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1 Peripheral lesion to the trigeminal nerve may induce severe pain states. Several lines of evidence
have suggested that the antimigraine e�ect of the triptans with 5-HT1B/1D receptor agonist properties
may result from inhibition of nociceptive transmission in the spinal nucleus of the trigeminal nerve
by these drugs. On this basis, we have assessed the potential antinociceptive e�ects of sumatriptan
and zolmitriptan, compared to dihydroergotamine (DHE), in a rat model of trigeminal neuropathic
pain.

2 Chronic constriction injury was produced by two loose ligatures of the infraorbital nerve on the
right side. Responsiveness to von Frey ®lament stimulation of the vibrissal pad was used to evaluate
allodynia.

3 Two weeks after ligatures, rats with a chronic constriction of the right infraorbital nerve
displayed bilateral mechanical hyper-responsiveness to von Frey ®lament stimulation of the vibrissal
pad with a mean threshold of 0.38+0.04 g on the injured side and of 0.43+0.04 g on the
contralateral (left) side (versus 512.5 g on both sides in the same rats prior to nerve constriction
injury).

4 Sumatriptan at a clinically relevant dose (100 mg kg71, s.c.) led to a signi®cant reduction of the
mechanical allodynia-like behaviour on both the injured and the contralateral sides (peak-e�ects
6.3+1.1 g and 4.4+0.7 g, respectively). A more pronounced e�ect was obtained with zolmitriptan
(100 mg kg71, s.c.) (peak-e�ects: 7.4+0.9 g and 3.2+1.3 g) whereas DHE (50 ± 100 mg kg71, i.v.) was
less active (peak-e�ect *1.5 g).

5 Subcutaneous pretreatment with the 5-HT1B/1D receptor antagonist, GR 127935 (3 mg kg71),
prevented the anti-allodynia-like e�ects of triptans and DHE. Pretreatment with the 5-HT1A

receptor antagonist, WAY 100635 (2 mg kg71, s.c.), did not alter the e�ect of triptans but
signi®cantly enhanced that of DHE (peak e�ect 4.3+0.5 g).

6 In a rat model of peripheral neuropathic pain, which consisted of a unilateral loose constriction
of the sciatic nerve, neither sumatriptan (50 ± 300 mg kg71) nor zolmitriptan (50 ± 300 mg kg71)
modi®ed the thresholds for paw withdrawal and vocalization in response to noxious mechanical
stimulation.

7 These results support the rationale for exploring the clinical e�cacy of brain penetrant 5-HT1B/1D

receptor agonists as analgesics to reduce certain types of trigeminal neuropathic pain in humans.
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Introduction

Trigeminal neuropathic pain, i.e. pain resulting from

functional changes in peripheral and central pathways
subsequent to injury to the trigeminal nervous system, o�ers
a most di�cult challenge to therapy. To date, only
antidepressants and anticonvulsants may be bene®cial in the

treatment of trigeminal neuralgia, albeit up to one-half of the
patients become refractory or intolerant to these medications
(Swerdlow, 1984).

In a recently developed rat model of trigeminal pain,

neuropathy is produced by loosely ligaturing the infraorbital
nerve. Most rats with this constrictive ligature of the third
branch of the trigeminal nerve consistently display signs of
abnormal spontaneous pain-related behaviour (Kryzhanovski

et al., 1992; 1993) as well as mechanical (Vos et al., 1994;
IdaÈ npaÈ aÈ n-HeikkilaÈ & Guilbaud, 1999; Benoliel et al., 2001)
and thermal hypersensitivity (Kryzhanovski et al., 1992;

Imamura et al., 1997). Earlier studies have investigated the
e�ects of various pharmacological treatments in such a model
in rats. The behavioural abnormalities of this animal model
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of trigeminal neuropathic pain seem di�cult to treat, in close
resemblance with the clinical disorders in human subjects
su�ering from trigeminal neuralgia. Thus, single or repeated

injections of morphine or the tricyclic antidepressants
amitriptyline and clomipramine were devoid of any e�ects
on the mechanical hyper-responsiveness in rats bearing
ligatures on the infraorbital nerve (IdaÈ npaÈ aÈ n-HeikkilaÈ &

Guilbaud, 1999). The anticonvulsant carbamazepine resulted
in motor incoordination, a major drawback at the dose-levels
required to modify the mechanical hyper-responsiveness

(IdaÈ npaÈ aÈ n-HeikkilaÈ & Guilbaud, 1999), while the novel
antiepileptic compound gabapentin was found to exert some
antinociceptive e�ects (Christensen et al., 2001). Repeated

injections of the GABAB receptor agonist, baclofen, partially
alleviated the pain-related behaviour, suggesting that func-
tional de®cits in the GABAergic system might contribute to

trigeminal neuropathic pain in this model (IdaÈ npaÈ aÈ n-HeikkilaÈ
& Guilbaud, 1999). In addition, the combination of the
glycine/NMDA receptor antagonist (+)-HA-966 ((+)-3-
amino-1-hydroxy-2-pyrrolidone) and morphine was also

found to attenuate pain-related behaviour in rats bearing
ligatures on the infraorbital nerve (Christensen et al., 1999),
probably through the resulting decreased glutamate neuro-

transmission associated with the promotion of opioidergic
mechanisms.
Migraine headache is thought to result from an abnormal

distension of meningeal blood vessels and the consequent
activation of the trigeminal nervous system (Edvinsson, 2001;
Goadsby, 2001). The observation that hyperalgesia and

allodynia of the face and the scalp often accompany migraine
headache suggests that sensitization may occur in spinal
nuclei of the trigeminal nerve in response to sustained
noxious inputs from distended intracranial blood vessels

(Cumberbatch et al., 1999; Burstein et al., 2000a, b; Goadsby,
2001). Migraine is e�ciently treated by drugs acting at 5-
hydroxytryptamine (5-HT)1B/1D receptors, especially the so-

called triptans which are rather selective agonists at these
receptors (Pauwels & John, 1999). Triptans and other 5-
HT1B/1D receptor agonists inhibit the activity of trigeminal

nucleus neurons evoked by direct electrical stimulation of the
superior sagittal sinus or neurogenic in¯ammation of the
meninges (Nozaki et al., 1992; Goadsby & Hoskin, 1996;
Goadsby & Knight, 1997a; Martin, 1997; Cumberbatch et al.,

1998a; Storer et al., 2001), an e�ect which very probably
accounts for the e�cacy of these drugs to reduce pain
associated with migraine. In addition, triptans are e�ective in

the treatment of cluster headache (Plosker & McTavish, 1994;
Pini & Morelli, 1999; Besson & Dananchet, 2000; Edvinsson,
2001). This led us to analyse the e�ects of triptans in the rat

model of trigeminal neuropathic pain described above
(Kryzhanovski et al., 1992; 1993; Vos et al., 1994).
Appropriate mechanical nociceptive tests were used to assess

the potential antinociceptive e�ects of two of these drugs,
sumatriptan and zolmitriptan, compared to the classical
antimigraine ergot derivative, dihydroergotamine (DHE). In
addition, the possible implication of 5-HT1A and 5-HT1B/1D

receptors in these e�ects was assessed by investigating
whether they could be prevented by selective antagonists.
Finally, because pain caused by trigeminal mechanisms may

di�er from peripheral pain implicating the spinal cord with
regard to their respective sensitivity to analgesic drugs, we
also investigated the possible e�ect of triptans in the

mononeuropathic pain model of Bennett & Xie (1988), in
which one sciatic nerve is ligatured.

Methods

The ethical guidelines of the Committee for Research and

Ethical Issues of the International Association for the Study
of Pain (IASP, 1983) were adhered to in these studies.

Animals

Male Sprague-Dawley rats (I�a-Credo, Lyon, France),

n=174, weighing 175 ± 200 g on arrival, were used. Animals
were housed at six in an appropriate cage on a 12 h light/
12 h dark cycle. The ambient temperature was kept at

22+18C, and the rats had free access to standard laboratory
food and tap water. The animals were allowed to habituate to
the housing facilities for at least 1 week before starting the
experiments.

Induction of mononeuropathy

Rats were anaesthetized with an interaperitoneal (i.p.)
injection of sodium pentobarbital (Nembutal, 50 mg kg71).
The unilateral chronic constriction injury to the right

intraorbital nerve was performed under direct visual control
using a Zeiss microscope (610 ± 25) essentially as described
by Vos et al. (1994). The head of the rat was ®xed in a

stereotaxic frame and a mid-line scalp incision was made,
exposing skull and nasal bone. The infraorbital part of the
right infraorbital nerve was then exposed using a surgical
procedure adapted from Gregg (1973) and Jacquin & Zeigler

(1983). The edge of the orbit, formed by the maxillary,
frontal, lacrimal, and zygomatic bones, was dissected free. To
give access to the infraorbital nerve, the orbital contents were

gently de¯ected. The infraorbital nerve was dissected free at
its most rostral extent in the orbital cavity, just caudal to the
infraorbital foreamen. Two chromic catgut (5 ± 0) ligatures

were tied loosely (with about 2 mm spacing) around the
nerve. Under our own conditions, a `slip knot' was tied at the
two ends of the chromic catgut ®lament which allowed the
perfect control of the degree of constriction of the

infraorbital nerve. To obtain the desired degree of constric-
tion, the criterion formulated by Bennett & Xie (1988) was
applied: the ligatures reduced the diameter of the nerve by a

just noticeable amount and retarded, but did not interrupt,
the epineural circulation. Blood circulation through epineural
vessels was checked under direct visual control using the

Zeiss operation microscope. In order to con®rm that
mechanical hyper-responsiveness in operated animals was
speci®c for the chronic constriction injury to the infraorbital

nerve, sham-operated animals were also tested in the series of
experiments reported herein. In these rats, the right
infraorbital nerve was exposed using the same procedure,
but the nerve was not ligatured.

Unilateral peripheral mononeuropathy was produced on
the right hindpaw according to the method described by
Bennett & Xie (1988). The common sciatic nerve was exposed

by blunt dissection at the level of the midthigh and four
chromic catgut (5 ± 0) ligatures were tied loosely (with about
1 mm spacing) around the nerve. As for the infraorbital
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nerve, care was taken to avoid any interruption of the
epineural circulation. In the sham-operated rats, the right
common sciatic nerve was exposed using the same procedure,

but the nerve was not ligatured.

Nociceptive test procedures

Infraorbital nerve-ligatured rats were placed individually in
plastic cages (35620615 cm), where they adapted to the
testing environments for 2 h. During this period, the

experimenter entered slowly his hand into the cage to touch
the walls of the cage with a plastic rod, similar to the ones on
which the von Frey ®laments are mounted. After the 2 h-

habituation period, rats were in a sni�ng/no locomotion
state (with the four paws placed on the ground neither
moving nor freezing) and the stimulation session was started.

Mechanical sensitivity was determined with a graded series of
10 von Frey ®laments (Semmes-Weinstein mono®laments,
Stoelting, Wood Dale, IL, U.S.A.). The ®laments produced a
bending force of 0.217, 0.445, 0.745, 0.976, 2.35, 4.19, 4.64,

6.00, 7.37 and 12.5 g. The 12.5 g ®lament, the bending force
of which already turned the head of the rat, was chosen as
the cut-o�. Stimuli were applied within the infraorbital nerve

territory, near the centre of the vibrissal pad, on the hairy
skin surrounding the mystacial vibrissae. These areas were
stimulated on both sides of the face, ipsilateral and

contralateral to the constricted nerve. In all cases, the
stimulation was applied ®rst on the contralateral side with
the ®lament producing the lowest force. Each stimulation

consisted of three consecutive applications (1 s apart) of the
stimulus ®lament. For each session, the complete series of
von Frey ®laments was applied following an increasing force
order, until a well de®ned behavioural response was

triggered. As previously described by Vos et al. (1994), this
response consisted of a brisk withdrawal of the head or/and
an attack/escape reaction. Brisk withdrawal of the head was

often followed by an uninterrupted series of at least three
face wash strokes directed to the stimulated facial area. In the
case of attack/escape reaction, the rat avoided further contact

with the ®lament either passively by moving its body away
from the stimulating object to a crouching position against
cage wall, or actively by attacking the stimulating object,
making biting and grabbing movements. The minimal force

applied through von Frey ®laments to trigger at least one of
these behaviours was considered as the mechanical response
threshold. Thresholds to stimulation of the face by von Frey

®laments were determined 2 days before and 14 days after
surgery, at a time when hyper-responsiveness to mechanical
stimulation had fully developed (Vos et al., 1994; IdaÈ npaÈ aÈ n-

HeikkilaÈ & Guilbaud, 1999).
In sciatic nerve-ligatured rats, nociceptive thresholds,

expressed as grams (g), were measured with a Ugo Basile

analgesimeter (Bioseb, Chaville, France) by applying an
increasing pressure to the nerve-injured and the contralateral
hindpaw of unrestrained rats until a paw withdrawal (paw
withdrawal threshold) and thereafter a squeak (vocalisation

threshold) were obtained (Le Bars et al., 2001). We
systemically compared the e�ects of compounds on the paw
withdrawal to pressure, a spinally coordinated re¯ex, and the

vocalization threshold to paw pressure, a supra-spinal
integrated response (Kayser & Christensen, 2000) in order
to explore the relative contribution of spinal versus supra-

spinal mechanisms to their antinociceptive e�ects. In each rat,
thresholds to paw pressure were determined one day before
and 14 days after sciatic nerve ligatures in order to assess the

development of mechanical allodynia after surgery.

Pharmacological treatments

Sciatic nerve constricted rats (n=42) received subcutaneous
(s.c.) injections of either (n=6 for each treatment) saline,
sumatriptan (50, 100 and 300 mg kg71) or zolmitriptan (50,

100 and 300 mg kg71). The doses of triptans were chosen to
match those employed in human migraine (6 mg s.c.,
Sumatriptan Investigators' Brochure, GlaxoWelcome). Test-

ing sessions, beginning at 09:30 h, were conducted in a quiet
room by the same person, blind to the injected solution. Rats
were randomly assigned in groups of 4 ± 6 for a given series

of tests. Each animal received only one dose of a given drug
or the vehicle, and was used in only one experiment.
Mechanical response thresholds were measured at 10 min
intervals for the ®rst hour after administration of suma-

triptan, zolmitriptan or saline, then every hour over a 4 h
period.
Infraorbital nerve-constricted rats (n=120) were divided

into two groups. In order to determine the e�ects of various
drug treatments, the ®rst group (n=72) was subdivided into
three subgroups (n=24 each). In the ®rst subgroup, the

e�ects of intravenous (i.v.) injections of DHE (25, 50 and
100 mg kg71) were analysed. The doses of DHE and route of
administration were based on previous experiments showing

a pronounced reduction in the ®ring of central trigeminal
neurons within 30 min of DHE administration (Hoskin et al.,
1996a). Mechanical response thresholds were measured at
15 min intervals for the ®rst hour after DHE administration,

then at 30 min intervals for the second hour and ®nally at the
third and fourth hour after the treatment. A control group
(saline, 0.1 ml kg71) was tested simultaneously.

In the other two subgroups, the e�ects of s.c. injections of
either sumatriptan or zolmitriptan (50, 100 and 300 mg kg71)
were analysed. Mechanical response thresholds were mea-

sured at 1 h intervals over a 9 h period. Control rats injected
with saline (0.1 ml kg71) were tested in parallel.
The second group of rats (n=48) was subdivided into two

subgroups (n=24 each) for assessing the possible involvement

of 5-HT1B/1D and 5-HT1A receptors in the antinociceptive
e�ects of the drugs tested. Rats of the ®rst subgroup were
pretreated with the 5-HT1B/1D receptor antagonist GR

127935 (3 mg kg71, s.c., Skingle et al., 1996) 20 min before
i.v. injection of DHE (50 mg kg71, n=6) or s.c. injection of
sumatriptan (100 mg kg71, n=6), zolmitriptan (100 mg kg71,

n=6) or saline (n=6). Rats of the second subgroup were
pretreated with the 5-HT1A receptor antagonist WAY 100635
(2 mg kg71, s.c., Fletcher et al., 1996) also 20 min before

administration of saline (n=6), DHE (n=6), sumatriptan
(n=6) or zolmitriptan (n=6) at the same doses as indicated
above. Mechanical response thresholds were measured at the
same time points as those selected in experiments were no

antagonist was injected (see above).

Data presentation and statistical analyses

Data are expressed as the means+s.e.m. The non-parametric
Kruskall & Wallis (1952) one-way analysis of variance was

British Journal of Pharmacology vol 137 (8)

5-HT1B/1D agonists and trigeminal neuropathic painV. Kayser et al 1289



used and comparisons between the groups were performed
using the Mann ±Whitney U-test. The areas under the time-
course curves (AUCs) were calculated using the trapezoidal

rule. The t-test was used to compare overall e�ects (AUCs)
between two groups. The signi®cance level was P50.05.

Drugs

Sumatriptan succinate and GR 127935 (2'-methyl-4'-(5-
methyl-[1,2,4]oxadiazol-3-yl)-biphenyl-4-carboxylic acid [4-

methoxy-3-(4-methyl-piperazine-1-yl)-phenyl]amide hydro-
chloride) were from GlaxoWelcome (Taplow, UK); zolmi-
triptan was from Astra-Zeneca (SoÈ dertaÈ lje, Sweden); DHE

mesylate was from Sano®-Synthelabo (Bagneux, France), and
WAY 100635 (N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl-
N-(2-pyridinyl)-cyclohexanecarboxamide dihydrochloride)

was from Wyeth Res. (Princeton, NJ, U.S.A.). All
compounds were dissolved in 0.9% NaCl. Solutions were
prepared immediately before use.

Results

Mechanical response thresholds in nerve-injured rats

The mechanical response threshold on the nerve-injured side

of rats with an infraorbital nerve ligature was 0.38+0.04 g on
postoperative day 14, a value considerably less than the
12.5 g threshold observed in sham-operated rats (n=6, not

shown) and the 12.5 g pre-ligature threshold (Figure 1A).
The mechanical response threshold to stimulation of the
territory of the contralateral infraorbital nerve was also
markedly decreased (0.43+0.04 g) vs sham-operated rats

(12.5 g), and in fact, both sides appeared equally hypersensi-
tive to mechanical stimulation (Figure 1A).
As illustrated in Figure 1B, the paw withdrawal threshold

measured on the ipsilateral side of sciatic nerve ligatures

(127+7 g) was signi®cantly lower than the pre-ligature value
(175+5 g). In addition, the vocalization threshold to
ipsilateral paw pressure on the 14th postoperative day

(221+9 g) was also signi®cantly decreased compared to that
measured before the surgery (286+9 g) (Figure 1B). In
contrast, the paw withdrawal and the vocalization thresholds
measured on the contralateral side of sciatic nerve ligatures

did not signi®cantly di�er between the pre- and the post-
operative tests (Figure 1B). In the sham-operated rats, no
variations could be detected in the responsiveness to

mechanical stimulation of the ipsilateral paw on post-
operative day 14 (paw withdrawal threshold 173+7 g and
vocalization threshold 280+8 g, compared to 174+6 g and

284+7 g, respectively, before sham operation; n=6).

Effects of DHE, sumatriptan and zolmitriptan on
mechanical response thresholds in infraorbital nerve-
ligatured rats

Figure 2 shows that i.v. injection of saline or DHE at

25 mg kg71 had no e�ect on the response threshold to
mechanical stimulation applied ipsilaterally or contralaterally
to the ligatured infraorbital nerve. By contrast, higher doses

of DHE, 50 and 100 mg kg71, raised the mechanical response
thresholds to values up to *1.5 g. Although the maximal
increase was similar at both doses, the change in the response

threshold reached statistical signi®cance earlier after
50 mg kg71 than after 100 mg kg71 of the drug (Figure 2).
At both ipsilateral and contralateral sides, the e�ects of DHE

lasted for about 2 h after the injection.
Of the three doses tested, only the dose of 100 mg kg71 s.c.

of sumatriptan resulted in a signi®cant elevation of the
response threshold at both the nerve-injured and the

contralateral side (Figure 3). This e�ect reached statistical
signi®cance already at 1 h after the injection and lasted for
about 5 h. The maximal increase in the response thresholds

at both the nerve-injured (6.3+1.1 g) and the contralateral

*
*
*

*
*
*

*
*
*

*
*
*

Figure 1 Mechanical response thresholds before (`Pre ligature') and 2 weeks after (`Post ligature') ligature of (A) the right
infraorbital nerve or (B) the right sciatic nerve. Response thresholds were determined in the territories ipsilateral and contralateral
to the ligature. Data (means+s.e.m., A: n=138, B: n=18) are expressed as grams (g). ***P50.001 versus pre ligature value.
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(4.4+0.7 g) side was observed 3 h after the injection. The
overall e�ect of the dose of 100 mg kg71 on both the nerve-
injured and the contralateral sides did not di�er (P=0.027).
In contrast with the lack of behavioural changes in rats

treated with 50 or 100 mg kg71 of sumatriptan, those treated
with the 300 mg kg71 dose appeared hyperreactive to
external stimuli (noises) with signs of increased locomotor

activity.
Figure 4 illustrates the e�ect of zolmitriptan. Subcutaneous

injections of this drug at 50 and 100 mg kg71 increased the

mechanical response threshold at both the nerve-injured and
the contralateral side. Peak e�ects for both the nerve-injured
(2.3+0.5 g) and the contralateral (1.2+0.2 g) side were

reached 3 h after injection of the lowest dose (50 mg kg71),
and a signi®cant increase in response threshold was still
observed 1 h later. Also at the dose of 100 mg kg71, the
maximal increase in the response thresholds at the nerve-

injured (7.4+0.9 g) and the contralateral (3.2+1.3 g) side
caused by zolmitriptan was reached 3 h after the injection.
However, at this dose, the e�ect lasted for up to 8 h at the

nerve-injured side. Comparison of the overall e�ect of
zolmitriptan at 50 and 100 mg kg71 at the nerve-injured
versus the contralateral side indicated a signi®cantly larger

increase in response threshold on the injured side (P=0.03).
At the highest dose tested, 300 mg kg71, zolmitriptan induced
only minor changes in mechanical response thresholds
(Figure 4). However, at this dose, but not at the other two,

rats were hyperreactive to external stimuli.

Effects of sumatriptan and zolmitriptan on mechanical
response thresholds in sciatic nerve-ligatured rats

Table 1 summarizes the results obtained from experiments
aimed at determining paw withdrawal and vocalisation
thresholds prior to and 30, 60 and 120 min following s.c.
injection of sumatriptan (50, 100 and 300 mg kg71) or

zolmitriptan (50, 100 and 300 mg kg71) compared to saline
in rats with sciatic nerve ligatures. In contrast to that
observed in rats with infraorbital nerve ligatures, none of

these drugs at the three doses tested reduced the mechanical
allodynia in rats bearing unilateral ligatures of the sciatic
nerve.

Prevention by GR 127935 of DHE- and triptan-induced
increase in mechanical response thresholds in infraorbital
nerve-ligatured rats

As depicted in Figure 5, the apparent rank order of potency
of drugs tested against mechanical hyper-responsiveness in

the territory of the ipsilateral infraorbital nerve was
DHE5sumatriptan5zolmitriptan. For the contralateral side,
this order was DHE5sumatriptan=zolmitriptan .

When administered 20 min prior to saline, GR 127935
(3 mg kg71, s.c.) did not a�ect the mechanical hyper-
responsiveness in infraorbital nerve-constricted rats. How-

ever, this treatment completely prevented the increase in
mechanical response thresholds caused by 50 mg kg71 DHE
(not shown) and markedly reduced those caused by

sumatriptan (100 mg kg71) and zolmitriptan (100 mg kg71) in
the operated rats (Figure 5). As illustrated in Figure 5, the
e�ects of GR 127935 were similar on the nerve-injured and
the contralateral side.

Effects of WAY 100635 on DHE- and triptan-induced
increase in mechanical response thresholds in infraorbital
nerve-ligatured rats

As shown in Figure 6, WAY 100635 (2 mg kg71, s.c.) had no

e�ect on the responses at either side, when administered
20 min prior to saline. However, pretreatment with WAY
100635 markedly increased the enhancing e�ect of DHE
(50 mg kg71) on mechanical response threshold both on the

ipsilateral and the contralateral side of the ligatured nerve
(Figure 6). Indeed, calculation of the corresponding AUCs
indicated that the amplitude of the DHE-induced e�ect was

increased by at least 2 fold after pretreatment with WAY
100635. By contrast, this pretreatment did not signi®cantly
a�ect the increase in mechanical response thresholds caused

by sumatriptan or zolmitriptan at 100 or 300 mg kg71

(P40.05) (not shown).

Discussion

Several lines of evidence have suggested that the antimigraine

e�ect of the triptans with 5-HT1B/1D receptor agonist
properties may result from inhibition of central nociceptive
transmission in the spinal nucleus of the trigeminal nerve by

these drugs (Edvinsson, 2001; Goadsby, 2001). In this work,
we thus tested the action of sumatriptan and zolmitriptan, at
doses analogous to those employed in human migraine, in

*
* *

* *
*

*
*

Figure 2 Time-course curves of the e�ects of various doses of
dihydroergotamine (DHE) or saline on the mechanical response
thresholds in the infraorbital nerve territory ipsilateral and
contralateral to the ligature. Data (means+s.e.m., n=6) are
expressed as grams (g). *P50.05 versus saline.
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rats with a chronic constriction injury to the infraorbital
nerve or the sciatic nerve. Studies comparing the di�erent

triptans on the one hand and triptans with other medications
on the other hand should ideally be the basis for assessing
their actual interest in pain therapy. We therefore compared

the e�cacy of sumatriptan and zolmitriptan to DHE. The
major ®ndings were that: (1) clinically e�ective antimigraine
agents attenuated the hyper-responsiveness to mechanical

stimulation of the face in the rat model of trigeminal
neuropathic pain, but neither reduced allodynia nor produced
antinociception in sciatic nerve-ligatured rats. The apparent

rank order of potency derived from the present experiments

was zolmitriptan4sumatriptan 4DHE; (2) GR 127935, a
selective 5-HT1B/1D receptor antagonist (Skingle et al., 1996),

suppressed antinociception evoked by DHE and the triptans
in infraorbital nerve-ligatured rats; and (3) WAY 100635, a
selective 5-HT1A receptor antagonist (Fletcher et al., 1996),

enhanced DHE- but did not a�ect triptan-induced response.

Characteristics of neuropathic pain models

In agreement with Bennett & Xie (1988), unilateral ligature of
the sciatic nerve produced a signi®cant decrease in threshold

pressures to trigger withdrawal of the ipsilateral hindpaw and

***

***
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***

*
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*

Figure 3 Time-course curves of the e�ects of various doses of
sumatriptan or saline on the mechanical response thresholds in the
infraorbital nerve territory ipsilateral and contralateral to the
ligature. Data (means+s.e.m., n=6) are expressed as grams (g).
*P50.05, **P50.01, ***P50.001 versus saline.
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Figure 4 Time-course curves of the e�ects of various doses of
zolmitriptan or saline on the mechanical response thresholds in the
infraorbital nerve territory ipsilateral and contralateral to the
ligature. Data (means+s.e.m., n=6) are expressed as grams (g).
*P50.05, **P50.01, ***P50.001 versus saline.

Table 1 Mean thresholds for paw withdrawal and vocalization in response to ipsilateral paw pressure before and after s.c. injection of
saline, sumatriptan or zolmitriptan in rats with sciatic nerve ligatures

Paw withdrawal Vocalization

Time post-injection (min) 0 30 60 120 0 30 60 120

Saline 127+9 131+14 127+9 127+9 216+11 230+13 217+12 216+11
Sumatriptan

50 mg kg71 121+6 140+19 147+11 125+7 227+14 247+19 240+17 232+16
100 mg kg71 126+8 142+13 127+8 127+8 218+6 241+20 225+21 218+15
300 mg kg71 131+8 132+5 131+7 135+6 222+8 246+22 233+7 238+16

Zolmitriptan
50 mg kg71 127+8 131+7 138+9 131+7 228+5 217+11 236+5 228+11
100 mg kg71 129+8 140+15 137+6 130+8 217+10 217+28 222+25 220+24
300 mg kg71 127+5 135+4 135+12 131+7 225+7 241+23 227+9 223+9

Results (in g) are expressed as means+s.e.m. (n=42). Similarly, no e�ects of the drugs were observed contralaterally to the sciatic nerve
ligature.
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vocalization, as expected from the occurrence of mechanical

allodynia on the injured side. In contrast, mechanical
stimulation of the contralateral side produced the same
responses as in intact rats indicating unchanged sensitivity to

such a stimulation (Bennett & Xie, 1988).
Interestingly, markedly di�erent observations were made in

rats bearing a unilateral ligature of the infraorbital nerve
because mechanical response thresholds were found to be

decreased on both the ipsilateral and the contralateral, non-
operated, side. Previous behavioural studies on this model
also showed pronounced mechano-allodynia (Vos et al., 1994;

IdaÈ npaÈ aÈ n-HeikkilaÈ & Guilbaud, 1999; Christensen et al.,
1999; 2001) or heat-hyperalgesia (Kryzhanovski et al., 1992;
Imamura et al., 1997) on both sides of the face. In addition,

electrophysiological changes expected from the occurrence of
hyper-responsiveness also on the side without nerve ligation
were observed in the corresponding ventropostero-thalamic
nucleus and in the primary somatosensory cortex in rats with

the same chronic constriction injury to the infraorbital nerve
as that made in our studies (Benoist et al., 1999; Vos et al.,
2000). In particular, on the intact side, about 50% of the

vibrissa neurons exhibited an enlarged peripheral receptive
®eld including more than two vibrissae (Benoist et al., 1999;
Vos et al., 2000). In line with these observations, projections

from the trigeminal ganglion have been shown to reach the
medullary and cervical dorsal horns on both sides (Pfaller &
Arvidsson, 1988; Jacquin et al., 1990), and evidence has been

reported that unilateral stimulation of the trigeminal ganglion
activates neurones in both the ipsilateral and the contralateral
caudal trigeminal nucleus (Ingvardsen et al., 1997; Samsam et

al., 2001). Accordingly, anatomical and functional organiza-
tions of the trigeminal complex fully explain why unilateral
injury of the infraorbital nerve produced mechanical

allodynia on both sides of the face.

Effect of triptans

In the present study, we clearly demonstrated that both
sumatriptan and zolmitriptan were e�ective in reducing
mechanical hypersensitivity after chronic constriction injury

to the infraorbital nerve. However, at the optimal dose of
100 mg kg71, sumatriptan maximally increased the response
threshold from 0.4 g to 6.3 g, a value still markedly less than

that found in intact animals (412.5 g). Zolmitriptan was
more potent in this regard because the response threshold
reached values close to 8 g in rats treated with 100 mg kg71 of

this drug. One possible explanation of the di�erence between
the two compounds is that zolmitriptan crosses the blood
brain barrier and reaches brain sites much more easily than
sumatriptan (Humphrey et al., 1991; Kaube et al., 1993;

Goadsby & Knight, 1997b; Martin, 1997; Johnson et al.,
2001). Indeed, a central rather than a peripheral action can
be suspected for both drugs since they prevented mechanical

allodynia on both the injured and the intact side. Direct
investigations (by electrophysiologial recordings or c-fos
immunolabelling) of the e�ects of both sumatriptan and

zolmitriptan on neuronal activity within the right (lesioned
side) and the left (intact side) spinal nuclei of the trigeminal
nerve are needed to provide a clear-cut demonstration of

their central action under the present experimental condi-
tions. In any case, the reduction by triptans of the mechanical
hyper-responsiveness appeared to be mediated through 5-
HT1B/1D receptor stimulation since it could be prevented by

the 5-HT1B/1D receptor antagonist GR 127935 (Skingle et al.,
1996). In line with these observations, clear-cut evidence has
been reported that 5-HT1B/1D receptor agonists prevent the

excitation of spinal trigeminal nucleus neurons evoked by
direct electrical stimulation of the superior sagittal sinus or
neurogenic in¯ammation of the meninges (Nozaki et al.,

1992; Goadsby & Knight, 1997a; Cumberbatch et al., 1998a;
Storer et al., 2001), which supports the concept that
activation of central 5-HT1B/1D receptors is antinociceptive.
Whether only the 5-HT1B or the 5-HT1D receptors, or both

receptor types, mediate the antiallodynia e�ect of triptans
cannot be answered yet, but studies with selective antagonists
such as SB-224289 (Selkirk et al., 1998) and BRL-15572

(Price et al., 1997) for the 5-HT1B and 5-HT1D receptors,
respectively, should provide relevant data to solve this
question.

Sumatriptan, as well as zolmitriptan, at the same doses as
those used in the infraorbital nerve-ligatured rats, were
una�ected in rats with sciatic nerve ligatures. Similarly,

sumatriptan (300 mg kg71 intraperitoneally) was reported to
exert no e�ect on thermal hyperalgesia induced by sciatic
nerve ligature in the rat (Bingham et al., 2001). In addition,
Cumberbatch et al. (1998b) demonstrated that, at the dose

300 mg kg71 i.v., the 5-HT1B/1D receptor agonist naratriptan
inhibited responses of single trigeminal neurons to noxious
electrical and mechanical stimulation of the dura and face,

but did not a�ect spinal dorsal horn neuronal responses to
noxious mechanical stimulation of the hind-paw. In addition,
Skingle et al. (1990) reported that sumatriptan, up to
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Figure 5 Areas under the curves (AUC, g6min, means+s.e.m.) of
the respective time-course curves in Figures 2 ± 4 (open bars) and
e�ect of pretreatment with GR 127935 (3 mg kg71, s.c. 20 min
before, hatched bars) on mechanical response thresholds in the
infraorbital nerve territory ipsilateral and contralateral to the ligature
after administration of dihydroergotamine (DHE, 50 mg kg71, i.v.),
sumatriptan (Suma, 100 mg kg71, s.c.) or zolmitriptan (Zolmi,
100 mg kg71, s.c.). **P50.01, ***P50.001 versus saline, .P50.05,
...P50.001 versus treatment with DHE, sumatriptan or zolmitriptan
alone, n=6 in each group.
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10 mg kg71 s.c., was totally inactive in various validated
nociceptive tests based on peripheral noxious stimulations in

rodents. However, other data showed that sumatriptan
inhibits neurogenic in¯ammation induced by capsaicin
applied to the rat sciatic epineurium (Zochodne & Ho,

1994) at doses comparable to those used in trigeminal
extravasation studies. Furthermore, high doses of sumatrip-
tan (45 mg kg71 s.c.), much larger than those used in the

present study, were needed to produce peripheral antinoci-
ceptive e�ects through cholinergic mechanisms in both rats
and mice (Ghelardini et al., 1996b; Jain & Kulkarni, 1998).

At lower doses, comparable to those used in migraine
models, sumatriptan only prevented hyperalgesia induced by
morphine withdrawal (Ghelardini et al., 1996a) and attenu-
ated the hypersensitivity to noxious thermal stimuli induced

by intraplantar carrageenin in mice (Bingham et al., 2001).
Under our conditions, it may be that peripheral lesion of the
trigeminal nerve produces persistent pain that is more

sensitive to triptans than the pain-related behaviour caused
by chronic constriction injury to the sciatic nerve, in which a
single injection of triptan appeared to be ine�ective. Indeed,

anatomical and embryological di�erences exist between
trigeminal and spinal nerves (Le Douarin & Kalcheim,

1999), which may account for the di�erence in sensitivity to
triptans. While the sciatic nerve is a mixed sensory-motor
nerve, the infraorbital nerve is purely sensory and processes,

in contrast to spinal nerves, distinct modalities of sensory
information independently and from a well-de®ned and
restricted region of the face (Paxinos, 1995).

Within the medulla oblongata as well as in the lumbar

enlargement of the spinal cord, 5-HT1B/1D receptors are
located on the terminals of both primary a�erent ®bres and
serotonergic ®bres, and on intrinsic neurons (interneurons

and neurons projecting to brain nuclei) (Bruinvels et al.,
1992; 1993; Laporte et al., 1995; Hamon & Bourgoin, 1999).
However, the respective quantitative distribution of these

receptors in these three distinct neuronal compartments is not
precisely known, and di�erences between the medulla
oblongata and the spinal cord might possibly account for

the di�erential e�ects of triptans on mechanical hyper-
responsiveness caused by injury of the infraorbital nerve
compared to the sciatic nerve. Clearly, further data on the
precise cellular and subcellular distribution of 5-HT1B/1D

receptors at trigeminal versus spinal level are needed to
possibly solve this question.

Effect of dihydroergotamine

DHE (50 and 100, but not 25 mg kg71 i.v.) was also found to

raise the response threshold in rats with unilateral ligature of
the infraorbital nerve, but to a much lower extent than
triptans. The e�ect of DHE was observed on both the nerve-

injured and the contralateral side and was mediated through
5-HT1B/1D receptors since it could be prevented by GR
127935. However, DHE is known to bind with high a�nity
not only to these receptors but also to 5-HT1A, 5-HT2A , 5-

HT2C , D1, D2 dopaminergic, a1- and a2-adrenergic receptors
(McCarthy & Peroutka, 1989) and with a relatively lower
a�nity to 5-HT1F receptors (Johnson et al., 1997). Interest-

ingly, the anti-allodynia-like e�ect of DHE in infraorbital
nerve-ligated rats appeared to be markedly higher after the
blockade of 5-HT1A receptors by WAY 100635. Thus, DHE

alone increased the response threshold from 0.2 g to 1.5 g,
whereas this threshold rose up to 4.3 g when DHE was
administered after WAY 100635 pretreatment. These data
suggest that 5-HT1A receptor stimulation by DHE was in fact

pronociceptive, and counteracted its 5-HT1B/1D receptor-
mediated antinociceptive action. In line with this interpreta-
tion, Alhaider & Wilcox (1993) already reported that 5-HT1A

receptor agonists increase sensitivity to noxious stimulation,
and Millan et al. (1996) noted that 5-HT1A receptor blockade
by WAY 100135 has clear-cut antinociceptive e�ects in the

formalin and writhing tests in rodents. In addition, Ardid et
al. (2001) recently showed potentiation of the antinociceptive
e�ect of a serotonergic antidepressant by WAY 100635 in a

neuropathic pain model in rats. However, the role of 5-HT1A

receptors in nociceptive control mechanism is still a matter of
debate because other authors reported clear-cut antinocicep-
tive e�ects of 5-HT1A receptor stimulation in various relevant

paradigms (Gjerstad et al., 1996; Lin et al., 1996). In the
present case, experiments with selective 5-HT1A receptor
agonists have to be performed in order to further assess the

potential worsening action of 5-HT1A receptor stimulation on
trigeminal neuropathic pain induced by infraorbital nerve
ligature.

*

*

*

*

*

*

Figure 6 E�ect of pretreatment with WAY 100635 (2 mg kg71, s.c.,
20 min before) on dihydroergotamine (DHE, 50 mg kg71, i.v.)-
induced changes in the mechanical response thresholds in the
infraorbital nerve territory ipsilateral or contralateral to the ligature.
Results are expressed as (A) the time-course curves of the mean+
s.e.m., in grams, of the response thresholds and (B) the mean+s.e.m.
of areas under the time-course curves (AUC) calculated by the
trapezoidal rule (see Methods). .P50.05, ...P50.01 versus saline;
*P50.05 versus DHE (50 mg kg71, i.v.) alone, n=6 in each group.
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A ®nal point to be discussed concerns the lack of pain
relief by the highest dose, 300 mg kg71, of triptans, which
may limit our conclusion concerning the antinociceptive e�ect

of these drugs. Indeed, the mechanisms responsible for the
disappearance of this e�ect at this dose cannot be completely
inferred from the present investigations. However, it is worth
noting that this dose of triptans rendered the rats

hyperreactive to external stimuli, and the resulting behaviour-
al alterations might have masked a potential antinociceptive
e�ect. Indeed, central 5-HT1B receptor stimulation is well

known to both reduce habituation to auditory stimuli
(Dulawa et al., 1997) and increase locomotor activity
(Rempel et al., 1993), i.e. produces behavioural changes

which might well interfere with assessment of sensitivity to
mechanical stimuli under our experimental conditions. On the
other hand, it cannot be excluded that at the highest dose

used, 300 mg kg71, both sumatriptan and zolmitriptan
interacted not only with 5-HT1B/1D receptors, but also with
other receptor types, and that the resulting non selective
e�ects have masked the expected 5-HT1B/1D receptor-

mediated antiallodynia e�ect.

Conclusion

The data reported herein show that antimigraine 5-HT1B/1D

receptor agonists exerted anti-allodynic e�ects in the rat
model of trigeminal neuropathic pain which suggests that
they might be useful in the treatment of some trigeminal
neuropathic pain disorders. Of the three drugs tested,

zolmitriptan appeared as the most promising compound for
this purpose. Further exploration of the mechanisms involved
in the antinociceptive e�ects of zolmitriptan, sumatriptan and

DHE should improve our understanding of nociceptive
processing in trigeminal neuropathic pain.
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