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Abstract

The pain-relieving effects of various voltage-activated Na+ channel blockers have been evaluated in two rat models of neuropathic pain;

the photochemically induced nerve injury model (Gazelius) and spared nerve injury model. Lidocaine (up to 40 mg/kg, i.p.) and lamotrigine

(up to 60 mg/kg, i.p.) had no effect on mechanical or cold allodynia in either model. However, lamotrigine (10, 30 and 60 mg/kg)

significantly attenuated mechanical hyperalgesia in the spared nerve injury model, while mexiletine (25 and 37.5 mg/kg, i.p.) attenuated

mechanical allodynia in the Gazelius model. Tocainide (50, 75 and 100 mg/kg, i.p.) significantly reduced all types of pain behaviour

measured. The present results show that these voltage-activated Na+ channel blockers have broadly similar antinociceptive effects in these

two models of neuropathic pain. They also show that these drugs can have markedly different effects on distinct neuropathic pain-related

behaviours within models.
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1. Introduction

Pathophysiological changes occurring within damaged

nerves as a result of injury can contribute to their injury-

induced activation and induce a state of prolonged neuro-

nal hyperexcitability within the dorsal horn of the spinal

cord (Woolf and Salter, 2000). The associated behavioural

hypersensitivity to noxious (hyperalgesia) and non-noxi-

ous (allodynia) stimuli can be difficult to treat with

conventional analgesics (Arner and Meyerson, 1988),

pre-empting the need to identify drugs with alternative

mechanisms of action, which can provide adequate pain

relief.

At least six of nine voltage-activated Na+ channel

pore-forming a-subunits (Nav1.1–1.9) and three h-sub-
units (h1-3) have been detected in dorsal root ganglion

neurones (Baker and Wood, 2001). These contribute to

the two types of Na+ current which have been identified

in accordance with their pharmacological sensitivity to

tetrodotoxin; tetrodotoxin-sensitive or tetrodotoxin-resist-

ant Na+ currents (Waxman, 1999; Baker and Wood,

2001). Altered Na+ channel activity and gene expression

in dorsal root ganglion neurones has been observed

following nerve injury, and these changes may contribute

to the increased sensitivity of primary afferent fibres

associated with neuropathic pain (Waxman, 1999; Baker

and Wood, 2001).

A number of local anaesthetics and anti-convulsant

drugs have in common the ability to bind to voltage-

activated Na+ channels to prevent Na+ influx into cells

(Clare et al., 2000), and there is a substantial body of

clinical evidence to suggest that such drugs can be

effective in the treatment of neuropathic pain (McQuay

et al., 1997; Backonja, 2001). Despite this, not all types of

neuropathic pain patients respond to treatment with local

anaesthetics (McQuay et al., 1997), and there is some dis-

pute as to the true analgesic effectiveness of the anti-con-

vulsant lamotrigine against neuropathic pain (McCleane,

1999, 2000). Animal behavioural models reflecting human

neuropathic pain syndromes (Bennett and Xie, 1988; Kim
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and Chung, 1992; Gazelius et al., 1996) are used routinely

for identifying novel drugs for treating neuropathic pain.

The method used to induce the peripheral nerve injury

varies, and as a consequence, the sensitivity of these

models to drug treatments can differ as well (Zimmerman,

2001). In this study, we have compared the antinociceptive

effects of the local anaesthetics lidocaine, mexiletine and

tocainide, and lamotrigine, in two relatively new rat

models of neuropathic pain; the photochemically induced

nerve ischaemia model (Gazelius et al., 1996) and the

spared nerve injury model (Decosterd and Woolf, 2000).

2. Materials and methods

2.1. Surgery

Adult male Sprague–Dawley rats (Möllegaard, Den-

mark) weighing 180–220 g on the day of surgery were

used in this study. The experiments were performed

according to the Ethical Guidelines of the International

Association for the Study of Pain (Zimmerman, 1983) and

were approved by local research ethic committees.

Ischaemic lesion of the sciatic nerve was produced as

described previously (Kupers et al., 1998). Under chloral

hydrate anaesthesia (300 mg/kg, i.p.), the right sciatic

nerve was exposed at the midthigh level. Using a tunable

argon ion laser (Innova model 70, Coherent Laser Prod-

ucts Division, CA, USA) operating at a wavelength of

514 nm with an average power of 0.17 W, the sciatic

nerve was irradiated for 2 min. Immediately before the

irradiation, erythrosin B (Aldrich, 32.5 mg/kg dissolved

in 0.9% saline) was injected intravenously via a pre-

inserted jugular vein catheter. After irradiation, the

wound was closed in layers and the skin sutured

together.

The spared nerve injury was produced as described

previously (Decosterd and Woolf, 2000). The rats were

anaesthetised with chloral hydrate (400 mg/kg, i.p.) and

the sciatic nerve and its three terminal branches (sural,

common peroneal and tibial nerves) were exposed. The

tibial and common peroneal nerves were tightly ligated

with 4/0 silk and 2–3 mm of the nerve distal to the

ligation were removed. Any stretching or contact with

the intact sural nerve was avoided. The wound was

closed in layers and the skin sutured together with

hidden stitches to avoid any opening of the wound by

biting.

2.2. Behavioural testing

All behavioural tests were performed on animals at least

1 week after surgery. During testing, the rats were placed on

an elevated metal grid allowing stimulation of the plantar

surface (lateral aspect in spared nerve injury animals) of the

hindpaw. The animals were allowed to habituate to the

testing situation for at least 15 min before the experiment

was initiated.

For mechanical stimulation, von Frey monofilaments

(Stoelting, IL, USA) were applied in increasing force

until the rat withdrew the hindpaw. The threshold was

taken as the lowest force that caused at least three

withdrawals out of five consecutive stimuli (Hao et al.,

1999).

The response of the rats to cold stimulation was tested

by spraying ethyl chloride (Perstrops, Sweden) onto the

plantar surface of the hindpaw. The response was

observed and classified according to the following scale:

0—no visible response; 1—startle response without paw

withdrawal; 2—clear withdrawal of the paw; 3—pro-

longed withdrawal (duration 5–30 s) often combined

with flinching and licking of the paw; 4—prolonged

repetitive withdrawal (>30 s) and/or vocalization (Hao

et al., 1999).

Only the spared nerve injury operated animals were

tested for mechanical hyperalgesia using the pin prick test.

The lateral plantar surface of the hindpaw was touched

with the point of a safety pin at an intensity, which was

insufficient to penetrate the skin. The duration of the paw

withdrawal was recorded with a stopwatch. Prior to sur-

gery, the withdrawal duration was too short to time

accurately and was set to an arbitrarily minimal time of

0.5 s. A cut-off time of 15 s was applied to long with-

drawals often seen for the nerve-injured paw (Decosterd et

al., 1998).

2.3. Drugs

Lidocaine hydrochloride was obtained from Astra

(Sweden) and mexiletine hydrochloride was purchased

from Sigma. Tocainide hydrochloride (TonocardR 50 mg/

ml) was purchased from Hässle (Sweden) and lamotri-

gine was kindly supplied by GlaxoSmithKline (UK).

Lidocaine and tocainide were obtained as pre-made

solutions ready for injection. Mexiletine was dissolved

in physiological saline and lamotrigine was suspended in

0.5% carboxymethylcellulose/0.5% tween 80. The ani-

mals with Gazelius nerve injury received all compounds

while only lidocaine, tocainide and lamotrigine were

tested in spared nerve injury rats, since we have pre-

viously reported on the antinociceptive effects of mex-

iletine in this model (Erichsen and Blackburn-Munro,

2002).

2.4. Statistics

Analysis of the data was performed using Sigmastat

2.03. Data for von Frey hair or pin prick stimulation are

presented as meanF S.E.M. To analyze the overall

effects of the treatments, two-way repeated measure

(RM) analysis of variance (ANOVA) was used, and for

individual comparison Bonferroni’s t-test was applied.
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Data for cold stimulation are expressed as medianFme-

median-derived absolute devision (MAD). Friedman RM

ANOVA on Ranks was used to analyze the effects

followed by Mann–Whitney Rank sum test for individ-

ual comparison. P < 0.05 was considered to be statisti-

cally significant.

Fig. 1. Effects of i.p. (A) lidocaine (10, 20 and 40 mg/kg), (B) mexiletine (25 and 37.5 mg/kg), (C) tocainide (50, 75 and 100 mg/kg) and (D) lamotrigine (10

and 30 mg/kg) on mechanical allodynia in animals with Gazelius nerve injury. Drug injection is indicated by arrow. Data are presented as meanF S.E.M. Six to

eight animals were included in each group. *P< 0.05, **P < 0.01, ***P < 0.001 vs. baseline.

Fig. 2. Effects of i.p. (A) lidocaine (10, 20 and 40 mg/kg), (B) mexiletine (25 and 37.5 mg/kg), (C) tocainide (50, 75 and 100 mg/kg) and (D) lamotrigine (10

and 30 mg/kg) on cold allodynia in animals with Gazelius nerve injury. Drug injection is indicated by arrow. Data are presented as meanF S.E.M. Six to eight

animals were included in each group. *P < 0.05 vs. baseline.
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3. Results

3.1. General observations

In both the Gazelius and spared nerve injury models,

pronounced mechanical allodynia (2.5F 0.5 and 0.3F 0.1

g) in response to von Frey hair stimulation of the injured

hindpaw was observed, compared with pre-surgery levels

which typically ranged from 5.7 to 51.1 g. Gazelius and

spared nerve injury rats also showed marked cold allodynia

(2.5F 0.5 and 3.0F 0.0 compared with a score of 0–1

before surgery) in response to ethyl chloride spray stimula-

tion of the injured hindpaw. Only the spared nerve injury

rats were tested with pin prick stimulation and showed

marked mechanical hyperalgesia of the injured hindpaw

(10.2F 0.2 s compared with < 0.5 s before surgery).

3.2. Gazelius nerve injury model

Systemic administration of lidocaine (10, 20 and 40 mg/

kg, i.p.) or lamotrigine (10 and 30 mg/kg, i.p.) had no effect

on the paw withdrawal threshold for the injured hindlimb

compared to the respective pre-injection baseline values

(Fig. 1A and D). In contrast, mexiletine (37.5 mg/kg, i.p.)

significantly increased (P < 0.001, two-way RM ANOVA

followed by Bonferroni’s t-test) the withdrawal threshold in

response to von Frey hair stimulation, 10 min after injection

to 25.3F 7.4 g compared with baseline (3.3F 0.8 g), and

this increase remained significant up to 30 min after injection

(Fig. 1B). Injection of tocainide (75 and 100 mg/kg, i.p.)

dose-dependently increased the paw withdrawal threshold in

response to tactile stimulation (Fig. 1C). At the highest dose

tested, tocainide significantly increased (P < 0.001) the paw

withdrawal threshold to 43.0F 6.9 g from a baseline value of

2.6F 0.5 g and this increase remained significant (P < 0.05)

at the final 90 min testing point.

Neither lidocaine, lamotrigine nor mexiletine had any

effect on the cold observation score in response to

hindpaw stimulation with ethyl chloride compared to

the corresponding baseline level (Fig. 2A, B and D).

However, injection of tocainide (75 mg/kg, i.p.) signifi-

cantly attenuated (P < 0.05, Friedman RM ANOVA on

Ranks followed by Mann–Whitney Rank sum test) the

cold score response to 2.0F 0, 10 min after injection

compared with a baseline score of 2.5F 0.5 in the same

animals (Fig. 2C). The attenuation in the cold response

was dose-dependent (75 and 100 mg/kg, i.p.), 45 min

after tocainide injection (2.0F 0 and 1.5F 0.5, respec-

tively, both P < 0.05), and remained for the 75 mg/kg

dose throughout the entire testing period when compared

with baseline.

3.3. Spared nerve injury model

Intraperitoneal administration of lidocaine (10 and 40

mg/kg) and lamotrigine (10, 30 and 60 mg/kg) had no

effect on the paw withdrawal threshold in response to

von Frey hair stimulation of the injured hindpaw com-

pared to the respective pre-injection baseline values (Fig.

3A and C). Similarly, i.p. injection of tocainide (50 mg/

kg) had no effect on the paw withdrawal threshold

compared with baseline (Fig. 3B). However, at the

highest dose tested in spared nerve injury animals,

tocainide (75 mg/kg, i.p.) significantly increased

(P < 0.001) the withdrawal threshold in response to von

Fig. 3. Effects of i.p. (A) lidocaine (10 and 40 mg/kg), (B) tocainide (50 and

75 mg/kg) and (C) lamotrigine (10, 30 and 60 mg/kg) on mechanical

allodynia in animals with spared nerve injury. Drug injection is indicated by

arrow. Data are presented as meanFS.E.M. Six to eight animals were

included in each group. ***P<0.001 vs. baseline.
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Frey hair stimulation, 20 min after injection to 12.8F 5.9

g from a baseline value of 0.3F 0 g and this increase

remained significant (P < 0.001) for a further 25 min of

testing.

In spared nerve injury animals administered with

either lidocaine or lamotrigine, there was no difference

in the cold observation score compared with the corre-

sponding baseline responses in the same animals (Fig.

4A and C). However, in animals administered with

tocainide (50 and 75 mg/kg, i.p.), stimulation of the

lateral surface of the injured hindpaw with ethyl chloride

was associated with a significant decrease (both P < 0.05)

in the cold observation score to 2F 0, 20 min after

injection from a baseline score of 3F 0. This effect

lasted for up to 75 min for the highest dose of tocainide

tested (Fig. 4B).

Intraperitoneal administration of lidocaine to spared

nerve injury animals had no significant effect on the paw

withdrawal duration in response to pin prick stimulation of

the injured hindpaw (Fig. 5A). In contrast, 10 min after

Fig. 4. Effects of i.p. (A) lidocaine (10 and 40 mg/kg), (B) tocainide (50 and

75 mg/kg) and (C) lamotrigine (10, 30 and 60 mg/kg) on cold allodynia in

animals with spared nerve injury. Drug injection is indicated by arrow. Data

are presented as meanFS.E.M. Six to eight animals were included in each

group. *P<0.05 vs. baseline.

Fig. 5. Effects of i.p. (A) lidocaine (10 and 40 mg/kg), (B) tocainide (50

and 75 mg/kg) and (C) lamotrigine (10, 30 and 60 mg/kg) on mechanical

hyperalgesia in animals with spared nerve injury. Drug injection is

indicated by arrow. Data are presented as meanFS.E.M. Six to eight

animals were included in each group. *P<0.05, **P<0.01, ***P<0.001

vs. baseline.
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injection of tocainide (50 and 75 mg/kg, i.p.), there was a

dose-dependent attenuation ( P < 0.05 and P < 0.001,

respectively, two-way RM ANOVA followed by Bonferro-

ni’s t-test) in the paw withdrawal response to 1.9F 0.4 and

1.2F 0.3 s from corresponding baseline values of

7.8F 1.7 and 8.3F 1.6 s. At the highest dose of tocainide

tested (75 mg/kg, i.p.), the reduction in the paw with-

drawal response remained significantly different (P < 0.01)

compared with the pre-injection baseline response through-

out the entire testing period (Fig. 5B). Injection of lamo-

trigine (10 and 30 mg/kg, i.p.) was similarly associated

with a dose-dependent reduction (P < 0.05 and P < 0.01,

respectively) in the paw withdrawal response to 1.9F 0.4

and 1.2F 0.3 s from corresponding baseline values of

7.8F 1.7 and 8.3F 1.6 s 10 min after injection (Fig.

5C). For the two highest doses of lamotrigine tested (30

and 60 mg/kg, i.p.), this effect remained significant

(P < 0.05 and P < 0.001, respectively) for up to 60 min

after injection.

4. Discussion

The present study has compared the pain-relieving

effects of various voltage-activated Na+ channel blockers

in two separate rat models (spared nerve injury and

Gazelius) of neuropathic pain. We have previously

reported that systemic administration of mexiletine to

spared nerve injury rats can markedly attenuate pain

behaviours (Erichsen and Blackburn-Munro, 2002), and

here we have extended this observation to show that

mexiletine can also attenuate pain behaviours in Gazelius

animals. In addition, we have shown that systemic admin-

istration of tocainide, in contrast to lidocaine and to a

lesser extent lamotrigine, has marked antinociceptive

effects in both nerve injury models.

Injury to peripheral nerves is associated with increases in

the electrical excitability of dorsal root ganglion neurones

together with spontaneous activity arising from damaged

primary afferent fibres (Devor and Seltzer, 1999). Much of

the injury-induced remodelling of sensory neurone function

has been attributed to dynamic regulation of voltage-acti-

vated Na+ channel expression within dorsal root ganglion

neurones and at the site of injury (Waxman, 1999; Baker

and Wood, 2001). Electrophysiological studies have shown

that lidocaine, mexiletine and tocainide can decrease both

the spontaneous activity and the mechanical sensitivity of

rat neuromas (Chabal et al., 1989), while lidocaine has

additionally been shown to block ectopic activity from

dorsal root ganglion cells (Devor et al., 1992).

Using the conditions employed for testing in this study,

we were unable to show any antinociceptive effects for

intraperitoneally administered lidocaine in either model

tested. This was somewhat surprising given that intravenous

administration of lidocaine has previously been reported to

attenuate mechanical sensitivity to noxious stimulation in

other models of neuropathic pain (Abram and Yaksh, 1994;

Abdi et al., 1998). It is possible that these differences may

have been due to insufficient plasma levels of lidocaine

being attained, since both the route and rate of administra-

tion of lidocaine seem to be an important determinant of the

outcome in alleviating neuropathic pain behaviours (Chap-

lan et al., 1995).

Similarly, mexiletine has been reported to alleviate both

mechanical allodynia and hyperalgesia in the Chung nerve

ligation model (Jett et al., 1997). Our present results show

that mexiletine also attenuates tactile allodynia in Gazelius

animals, at the same dose (37.5 mg/kg, i.p.), and with a

similar onset and duration of action to that previously

observed for spared nerve injury animals (Erichsen and

Blackburn-Munro, 2002). Although mechanical hyperalge-

sia of the injured hindlimb was not tested in Gazelius

animals, the similarity of the anti-allodynic effect for mex-

iletine in both models, suggests that mexiletine may also

have an effect against mechanical hyperalgesia in Gazelius

animals.

In both the Gazelius and spared nerve injured animals,

tocainide inhibited all pain behaviours tested. Although a

higher dose of tocainide (100 mg/kg) was tolerated in

Gazelius nerve injured rats, when administered at 75 mg/

kg, tocainide showed marked antinociceptive effects in both

neuropathic pain models. This agrees with other behavioural

observations where tocainide relieves pain behaviours in

spinally injured rats (Hao et al., 1992). However, tocainide

in contrast to lidocaine and mexiletine is not used in the

clinical treatment of neuropathic pain due to haematological

adverse effects (Xu et al., 1992).

Although lamotrigine has previously been reported to

attenuate cold allodynia in other models of nerve injury

(Hunter et al., 1997), we were not able to replicate these

findings in either the Gazelius or spared nerve injury

models. In contrast, lamotrigine did appear to reduce

mechanical hyperalgesia in response to pin prick stimulation

in a dose-dependent manner in the spared nerve injury

model, which is in general agreement with previously

reported effects of lamotrigine on both prostaglandin E2-

and streptozotocin-induced mechanical hyperalgesia (Naka-

mura-Craig and Follenfant, 1995). One of the defining

features of neuropathic pain is a pronounced hypersensitiv-

ity to innocuous mechanical stimulation of the skin. Despite

the increasing use of lamotrigine in the clinical treatment of

neuropathic pain, some controversy exists as to its true

efficacy in this condition (McCleane, 1999, 2000). There

appears to be a need to administer in incremental doses over

an extended period of time in human patients to achieve

maximum analgesic benefit. A similar explanation may

account for the surprising lack of effect of lamotrigine

against mechanical allodynia observed for both nerve injury

models in the current study.

Mexiletine and tocainide are oral congeners of lidocaine,

with local anaesthetic and antiarrhythmic actions similar to

lidocaine (Xu et al., 1992). Lamotrigine is structurally
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unrelated to the antiarrhythmics. However, all four drugs

tested have in common the ability to preferentially bind and

stabilize inactivated states of the Na+ channel to prevent Na+

influx into cells (Ragsdale and Avoli, 1998; Clare et al.,

2000). Referred to as state-dependent or use-dependent

block, this shared binding mechanism endows these com-

pounds with the ability to selectively inhibit Na+ channels

during sustained depolarisation such as that incurred in the

setting of tissue injury, and allows control of membrane

excitability without compromising normal function of the

channel (Ragsdale and Avoli, 1998; Clare et al., 2000). As

the membrane potential becomes more depolarised as occurs

in the setting of tissue injury, lamotrigine and mexiletine

appear to be more effective use-dependent blockers of

tetrodotoxin-resistant than tetrodotoxin-sensitive currents,

than other voltage-activated Na+ channel blockers such as

carbamazepine (Brau et al., 2001). In this regard, the

downregulation of tetrodotoxin-resistant currents within

dorsal root ganglion neurones that occurs after nerve injury

(Baker and Wood, 2001) may account for the relative lack of

antinociceptive effects observed for lamotrigine in these

models. However, this cannot be the sole explanation, based

on the more encouraging results achieved with mexiletine

against neuropathic pain behaviours in these models (Erich-

sen and Blackburn-Munro, 2002).

Recently, this class of drugs have been shown to bind to

specific amino acid residues in an overlapping but non-

identical binding site located on the inner surface of the Na+

channel pore (Ragsdale and Avoli, 1998), with differing

pharmacokinetic properties (Kuo et al., 1997). It is likely

that the shared binding mechanism is also responsible for

these drugs being able to relieve neuropathic pain in humans

(Lindstrom and Lindblom, 1987; Mao and Chen, 2000;

Backonja, 2001). Whether subtle differences in the way

and rate that these drugs bind within the pore is reflected by

the inability of lidocaine to affect any of the measured pain

behaviours in either model, or provides an alternative

explanation for lamotrigine to affect sensitivity to tactile

stimulation in either model, remains to be established. In

view of the marked antinociceptive effects observed for

tocainide in the current study however, and in the face of its

neurotoxic effects in humans, this point appears to merit

further investigation.

In summary, we have shown that drugs capable of

blocking voltage-activated Na+ channels are effective at

relieving pain behaviours in two separate models of

peripheral nerve injury. Overall, the antinociceptive effects

observed for lidocaine, mexiletine, tocainide and lamotri-

gine were broadly similar between the two models,

although they were markedly selective towards specific

pain behaviours within either model. Whether these points

arise as a result of the maximum dose of drug, which

could be tolerated without overt side effect issues, or

reflects discriminatory binding properties towards volt-

age-activated Na+ channels, requires further testing. These

results further support the argument for selective targeting

of Na+ channel functioning in the treatment of neuropathic

pain.
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