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Upregulation of proinflammatory cytokines and nerve
growth factor by intraplantar injection of capsaicin in rats
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Capsaicin-sensitive primary afferents (CSPA) are known to be involved in nociception and
neurogenic inflammation. Extensive research has been devoted to the sensory role of these fibres
but less attention has been paid to their local effector function. This study aimed at gaining more
insight into the molecular mechanisms underlying the neurogenic inflammation induced by this
special group of afferent fibres. Different groups of rats (n =5 in each group), either naive or
subjected to selective ablation of their CSPA, received individual intraplantar injections of saline,
capsaicin, its vehicle or capsaicin preceded by its antagonist, capsazepine. Acute tests for
nociception were used to assess the variations of the nociceptive thresholds. Variations of the levels
of proinflamamtory cytokines and nerve growth factor (NGF) were measured by enzyme-linked
immunosorbant assay (ELISA). Intraplantar injection of capsaicin (10 xg in 50 xl) produced a
sustained thermal and mechanical hyperalgesia that peaked at 3—-6 h and disappeared 24 h
following the injection. Similar capsaicin injection in further groups of rats produced an early
upregulation of the proinflamamtory cytokines and NGF, which peaked at 30—60 min and returned
to control levels within 2—5 h. Similar effects were observed following the application of either
capsaicin or intense electrical stimulation on the cut end of the distal portion of the sciatic nerve.
The effects of capsaicin were abolished in rats subjected to selective ablation of their CSPA. These
results demonstrate that CSPA can simultaneously challenge the immune system through the
release of proinflammatory mediators and the central nervous system through nociceptive
signalling and can therefore serve as a common afferent pathway to both immune and nervous
systems.
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The existence of peripheral nerve terminals subserving a
dual sensory—effector function was first demonstrated by
Bayliss in 1901, who showed that antidromic excitation of
sensory nerves produced local vasodilatation independent
from the central nervous system. A nocifensive role, in
addition to the afferent signalling of nociception, has been
assigned by Lewis (1937) to the effector property of this
special group of sensory fibres.

The demonstration by Jancso et al. (1967) that capsaicin can
selectively activate a special group of sensory fibres that
induce neurogenic inflammation provided a new important
chemical tool for the exploration of the physiological
role of these fibres, which are called capsaicin-sensitive
primary afferents (CSPA).

During the past three decades, research efforts have been
focused on the role of capsaicin in pain and inflammation.
For example, extensive research has been devoted to the
study of the sensory effects of capsaicin when applied on
the skin (Carpenter & Lynn, 1981; Simone & Ochoa, 1991)

or perineurally (Wall & Fitzgerald, 1981; Holzer, 1991) or
when injected intradermally into human volunteers (Culp
et al. 1989; Simone et al. 1989; LaMotte et al. 1992) or
experimental animals (Sakurada et al. 1992; Gilchrist et al.
1996). In summary, these reports agreed that capsaicin could
activate nociceptors and produce central and peripheral
hyperalgesias, which were often followed by transient or
long-lasting desensitization (as reviewed by Fitzgerald,
1983; Buck & Burks, 1986; Holzer, 1991; Szolcsanyi, 1993).

However, several studies have documented the contrib-
ution of CSPA to inflammatory reactions, using various
methods to induce inflammation, such as adjuvant arthritis
(Colpaert et al. 1983; Hara et al. 1984) or acute injection of
histamine (Amann et al. 1995) or mustard oil (Inoue et al.
1997).

Most of the published studies, when addressing the
irritation of peripheral nociceptors by capsaicin, aimed at
understanding its impact on the function of the central
nervous system. Similarly, most of the studies of the role of
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CSPA in inflammation have highlighted its contribution
to nociception. Although the dual role of the CSPA fibres
has been known for some time, the progress in our
understanding of the local effector role of these fibres has
lagged behind that of their afferent (or centripetal)
function. Furthermore, despite major studies on the local
effector functions of the CSPA (reviewed by Holzer, 1988;
Maggi, 1993; Szolcsanyi, 1996), the concept of neurogenic
inflammation and the attenuation of inflammatory
hyperalgesia by selective ablation of the CSPA fibres has
led to the erroneous impression that their role was to add
pain to the injury and to increase the inflammation. This
assumption could serve to explain the treatment of chronic
inflammatory diseases by gold therapy in traditional
medicine, since gold salts have neurotoxic effects on small
unmyelinated afferent fibres that contain substance P
(Basbaum & Levine, 1991).

The aim of this study was to gain further insight into the
molecular mechanisms underlying neurogenic inflam-
mation and to elaborate further on the physiological role
of this phenomenon. For this purpose, we demonstrate
that local activation of CSPA fibres upregulates the levels
of proinflammatory mediators known to be released
primarily by immune cells. We also describe the
differential regulation of these mediators by capsaicin,
following ablation of the CSPA. The results suggest a
physiological role played by CSPA fibres, consisting of a
simultaneous activation of the central nervous system
through nociceptive signalling and of the immune system
through the local release of proinflammatory mediators.

METHODS

This study was performed on adult female rats (250-300 g) kept in
groups of five in clear plastic cages with floors covered with sawdust.
During the experimentation period, rats were maintained under
standard colony conditions including 12 h-12 h light-dark cycle,
22 £2°C temperature and free access to food and water. All
experimental procedures were carried out with strict adherence to
the ethical guidelines for the study of pain in conscious animals
(Zimmermann, 1983) and were approved by the University Animal
Care Committee. Surgical procedures for acute experimentation
or for tissue biopsies were carried out under deep anaesthesia with
pentobarbitone (35 mgkg™', 1.p.). Lethal injection of the same
anaesthetic (100 mg kg™') was given to each rat at the end of the
experimentation period.

Procedures for activation or ablation of CSPA fibres
Intraplantar injections. Capsaicin (8-methyl-N-vanillyl-non-
anamide; cat. no. M1022, Sigma, St Louis, MO, USA) was
dissolved in a 10 % Tween and 90 % olive oil solution and injected
at one of four concentrations (1, 10, 25 and 50 ug in 50 ul) into
four groups each comprising five rats. Each rat was gently
restrained in a plastic cone (Decapicone, Braintree Inc., Braintree,
MA, USA) and a volume of 50 gl of a solution of capsaicin or its
solvent was injected into the dorsal aspect of the left hind paw,
using a sterile insulin syringe (U-40 micro five-IV, Becton
Dickenson, Franklin Lakes, NJ, USA).
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Perineural application. Based on previous observations in our
laboratory (Nassar et al. 1995), capsaicin (10 mg in 1 ml) was
applied perineurally in three groups each comprising five rats.
Under deep anaesthesia, the sciatic nerve in the left hind leg was
isolated proximal to its trifurcation, ligated and cut, and the distal
portion of the nerve was covered by small pieces of cotton wool
soaked with capsaicin for a period of 30 min. Each nerve received a
volume of 0.05-0.1 ml of the solution. Similar procedures were
performed on the sciatic nerve of the right hind leg but the cut end
of the distal portion of the nerve was soaked with the solvent or
paraffin oil. The treated nerves were carefully isolated from the
neighbouring tissues by pieces of Parafilm. At the end of
treatment, the pieces of cotton were removed and the nerves were
thoroughly washed with saline. Skin tissues from both legs were
isolated at 1, 2 and 3 h post treatment (as 1 group per time
interval).

Electrical stimulation. This was performed on the sciatic nerves
isolated as described for perineural capsaicin treatment. The cut
end of the distal portion of the sciatic nerve of the left leg was
mounted on bipolar platinum electrodes, connected through an
isolation unit (CCU1, Grass) to a stimulator (58800, Grass).
Constant current stimulation (5-10 mA, 0.5 ms, each pulse) was
delivered at a rate of 0.25 Hz for a period of 30 min. These
stimulation parameters have been shown to elicit afferent C fibre
volleys and related reflexes (Fitzgerald, 1982; Saadé et al. 1999).
Muscle twitches due to electrical stimulation were alleviated by
local injection of 2-5 ug of gallamine (Flaxedil, Specia, Paris,
France) diluted in 25 ul saline. The right leg was subjected to
similar treatment for the same time duration but without
receiving electrical stimulation.

Selective ablation of CSPA fibres. This was performed in
newborn and adult rats. For neonatal treatment at day 2 after
birth, each rat pup received an LP. injection of capsaicin
(50 mgkg™") dissolved in a solution of 10% Tween 80, 10%
alcohol and 80 % saline. This procedure is supposed to destroy all
CSPA in adult animals (Nagy et al. 1983). The success of treatment
was assessed by the eye-wiping test (Hammond & Ruda, 1991).
Briefly, one small drop of 0.01 % capsaicin was instilled using a
27 gauge needle into an eye of each treated rat, and the wiping
movements were monitored for 1-2 min. The few rats that
showed moderate to frequent eye wiping, suggesting incomplete
ablation of their CSPA, were immediately anaesthetized with ether
and killed by cervical dislocation.

The protocol described by McCafferty et al. (1997) was followed
for the ablation of CSPA fibres in adult rats. Under light ether
anaesthesia, each rat received repetitive subcutaneous injections
of capsaicin with the following schedule: 25 mg kg™ as first
injection, 50 mg kg ™' as second injection given after 8 h and
50 mg kg ™' as third and last injection given at 32 h after the first
injection. Treated animals were left to recover for 2 weeks, after
which they were subjected to the eye-wiping capsaicin test to
assess the successful ablation of CSPA (Hammond & Ruda, 1991).
Animals that showed moderate or frequent eye wiping were not
included in this study because the CSPA ablation was considered
incomplete and were killed by cervical dislocation under deep
anaesthesia.

Pretreatment with capsazepine. Capsazepine (C-191, RBI), the
selective antagonist of capsaicin (Bevan et al. 1992), was dissolved
in a solution of 0.5 % methanol in phosphate-buffered saline and
administered by intraplantar injection at the dosages of 0.05, 0.1
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and 0.5 ug in 25 ul, 30 min before the injection of capsaicin
(10 pgin 50 pl) in the same hind paw.

Experimental groups

Behavioural tests were performed on eleven groups (n = 5 rats per
group) of rats distributed as follows. Five groups of normal rats
received intraplantar injections of either capsaicin at different
dosages (4 groups) or the capsaicin solvent (1 group). In another
four groups, rats received either capsazepine only (0.5 pgin 25 ul,
intraplantar) or capsaicin injection (10 g in 50 ul, intraplantar)
preceded by intraplantar injection of capsazepine at the dosage of
0.05, 0.1 and 0.5 pg, as one group per dose. The remaining two
groups were subjected to selective ablation of CSPA fibres
neonatally (1 group) or as adults (1 group).

Determination of the variation of the levels of cytokines in the skin
of the hind paws was carried out on another nineteen groups
(n = 5 rats per group) of rats based on the following distribution.
Eight groups of normal rats received intradermal injection of
saline (1 group), solvent (1 group) or capsaicin 10 ug (6 groups).
Rats receiving the capsaicin treatment were killed at 30 min, 1, 2,
3,4 and 6 h after the injection, as one group per time interval. Two
groups subjected to CSPA ablation, either as adults (1 group) or as
neonates (1 group), received intraplantar injection of capsaicin
and were killed 1 h following the injection. Nine groups of rats
were subjected to isolation of their sciatic nerves and to either
perineural capsaicin (3 groups) or electrical stimulation of the cut
end of the distal portion of the sciatic nerve (6 groups). Following
the capsaicin application, rats were killed at 1, 2 and 3 h, as one
group per treatment and per time interval. For electrical
stimulation of the sciatic nerve, five groups of normal rats were
killed at 1, 2, 3, 4 and 6 h after the end of stimulation. Another
group of rats subjected to CSPA ablation as adults was also
subjected to electrical stimulation and killed after 3 h.

Behavioural tests

Variations of withdrawal latencies, due to intraplantar injections
of capsaicin, were assessed by using three tests for acute
nociception: the paw pressure (PP), the paw immersion (PI) and
the hot plate (HP) tests. These tests were performed according to
the methods described by Kanaan et al. (1996).

The PP test was used for the assessment of the variations of
mechanical nociception. Rats were gently handled with a
restraining plastic cone (Decapicone) and a constant pressure
(0.2 kg cm™) was applied through a blunt probe (surface 0.1 cm?)
on either the left or the right hind paw. The pressure was
discontinued when a rat displayed a clear attempt to withdraw its
leg, and the time lapse between the application of pressure and
paw withdrawal was measured as the latency or threshold of the
test. This test was performed alternately on both hind paws with a
minimum time interval of 3 min between two consecutive tests on
the same leg.

For the PI test, the hind paws of a gently restrained rat were dipped
alternately in a beaker filled with distilled water heated at 48 °C.
A minimum time interval of 3 min was observed between the two
consecutive tests on the same paw. The latency of withdrawal of
the leg from the hot water was measured and the threshold of the
test was based on the average of three measurements on each leg.

For the HP test, each rat was placed on a heated metal plate at
53 £ 0.2°C. The time for the first sign of paw licking or jumping
was monitored and considered as the withdrawal latency of this
test.

Proinflammatory cytokines and capsaicin 243

The standard protocol followed for the execution of behavioural
tests was to bring the rats in their cages (1 group of 5 per cage) to
the laboratory daily, starting 3 days before the injections were
made. During this period of time, rats were familiarized with the
environment and to frequent handling. The baseline latency for
each nociceptive test was established by averaging all measure-
ments made for each test during the days preceding the injection.

Intraplantar injections of capsaicin were performed in the
morning of day 4 and individual reactions of each rat to each pain
test were assessed at 3, 6, 9 and 24 h following the injection. Since
intraplantar injection of capsaicin produced paw swelling, it was
not possible to follow the double-blind method in the execution
of behavioural tests. However, these tests were carried out by
operators not informed of the type of injection or the aim of the
experiments.

Determination of the levels of cytokines

The two-site ELISA technique was used for the determination of
the concentration of the various cytokines and nerve growth
factor (NGF) in the skin tissues of animals subjected to capsaicin
injections and other treatments.

Under deep anaesthesia with pentobarbitone (50 mgkg™), the
entire hind paw skin was removed from the injected and the non-
injected hind legs. At the end of this procedure, the rats received a
supplementary dose of the anaesthetic and were killed by cervical
dislocation. The tissue samples were weighed, snap frozen on dry
ice and stored at —70°C to be processed for the determination of
the levels of interleukin (IL) 14 and IL-6, tumour necrosis
factor-a (TNF-a) and NGF. Skin tissues were homogenized in
phosphate-buffered saline (pH 7.4) containing 0.4 M NaCl,
0.05 % Tween 20, 0.5% bovine serum albumin, 0.1 mm phenyl-
methyl-sulphonyl-fluoride, 0.1 mm benzethonium chloride, 10 mm
EDTA and 201U aprotinin. The homogenates were then
centrifuged at 12000 ¢ for 60 min at 4 °C. The levels of various
cytokines and NGF in the supernatant of the homogenized tissues
were measured by ELISA, as described in detail by Saadé et al.
(20000).

Briefly, the procedure used for each cytokine was performed as
follows for IL-1/. Standards and samples (100 xl of each) were
added to Nunc maxisorp immunoplates, in duplicate, coated with
affinity-purified polyclonal sheep anti-rat IL-1/ antibody. After
overnight incubation (4 °C) and washing, biotinylated polyclonal
sheep anti-rat IL-14 (100 xl) was added to all the wells and the
plates incubated overnight (4 °C). Following washing of the plates,
100 ul of IgG-HRP conjugate was added to all the wells and the
plates incubated for 2.5 h at room temperature. After washing,
colour was developed using tetramethylbenzidine and optical
density was measured at 450 nm.

Similar procedures were performed for IL-6 and TNF-a using
their corresponding antibodies. Reagents for IL-14, IL-6 and
TNF-a were provided by Dr Stephen Poole (the National Institute
for Biological Standards and Control (NIBSC), Potters Bar, Herts,
UK).

NGF was measured using an immunoassay kit (Promega,
Madison, WI, USA) as described by the manufacturer and
following the above-mentioned procedures for cytokines.

Data analysis

The nociceptive threshold for each test was measured by averaging
individual values in each group before any treatment. Variations
of nociceptive thresholds following each treatment were
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Figure 1. Dose-dependent effect of intraplantar
injections of increasing doses of capsaicin on the various
nociceptive tests

Withdrawal latencies were measured 6 h after the injection, which
corresponds to the peak effects of the lowest dose of capsaicin. Note
that with doses greater than 25 ug the injected legs became
desensitized and the hyperalgesia became evident in the non-
injected paw. The significance for each bar was calculated
compared to solvent injections (l.* P <0.05**P<0.01,

P <0.001.

Time

Figure 2. Time courses of the effects of intraplantar
injections of either capsaicin (10 g in 50 ul) or its
solvent (50 xl) on the latencies of nociceptive tests
performed on injected and non-injected legs of two
groups of rats (n = 5 each)

Each pointin each curve corresponds to the mean + s.e.M. of

5 measurements. Note that the hyperalgesia did not spread to the
non-injected leg. The negative values on the X-axis represent the
means of measurements made over 3 days before the injection. The
Pvalue for each point was calculated in comparison to the value
obtained with solvent injection. * P < 0.05,** P < 0.01,

P <0.001.
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compared to the baseline of each test using repetitive parametric
measure ANOVA followed by Bonferroni post hoc test.

The variations in the levels of cytokines were assessed by averaging
the values obtained from each animal group for each cytokine and
at the indicated time intervals. The basal level of each cytokine was
determined in animals injected with saline or solvent. The
measured values in each of the injected and non-injected legs were
averaged and compared to the level measured in the non-injected
leg or in the saline-injected animals using ANOVA followed by
Bonferroni post hoc test.

GraphPad Prism 3 and Instat 3 software were used for statistics
and graphics (GraphPad Software Inc., San Diego, CA, USA).

RESULTS

Nociceptive effects of intraplantar injections of
capsaicin

Intraplantar injections of different doses of capsaicin,
ranging from 1 to 50 ug in 50 ul of solution, produced
evident redness and swelling of the injected leg, starting
30-60 min after the injection. The lowest dose (1 ug in
50 ul) did not produce any significant hyperalgesia and the
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5 ug dose had only mild effects. The high dose of capsaicin
(50 ug) produced a complex effect, including hyperalgesia
as assessed by the paw pressure and paw immersion tests
when performed on the contralateral leg, while the
withdrawal latency of the injected leg was not different
from that of the control group. The 25 ug dose elicited
only mechanical hyperalgesia (paw pressure test) in the
injected leg. However, the latency of the hot plate test was
decreased with all the injected doses of capsaicin since this
test involves the injected and non-injected legs (Fig. 1).

The 10 ug dose of capsaicin produced significant hyper-
algesia, redness and oedema in the injected leg without
any effect on the non-injected leg. This dose produced
mechanical and thermal hyperalgesia that peaked at 6 h
postinjection and declined progressively to reverse by 24 h
(Fig. 2). At peak time, the PP latency decreased from
2.12+£0.03 to 1.18 £ 0.07s (P <0.001), the PI latency
decreased from 2.00 + 0.03 to 1.30 +£ 0.03 s (P < 0.001) and
the HP latency decreased from 9.56 + 0.25 t0 5.02 + 0.22 s
(P <0.001). Accordingly, this dose was used for all
subsequent experiments. A second injection of capsaicin
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Figure 3. Time courses of the variations of the levels of proinflammatory cytokines and NGF
induced by capsaicin compared to various treatments

Each bar represents the mean + s.E.M. of measurements made on a separate group of animals for each
treatment or at each time interval following intraplantar injection of 10 ug of capsaicin. The P values were
determined with reference to the mean of measurements made on naive, saline- and vehicle solvent-injected

rats. * P < 0.05,"* P < 0.01, *** P < 0.001.
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Figure 4. Prevention of capsaicin (CAP)-induced
hyperalgesia either by ablation of the CSPA fibres or by
pretreatment with capsazepine (Capsaz)

Each bar represents the mean measurements of test withdrawal
latencies made on a separate group of rats (n = 5) which received
one of the following treatments: saline injection (control),
intraplantar injection of capsaicin (10 xgin 50 ul) into naive rats
or into rats subjected to CSPA ablation either neonatally
(NeoCAP) orasadults (Adult CAP) or pretreatment with
capsazepine (0.5 ugin 20 l, intraplantar; Capsaz + CAP). The
significance of differences was determined with reference to the
control group. * P < 0.05,** P < 0.01, *** P < 0.001.
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(10 pg) on the same leg made after 1 or 2 days produced
comparable effects to the first injection (data not shown).

Effects of intraplantar injection of capsaicin on
cytokine and NGF levels

Capsaicin (10 g in 50 ul, intraplantar) was injected into
different groups of rats that were killed after various time
intervals, and cytokine levels were determined in the skin
of the injected and non-injected paws.

As shown in Fig. 3, the levels of all the cytokines and NGF
showed significant increases that peaked at 1h and
recovered to their basal levels at 2—3 h post injection, with
the exception of IL-14, which showed recovery after 6 h.
Compared to their levels in naive animals, the IL-14 level
increased from 1278 + 131 to 4012 + 335 pg per hind paw
(P <0.001), the IL-6 level increased from 596 + 82 to
1297 + 127 pg per hind paw (P < 0.001), the TNF-a level
increased from 284 + 34 to 876 + 25 pg per hind paw
(P < 0.001) and the NGF level increased from 8.5 + 0.5 to
19.5 £ 2 ngper hind paw (P < 0.01).

All comparisons have been made with reference to values
observed in naive animals, which were not significantly
different from those observed in animals injected with
saline or solvent. Therefore, for the purpose of clarity in
illustrations, results of solvent injections are only shown in
Figs 1, 2 and 3. The levels of all the cytokines measured in
the non-injected paws were not significantly different
from those observed in naive animals (data not shown).

Effects of intraplantar injections of capsaicin
following ablation of CSPA or pretreatment with
capsazepine

Both neonatal and adult animals treated with capsaicin to
ablate the CSPA did not show any alteration of their
nociceptive thresholds following intraplantar injections of
capsaicin (10 ug in 50 ul), as shown by the PP, PT and HP
tests (Fig. 4). It is worth noting that these animals did not
exhibit evident redness or swelling, which are important
features of capsaicin-induced neurogenic inflammation.
Pretreatment with capsazepine produced a dose-dependent
attenuation of the capsaicin-induced hyperalgesia (data
not shown). At a dosage of 0.5 ug, capsazepine abolished
the effects of capsaicin (Fig. 4).

In adult rats subjected to CSPA ablation, the levels of the
cytokines, measured 2—3 weeks after treatment, were not
significantly different from those observed in naive rats.
The level of NGF, however, was significantly increased
following CSPA ablation (Fig. 5). Intraplantar injection of
capsaicin (10 ug in 50 ul) did not produce significant
alteration in the levels of any of the cytokines or NGF
(Fig. 5).

Effects of electrical stimulation of the sciatic nerve
Repetitive electrical stimulation of the cut end of the distal
portion of the sciatic nerve for 30 min produced a



Journal of Physiology

J. Physiol. 545.1

significant elevation of cytokine levels in the skin of the
stimulated leg when compared to their levels in the skin of
the contralateral leg. This elevation was evident at 2 h,
reached a peak at 3 h following the beginning of
stimulation and disappeared after 6 h (Fig. 6). The
concentrations of all the mediators in the contralateral leg
showed a moderate increase with time that did not reach
significant levels (Fig. 6). Electrical stimulation, with
similar parameters, applied to the cut end of the distal
portion of the sciatic nerves of a group of rats subjected to
ablation of their CSPA as adults, did not elicit significant
alteration in the levels of any of the mediators (Fig. 7).

Effects of perineural application of capsaicin

Application of capsaicin (1 mgin 0.1 ml) onto the cut end
of the distal portion of the sciatic nerve produced a
200-300 % increase in the levels of IL-14, IL-6 and NGF
in the skin of the leg supplied by this nerve. A less
pronounced but significant increase of the level of TNF-a
was also observed in the skin of the same leg when
compared to levels measured in the skin of the
contralateral leg supplied by the sciatic nerve soaked with
solvent or with paraffin oil (Fig. 8). As shown in Fig. 8, this
increase peaked within 30 min to 1 h and persisted over
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1-2 h for TNF-« and for 2-3 h for IL-6, NGF and IL-15,
following the application of capsaicin.

DISCUSSION

Intraplantar injections of various doses of capsaicin
produced significant alterations in both thermal and
mechanical nociceptive thresholds, as assessed by the
variations in the latencies of the HP, PI and PP tests. At low
doses, capsaicin effects were clearly dose dependent. The
5 and 10 ug injections produced reversible and significant
hyperalgesia restricted to the injected leg, with no effects
on the non-injected leg. The capsaicin dose-dependent
effect was still evident up to the 25 ug dose on the PP test;
however, this dose had no discriminative effect on the PI
test (i.e. injected and non-injected legs gave normal
results). At higher doses of capsaicin, the effect of the
injection became more complex and spread to the non-
injected leg. This observation is in line with the bilateral
alterations of the behaviour of dorsal horn neurons,
reported by Fitzgerald (1982), following application of a
high dose of capsaicin onto one sciatic nerve. Further
confirmation to this finding came from the work of Levine
et al. (1985) describing contralateral reflex neurogenic
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Figure 5. Selective ablation of CSPA fibres in adult rats abolishes the effects of intraplantar

injection of capsaicin on cytokines and NGF

Each bar represents the mean measurement for each cytokine made on a separate group of rats. Control
measurements were made on either naive rats or on rats subjected to CSPA ablation, both injected with
saline. Capsaicin measurements were made on similar groups of rats that were injected with capsaicin. The
significance of differences was determined with reference to values observed in control naive rats. * P < 0.05,

**P<0.01,** P <0.001.
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inflammation due to the activation of capsaicin-sensitive
afferents. These findings, which were attributed to a possible
spinal and supraspinal cross-activation during excessive
stimulation, can justify the use of smaller amounts of
capsaicin to secure effects localized to the injected leg.

The 10 ug capsaicin injection produced significant and
long lasting thermal and mechanical hyperalgesia that was
paralleled by redness and oedema involving the whole
leg. These effects were localized to the injected leg and
disappeared within 24 h following the injection. The
reversibility of the effects of intraplantar injection of 10 ug
of capsaicin was ascertained by the ability of a second
injection at the same dosage to produce effects comparable
to those of the first injection.

The use of intraplantar injection of capsaicin to induce
hyperalgesia in experimental animals has been described
in several studies. The methods used for the assessment of
hyperalgesia ranged from counting of the number of licks
to the paw, as in the formalin test (Sakurada et al. 1992), to
the application of Von Frey hairs (Kim ef al. 2001) and
radiant heat (Gilchrist, 1996). All cited works reported
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hyperalgesia with doses ranging from 10 to 40 ug of
capsaicin and variable duration from a few minutes to a
few hours. In the present study, capsaicin injection at the
dose of 10 ug produced more pronounced and durable
hyperalgesia. This difference can be attributed to the
difference in the methods used for the assessment of the
variations of nociceptive thresholds. The method we used,
however, did not allow for a discrimination between
primary and secondary hyperalgesia. This discrimination
was not among the main purposes of this study, since our
main aim was to investigate the local inflammatory effects
produced by the activation of the CSPA fibres. The
observed effects of intraplantar injection of capsaicin
appear to be produced by the activation of these fibres,
since these effects were abolished by either selective
ablation of the CSPA fibres or pretreatment with the
selective capsaicin antagonist, capsazepine.

The ability of the dose of 10 ug of capsaicin to produce
hyperalgesia and oedema and the reversibility and
reproducibility of its effects provided enough justification
for the investigation of the effects of this dose of capsaicin
on the levels of cytokines and NGF, which are known to be
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Figure 6. Variation of the levels of cytokines and NGF in the leg skin tissues following
electrical stimulation applied on the cut end of the distal portion of the sciatic nerve

Each bar represents the mean + s.E.M. of measurements made on separate groups of rats at the indicated time
interval following the initiation of stimulation. The control right leg corresponds to the measurements made
on skin tissues of the right legs of rats killed after 1 and 3 h. The significance of differences was determined
with reference to the control group at 1 h. * P < 0.05, ** P < 0.01, *** P < 0.001.
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involved in the inflammatory cascade. As shown in the
Results, intraplantar injection of 10 g capsaicin produced
significant upregulation of the levels of proinflammatory
cytokines and NGF. This upregulation was restricted to the
injected leg and was comparable to that observed with
intraplantar injection of endotoxin (Safieh-Garabedian et
al. 1997). It is, however, noteworthy that the upregulation
of cytokines started earlier, i.e. at 30—60 min after
capsaicin injection, while it was observed 3—4 h following
intraplantar injection of endotoxin.

Furthermore, the hyperalgesia produced by intraplantar
injection of either capsaicin or endotoxin showed a
delayed peak (6-9 h) and recovery (24 h) when compared
to those shown by the cytokine levels. As previously
discussed (Safieh-Garabedian et al. 1997), the hyperalgesia
can be considered as the end result of the inflammatory
cascade triggered by the proinflammatory mediators and
consequently, like other signs of inflammation (redness,
oedema and fever), it takes more time to reach full
development and recovery.
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Although it was recently shown that capsaicin, under
special in vitro conditions, can activate non-neuronal
tissues (Biro et al. 1998), the observed upregulation of
cytokines by capsaicin can be attributed to the activation of
the CSPA fibres. This assumption is based on three
experimental findings: first, intraplantar injection of
capsaicin into adult rats subjected to CSPA ablation failed
to produce hyperalgesia and upregulation of cytokines;
second, perineural application of capsaicin on the distal
end of the cut sciatic nerve produced an early and
significant upregulation of cytokines in skin tissues of the
leg supplied by the cut nerve; and third, electrical
stimulation, at C fibre strength, of the distal part of the cut
sciatic nerve, produced oedema and upregulation of
cytokines in the skin tissues of the leg. It is worth noting
here that, despite the fact that the sciatic nerve contains all
groups of afferent and efferent nerve fibres, capsaicin
application affects only the CSPA group (Cervero &
McRitchie, 1982). Furthermore, similar results were
obtained by electrical stimulation or capsaicin application
to the distal end of the cut saphenous nerve, which is
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Figure 7. Effects of electrical stimulation applied on the cut end of the distal portion of the
sciatic nerve in control rats compared to rats subjected to CSPA ablation as adults

Electrical stimulation was applied on the sciatic nerve supplying the left leg. Each bar represents the
mean * S.E.M. of measurements made 3 h after the application of stimulation. This time corresponds to the
peak effects of electrical stimulation on the levels of cytokines and NGF. The significance of differences was
measured with reference to the control group. * P < 0.05,** P < 0.01.
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known to contain essentially cutaneous sensory afferent
fibres (N. E. Saadé, C. A. Massaad, S. J. Jabbur,
B. Safieh-Garabedian & S. F. Atweh, unpublished data).
The observed moderate increase of cytokine levels in the
contralateral leg could be due to the massive discharge
produced by cutting its sciatic nerve; however, this did not
reach the level of significance. Thus, the neurogenic
inflammation, induced by either antidromic electrical
stimulation of afferent fibres or by application of capsaicin, is
characterized by the upregulation of proinflammatory
cytokines traditionally observed in inflammatory conditions
induced by bacterial toxins and other inflammatory agents
(Dray & Bevan, 1993; Safieh-Garabedian et al. 1997; Poole
etal. 2000).

It is important to note that perineural application of
capsaicin, like intraplantar injection, resulted in an early
peak of the cytokine upregulation, while the peak effect
and recovery following electrical stimulation were delayed
for 1-2 h. This temporal discrepancy can be attributed to
one or both of the following. First, the high dosage of
capsaicin (used in perineural application) can produce a
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stronger and faster recruitment of the CSPA fibres
involved in neurogenic inflammation. Furthermore, the
release of neuropeptides and consequently the inflammatory
cascade can be triggered directly by capsaicin without
necessarily involving action potential mechanisms in the
peripheral terminals of afferent fibres. Second, electrical
stimulation, in contrast, can recruit the entire spectrum of
afferent and efferent fibres in the sciatic nerve. Some of
these additionally recruited fibres can exert opposite effects
to those induced by capsaicin, such as vasoconstriction
(induced by sympathetic efferents) in contrast to vaso-
dilatation and extravasation (induced by capsaicin).

As predicted by Sir Thomas Lewis in 1937 (Lembeck,
1983), the nocifensor afferent system is characterized by
the local release of neuropeptides such as substance P,
calcitonin gene-related peptide (CGRP) and vasoactive
intestinal peptide (VIP) (Siney & Brain, 1996; for a review,
see Holzer, 1988; Maggi, 1991). Each of these peptides is
known to interfere with one or more of the cellular
mechanisms involved in the inflammatory reaction. For
instance, substance P can contribute to vasodilatation, to
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Figure 8. Upregulation of cytokines and NGF levels by perineural application of capsaicin
(1 mgin 0.1 ml) on the cut end of the distal portion of the sciatic nerve

Each bar represents the mean + S.e.M. of measurements made on separate groups of rats (n = 5) at the
indicated time following application of capsaicin. The control corresponds to the measurements in the skin
tissues of the opposite leg (right leg) at 1 h following application of paraffin oil onto the cut sciatic nerve
supplying this leg. The significance of differences was determined with reference to the control (right leg).

*P <0.05,**P<0.01,**P<0.001.
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histamine discharge by mast cells (Weihe e al. 1991; Ansel
et al. 1993) and to the modulation of the function of
immune cells displaying substance P receptors on their
cytoplasmic membranes (Payan et al. 1983; Helme et al.
1987; Morley et al. 1987; Peck, 1987; Marriott & Bost,
2001). The CGRP is well known for its vasoactive action
(Escott & Brain, 1993; Kress et al. 1999) and for its effects
on immune cells (Payan et al. 1987; Umeda, 1992; Wang
et al. 1992; Hosoi et al. 1993). Several experimental
observations also point out the immunoactive properties
of VIP (reviewed by Bellinger et al. 1996). Furthermore,
Kress et al. (1999) have shown that antidromic nerve
stimulation may lead to the release of prostaglandin E,
(PGE,) from rat skin in vitro. This observation is in line
with recent data from our group showing significant
and sustained upregulation of PGE, levels following intra-
plantar injection of capsaicin (Saadé et al. 2000a;
N. E. Saadé, C. A. Massaad, S. J. Jabbur, B. Safieh-
Garabedian & S. F. Atweh, unpublished data). PGE,,
which can be produced by almost all types of cells, is a well-
known key player in the inflammatory cascade and in the
resulting inflammatory hyperalgesia (for review see Dray,
1994; Tilley et al. 2001). In line with these findings,
preliminary results from our laboratory (Massaad et al.
2000; Saadé et al. 2000a) demonstrate that pretreatment
with antagonists to neuropeptides (substance P and CGRP),
histamine and adrenaline can alter the hyperalgesic
effects of intraplantar injections of capsaicin and display
differential effects on the upregulated cytokines. All the
presented observations, taken together, allow the
conclusion that CSPA fibres can induce the upregulation
of proinflammatory cytokines and NGF through the
release of neuropeptides by their peripheral terminals.

In conclusion, the results of the present study provide a
possible answer to the question raised by Bayliss (1901)
about the physiological significance of the sensory fibres
with efferent function. It appears that the normal activation
of these fibres involves two simultaneous mechanisms: a
local peripheral release of neuropeptides in parallel with
afferent nociceptive signalling. The function of the release
of neuropeptides, a local mechanism, is to trigger an
inflammatory cascade, as a first defence reaction, while the
nociceptive signalling can lead ultimately to the activation
of the hypothalamus—pituitary—adrenal axis (Green et al.
1995; Pan et al. 1997), which contributes further to the
control of the inflammatory reaction. Thus, one can
speculate that the CSPA fibre system can serve as a
common afferent pathway to both immune and nervous
systems.
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