional bouts of grooming. A mobile radiant heat source,

which was located under the glass floor, was focused onto the
plantar surface of the right hindpaw, and paw withdrawal
latencies (PWLs) were recorded. PWLs were measured in
duplicate for the right hindpaw of each animal, and the mean

of the two values was used for analysis. A cutoff latency of 15 s
was imposed to avoid tissue damage.

Assessment of tactile allodynia

Mice were placed in individual transparent Perspex cubicles
with a wire mesh bottom, and a series of calibrated von Frey

filaments (Semmes-Weinstein monofilaments, Stoelting, Wood
Dale, IL, U.S.A.) was used to determine the 50% likelihood
of a paw withdrawal response (50% threshold) using the up–

down method of Dixon (1980). Eight von Frey filaments, with
approximately equal logarithmic incremental bending forces,
were chosen (von Frey number: 2.36, 2.44, 2.83, 3.22, 3.61,
3.84, 4.08, 4.17; equivalent to 0.02, 0.03, 0.07, 0.17, 0.41, 0.69,

1.20, and 1.48 g force, respectively). Testing was initiated with

the 0.17 g hair, and each hair was applied perpendicularly to
the plantar surface of the right hindpaw with sufficient force to

bend the filaments, for 3–4 s. Lifting of the paw indicated a
positive response and promoted the use of the next weaker
(i.e., lighter) filament. Absence of a paw withdrawal response

prompted the use of the next stronger (i.e., heavier) filament.
This paradigm was continued until four measurements had
been obtained after an initial change in behavior, or until four

consecutive negative (score of 0.01 g) or five positive scores
(score of 1.5 g) had been obtained. The resulting scores were
used to calculate the 50% threshold (Chaplan et al., 1994).
In the study presented here, mice that exhibited a PWL of

less than 5 s in the plantar test and a 50% threshold of 0.1 g
in the von Frey test 7 days after partial ligation of the sciatic
nerve were considered to be developing thermal hyperalgesia

and tactile allodynia.

Locomotor activities

Locomotor activities during exploratory behavior in an open
arena (18 cm� 28 cm floor with 13-cm-high walls) were

determined by using an automated behavioral experimental
apparatus (Animex IIIA, Shimazu, Kyoto, Japan). In this
equipment, the movement detector operates by counting the
number of times an animal elicits a capacitance change. Mice

developing thermal hyperalgesia and tactile allodynia were
injected intracerebroventricularly (i.c.v.) with either saline (as a
control) or gabapentin. Assessment of locomotor activities was

carried out for 1 h postinjection, locomotion was measured in
5-min windows during that time.

Effects on acute nociception

The degree of antinociception was determined using the

plantar test (see above) and the paw pressure test in normal
(nonligated) mice.
In the plantar test, an intensity of radiant heat higher than

that used in ligated animals was applied. Otherwise at the

weaker intensity as was used in ligated animals (including
before ligation), mice before ligation occasionally exhibited the
PWL values above 10 s, which is close to the cutoff latency of

15 s, which hampered us to make a proper evaluation of the
analgesics on acute nociception.
Following the plantar test, mice were subjected to the paw

pressure test (Pressure Analgesy-Meter, Muromachi Kikai,
Tokyo, Japan) to assess their threshold for acute mechanical
nociception. In brief, while the experimenter gently held the
body of each mouse, the right hindpaw was exposed to

increasing mechanical pressure. The pressure level was
increased at a rate of 10mmHg s�1, and the pressure (mmHg)
required to elicit a response was determined for each mouse;

that pressure was defined as the nociceptive threshold. Paw
pressure measurements were made in duplicate, and the mean
of the two values was used for calculations. The cutoff pressure

was 200mmHg.

Depletion of NA

Immediately before sciatic nerve ligation, under anesthesia
with pentobarbital sodium (60mgkg�1, i.p.), some groups of
mice were injected intracisternally with 50 mg of the catecho-
laminergic neurotoxin 6-hydroxydopamine hydrobromide
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(6-OHDA), which was dissolved in 5ml of 0.9% saline
containing ascorbic acid (100mgml�1). Control animals were
injected with the vehicle alone.
After the assessment of thermal hyperalgesia and tactile

allodynia, the mice were killed by excessive inhalation of ether.

The brain stem and spinal cord were dissected out, weighed,
and then frozen on dry ice. Each brain stem or spinal cord was
homogenized in 450ml of 0.1M perchloric acid containing the
synthetic monoamine dihydroxybenzylamine (0.01 mgml�1) as
an internal standard. The contents of NA, serotonin, and
dopamine (DA) were measured using reverse-phase high-
performance liquid chromatography with electrochemical

detection.

Drugs

Gabapentin, yohimbine HCl, prazosin HCl, and 6-OHDA

were purchased from Sigma Chemical (St Louis, MO, U.S.A.).
Gabapentin and yohimbine HCl were dissolved in 0.9% saline,
and prazosin HCl in distilled water. When given i.p., the drugs
were administered in a volume of 0.1ml (10 g body weight)�1.

For i.t. injection, the drugs were administered in a volume of
5 ml via a disposable 27-gauge needle, which was inserted into
the subarachnoid space through the intervertebral foramen

between L5 and L6 according to the method described by
Hylden & Wilcox (1980). For i.c.v. injection, the drugs were
also administered in a volume of 5ml via a disposable 27-gauge
needle, which was inserted into the lateral ventricle (Haley &
McCormick, 1957). The a-adrenergic receptor antagonists
were administered 15min before gabapentin injection.

Statistical analysis

All data are expressed as the mean7s.e.m. The effects of
gabapentin on the nociceptive threshold in both the plantar

and von Frey tests were evaluated with respect to time; the
time of administration of gabapentin was defined as time zero.

Two-tailed nonparametric Bonferroni-type multiple compar-
isons following the Kruskal–Wallis test (Glantz, 1992) were
used for multiple comparisons between the control and treated

groups. The Mann–Whitney U-test was used for direct
comparisons between two groups. Differences with Po0.05
(two-tailed) were considered significant.

Results

Gabapentin exhibits antihyperalgesic and antiallodynic
effects in the Seltzer model

We first confirmed that gabapentin suppressed the thermal

hyperalgesia and tactile allodynia that developed in mice with
partially ligated sciatic nerves (the Seltzer model). As shown in
Figure 1, i.p. gabapentin (30 and 100mgkg�1) significantly
elevated the PWL in the plantar test (Po0.05 at 100mg kg�1)
and markedly elevated the 50% threshold in the von Frey test
(Po0.05 at 30 and 100mg kg�1).

Gabapentin has both supraspinal and spinal actions

To explore the sites at which it exerts its antihyperalgesic and

antiallodynic effects, gabapentin (30 and 100mg) was injected
via the i.c.v. and i.t. routes. Figure 2 shows the dose-dependent
elevations of PWL in the plantar test and the 50% threshold
in the von Frey test obtained in response to both i.c.v. and

i.t. gabapentin (Figure 2a and b, respectively). Thus, both
supraspinal and spinal sites contribute to the antihyperalgesic
and antiallodynic effects produced by systemically adminis-

tered gabapentin. Gabapentin (100mg, i.c.v.) did not affect
locomotor activities (Figure 3), indicating that the novel
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Figure 1 Gabapentin exhibits antihyperalgesic and antiallodynic effects. Thermal hyperalgesia and tactile allodynia were assessed
using the plantar and von Frey tests, respectively. Gabapentin (30 and 100mgkg�1) was administered i.p. at time zero. Each point
represents the mean7s.e.m. of seven separate experiments. Ordinates: mean PWLs (plantar test; left) and 50% thresholds (von Frey
test; right). Abscissae: 7 days before (pre-ope) and time in minutes after gabapentin application. Open diamond in each graph shows
the mean of pooled PWLs (left) or 50% thresholds (right) obtained before ligation in the three groups of mice. The asterisks indicate
data points for which a significant difference between the control (open circle) and gabapentin-treated groups (closed triangle and
square) was observed, as determined by two-tailed nonparametric Bonferroni-type multiple comparisons following the Kruskal–
Wallis test (two comparisons in three groups, *Po0.05).
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supraspinal analgesic action of gabapentin was not elicited
secondarily via impaired motor activities. Moreover, the

analgesic action of gabapentin mediated by supraspinal as
well as systemic administration was observed exclusively in
the neuropathic pain model (Seltzer) mice, since gabapentin

(100mg, i.c.v. or 100mg kg�1, i.p.) did not exert any
antinociceptive effects against acute thermal and mechanical
nociception, as assessed by the plantar and paw pressure tests,

respectively, in nonligated mice (Figure 4).

Depletion of central NA decreases the effects
of gabapentin

The endogenous pain-inhibitory system, which descends to

the lumbar spinal cord from supraspinal structures, regulates

spinal nociceptive transmission (Sagen & Proudfit, 1984;
Jones, 1991). NA originating from the locus coeruleus is an

essential neurotransmitter in the endogenous pain-inhibitory
system. Based on our current observation that gabapentin has
supraspinal sites of action, we expected central NA to play a

role in the generation of its antihyperalgesic and antiallodynic
effects. Experiments were therefore performed using mice in
which central NA levels had been depleted by intracisternal

injection of 6-OHDA immediately before ligation of the sciatic
nerve. This treatment with 6-OHDA reduced the NA contents
of the brain stem and spinal cord to 70.1 and 6.2%,

respectively, of that in control animals treated with vehicle
(ascorbic acid) alone (data obtained from 17 control and 52–53
6-OHDA-treated animals), as quantified after the assessment
of thermal hyperalgesia and tactile allodynia (Figure 5).
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Figure 2 Effects of a local injection of gabapentin. Both (a, i.c.v.) and (b, i.t.) administration of gabapentin (30 and 100mg)
ameliorated the symptoms of thermal hyperalgesia and tactile allodynia, indicating that gabapentin has both supraspinal and spinal
actions. Gabapentin was injected at time zero. Each point represents the mean7s.e.m. of six or seven separate experiments.
Ordinates: mean PWLs (plantar test; left) and 50% thresholds (von Frey test; right). Abscissae: 7 days before (pre-ope) and time in
minutes after gabapentin injection. Open diamond in each graph shows the mean of pooled PWLs (left in a and b) or 50%
thresholds (right in (a) and (b)) obtained before ligation in the three groups of mice. The asterisks indicate data points for which a
significant difference between the control (open circle) and gabapentin-treated groups (closed triangle and square) was observed, as
determined by two-tailed nonparametric Bonferroni-type multiple comparisons following the Kruskal–Wallis test (two comparisons
in three groups, *Po0.05).
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mice. Acute thermal and mechanical nociception were assessed by the plantar and paw pressure tests, respectively. Note that an
intensity of radiant heat higher than that used in ligated animals was applied in the study on acute thermal nociception. Gabapentin
(30 and 100mgkg�1, i.p. in (a) and 100 mg, i.c.v. in (b)) was administered at time zero. Each point represents the mean7s.e.m. of six
or seven separate experiments. Ordinates: mean PWLs (plantar test; left) and nociceptive threshold (paw pressure; right). Abscissae:
time in minutes after gabapentin injection.

M. Tanabe et al Gabapentin and central noradrenaline 707

British Journal of Pharmacology vol 144 (5)



0.0

0.2

0.4

0.6

0.8

5-
H

T
 (

ng
/m

g 
tis

su
e)

0.00

0.01

0.02

0.03

D
A

 (
ng

/m
g 

tis
su

e)

NA 5-HT DA

B       B S S B        B S S
0.0

0.2

0.4

0.6
 control

 6-OHDA

N
A

 (
ng

/m
g 

tis
su

e)

B        B S S

Figure 5 Depletion of descending NA. 6-OHDA was injected intracisternally immediately before ligation of the sciatic nerve. After
the assessment of thermal hyperalgesia and tactile allodynia (see Figures 6 and 9), the contents of NA, 5-HT, and DA in the brain
stem (B) and spinal cord (S) obtained from vehicle control (open columns, n¼ 17) and 6-OHDA-treated mice (hatched columns,
n¼ 49–53) were measured using reverse-phase high-performance liquid chromatography with electrochemical detection.

plantar (i.p.) von Frey (i.p.)

plantar (i.c.v.) von Frey (i.c.v.)

∗ ∗
∗

∗

∗∗
∗

∗
∗∗

∗

0

2

4

6

8

10

depleted

non-depleted

P
W

L 
(s

ec
) 

0.0

0.3

0.6

0.9

1.2

1.5

non-depleted

control

30 mg kg-1 

100 mg kg-1 

100 mg kg-1 

50
 %

 th
re

sh
ol

d 
(g

) 

pre-ope -30 0 30 60 90 120
0

2

4

6

8

10

depleted

non-depleted

P
W

L
(s

ec
)

Time (min)
pre-ope -30 0 30 60 90 120

Time (min)

0.0

0.2

0.4

0.6

0.8

1.0

non-depleted

50
 %

 th
re

sh
ol

d 
(g

) 

control
 30 µg
 100 µg
 100 µg

pre-ope -30 0 30 60 90 120
Time (min)

pre-ope -30 0 30 60 90 120
Time (min)

a

b

708 M. Tanabe et al Gabapentin and central noradrenaline

British Journal of Pharmacology vol 144 (5)



Simultaneously measured serotonin and DA contents in both
the brain stem and spinal cord were not prominently changed
by intracisternal injection of 6-OHDA (Figure 5). Further-

more, thermal hyperalgesia was more severe in the mice that
had been pretreated with 6-OHDA. In mice undergoing sciatic

ligation without vs with 6-OHDA pretreatment, PWL values
in the plantar test were 3.670.2 vs 2.870.1 s (n¼ 17 and 54,
respectively; Po0.01, two-tailed Mann–Whitney U-test), while
the 50% thresholds in the von Frey test were 0.03170.004 vs
0.02570.003 g (n¼ 17 and 54, respectively; not significant by
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Figure 7 The a2-adrenergic receptor antagonist yohimbine reduces the antihyperalgesic and antiallodynic effects of gabapentin.
Yohimbine HCl (yoh) was administered either i.p. ((a); 0.3 and 1mgkg�1) or i.t. ((b); 1 and 3 mg) 15min before the administration of
gabapentin (gbp, 100mgkg�1, i.p., administered at time zero). Each point represents the mean7s.e.m. of six or seven separate
experiments. Ordinates: mean PWLs (plantar test; left) and 50% thresholds (von Frey test; right). Abscissae: 7 days before (pre-ope)
and time in minutes after gabapentin application. Open diamond in each graph shows the mean of pooled PWLs (left in (a) and (b))
or 50% thresholds (right in (a) and (b)) obtained before ligation in the three groups of mice. The asterisks indicate data points for
which a significant difference between the gabapentin-only (open circle) and yohimbine-treated groups (closed triangle and square)
was observed, as determined by two-tailed nonparametric Bonferroni-type multiple comparisons following the Kruskal–Wallis test
(two comparisons in three groups, *Po0.05).

Figure 6 Depletion of descending NA levels strongly reduces the antihyperalgesic and antiallodynic effects of systemically and
i.c.v. administered gabapentin. 6-OHDA was injected intracisternally immediately before ligation of the sciatic nerve. Gabapentin
(30 and 100mgkg�1, i.p. in (a), and 30 and 100 mg, i.c.v. in (b)) was administered at time zero. Each point represents the
mean7s.e.m. of six separate experiments. Ordinates: mean PWLs (plantar test; left) and 50% thresholds (von Frey test; right).
Abscissae: 7 days before (pre-ope) and time in minutes after gabapentin administration. Open diamond in each graph shows the
mean of pooled PWLs (left in (a) and (b)) or 50% thresholds (right in (a) and (b)) obtained before ligation in the four groups of
mice. The asterisks indicate data points for which a significant difference between the control (open circle) and gabapentin-treated
groups (closed triangle and closed square) was observed, as determined by two-tailed nonparametric Bonferroni-type multiple
comparisons following the Kruskal–Wallis test (two comparisons in three groups, *Po0.05). Pretreatment with vehicle (ascorbic
acid) alone did not affect the antihyperalgesic and antiallodynic actions of gabapentin (100mgkg�1, i.p. in (a) and 100 mg, i.c.v. in
(b)), as shown superimposed in the graphs (n¼ 5–6, open square).
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two-tailed Mann–Whitney U-test). In mice pretreated with
6-OHDA, i.p. gabapentin (30 and 100mg kg�1) elicited a weak
elevation of the PWL in the plantar test, and the elevation of

the 50% threshold in the von Frey test was substantially
suppressed (Figure 6a).
We then evaluated the effect of i.c.v. gabapentin (30 and

100 mg) in mice that had been pretreated with 6-OHDA. Again,
gabapentin was unable to increase the PWL in the plantar test
and failed to raise the 50% threshold in the von Frey test

(Figure 6b).
In control mice that had been pretreated with ascorbic acid,

we confirmed the antihyperalgesic and antiallodynic actions

of gabapentin (100mg kg�1, i.p., 100mg, i.c.v., or 100 mg, i.t.),
indicating that ascorbic acid alone does not impair the
analgesic action of gabapentin (shown in Figures 6 and 9a).
Taken together, these results indicate that the actions of

systemically administered gabapentin are mediated largely by
central NA originating from the brain stem, which presumably

descends to the spinal cord to inhibit pain transmission. To
investigate further the involvement of the descending nora-
drenergic system in the supraspinal action of gabapentin, we

next performed pharmacological experiments with specific
antagonists of a-adrenergic receptors.

Spinal a2-adrenergic receptors mediate the supraspinal
actions of gabapentin

Activation of the noradrenergic endogenous pain-inhibitory

system stimulates a2-adrenergic receptors in the lumbar spinal
cord, resulting in analgesic effects (Sagen & Proudfit, 1984;
Jones, 1991; Jasmin et al., 2002). In our mice with partially

ligated sciatic nerves, systemic administration of the
a2-adrenergic receptor antagonist yohimbine HCl, at doses of
0.3 and 1mgkg�1 (i.p.), did not alter the nociceptive thresholds
measured using either the plantar or von Frey tests.

Subsequent application of gabapentin (100mg kg�1, i.p.,
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Figure 8 The a1-adrenergic receptor antagonist prazosin does not affect the antihyperalgesic and antiallodynic effects of
gabapentin. Prazosin HCl (pra) was administered either i.p. ((a); 1mg kg�1) or i.t. ((b); 3mg) 15min before the administration of
gabapentin (gbp, 100mgkg�1, i.p., administered at time zero). Each point represents the mean7s.e.m. of six or seven separate
experiments (open circle; gabapentin-only, closed triangle; prazosin-treated). Ordinates: mean PWLs (plantar test; left) and 50%
thresholds (von Frey test; right). Abscissae: 7 days before (pre-ope) and time in minutes after gabapentin application. Open diamond
in each graph shows the mean of pooled PWLs (left in (a) and (b)) or 50% thresholds (right in (a) and (b)) obtained before ligation
in the two groups of mice.
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15min after yohimbine) elicited only slight elevations of the

PWL in the plantar test and the 50% threshold in the von Frey
test (Figure 7a). Moreover, i.t. yohimbine HCl (1 and 3 mg)
reduced the analgesic effects of systemically administered

gabapentin (100mg kg�1, i.p., Figure 7b) against thermal and
mechanical stimuli in a dose-dependent manner. By contrast,
blockade of spinal a1-adrenergic receptors by systemic or i.t.
injection of prazosin HCl (1mgkg�1, i.p. or 3mg, i.t.) did not
alter the analgesic effects of systemic gabapentin (Figure 8).
Taken together, our results indicate that the descending

noradrenergic system, coupled with spinal a2-adrenergic
receptors, mediates the supraspinal actions of gabapentin.

The descending noradrenergic system also influences
the spinal action of gabapentin

Finally, we assessed whether the spinal action of gabapentin

was dependent on the descending noradrenergic system, and
found that i.t. gabapentin was less effective in mice with
depleted NA or after blockade of spinal a2-adrenergic
receptors (Figure 9). These results suggest that the spinal
action of gabapentin is partially dependent on the descending
noradrenergic system. We did not investigate further the
relationship between the spinal action of gabapentin and the

spinal levels of NA.
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Figure 9 Depletion of descending NA levels or blockade of spinal a2-adrenergic receptors partly reduces the antihyperalgesic and
antiallodynic effects of i.t. administered gabapentin. 6-OHDA was injected intracisternally immediately before ligation of the sciatic
nerve. Gabapentin (gbp, 30 and 100 mg, i.t. in (a) and (b)) was administered at time zero. Yohimbine HCl (yoh, 1 and 3mg, i.t. in (b))
was administered 15min before the administration of gabapentin. Each point represents the mean7s.e.m. of seven separate
experiments. Ordinates: mean PWLs (plantar test; left) and 50% thresholds (von Frey test; right). Abscissae: 7 days before (pre-ope)
and time in minutes after gabapentin administration. Open diamond in each graph shows the mean of pooled PWLs (left in (a) and
(b)) or 50% thresholds (right in (a) and (b)) obtained before ligation in the four (a) and three (b) groups of mice. In (a), pretreatment
with vehicle (ascorbic acid) alone did not affect the antihyperalgesic and antiallodynic actions of gabapentin (100 mg, i.t.), as shown
superimposed in the graphs (n¼ 6, open square). In (a) and (b), the asterisks indicate data points for which a significant difference
between (a) the control (open circle) and gabapentin-treated groups (closed triangle and closed square) or (b) the gabapentin-only
(open circle) and yohimbine-treated groups (closed triangle and square) was observed, as determined by two-tailed nonparametric
Bonferroni-type multiple comparisons following the Kruskal–Wallis test (two comparisons in three groups, *Po0.05).
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Discussion

Our results indicate that gabapentin acts on supraspinal
structures to activate the descending noradrenergic system.

This terminates in the lumbar spinal cord, where NA interacts
with a2-adrenergic receptors to reduce the transmission of
nociceptive information. Considered together with the well-

established effects of gabapentin on the spinal cord (Hwang &
Yaksh, 1997; Kaneko et al., 2000; Patel et al., 2000; Luo et al.,
2001; 2002), this novel, supraspinally mediated effect provides

a substantial explanation of the analgesia produced by
systemically administered gabapentin in mice that develop
thermal hyperalgesia and tactile allodynia following partial
ligation of the sciatic nerve.

In the present experiments, we confirmed that gabapentin
has no antinociceptive effects against acute pain, a finding that
is consistent with observations from previous studies (Field

et al., 1997; Laughlin et al., 2002). Previous findings also
support the notion that gabapentin is likely to activate the NA-
mediated endogenous pain inhibitory system only in chronic

hyperalgesic conditions. The hyperalgesia-dependent inhibi-
tion of excitatory synaptic transmission by gabapentin has
been demonstrated in the dorsal horn of spinal cord slices

prepared from hyperalgesic rats with streptozotocin-induced
diabetic neuropathy (Patel et al., 2000; but see Shimoyama
et al., 2000). Moreover, it has been shown that gabapentin
reduces the release of substance P and calcitonin gene-related

peptide from spinal tissues only after inflammation-induced
sensitization (Fehrenbacher et al., 2003). The molecular basis
for the supraspinal action of gabapentin remains unclear;

however, there is evidence that the a2d-1 subunit of the voltage-
dependent calcium channel, the only known specific binding
site of gabapentin (Gee et al., 1996), is upregulated in the

dorsal root ganglion and spinal cord in association with the
development of gabapentin-sensitive allodynia (Luo et al.,
2001; 2002). Similar upregulation of this subunit, or specific

expression of as yet unidentified gabapentin-binding sites,
could take place in the supraspinal structures of mice with
thermal hyperalgesia and tactile allodynia induced by partial
ligation of the sciatic nerve. In addition to antihyperalgesic

and antiallodynic effects, gabapentin sometimes generated the
analgesic effects beyond nociceptive withdrawal levels ob-
tained before ligation in ligated animals, which may be also

explained by such plastic changes in the spinal and supraspinal
structures.
It has been suggested that the reduction in the analgesic

effects of opiates observed in some chronic pain patients
(Arner & Meyerson, 1988) is partly attributable to noradre-
nergic dysfunction. However, the neuropathic pain model
employed in this study (the Seltzer model) is likely to involve

little or no noradrenergic dysfunction. The model mice that
developed thermal hyperalgesia and tactile allodynia in this
study exhibited the same sensitivity to morphine as normal

mice in the plantar test (data not shown). Moreover, when
sciatic nerve ligation was combined with 6-OHDA-induced
NA depletion, we observed further decreases in the withdrawal

threshold against radiant heat (plantar test), supporting the
results of Jasmin et al. (2002). Thus, the mechanism involved
in the development of thermal hyperalgesia and tactile

allodynia following partial ligation of the sciatic nerve is
independent of the central noradrenergic system, and animals
with chronic pain induced by such methods seem to have

functional descending noradrenergic influences on the lumbar
spinal cord, via which supraspinal gabapentin exerts its

analgesic action. After disabling the noradrenergic inhibitory
system by pretreatment with 6-OHDA, supraspinally injected
gabapentin no longer produced antihyperalgesic and antiallo-

dynic effects. Thus, the ability of the supraspinal action of
gabapentin to contribute to its systemic effects appears to
depend on the existence of a functional descending noradre-

nergic system.
Our pharmacological experiments revealed that systemically

or i.t. administered yohimbine (a specific antagonist of a2-
adrenergic receptors), but not systemically administered

prazosin (a specific antagonist of a1-adrenergic receptors),
produced a marked reduction in the effects of gabapentin on
thermal hyperalgesia and tactile allodynia. This is in good

agreement with the evidence presented here that gabapentin
acts on supraspinal structures to activate the descending
noradrenergic system, which terminates in the spinal cord.

Hence, the supraspinal action of gabapentin would induce
increased release of NA, with consequential activation of the
a2-adrenergic receptors in the dorsal horn of the spinal cord.
Experimental and clinical evidence shows that a2-adrenergic
agonists such as clonidine produce the analgesic effects at the
spinal cord not only in acute (Reddy et al., 1980; Takano &
Yaksh, 1992; Hunter et al., 1997; Stone et al., 1997) and

chronic (Puke & Wiesenfeld-Hallin, 1993; Yaksh et al., 1995;
Pan et al., 1999a; Kawamata et al., 2003) experimental pain
animal models, but also in human patients suffering from

acute (Eisenach et al., 1989; Mendez et al., 1990) and chronic
(Glynn & O’Sullivan, 1996; Siddall et al., 2000) pain. In
agreement with previous studies (Hwang & Yaksh, 1997;

Cheng et al., 2000; Kaneko et al., 2000; Luo et al., 2001), i.t.
gabapentin generated antihyperalgesic and antiallodynic
effects, which undoubtedly contributed to the analgesic effects
of systemically applied gabapentin. However, considering that

the systemic and supraspinal effects were markedly suppressed
by NA depletion, an action on supraspinal structures, leading
in turn to the activation of spinal a2-adrenergic receptors, is
likely to explain most of the systemic effect of gabapentin.
Recent studies have provided evidence indicating that activa-
tion of spinal a2-adrenergic receptors is followed by the release
of spinal acetylcholine and nitric oxide, which are thought to
play an important role in generating the analgesic action of
clonidine in the spinal cord (Xu et al., 1997; Pan et al., 1998;

1999a). Whether a similar mechanism mediates the analgesic
action of gabapentin on thermal hyperalgesia and tactile
allodynia after activation of the descending noradrenergic
system remains to be studied.

Unlike the supraspinal action of gabapentin that leads to
activation of the noradrenergic endogenous pain inhibitory
system, we expected that its spinal actions, which may include

effects on the spinal neurons and/or the primary sensory
afferent terminals, would be solely independent of the
descending noradrenergic system. However, the results show

that the spinal action of gabapentin requires the functional
noradrenergic system coupled with activation of a2-adrenergic
receptors, which may support the finding that clonidine and
gabapentin, when administered i.t., interact synergistically

against tactile allodynia (Cheng et al., 2000). The systemic
effects of gabapentin may include a synergistic interaction
between gabapentin and NA at the spinal cord, where NA is

released as a result of the supraspinal action of gabapentin.
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Further studies focusing on the alterations in neuronal activity
in supraspinal structures elicited by spinal sensitization may

provide some explanation as to how gabapentin influences the

descending noradrenergic system. The present results show the
importance of supraspinal structures in the pharmacological

regulation of thermal hyperalgesia and tactile allodynia.
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