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1 There is evidence that noradrenaline contributes to the development and maintenance of
neuropathic pain produced by trauma to a peripheral nerve. It is, however, unclear which subtype(s)
of a adrenergic receptors (AR) may be involved. In addition to pro-nociceptive actions of AR
stimulation, a2 AR agonists produce antinociceptive e�ects.

2 Here we studied the contribution of the a2 AR subtypes, a2A, a2B and a2C to the development of
neuropathic pain. We also examined the antinociceptive e�ect produced by the a2 AR agonist
dexmedetomidine in nerve-injured mice.

3 The studies were performed in mice that carry either a point (a2A) or a null (a2B and a2C)
mutation in the gene encoding the a2 AR. To induce a neuropathic pain condition, we partially
ligated the sciatic nerve and measured changes in thermal and mechanical sensitivity.

4 Baseline mechanical and thermal withdrawal thresholds were similar in all mutant and wild-type
mice; and, after peripheral nerve injury, all mice developed comparable hypersensitivity (allodynia)
to thermal and mechanical stimulation.

5 Dexmedetomidine reversed the allodynia at a low dose (3 mg kg71, s.c.) and produced
antinociceptive e�ects at higher doses (10 ± 30 mg kg71) in all groups except in a2A AR mutant
mice. The e�ect of dexmedetomidine was reversed by intrathecal, but not systemic, injection of the
a2 AR antagonist RS 42206.

6 These results suggest that neither a2A, a2B nor a2C AR is required for the development of
neuropathic pain after peripheral nerve injury, however, the spinal a2A AR is essential for the
antinociceptive e�ects of dexmedetomidine.
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Introduction

Injury to a peripheral nerve can lead to a pain syndrome that

is characterized by spontaneous pain, pain in response to
normally innocuous stimuli (allodynia) and exaggerated pain
in response to noxious stimuli (hyperalgesia). Although the

etiology of neuropathic pain is not completely understood, in
some patients it can be relieved by sympatholytic treatment
(see Bonica, 1990). Under normal conditions, sensory

neurons do not respond to sympathetic stimulation or to
adrenergic agonists (JaÈ nig et al., 1996). After injury to a
peripheral nerve, however, sensory neurons can be activated

by sympathetic stimulation and respond to local or
circulating catecholamines (Devor & JaÈ nig, 1981; Scadding,
1981; Sato & Perl, 1991). There are multiple sites where the
abnormal interaction between the sensory and sympathetic

nervous systems occurs, including damaged axons at the
nerve injury site (Devor & JaÈ nig, 1981), uninjured cutaneous

nociceptors that innervate partially denervated skin (Ali et

al., 1999) and in the dorsal root ganglion, where sprouting of
sympathetic e�erents around large diameter cell bodies has
been described (McLachlan et al., 1993; Devor et al., 1994;

Michaelis et al., 1996).
With a view to developing new therapies to treat these

conditions, studies in both patients and in animal models of

neuropathic pain have addressed the contribution of
adrenergic receptor blockers. Several studies reported that
the non-selective a AR antagonist, phentolamine, can reduce

nerve injury-associated allodynia and hyperalgesia (Arner,
1991; Raja et al., 1991; Kim et al., 1993; Tracey et al., 1995,
but see Ringkamp et al., 1999a). Although primate models
and clinical studies indicate that the a1 AR is critical to the

sympathetic-sensory coupling (Davis et al., 1991; Drummond
et al., 1996; Ali et al., 1999), several rodent studies have
implicated the a2 AR (Tracey et al., 1995; Xie et al., 1995;

Chen et al., 1996).
Three di�erent a2 AR subtypes, a2A, a2B and a2C have been

identi®ed (see Bylund et al., 1994). Immunocytochemical and
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in situ hybridization studies indicate that all subtypes are
located in regions associated with the processing of
nociceptive information, including the super®cial layers of

the spinal dorsal horn (Rosin et al., 1993; 1996; Stone et al.,
1998) and the dorsal root ganglion (Nicholas et al., 1993;
Gold et al., 1997). The purpose of the present study was to
examine the contribution of the di�erent a2 AR subtypes to

the development of neuropathic pain. Because selective
antagonists to these receptor subtypes are not readily
available, we examined mice that carry either a point (a2A
AR; MacMillan et al., 1996) or null (a2B and a2C AR; Link et
al., 1996) mutation in the gene that encodes the a2 AR. The
D79N point mutation in the a2A AR mutant results in

selective uncoupling of the a2 AR from activation of
potassium currents; the coupling to inhibition of voltage-
gated calcium channels and adenylate cyclase is not altered

(Surprenant et al., 1992). However, although some of the
signalling pathways are preserved in the a2A AR D79N
mutant mice, the density of a2A AR binding in the mutant is
reduced by 80% compared to wild-type mice (MacMillan et

al., 1996).
Finally, because several studies have demonstrated that a2

AR agonists produce antinociceptive e�ects in rodent

models of acute pain (Reddy et al., 1980; Yaksh, 1985;
Kalso et al., 1991; Takano & Yaksh, 1992) and of
neuropathic pain (Yaksh et al., 1995, but see also Puke et

al., 1994), and also in acute and chronic pain in humans
(Tamsen & Gordh, 1984; Eisenach et al., 1996), we
examined the contribution of the di�erent a2 AR subtypes

to the antinociceptive e�ects of the a2 AR agonist,
dexmedetomidine. Previous studies suggested that the a2A
subtype mediates the antinociceptive e�ect of a2 AR
agonists in acute models of pain (Hunter et al., 1997;

Lakhlani et al., 1997; Stone et al., 1997). However, because
a2 AR expression may be altered after nerve injury (Cho et
al., 1997; Fareed et al., 1997; Birder & Perl, 1999; Stone et

al., 1999; Shi et al., 2000), it is possible that the action of
dexmedetomidine is altered by nerve injury or that the a2
AR receptor subtype that is responsible for its antinocicep-

tive e�ect is di�erent.

Methods

Animals

The generation of the mutant mice has been described
previously (MacMillan et al., 1996; Link et al., 1996). In the
a2A AR mutant mice, the receptor carries a D79N point

mutation that uncouples the a2A AR from potassium
channels (MacMillan et al., 1996); these mice were obtained
from Dr Lee Limbird (Vanderbilt University). By contrast,

the a2B AR and a2C AR mutant mice carry a null mutation
in the gene that encodes the a2 AR (Link et al., 1996); these
mice were obtained from Dr Brian Kobilka (Stanford
University). The experiments were performed on age, weight

(20 ± 30 grams) and sex-matched mice. In the ®rst experi-
ment, which examined the e�ect of nerve injury in a2A AR
mutant and wild-type mice, male mice were used. In

subsequent studies, female a2A AR mutant and wild-type
mice were used. We did not observe any di�erence between
male and female mice in general behaviour or with respect to

nerve injury-induced allodynia. Female mice were used for all
experiments involving a2B and a2C AR mutant and wild-type
mice. Because the D79N mice were generated on a 129SvJ

background, we used 129SvJ wild-type mice (Jackson
Laboratories) as controls. The mice that carried a null
mutation in either the a2B AR (129SvJ/C57BL) or a2C AR
(129SvJ/FVB) gene were on mixed genetic backgrounds

(Link et al., 1996). Wild-type and homozygous mice were
bred from heterozygous mice. Finally, the antagonist
experiments were performed on male C57BL/6 mice weighing

20 ± 25 g (Bantin-Kingman). All animal experiments were
reviewed and approved by the Institutional Animal Care and
Use Committee of the University of California, San

Francisco.

Nerve injury model

The nerve injury model was induced as we described
previously (Malmberg & Basbaum, 1998). Brie¯y, we
anaesthetized the mice using a mixture of ketamine

(intraperitoneal (i.p.) injection of 66 mg kg71 Ketalar1,
Parke-Davis, NJ, U.S.A.) and Xylazine (13 mg kg71, i.p.,
Xylazine, Ben Venue Laboratories, OH, U.S.A.), and tied a

tight ligature using 9-0 silk suture around approximately 1
3 to

1
2 the diameter of the sciatic nerve, similar to the approach
described in rats by Seltzer et al. (1990). Before and at several

times after the injury, we determined both the thermal and
mechanical sensitivity of the hindpaw on the injured and
uninjured side. Thermal sensitivity was assessed by measuring

the paw withdrawal latency to a radiant heat stimulus
(Hargreaves et al., 1988). Paw withdrawal latency was
determined by three measurements per paw over a testing
period of 30 min. We adjusted the stimulus intensity to yield

a 10 s withdrawal latency in the normal mouse; cut o� in the
absence of a response was 20 s. Mechanical sensitivity was
assessed with calibrated von Frey ®laments using the up ±

down paradigm (Chaplan et al., 1994). As we previously
described, we began the testing with the 0.3 g ®lament; cut o�
in the absence of a response was 2.5 g (Malmberg &

Basbaum, 1998).

Guanethidine sympathectomy

Systemic delivery of guanethidine produces a functional
sympathectomy by depleting noradrenaline from sympathetic
terminals (Boullin et al., 1966; Johnson et al., 1975; Maxwell

et al., 1960). In a previous study, we showed that a single
injection of guanethidine produces a partial and reversible
reduction of thermal and mechanical allodynia in C57BL/6

mice (Malmberg & Basbaum, 1998). Based on the experi-
ments in our previous studies, in the present study we made a
single i.p. injection of 50 mg kg71 guanethidine, 8 ± 10 days

after the nerve injury. We evaluated the thermal and
mechanical thresholds before and 1 day after the guanethe-
dine injection.

Dexmedetomidine studies

To study the e�ect of a2 AR activation, we used the a2 AR

agonist dexmedetomidine (synthesized at Roche Bioscience,
Palo, Alto, CA, U.S.A.). After determining the nerve injury-
induced thresholds at the time of maximal allodynia, 10 ± 14
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days after injury, the mice were randomly assigned to
di�erent groups and were given a subcutaneous (s.c.)
injection of 3, 10 or 30 mg kg71 dexmedetomidine or

10 ml kg71 saline as control. Twenty to 40 min later, at the
peak e�ect of dexmedetomidine, we re-tested the thermal and
mechanical sensitivity of the mice. Because the e�ects of
dexmedetomidine were reversible, we used the same group of

mice to generate the dose-response curve; the mice were used
no more than 2 ± 3 times to examine the e�ects of
dexmedetomidine. Two to 4 days after the ®rst dexmedeto-

midine injection, the mice were again randomly assigned to
di�erent groups and the e�ect of 3, 10, 30 mg kg71

dexmedetomidine or saline was examined. Five to six mice

were tested at each dose of dexmedetomidine.

Antagonist studies

To determine the site of action of the antinociceptive
e�ect of dexmedetomidine, we used the non-selective a2
AR antagonist RS 42206 ([8aR-(8aa,12aa,13aa)]-N-[3-

[5, 8a,9, 10,11, 12a,13a-octahydro-3-methoxy-6H-isoquino[2,1-
g]naphthyridin-12 (8H) -yl) sulphonyl] -methanesulphonamide-
HCl, synthesized at Roche Bioscience, Palo, Alto, CA,

U.S.A., Clark et al., 1993). RS 42206 has been shown to be
peripherally selective with a 47 fold ratio between its
antagonistic e�ect of mydriasis in anaesthetized rats (central

activity) or pressor e�ects in pithed rats (peripheral activity)
after a single injection (M. Spedding and R.D. Clark,
unpublished observations. For testing of similar compounds

and methods, see Clark et al., 1991 and Xiao & Rand, 1990).
The selectivity is believed to re¯ect a lack of central
penetration by RS 42206. The a2 AR a�nity of RS 42206
was determined as previously described (Jasper et al., 1998).

Radioligand binding a�nity estimates (pKi at human a2A-,
a2B- and a2C AR for RS 42206 were 8.4, 8.3 and 8.0,
respectively.

To inhibit peripheral a2 AR we delivered RS 42206 i.p. In
a separate group of mice, we administered RS 42206
intrathecally to selectively block spinal a2 AR. Intrathecal

delivery of RS 42206 was made by direct lumbar puncture
(Hylden & Wilcox, 1980) in a volume of 5.0 ml. The systemic
dose of 0.3 mg kg71 RS 42206 i.p. was based on preliminary
experiments (Hunter et al., unpublished observations) and the

intrathecal dose of 30 mg was based on preliminary dose-
response experiments (Malmberg & Basbaum, unpublished
observations). The antagonist was administered 10 min

before the injection of dexmedetomidine and the sensitivity
to thermal and mechanical stimulation was assessed 20 ±
40 min later.

Quantification and statistical analyses

The behavioural data are presented as mean+s.e.mean at
di�erent time points after the nerve injury. For statistical
analysis of di�erences in thermal sensitivity, we used repeated
measures analysis of variance (ANOVA) followed by the

Student Newman-Keuls test for multiple comparisons.
Statistical comparisons of mechanical thresholds were carried
out using the non-parametric Friedman test followed by the

Dunn's test for multiple comparisons (see Chaplan et al.,
1994, for choice of statistical analysis of changes in
mechanical thresholds). Statistical analysis of changes in

thermal or mechanical sensitivity after drug treatment (e.g.,
guanethidine, dexmedetomidine or RS 42206) was carried out
using paired t-test (thermal) or Wilcoxon signed rank test

(mechanical), respectively. We compared post-guanethidine
or post-dexmedetomidine latencies or thresholds to the values
before the injection, but after the nerve injury.

Results

Effects of nerve injury

As previously described (Macmillan et al., 1996; Link et al.,

1996), all the mutant mice showed normal general behaviour.
Thermal response latencies and mechanical withdrawal
thresholds before the nerve injury did not di�er between

the mutant and wild-type mice in any of the di�erent groups.
We also did not observe any signi®cant di�erence in the
development of thermal or mechanical allodynia in the a2A,
a2B and a2C AR mutant wild-type mice (Figures 1 and 2). In

Figure 1 E�ect of nerve injury in (a) a2A, (b) a2B and (c) a2C AR
mutant (7/7) and wild-type (+/+) mice on thermal response
latencies of the injured (ipsi) and the non-injured (contra) paw. Nerve
injury produced comparable thermal allodynia in the wild-type and
mutant mice. Data are presented as the mean+s.e.mean; n=10 per
group.
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all groups of mice we observed an increased sensitivity to
thermal (Figure 1) and mechanical (Figure 2) stimulation of
the hindlimb ipsilateral to the partial nerve injury. Although

there was some variability among groups in the response
thresholds of the hindlimb contralateral side to the nerve
injury (data not shown), the contralateral changes were not
statistically di�erent.

Effects of guanethidine sympathectomy

We only examined the e�ect of guanethidine in mice that
showed a reduced thermal withdrawal latency of at least 20%
and a decrease of at least 50% in the mechanical withdrawal

threshold. In our experiments approximately 75 ± 80% of

nerve injured mice met these criteria. Intraperitoneal injection
of 50 mg kg71 of guanethidine produced a partial relief of
thermal and mechanical allodynia 24 h post-administration in

the di�erent groups of mice (Figures 3 and 4). For some
groups the change was signi®cant (thermal latencies for a2A
wild-type and mutant, a2B wild-type, a2C wild-type and
mutant, and mechanical thresholds for a2A wild-type, a2C
wild-type, a2C mutant mice) whereas other groups showed
non-signi®cant changes (e.g., thermal thresholds for a2B
mutant, and mechanical thresholds for a2A mutant, a2B
wild-type and mutant mice). However, the e�ect was in
general small, particularly on the mechanical allodynia
(Figure 4). Compared to pre-injury thresholds (indicated

with a dotted line in the graph), signi®cant thermal (P50.05,
paired t-test) and mechanical allodynia (P50.05, Wilcoxon
signed rank test) persisted for all the groups after the

Figure 2 E�ect of nerve injury in (a) a2A, (b) a2B and (c) a2C AR
mutant (7/7) and wild-type (+/+) mice on mechanical paw
withdrawal thresholds of the injured (ipsi) and the non-injured
(contra) paw. Nerve injury produced comparable mechanical
allodynia in the wild-type and mutant mice. Data are presented as
the mean+s.e.mean; n=10 per group.

Figure 3 E�ect of 50 mg kg71 guanethidine on thermal allodynia of
the injured paw in (a) a2A, (b) a2B and (c) a2C AR mutant (7/7) and
wild-type (+/+) mice. Thermal paw withdrawal latencies were
determined before (PRE) and 24 h after the injection of guanethidine
(POST). Data are presented as the mean+s.e.mean. The asterisks
indicate that guanethidine produced a signi®cant increase in
paw withdrawal latencies (comparing PRE vs PST, paired t-test;
*P50.05, **P50.01). The dotted line indicates the baseline latency
before the nerve-injury surgery was performed.
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guanethidine treatment (the pre-injury data are not shown,
although these thresholds are indicated by a dotted line in

Figures 3 and 4).

Effects of dexmedetomidine

Dexmedetomidine dose-dependently increased thermal laten-
cies and mechanical thresholds in a2A wild-type, a2B and a2C
AR mutant and wild-type mice (Figures 5 and 6). By
contrast, in the a2A AR mutant mice, dexmedetomidine was
without e�ect, even at a dose of 100 mg kg71, which in a2A
AR wild-type mice produces signi®cant side e�ects, including

sedation and motor dysfunction (data not shown). Since
30 mg kg71 dexmedetomidine was ine�ective in the a2A AR
mutant mice, we did not try lower doses in those animals

(Figures 5 and 6). At the lowest e�ective dose (3.0 mg kg71,
s.c.), dexmedetomidine exerted an anti-allodynic e�ect in a2A
wild-type, and in a2B and a2C AR mutant and wild-type mice,

i.e., it returned the thermal and mechanical thresholds to pre-
injury levels (Figures 5 and 6). This dose did not a�ect
withdrawal thresholds on the non-injured side (data not

shown), whereas at higher doses (10 ± 30 mg kg71), dexmede-
tomidine produced an antinociceptive/analgesic e�ect as
indicated by increased paw withdrawal latencies and thresh-

olds to thermal (Figure 5) and mechanical (Figure 6)
stimulation, respectively, on both the injured and the
uninjured sides.

Figure 4 E�ect of 50 mg kg71 guanethidine on mechanial allodynia
of the injured paw in (a) a2A, (b) a2B and (c) a2C AR mutant (7/7)
and wild-type (+/+) mice. Mechanical thresholds were determined
before (PRE) and 24 h after the injection of guanethedine (POST).
Data are presented as the mean+s.e.mean. The asterisks indicate a
signi®cant decrease in mechanical sensitivity (Wilcoxon signed rank
test; *P50.05) comparing PRE and POST. The dotted line indicates
the baseline latency before the nerve injury was performed.

Figure 5 E�ect of dexmedetomidine on thermal allodynia of the
injured paw in (a) a2A, (b) a2B and (c) a2C AR mutant and wild-type
mice. Ten to 14 days after the nerve transection, we established post-
injury baseline (b) latencies. The animals then received a s.c. injection
of dexmedetomidine and 20 ± 40 min later we again measured thermal
sensitivity. The asterisks indicate signi®cant increases in paw
withdrawal latencies (***P50.001, ANOVA followed by Student
Neuman-Keuls post hoc test) compared to post-injury baseline
(indicated by `B' in the ®gure) values. The dotted line indicates the
`normal' paw withdrawal latencies before the nerve injury was
performed; an increase in latency above this value is considered to be
antinociceptive. Data are presented as the mean+s.e.mean; n=5±6
per dose.
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Antagonist studies

Antagonism of peripheral a2 AR by the i.p. injection of
0.3 mg kg71 RS 42206 did not change the thermal or
mechanical thresholds in nerve-injured mice (data not

shown). Furthermore, pre-treatment with 0.3 mg kg71 RS
42206 before the administration of an anti-allodynic dose of
dexmedetomidine (3 mg kg71, s.c.) was ine�ective at antag-

onizing the e�ect of dexmedetomidine (Figure 7). Similarly,
systemic injection of 0.3 mg kg71 RS 42206 did not a�ect the
antinociceptive action of 30 mg kg71 dexmedetomidine (Fig-

ure 8). By contrast, intrathecal administration of 30 mg RS
42206 completed blocked the e�ect of 30 mg kg71 dexmede-
tomidine, implicating a spinal site for the antinociceptive

e�ect of dexmedetomidine (Figure 9).

Discussion

In the present study, mutant mice that carry either a point
(a2A) or null (a2B and a2C) mutation in the gene that encodes

the a2 AR were used to examine the contribution of a2 AR
subtypes to indices of neuropathic pain (thermal and
mechanical allodynia) and to the antinociception produced

by central a2 AR activation. We found that the a2A, a2B and
a2C AR mutant mice developed a thermal and mechanical
allodynia after peripheral nerve injury that was comparable

to those observed in wild-type mice. These studies suggest
that none of the a2 AR receptor subtypes, by themselves, are
required for the development of these indices of neuropathic
pain. We also assessed the contribution of the sympathetic

nervous system to the allodynia produced by nerve injury in
the di�erent a2 AR mutant mice. Because guanethidine
sympathectomy was only modestly e�ective in all groups of

mice, factors other than the sympathetic nervous system can
sustain the allodynia produced by this model of nerve injury.
Furthermore, we demonstrated that dexmedetomidine pro-

duced an anti-allodynic e�ect at low doses and an
antinociceptive e�ect at higher dose in all but the a2A AR
mutant mice. This observation strongly suggests that the

Figure 6 E�ect of dexmedetomidine on mechanical allodynia of the
injured paw in (a) a2A, (b) a2B and (c) a2C AR mutant and wild-type
mice. Ten to 14 days after the nerve injury, we established post-injury
baseline (b) mechanical withdrawal thresholds. The animals then
received a s.c. injection of dexmedetomidine and 20 ± 40 min later we
again measured mechanical thresholds. The asterisks indicate
signi®cant increases in paw withdrawal thresholds (*P50.05, Fried-
man test followed by Wilcoxon signed rank test) compared to post-
injury baseline (indicated by `B' in the ®gure) values. The dotted line
indicates mechanical thresholds of the paw before the nerve injury
was performed. Data are presented as the mean+s.e.mean; n=5±6
per dose.

Figure 7 The e�ect of RS 42206 (0.3 mg kg71, i.p.) on all anti-
allodynic dose of dexmedetomidine (3.0 mg kg71, s.c.) in nerve
injured mice. Data are presented as the mean+s.e.mean for (a)
thermal paw withdrawal latency and (b) mechanical paw withdrawal
thresholds of the injured (ipsi) and the non-injured (contra) side.
N=6 per group. The asterisks indicate signi®cant increases (a:
**P50.01, t-test, b: *P50.05, Wilcoxon signed rank test) comparing
latencies or thresholds before and after drug treatment.
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pain-relieving e�ects of dexmedetomidine are indeed
mediated via the a2A AR. Furthermore, using the hydrophilic

a2 AR antagonist RS 42206 to selectively block the peripheral
or central a2 AR, we showed that both the anti-allodynic and
antinociceptive e�ects of dexmedetomidine are likely modu-

lated by an action at the spinal cord level.
The development of genetically altered mice with a selective

mutation in the genes encoding the di�erent a2 AR subtypes
has provided powerful tools to examine the contribution of

these receptors to various physiological functions, including
nociception. On general behavioural grounds, the mutant and
wild-type mice cannot be distinguished. Of the studies

previously published using the di�erent a2 AR mutant mice,
none report compensatory changes or abnormal behaviour
due to the mutation (MacMillan et al., 1996; Link et al.,

1996; Hunter et al., 1997; Stone et al., 1997). In contrast to
the a2B and a2C AR mutant mice, which lack the receptor
protein due to a null mutation (Link et al., 1996), the a2A AR

mutant mice express a point (D79N) mutation in this
receptor (MacMillan et al., 1996). The D79N mutation
selectively uncouples the receptor from activation of
potassium currents, but retains coupling to inhibition of

voltage-gated calcium channels and cyclic AMP production
(Surprenant et al., 1992). As described above, although the
calcium and adenylate cyclase signalling properties are

presumably intact in the a2A AR D79N mouse, the density
of a2A AR in this mouse is reduced by 80% compared to
wild-type mice (MacMillan et al., 1996). For this reason we

cannot exclude the possibility that the residual receptor,
which retains coupling to voltage-gated calcium channels and
adenylate cyclase, is su�cient to contribute to the develop-

ment of neuropathic pain in these mice. However, we believe
that this is unlikely because we also showed that blocking all
peripheral a2 AR subtypes with RS 42206 had no e�ect on
neuropathic pain behaviour. This provides further support

for the proposal that a2 AR are not required for the
development of neuropathic pain in this model.
Several previous reports indicated an involvement of a2 AR

in the sympathetic-sensory coupling after nerve injury
(Tracey et al., 1995; Xie et al., 1995; Chen et al., 1996).
The observation that sympathectomy produced either no or,

at best, a partial relief of the allodynia was, therefore,
somewhat unexpected. This result was, however, consistent
with the fact that we did not ®nd a di�erence in nerve injury-

induced pain between the di�erent a2 AR mutant and wild-
type mice. In fact, there is considerable disagreement as to
the e�ect of sympatholytic therapy on the pain behaviour
produced by various peripheral nerve injuries. Some studies

have reported bene®cial e�ects (Neil et al., 1991; Shir &
Seltzer, 1991; Kim & Chung, 1991; Kim et al., 1993;
Desmeules et al., 1995) while others have concluded that

the procedures provided no relief of the allodynia (Will-
enbring et al., 1995; Lavand'homme et al., 1998; Ringkamp
et al., 1999b). The use of di�erent neuropathic pain models

may contribute to observed variability of sympathectomy on
neuropathic pain behaviour (Kim et al., 1997).
In the present study we observed a considerably smaller

anti-allodynic e�ect of guanethidine compared to our
previous study (Malmberg & Basbaum, 1998). The di�erence
may be related, in part, to the di�erent strains used in the
two studies (C57/BL6 in the ®rst study and 129Sv/J and

129SvJ/C57BL or 129SvJ/FVB mixed genetic backgrounds in
the present study) and/or di�erent sex (female) used in the
two studies. Thus, recently it was demonstrated that di�erent

strains of rats show variability with regard to adrenergic
sensitivity of the neuropathic pain behaviour (Lee et al.,
1997). However, the observed partial e�ect of guanethidine

and the development of neuropathic pain after nerve injury
in the a2 AR subtype selective mutant mice, may indicate
that the adrenergic nervous system contribution to the
neuropathic pain behaviour is mediated via a di�erent

receptor than the a2 AR. Indeed, studies in the primate
(Ali et al., 1999) and in patients (Davis et al., 1991;
Drummond et al., 1996) indicate that the a1 AR is a critical

determinant of the adrenergic sensitivity after peripheral
nerve injury.
In the present study, we found that systemic delivery of the

a2 AR agonist dexmedetomidine blocked the thermal and
mechanical allodynia produced by nerve injury. Several
studies have previously shown that activation of a2 AR by

dexmedetomidine produces analgesia in both acute and
persistent pain models in rodents (Kalso et al., 1991; Fisher
et al., 1991; Takano & Yaksh, 1992; Yaksh et al., 1995). At
higher doses, dexmedetomidine produced an e�ect on thermal

latencies and mechanical thresholds on both the injured and
non-injured hindlimbs, indicating that dexmedetomidine
mediated an antinociceptive/analgesic e�ect in nerve-injured

mice. In contrast, a lower dose of dexmedetomidine reversed
the allodynia ipsilateral to the nerve injury, but had no e�ect
on the non-injured (contralateral) side. Thus, at low doses

Figure 8 The e�ect of RS 42206 (0.3 mg kg71, i.p.) on an
antinociceptive dose of dexmedetomidine (30 mg kg71, s.c.) in
nerve-injured mice. Data are presented as the mean+s.e.mean for
(a) thermal paw withdrawal latency and (b) mechanical paw
withdrawal thresholds of the injured (ipsi) and the non-injured
(contra) paws. N=6 per group. The asterisks indicate signi®cant
increases (a: ***P50.001, t-test, b: *P50.05, Wilcoxon signed rank
test) comparing latencies or thresholds before and after drug
treatment.
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dexmedetomidine is exclusively an anti-allodynic agent. The
observation that dexmedetomidine was active on the injured

side at a dose that did not a�ect the contralateral limb,
further suggests that the injury induces adrenergic sensitivity.
This may occur at the level of the ipsilateral dorsal root

ganglia (DRG) and/or the spinal dorsal horn, where changes
in a2 AR expression have been described (Cho et al., 1997;
Fareed et al., 1997; Birder & Perl, 1999; Stone et al., 1999;
Shi et al., 2000). However, the direction of the change is

unclear. One report indicated that a2A AR immunoreactivity
was upregulated in DRG neurons after sciatic nerve injury
(Birder & Perl, 1999), but another study found evidence for

downregulation in the spinal dorsal horn after nerve injury
(Stone et al., 1999). Moreover, while two studies showed that
mRNA for a2A AR was reduced after spinal nerve injury

(Fareed et al., 1997; Cho et al., 1997), a recent study
demonstrated an increase of this subtype in DRG neurons
after nerve transection (Shi et al., 2000). Nerve injury has

been shown to produce a decrease in a2C AR mRNA in
DRG neurons (Cho et al., 1997), while a2C AR immunor-
eactivity was unchanged or increased at the spinal cord level
using a similar spinal nerve-injury model (Stone et al., 1999).

Although the direction of the change in receptor expression
after nerve injury is unclear, it is likely that an alteration of
the a2A and a2C AR expression in the DRG and/or spinal

cord underlies the shift in dexmedetomidine sensitivity that
we observed in the nerve-injured mice. On the other hand,
because changes in DRG receptor expression are usually

mirrored by changes in the receptor expression at both the
peripheral and central terminals of primary a�erent ®bres, it
is possible that both central and peripheral sites are involved

in the altered response to dexmedetomidine. By selectively
antagonizing peripheral or central/spinal a2 AR with RS
42206 we showed that both the anti-allodynic and the
antinociceptive e�ects of dexmedetomidine are produced by

interaction with a2 AR in the spinal cord. Furthermore, we
found that the anti-allodynic and the antinociceptive e�ects
of dexmedetomidine were intact in a2B and a2C AR, but

absent in the a2A AR mutant mice. Our results agree with
previous reports showing that the antinociceptive e�ect of
dexmedetomidine in the hot-plate and tail-¯ick tests is

mediated via an activation of a2A AR (Lakhlani et al.,
1997; Hunter et al., 1997; Stone et al., 1997) and indicate that
the same receptor comes into play under both acute and

persistent pain conditions.
Because the majority of a2A AR in the spinal cord are

located on peptide-containing primary a�erents neurons that
terminate in the dorsal horn (Stone et al., 1999), the

antinociceptive action of dexmedetomidine may involve
inhibition of peptide release at these terminals. In fact,
activation of a2 AR has been shown to reduce capsaicin,

potassium and noxious stimulus-evoked release of substance
P and calcitonin gene-related peptide from spinal cord slices
or from cultured primary a�erent neurons (Kuraishi et al.,

1985; Pang & Vasko, 1986; Holz et al., 1989; Takano et al.,
1993), probably by an action on N-type calcium channels
(Cox & Dunlap, 1992). The antinociceptive e�ects of

dexmedetomidine may, of course, also be mediated by
postsynaptic inhibitory mechanisms, via a2 AR that are
expressed on nociresponsive projection neurons.

In summary, our studies indicate that none of the a2 AR

subtypes are essential for the development of a profound
behavioural allodynia after peripheral nerve injury in a
mouse model of neuropathic pain. Taken together with our

previous results, however, it is possible that the extent to
which the sympathetic nervous system contributes to the
nerve injury-induced allodynia depends on the genetic

background of the particular mouse that is studied. We also
found that the antinociceptive e�ect of dexmedetomidine was
abolished in the D79N a2A AR mutant mice, which indicates
that the a2A AR is critical for the pain relieving actions of a2
AR agonists in this mouse model of neuropathic pain.
Consistent with previous ®ndings, we demonstrated that the
anti-allodynic and antinociceptive e�ects of dexmedetomidine

can only be reversed by blocking spinal a2A AR. The fact
that an anti-allodynic e�ect could be produced at much lower
doses than were required to produce frank antinociception is

of particular interest. Speci®cally, it may be possible to
achieve clinical e�cacy in neuropathic pain conditions
without the a2A AR-mediated side e�ects, such as sedation

and hypothermia (Hunter et al., 1997), that occur when
higher doses are used.
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and Dr Brian Kobilka for the aa2B and a2C AR null mutation
mice. This work was supported by DE 08973 and NS 21445 (A.I.
Basbaum) and the Pharmaceutical Research and Manufacturers of
America Foundation (A.B. Malmberg).

Figure 9 The e�ect of intrathecal injection of 30 mg RS 42206 on an
analgesic dose of dexmedetomidine (30 mg kg71, s.c.) in nerve-injured
mice. Data are presented as the mean+s.e.mean (a) thermal paw
withdrawal latency and (b) mechanical paw withdrawal thresholds of
the inured (ipsi) and the non-injured (contra) paws. There was no
signi®cant di�erence (a: P40.05, t-test, b: P40.05, Wilcoxon signed
rank test) between pre and post thermal latencies or mechanical
thresholds indicating that RS 42206 reversed the e�ect of
dexmedetomidine. N=6 per group.
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