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Abstract

The present study examined the effects of intrathecal (i.t.) administration of 5-hydroxytryptamine (5-HT; 0.1-100 p.g) on mechanical
hyperalgesia associated with neuropathic pain (chronic constriction of the sciatic nerve model and diabetic model) and inflammatory pain
(carrageenan and polyarthritic models) in rats. Results demonstrated that the hyperalgesia observed in the mononeuropathic and diabetic
rats was attenuated by 5-HT; the active dose, however, was 100- to 1000-fold higher than that required in normal rats, and was
moderately effective. In the two experimental models of inflammatory pain, 5-HT was not markedly or similarly active. In the
carrageenan model, 5-HT at the highest dose was only weakly effective whereas in the polyarthritic model it was inactive.

Together, these results show that 5-HT has antinociceptive effects in several rat pain models, except in the model of diffuse pain
(polyarthritic rats). Its antinociceptive effects in these models, however, are dight and differ from those observed in normal rats. © 2000

Elsevier Science B.V. All rights reserved.
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1. Introduction

While the antinociceptive effect produced by serotonin
(5-HT, 5-hydroxytryptamine) has been well documented
mainly after i.t. administration and in normal animals
(Yaksh and Wilson, 1979; Crisp et a., 1991a,b; Bardin et
al., 1997), very few studies have considered the effects of
this monoamine in experimental models of pain. However,
taking into account that tricyclic antidepressants (which
inhibit the reuptake of both 5-HT and noradrenaline) are
used in the treatment of chronic pain in humans (Onghena
and Van Houdenhove, 1992; McQuay et al., 1996; Es
chalier et al., 1999) and induce antinociceptive effects
against neuropathic and inflammatory pain in rats (Ardid
et a., 1991; Ardid and Guilbaud, 1992; Bianchi et al.,
1995; Esser and Sawynok, 1999; Sawynok et al., 1999), a
study of the effects of serotonin in conditions of chronic
pain needs to be considered. We have, therefore, chosen to
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determine the spinal antinociceptive effect of 5-HT in
several rat models of clinical pain to determine and com-
pare its effect according to the aetiology of the pain.

The following models of neuropathic and inflammatory
pain, which are widely used to examine anti-inflammatory
and analgesic drugs, and which, based on behavioura,
pharmacological and electrophysiological evidence, appear
to represent appropriate models to evaluate “clinical” pain
and analgesic activity, were used: (1) a model of persistent
neuropathic pain produced by chronic constriction injury
of the sciatic nerve (CCl model; Bennett and Xie, 1988);
(2) amodel of chronic pain with signs of hyperalgesia and
alodynia in rats rendered diabetic by an intraperitoneal
injection of streptozocin (Courteix et al., 1993); (3) a
model of more localized and less persistent inflammatory
pain in rats produced by an intraplantar injection of car-
rageenan (Winter et al., 1962) and (4) a model of diffuse,
persistent inflammatory pain in rats rendered polyarthritic
by an injection of Freund's adjuvant in the tail (Pearson
and Wood, 1959).

Mechanical hyperalgesia was examined by measuring
the vocalization threshold to pressure applied to the hind
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paw, which is considered to be a centrally integrated test
(Kayser and Guilbaud, 1990).

2. Materials and methods

All the experiments were conducted in accordance with
the guidelines on ethical standards for investigations of
experimental pain in animals defined by the International
Association for the Study of Pain (IASP; Zimmermann,
1983). In particular, the duration of the experiments was as
short as possible and the number of animals was kept to a
minimum.

2.1. Animals

Male Sprague-Dawley rats (Charles River, St-Aubin-
Lés-Elbeuf, France) weighing 200-250 g were used. On
arrival at the laboratory, rats were allowed to acclimate for
1 week, in groups of five rats per cage, with free access to
food and water.

2.2. Neuropathic pain models

2.2.1. Chronic congtriction injury: CCl model

Neuropathy was produced in the right hind paw, accord-
ing to the method described in detail by Bennett and Xie
(1988). Rats were anaesthetized with sodium pentobarbital
(50 mg/kg, i.p.) and four chromic gut (5-0) ligatures
were tied loosely (with about 1 mm spacing) around the
common sciatic nerve. The nerve was constricted to a
barely discernible degree, so that circulation through the
epineurial vasculature was not interrupted. The same
surgery was performed on the opposite site, without ligat-
ing the sciatic nerve (sham procedure). The rats were
tested 2 weeks after the sciatic nerve ligature, when the
pain-related disorders were at their maximum (Attal et al.,
1990).

2.2.2. Induction of diabetes

The rats were rendered diabetic by an i.p. injection of
75 mg/kg streptozocin (Zanosar, Upjohn) dissolved in
distilled water (Courteix et al., 1993). Four weeks later, the
presence of diabetes was confirmed by measurement of tail
vein blood glucose levels with Ames Dextrostix and a
reflectance colorimeter (Ames Division, Miles Laborato-
ries). Blood samples were obtained from the tail by pin-
prick, and only rats with a final blood glucose level > 14
mM were included in the study.

2.3. Inflammatory pain models

2.3.1. Carrageenan-evoked inflammation

Carrageenan (\-carrageenan, Sigma, France) was used
to induce unilateral paw inflammation. The rats received a
s.C. injection of carrageenan (0.2 ml of a 2% solution of

the polysaccharide in saline) in the plantar surface of the
left hind paw. The rats were tested 2 h later, when both
oedema and hyperalgesia had developed (Kayser and Guil-
baud, 1987).

2.3.2. Adjuvant-induced arthritic pain model

Polyarthritis was induced by injecting 0.05 ml of heat-
killed Mycobacterium butyricum (5 mg,/ml suspended in
mineral oil) intradermally into the tail base as described
previously (Colpaert, 1987). The rats were tested 4 weeks
later, when symptoms were at their maximum (Calvino et
al., 1987; Colpaert, 1987).

2.4. The Randall-Sdlitto mechanical hyperalgesia test

The antinociceptive effect was determined by measur-
ing the vocalization threshold elicited by pressure on the
left hind paw (both hind paws in the CCl and carrageenan
models), using the Ugo Basile analgesimeter. This instru-
ment generates a linearly increasing mechanical force ap-
plied by a dome-shaped plastic tip (diameter: 1 mm)
placed on the dorsal surface of the rat's hind paw. The
force was applied until the rat squeaked. This centrally
integrated response is especially sensitive to analgesic drug
effects, particularly in the rat models used here (Ardid and
Guilbaud, 1992; Attal et al., 1991; Kayser and Guilbaud,
1987, 1990).

2.5. Intrathecal injection and experimental design

Intrathecal injections of 5-HT or vehicle were per-
formed as previously described by Mestre et al. (1994).
Briefly, the rat was held in one hand by the pelvic girdle,
and a 25-gauge X 1 in. needle connected to a 25-w.1 Hamil-
ton syringe was inserted between the spinous processes of
L5 and L6 into the subarachnoidal space, until a tail flick
was dlicited. The syringe was held in position for several
seconds after the injection (injection volume: 10 wl /rat).

The experiments were performed blind in a quiet room
by a single experimenter using the method of equal blocks
with randomization of treatments. Vocalization thresholds
were determined before the induction of persistent pain,
except for the arthritic rats, and in al groups after the
induction of persistent pain, 5, 15, 30, 45 and 60 min after
an i.t. injection of either 5-HT (0.1, 1, 10 or 100 wn.g) or
saline (NaCl 0.9%). 5-HT (Sigma, France) was dissolved
in physiologica saline (NaCl 0.9%). Solutions were pre-
pared immediately before testing.

2.6. Data analysis and statistics

Vocalization thresholds to paw pressure are given in
grams. Data are expressed as means + S.E.M. The maxi-
mal percent effect (MPE) was calculated, at the peak of the
time—response curve as follows: [(maximal postdrug value
— predrug value)] /[(cut-off value — predrug vaue)] x 100.
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The cut-off value corresponds to the maximal pressure that
the apparatus applied (750 or 500 g for the neuropathic
pain and inflammatory pain models, respectively). The
time course of the effects of the various treatments was
analyzed statistically by means of an analysis of variance
(ANOVA) followed by Dunnett's test. The significance
level was P < 0.05.

3. Reaults

No behavioural modification was induced by the four
doses of 5-HT whatever the model used. The lowest two
doses of 5-HT (i.e. 0.1 and 1 p.g) did not produce antinoci-
ceptive effects in any of the four models (data not shown).

3.1. Effects of 5-HT in the CCl model

Before surgery, the vocalization threshold did not differ
significantly between the hind paws. 275 + 5 and 278 + 6
g for the nerveligated and sham-operated hind paws,
respectively. Two weeks after surgery, the vocalization
threshold for the ligated side (i.e. 185+ 5 g) was signifi-
cantly (P <0.05) and markedly (—33+ 2%) decreased
(Fig. 1A). The vocalization threshold for the non-ligated
side was moderately decreased to 245+ 3 g (P < 0.05).
The injection of saline did not influence the vocalization
threshold to paw pressure on either hind paw, but 5-HT, at
the highest dose (100 wg), significantly increased the
vocalization threshold for both hind paws (Fig. 1A). The
MPE was + 39 + 8% and +44 + 12% for the ligated and
the sham-operated hind paws, respectively. The antinoci-
ceptive effects were apparent 5 min after the injection and
lasted 45 min for the ligated paw and 30 min for the
sham-operated paw.

3.2. Effects of 5-HT in diabetic rats

Four weeks after the induction of diabetes, the vocaliza-
tion threshold was significantly decreased by —27 + 1%
compared to the preinduction value (206 + 4 g vs. 281 + 3
g) (Fig. 1B). Injection of saline did not influence the
vocalization threshold. 5-HT, at 10 and 100 g, signifi-
cantly and dose-dependently increased the vocalization
threshold (Fig. 1B). The MPE was + 23 + 8% and + 37 +
8% for 10 and 100 g, respectively, 5 min after the
injection. The effects lasted 60 min.

3.3. Effects of 5-HT on carrageenan-induced inflammatory
pain

The intraplantar injection of carrageenan into the right
hind paw significantly decreased (—37 + 1%) the vocal-
ization threshold for the injected paw (141 + 2 g) com-
pared with the pre-carrageenan control (223 + 2 g) (Fig.
2A). Contralateral hyperalgesia was also observed (— 20 +
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Fig. 1. Time course of the effect of i.t. injection of 5-HT on mechanical
pain threshold in mononeuropathic (A) and diabetic (B) rats. Vocalization
threshold determined before (0) and after drug injection is expressed as
grams (g). Bars= mean+ S.E.M.; (n=10 per group). “P < 0.05 versus
sdline-treated group.

2%) (Fig. 2A). A dlight decrease of the vocalization
threshold for the inflamed paw was observed at the end of
the experiment in the saline-treated group, which may be
due to repeated testing. The i.t. administration of 5-HT
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Fig. 2. Time course of the effect of i.t. injection of 5-HT on mechanical
pain threshold in carrageenan (A) and polyarthritic (B) rats. Vocalization
threshold determined before (0) and after drug injection is expressed as
grams (g). Bars=mean+ SE.M.; (n=8 per group). P < 0.05 versus
sdline-treated group.

failed to produce a significant effect at the dose of 10 p.g
but induced a significant increase at the highest dose (100
wg) for both hind paws (Fig. 2A). The MPE was + 24 +
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3% and +21+ 3% for the inflamed and contralateral
paws, respectively. The antinociceptive effects appeared
15 min after the injection and lasted 45 min for the
inflamed paw and 30 min for the contralateral paw.

3.4. Effects of 5-HT in polyarthritic rats

Neither the injection of saline nor the injection of 5-HT
at the doses used had any statistically significant effect
(Fig. 2B).

4, Discussion

This study examined the antinociceptive potency and
efficacy of spinally administered 5-HT in severa rat mod-
els of persistent pain. The results show that 5-HT had
antinociceptive effects in all models, but not in a model of
diffuse pain (polyarthritic rats) (Table 1). Its effects, how-
ever, were less marked and occurred only at doses that
were 100- to 1000-fold higher than those producing
antinociception in normal rats (Table 1; Bardin et 4.,
1997).

4.1. Effects of 5-HT on neuropathic pain

In rats with persistent neuropathic pain-related disor-
ders, the i.t. administration of 5-HT had antinociceptive
effects, as evidenced by its ability to attenuate mechanical
hyperalgesia in mononeuropathic and diabetic rats. These
results confirm and extend previous findings that 5-HT is
active against pain in norma rats (Yaksh and Wilson,
1979; Solomon and Gebhart, 1988; Crisp et a., 1991a,b;
Alloui et a., 1996) and in the CCl model in rats (Eaton et
al., 1997). The present results, however, suggest that 5-HT
is less potent and less efficacious in this chronic pain

Table 1
Maximal percent of effect (MPE) of i.t. 5-HT on mechanical pain
threshold in different experimental models of pain

Doses (ng) MPE (%)?
Normal rats® 0.1 +23+3
1 +42+7
10 +72+7
Mononeuropathic 10 ns
(ligatured hindpaw) 100 +39+8
Diabetic 10 +23+8
100 +37+8
Carrageenan-induced 10 ns
hyperalgesia (inflammed paw) 100 +2443
Polyarthritic 10 ns
100 ns

#The MPE was calculated, at the peak of the time course curves, as
follows: [(maximal postdrug value— predrug vaue)]/[(cut-off value—
predrug value)] X 100. ns = no significant.

®From Bardin et al., 1997.



L. Bardin et al. / European Journal of Pharmacology 409 (2000) 37-43 41

model. Its active dose was up to 1000-fold higher in
mononeuropathic and diabetic rats than in norma rats.
Moreover, its active dose was less effective, because the
maximal analgesia obtained with 100 pwg was + 39 + 8%
and +37+ 8% in mononeuropathic and diabetic rats,
respectively, and +72 + 7% after 10 ng in normal rats.
The low potency and efficacy of 5-HT to produce antinoci-
ceptive effects in models of persistent pain suggest that
serotonergic systems may not be strongly involved in
chronic pain. Another reason to question the importance of
5-HT was the inability of low doses, which were active in
normal rats, to induce antinociceptive effects in the sham-
operated paw in mononeuropathic rats. This finding is
similar to that reported by Anderson and Goodchild (1996),
who found that 5-HT, which potently produced antinoci-
ceptive effects (measured by means of an electrical test) in
normal rats, failed to produce antinociceptive activity in
mononeuropathic rats. Also, several studies have shown a
poor sensitivity and efficacy of serotonergic antidepres-
sants against experimental (Courteix et al., 1994) and
clinical (Max et al., 1992) neuropathic pain, as confirmed
by the meta-analysis of the clinical efficacy of antidepres-
sants (Onghena and Van Houdenhove, 1992; McQuay et
al., 1996). Moreover, Kishore-Kumar et al. (1989) found
buspirone to be ineffective in the treatment of human
neuropathic pain. The mechanisms underlying the limited
antinociceptive efficacy of 5-HT are certainly complex,
and few explanations have been proposed to date. An
alteration of the serotonergic system might be related to
this reduced sensitivity. Recently, Padayatti and Paulose
(1999) reported that diabetic rats showed a decreased
affinity for [*H]5-HT binding to 5-HT, receptors in the
brain. They also reported changes in the synthesis and
metabolism of 5-HT serotonergic nerves. In the same
model, the supraspinal level of 5-HT was found to be
decreased, whereas the number of 5-HT,, and 5-HT,
receptors had increased (Sandrini et al., 1997). Also, a
decreased release of 5-HT from the bulbospinal pathways
(Suh et a., 1996), which are known to be activated by
morphine (Hammond, 1990), has been reported in diabetic
rats. Other mechanisms may also account for the reduced
efficacy of 5-HT. The development of neuropathic pain is
thought to involve the reorganization of primary afferents
fibres, central sensitization and loss of inhibitory interneu-
rons (Coderre et al., 1993; Ochoa, 1994; Goff et al., 1998).
Recent studies confirmed that different 5-HT receptors are
present on the terminals of primary afferents fibres (see
Hamon and Bourgoin, 1999). A reduction in the number of
presynaptic 5-HT receptors, or a reorganization of seroton-
ergic fibres, could also explain the lower efficacy of 5-HT
in neuropathic pain. It is worth noting that morphine is
also less effective in models of neuropathic pain, and this
loss of effectiveness has been attributed to a reduction in
presynaptic opioid receptors resulting from degeneration of
primary afferent fibres subsequent to nerve damage (Y aksh
et al., 1995). In addition, reduced activity of ~y-amino-

butyric acid (GABA)-ergic interneurons, which may play a
key role in mediating the effects of 5-HT in the dorsa
horn (Alhaider et a., 1991; Peng et al., 1996; Millan,
1997; Yang et a., 1998), has also been shown in neuro-
pathic pain (Dray et a., 1994; lbuki et a., 1997). These
observations taken together can therefore be advanced to
explain the weak analgesic effect of 5-HT against neuro-
pathic pain.

4.2. Effects of 5-HT on inflammatory pain

The results obtained with the two experimental models
of inflammatory pain provide evidence that 5-HT, injected
i.t., is not markedly or similarly active. In the model of
sub-acute inflammatory pain, 5-HT was only weakly active
and it was inactive against persistent inflammatory pain.
The disparity between the results obtained in the two
inflammatory models may be due to a difference in the
intensity of inflammatory injury. In addition, it has been
shown recently that the mechanical stimulus-response
function of C fibresis different in inflammatory hyperalge-
siaand in neuropathic mechanical hyperalgesia (Ahlgren et
al., 1997). Nevertheless, the inhibitory effect of 5-HT
observed here in the rat carrageenan model is consistent
with reports of antinociceptive activity of the selective
serotonin reuptake inhibitors clomipramine (Ardid et 4.,
1991) and fluoxetine (Bianchi et a., 1995) in the same
model. However, as in the neuropathic pain models, the
active dose of 5-HT to reduce carrageenan-induced hyper-
algesia was higher than the active dose in normal rats
(Table 1) and was less effective: the maximal analgesia
observed with 100 wg of 5-HT was +24 + 3% in car-
rageenan-induced hyperalgesia, but was +72 4+ 7% after
10 p.g in normal rats. Further, only the highest dose was
effective in the non-injected paw. To date, there is a lack
of detailed information about the influence of 5-HT in
nociceptive processing in the spina cord in inflammatory
pain models. It is conceivable, however, that the present
results obtained with 5-HT in inflammatory pain models
might also be related to changes in serotonergic systems.
In polyarthritic rats, an increased synthesis of 5-HT in the
spinal cord has been reported (Godefroy et d., 1987; Li et
al., 1999). Enhanced serotonergic activity may modulate
spinad 5-HT receptors and/or their signal transduction
pathways in a manner that could lead to a reduced effec-
tiveness of i.t. injected 5-HT in these models. However,
some studies have suggested that chronic inflammatory
pain directly activates the serotonergic descending path-
ways or indirectly evokes the release of endogenous opioid
substances (enkephalin or endorphin) to aleviate pain
(Kayser and Guilbaud, 1983; Ossipov et a., 1997; Li et
al., 1999). In this and in other inflammatory pain models,
the tissue levels of substance P (Lembeck et al., 1981;
Colpaert et al., 1983; Schoenen et al., 1985) in the spinal
cord are significantly increased. Interestingly, increased
release of substance P at the spinal level induces long-term
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inhibition of the neuronal responses to 5-HT (Eide and
Hole, 1991), and in vitro experiments have shown that
substance P decreases the affinity of [*H]5-HT binding
sites (mainly 5-HT,, receptors) in membrane preparations
from the rat spinal cord (Agnati et al., 1983). Changes in
inhibitory control have been observed also at supraspina
and spinal levels (Calvino et al., 1987; Guilbaud, 1988).
Based on these considerations, as in neuropathic pain,
changes in serotonergic systems might underlie the weak
activity, or lack of activity, of i.t. injected 5-HT against
inflammatory pain.

In summary, the present results show that 5-HT has
only weak analgesic activity in models of persistent, neu-
ropathic and inflammatory pain, suggesting that, in these
models, serotonergic systems may be less involved than
other systems, such as those involving noradrenaline
(Kayser et al., 1992). This suggestion is in agreement with
the superior analgesic efficacy of reuptake inhibitors of
both 5-HT and noradrenaline as compared with selective
serotonin reuptake inhibitors (Jett et al., 1997; Eschalier et
al., 1999). The differential analgesic effects of 5-HT in
norma rats and in rat models of pain are conceivably
related to changes in serotonergic analgesic systems. A
more detailed assessment of the involvement of serotoner-
gic systems in persistent pain awaits further studies.

Acknowledgements

The authors thank UPSA Laboratories Rueil-Malmaison
(France) for their support of this work.

References

Agnati, L.F., Fuxe, K., Benfenati, F., Zini, ., Hokfelt, T., 1983. On the
functional role of coexistence of 5HT and substance P in bulbospinal
5HT neurons. Substance P reduces affinity and increases density of
3H-[5HT] binding sites. Acta Physiol. Scand. 117, 299-301.

Ahlgren, S.C., Wang, J.F., Levine, J.D., 1997. C-fibre mechanical stimu-
lus response functions are different in inflammatory versus neuro-
pathic hyperalgesiain the rat. Neuroscience 76, 285—-290.

Alhaider, A.A., Lei, SZ., Wilcox, G.L., 1991. Spinal 5HT; receptor
mediated antinociception: possible release of GABA. J. Neurosci. 11,
1881-1888.

Alloui, A., Pelissier, T., Dubray, C., Lavarenne, J., Eschdlier, A., 1996.
Tropisetron inhibits the antinociceptive effect of intrathecally admin-
istered paracetamol and serotonin. Fundam. Clin. Pharmacol. 10,
406-407.

Anderson, A.P., Goodchild, C.S., 1996. Effects of intrathecal SHT in arat
neuropathic pain model. VIllth World Congress on Pain, Vancouver.
(Abstract).

Ardid, D., Guilbaud, G., 1992. Antinociceptive effects of acute and
chronic injections of tricyclic antidepressant drugs in a new model of
mononeuropathy in rats. Pain 49, 279-287.

Ardid, D., Eschdlier, A., Lavarenne, J., 1991. Evidence for a central but
not a peripheral analgesic effect of clomipramine in rats. Pain 45,
95-100.

Attal, N., Jazat, F., Kayser, V., Guilbaud, G., 1990. Further evidence for
pain-related behaviours in a model of unilateral peripheral mononeu-
ropathy. Pain 41, 235-251.

Attal, N., Chen, Y.L., Kayser, V., Guilbaud, G., 1991. Behavioral
evidence that systemic morphine may modulate a phasic pain-related
behavior in a rat model of peripheral mononeuropathy. Pain 47,
65-70.

Bardin, L., Bardin, M., Lavarenne, J., Eschalier, A., 1997. Effect of
intrathecal serotonin on nociception in rats: influence of the pain test
used. Exp. Brain Res. 113, 81-87.

Bennett, G.J.,, Xie, Y.K., 1988. A peripheral mononeuropathy in rat that
produces abnormal pain sensation like those seen in man. Pain 33,
87-107.

Bianchi, M., Rossini, G., Sacerdote, P., Panerai, A.E., Berti, F., 1995.
Effects of clomipramine and fluoxetine on subcutaneous carrageenan-
induced inflammation in the rat. Inflammation Res. 44, 466—469.

Calvino, B., Crepon-Bernard, M.O., Le Bars, D., 1987. Pardlel clinica
and behavioural studies of adjuvant induced arthritis in the rat:
possible relationship with “chronic pain”. Behav. Brain Res. 24,
11-29.

Coderre, T.J,, Katz, J.,, Vaccarino, A.L., Melzack, R., 1993. Contribution
of central neuroplasticity to pathological pain: review of clinical and
experimental evidence. Pain 52, 259-285.

Colpaert, F.C., 1987. Evidence that adjuvant arthritis in the rat is associ-
ated with chronic pain. Pain 28, 201-222.

Colpaert, F.C., Donnerer, J., Lembeck, F., 1983. Effects of capsdicin on
inflammation and on the substance P content of nervous tissuesin rats
with adjuvant arthritis. Life Sci. 32, 1827-1834.

Courteix, C., Eschalier, A., Lavarenne, J., 1993. Streptozocin induced
diabetic rats: behavioural evidence for a model of chronic pain. Pain
53, 81-88.

Courteix, C., Bardin, M., Chantelauze, C., Lavarenne, J., Eschalier, A.,
1994. Study of the sensitivity of the diabetes-induced pain model in
rats to a range of analgesics. Pain 57, 153—160.

Crisp, T., Stafinsky, J.L., Spanos, L.J., Uram, M., Perni, V., Donepudi,
H.B., 1991a Anagesic effects of serotonin and receptor selective
serotonin agonistsin therat spinal cord. Gen. Pharmacol. 22, 247-251.

Crisp, T., Stafinsky, JL., Uram, M., Perni, V., Weaver, M.F., Spanos,
L.J,, 1991b. Serotonin contributes to the spinal antinociceptive effects
of morphine. Pharmacol. Biochem. Behav. 39, 591-595.

Dray, A., Urban, L., Dickenson, A., 1994. Pharmacology of chronic pain.
Trends Pharmacol. Sci. 15, 190-197.

Eaton, M.J.,, Santiago, D.l., Dancausse, H.A., Whillemore, S.R., 1997.
Lumbar transplants of immortalized serotonergic neurons aleviate
chronic neuropathic pain. Pain 72, 59-69.

Eide, P.K., Hole, K., 1991. Interactions between serotonin and substance
P in the spinal regulation of nociception. Brain Res. 550, 225-230.

Eschalier, A., Ardid, D., Dubray, C., 1999. Tricyclic and other antide-
pressants. In: Sawynok, J., Cowan, A. (Eds.), Novel Aspects of Pain
Management: Opioids and Beyond. Wiley-Liss, New York, pp. 303—
319.

Esser, M.J., Sawynok, J., 1999. Acute amitriptyline in a rat model of
neuropathic pain: differential symptom and route effects. Pain 80,
643-653.

Godefroy, F., Weil-Fugazza, J., Besson, JM., 1987. Complex temporal
changes in 5-hydroxytryptamine synthesis in the central nervous
system induced by experimental polyarthritis in the rat. Pain 28,
223-238.

Goff, J.R., Burkey, A.R., Goff, D.J., Jasmin, L., 1998. Reorganization of
the spina dorsal horn in models of chronic pain: correlation with
behaviour. Neuroscience 82, 559-574.

Guilbaud, G., 1988. Peripheral and central electrophysiological mecha
nisms of joint and muscle pain. In: Dubner, R., Gebhart, G.F., Bond,
M.R. (Eds.), Proceedings of the 5th World Congress on Pain. Else-
vier, Amsterdam, pp. 201-215.

Hammond, D.L., 1990. Role of serotonergic systems in morphine-in-
duced antinociception. In: Besson, JM. (Ed.), Serotonin and Pain.
Elsevier, Amsterdam, pp. 251-261.

Hamon, M., Bourgoin, S, 1999. Serotonin and its receptors in pan
control. In: Sawynok, J., Cowan, A. (Eds.), Novel Aspects of Pain



L. Bardin et al. / European Journal of Pharmacology 409 (2000) 37-43 43

Management: Opioids and Beyond. Wiley-Liss, New York, pp. 203—
228.

Ibuki, T., Hama, A.T., Wang, X.T., Pappas, G.D., Sagen, J., 1997. Loss
of GABA immunoreactivity in the spinal dorsal horn of rats with
peripheral nerve injury and promotion of recovery by adrena
medullary grafts. Neuroscience 76, 845—858.

Jett, M.F., McGuirk, J., Waligora, D., Hunter, J.C., 1997. The effects of
mexiletine, desipramine and fluoxetine in rats models involving cen-
tral sensitization. Pain 69, 161-169.

Kayser, V., Guilbaud, G., 1983. The analgesic effects of morphine but
not those of the enkephalinase inhibitor thiorphan are enhanced in the
arthritic rat. Brain Res. 267, 131-138.

Kayser, V., Guilbaud, G., 1987. Loca and remote modifications of
nociceptive sensitivity during carrageenan-induced inflammation in
the rat. Pain 28, 99-107.

Kayser, V., Guilbaud, G., 1990. Differential effects of various doses of
morphine and naloxone on two nociceptive test thresholds in arthritic
rats. Pain 41, 353—-363.

Kayser, V., Desmeules, JA., Guilbaud, G., 1992. Effects of noradrener-
gic agonists on chronic pain models: arthritic and mononeuropathic
rats. In: Besson, JM., Guilbaud, G. (Eds), Towards the Use of
Noradrenergic Agonists for the Treatment of Pain. Elsevier, Amster-
dam, pp. 151-167.

Kishore-Kumar, R., Schafer, S.S., Lawlor, B.A., Murphy, D.L., Max,
M.B., 1989. Single doses of the serotonin agonists buspirone and
mCPP does not relieve neuropathic pain. Pain 27, 223-227.

Lembeck, F., Donnerer, J., Colpaert, F.C., 1981. Increase of substance P
in primary afferent nerves during chronic pain. Neuropeptides 1,
175-180.

Li, Y., Wong, C.H., Huang, K.S,, Liang, K.W., Lin, M.Y., Tan, P.C,,
Chen, J.C., 1999. Morphine tolerance in arthritic rats and serotonergic
system. Life Sci. 64, 111-116.

Max, M.B., Lynch, S.A., Muir, J., Shoaf, S.E., Smaller, B., Dubner, R.,
1992. Effects of desipramine, amitriptyline, and fluoxetine on pain in
diabetic neuropathy. N. Engl. J. Med. 326, 1250-1256.

McQuay, H.J., Tramer, M., Nye, B.A., Carroll, D., Wiffen, P.J., Moore,
R.A., 1996. A systemic review of antidepressants in neuropathic pain.
Pain 68, 217-227.

Mestre, C., Pélissier, T., Fidip, J., Wilcox, G., Eschalier, A., 1994. A
method to perform direct transcutaneous intrathecal injection in rats.
J. Pharmacol. Toxicol. Methods 32, 197—-200.

Millan, M.J., 1997. The role of descending noradrenergic and serotonin-
ergic pathways in the modulation of nociception: focus on receptor
multiplicity. In: Dickenson, A.H., Besson, JM. (Eds.), Pharmacology
of Pain. Handb. Exp. Pharmacol, vol. 130, Springer, New York, pp.
385-446.

Ochoa, J.L., 1994. Pain mechanisms in neuropathy. Curr. Opin. Neurol.
7, 407-414.

Onghena, P., Van Houdenhove, B., 1992. Antidepressant-induced analge-
siain chronic non-malignant pain: a meta-analysis of 39 placebo-con-
trolled studies. Pain 49, 205-220.

Ossipov, M.H., Maan, T.P,, Lai, J., Porreca, F., 1997. Opioid pharmacol-
ogy of acute and chronic pain. Pharmacology of Pain. In: Dickenson,
A.H., Besson, JM. (Eds.), Handb. Exp. Pharmacol, vol. 130, Springer,
New York, pp. 305-333.

Padayatti, P.S., Paulose, C.S., 1999. Alpha 2 adrenergic and high affinity
serotoninergic receptor changes in the brain stem of streptozotocin-in-
duced diabetic rats. Life Sci. 65, 403—414.

Pearson, C.M., Wood, F.D., 1959. Studies of polyarthritis and other
lesions induced in rats by injection of mycobacterial adjuvant. Gen-
era clinica and pathological characteristics and some modifying
factors. Arthritis Rheum. 2, 440—-459.

Peng, Y.B., Lin, Q., Willis, W.D., 1996. The role of 5-HT; receptors in
periaqueductal gray induced inhibition of nociceptive dorsal horn
neurons in rats. J. Pharmacol. Exp. Ther. 276, 116-124.

Sandrini, M., Vitale, G., Ottani, A., Vergoni, A.V., 1997. Streptozotocin-
induced diabetes provokes changes in serotonin concentration and on
5-HT,, and 5-HT, receptorsin therat brain. Life Sci. 60, 1393-1397.

Sawynok, J., Esser, M.J,, Reid, A.R., 1999. Peripheral antinociceptive
actions of desipramine and fluoxetine in an inflammatory and neuro-
pathic pain test in the rat. Pain 82, 149-158.

Schoenen, J., Van Hees, J.,, Gybels, J., Frap, M., 1985. Serotonin and
succinic deshydrogenase in the spinal cord of rats with adjuvant
arthritis. Life Sci. 36, 1247-1254.

Solomon, R.E., Gebhart, G.F., 1988. Mechanisms of effects of intrathecal
serotonin on nociception and blood pressure in rats. J. Pharmacol.
Exp. Ther. 245, 905-912.

Suh, H.W., Song, D.K., Wie, M.B., Jung, J.S., Hong, H.E., Choi, SR,
Kim, Y.H., 1996. The reduction of antinociceptive effect of morphine
administered intraventricularly is correlated with the decrease of
serotonin release from the spinal cord in streptozotocin induced
diabetic rats. Gen. Pharmacol. 27, 445-450.

Winter, C.A., Ridey, EA., Nuss, G.W., 1962. Carrageenan-induced
edemain hind paw of the rat as an assay for antiinflammatory drugs.
Proc. Soc. Exp. Biol. Med. 111, 544-547.

Yaksh, T.L., Wilson, P.R., 1979. Spina serotonin terminal system medi-
ates antinociception. J. Pharmacol. Exp. Ther. 208, 446—453.

Yaksh, T.L., Pogrel, JW., Lee, Y.W., Chaplan, S.R., 1995. Reversa of
nerve ligation-induced allodynia by spinal alpha-2 adrenoreceptor
agonists. J. Pharmacol. Exp. Ther. 272, 207-214.

Yang, SW., Guo, Y.Q., Kang, Y.M., Qiao, JT., Laufman, L.E., Dafny,
N., 1998. Different GABA receptor types are involved in the 5-HT-in-
duced antinociception at the spina level: a behaviora study. Life Sci.
11, 143-148.

Zimmermann, M., 1983. Ethical guidelines for investigations of experi-
mental pain in conscious animals. Pain 16, 109-110.



