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Abstract

The possible participation of the nitric oxide (NO)–cyclic GMP–protein kinase G (PKG)–K+ channels pathway in the antiallodynic action of
resveratrol and YC-1 in spinal nerve injured rats was assessed. Ligation of L5/L6 spinal nerves produced a clear-cut tactile allodynia in the rats.
Intrathecal administration of resveratrol (100–600 μg) and 3-(5′-hydroxymethyl-2′-furyl)-1-benzylindazole (0.1–2.7 μg, YC-1, a soluble guanylyl
cyclase activator) decreased tactile allodynia induced by ligation of L5/L6 spinal nerves. Intrathecal treatment with NG-L-nitro-arginine methyl
ester (10–100 μg, L-NAME, a NO synthase inhibitor), 1H-(1,2,4)-oxadiazolo(4,2-a)quinoxalin-1-one (1–10 μg, ODQ, a soluble guanylyl cyclase
inhibitor), KT-5823 (5–500 ng, a PKG inhibitor) and iberiotoxin (5–500 ng, a large-conductance Ca2+-activated K+ channel blocker), but not NG-
D-nitro-arginine methyl ester (100 μg, D-NAME, an inactive isomer of L-NAME), glibenclamide (12.5–50 μg, ATP-sensitive K+ channel blocker)
or vehicle, significantly diminished resveratrol (300 μg)- and YC-1 (2.7 μg)-induced spinal antiallodynia. These effects were independent of
prostaglandin synthesis inhibition as indomethacin did not affect resveratrol-induced antiallodynia. Results suggest that resveratrol and YC-1
could activate the proteins of the NO–cyclic GMP–PKG spinal pathway or large-conductance Ca2+-activated, but not ATP-sensitive, K+ channels
at the spinal cord in order to produce at least part of their antiallodynic effect in this model of neuropathy.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Resveratrol (3, 4′, 5-trihydroxystilbene) is a naturally occur-
ring phytoalexin present in grapes and wine. It is believed that
resveratrol produces its affects via different mechanisms (for a
review see Granados-Soto, 2003). Resveratrol exhibits antiox-
idant activity (Chanvitayapongs et al., 1997; Hung et al., 2004;
King et al., 2005). In addition, resveratrol induces up-regulation
of endothelial nitric oxide (NO) synthase gene expression and
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activity (Wallerath et al., 2002, 2005). This drug also increases
cyclic GMP levels by activating particulate guanylyl cyclase
(El-Mowafy, 2002). Resveratrol also stimulates the activity of
large-conductance Ca2+-activated K+ channels in cultured
endothelial cells (Li et al., 2000) and this effect has been
associated with its antinociceptive effect in the formalin test
(Granados-Soto et al., 2002). Taken together it seems that
resveratrol activates the nitric oxide–cyclic GMP–K+ channel
pathway in order to produce its effects.

Previous studies have shown that NO and cyclic GMP can
activate several targets including PKG and different types of K+

channels (Bolotina et al., 1994; Lucas et al., 2000; Han et al.,
2002; Levy and Strassman, 2004). Other studies have shown that
endogenous NO in the spinal cord is important for the antiallo-
dynic action of intrathecal clonidine (anα2-adrenoceptor agonist),
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Fig. 1. A) Time course of development of tactile allodynia in rats with ligation of L5
and L6 spinal nerves compared to sham operated rats. B) Time course of the spinal
antiallodynic effect of resveratrol and YC-1 in rats submitted to ligation of L5 and
L6 spinal nerves. Rats were treated with intrathecal vehicle, resveratrol or YC-1
30min before starting pawwithdrawal threshold evaluations. Data are themean±S.
E.M. for six to seven animals. A significant difference (Pb0.05, by two-way
ANOVA, followed by the Tukey's test) was observed between vehicle (control) and
either resveratrol or YC-1 groups 30 min after starting threshold evaluations.
Asterisks indicating significant difference were omitted for the sake of clarity.

Fig. 2. Dose–response curves for the antiallodynic effect of resveratrol and YC-
1 in rats submitted to ligation of L5 and L6 spinal nerves. Rats were treated with
vehicle or increasing doses of resveratrol or YC-1 30 min before starting
thresholds evaluations. Data are expressed as the area under the 50% withdrawal
threshold against time curve (AUC). Symbols are the mean±S.E.M. for six to
seven animals. ⁎Significantly different from the vehicle group, as determined by
one-way ANOVA followed by the Tukey's test.
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neostigmine (an acetylcholinesterase inhibitor) and DPDPE (a δ
opioid receptor agonist) (Pan et al., 1998; Chen et al., 2001;
Chen and Pan, 2003). Our group (Lázaro-Ibáñez et al., 2001;
Ortiz et al., 2002; Ambriz-Tututi et al., 2005; Mixcoatl-Zecuatl
et al., 2006) and others (Soares et al., 2000; Soares and Duarte,
2001; Sachs et al., 2004) have reported that drugs which activate
the NO–cyclic GMP pathway seem to modulate the opening of
K+ channels in order to produce antinociception.

Based on the above considerations, this work was undertaken
to determine whether the NO–cyclic GMP–PKG–K+ channel
pathway participates on the antiallodynic effect induced by
spinal resveratrol in the Kim and Chung model of neuropathy.
YC-1, a NO-independent soluble guanylyl cyclase activator,
was assayed as positive control as there is evidence that this drug
increases the expression of guanylyl cyclase (Wu et al., 2004a,
b), production of cyclic GMP (Friebe et al., 1996; Demirkoprulu
et al., 2005) and activation of PKG (Deguchi et al., 2005). In
addition, YC-1 can behave as a K+ channel opener (Seitz et al.,
1999; Wu et al., 2000). In addition, to test the possible par-
ticipation of the cyclo-oxygenase pathway in the resveratrol's
antiallodynic activity, the effect of indomethacin on resverastrol-
induced antiallodynic activity was assessed.

2. Materials and methods

2.1. Animals

Female Wistar rats aged 6–7 weeks (weight range, 140–
160 g) from our own breeding facilities were used in this study.
Animals had free access to food and drinking water before
experiments. Efforts were made to minimize animal suffering
and to reduce the number of animals used. Rats were used once
only. Experiments were carried out at the same hours of the day
(10:00–16:00 h). All experiments followed the Guidelines on
Ethical Standards for Investigation of Experimental Pain in
Animals (Zimmermann, 1983). Additionally, the Institutional
Animal Care and Use Committee approved the study (Centro
de Investigación y de Estudios Avanzados, México, D.F.,
Mexico).

2.2. Measurement of antiallodynic activity

Rats were prepared according to the method of Kim and
Chung (1992). Animals were anesthetized with a mixture of
ketamine/xylazine (45/12 mg/kg, i.p.). After surgical prepara-
tion and exposure of the dorsal vertebral column, the left L5 and
L6 spinal nerves were exposed and tightly ligated with 6-0 silk
suture distal to the dorsal root ganglion. For sham operated rats,
the nerves were exposed but not ligated. The incisions were
closed, and the animals were allowed to recover for 10 days. Rats
exhibiting motor deficiency (such as paw-dragging) were
discarded from testing.



Fig. 3. Effect ofNG-L-nitro-argininemethyl ester (L-NAME) orNG-D-nitro-arginine
methyl ester (D-NAME) on resveratrol-induced spinal antiallodynic activity in rats
submitted to ligation of L5 and L6 spinal nerves. Rats were treated with intrathecal
vehicle or resveratrol (−30min) and increasing doses of L-NAME (−20min) before
starting threshold evaluations. Data are expressed as the area under the 50%
withdrawal threshold against time curve (AUC). Bars are the mean±S.E.M. for six
to seven animals. ⁎Significantly different from the resveratrol group, as determined
by one-way ANOVA followed by the Tukey's test.

Fig. 4. Effect of 1H-(1,2,4)-oxadiazolo(4,2-a)quinoxalin-1-one (ODQ) (panel A)
and KT-5823 (panel B) on resveratrol-induced spinal antiallodynic activity in rats
submitted to ligation of L5 and L6 spinal nerves. Rats were treated with intrathecal
vehicle or resveratrol (−30 min) and increasing doses of ODQ or KT-5823
(−20 min) before starting thresholds evaluations. Data are expressed as the area
under the 50%withdrawal threshold against time curve (AUC). Bars are themean±
S.E.M. for six to seven animals. ⁎Significantly different from the resveratrol group,
as determined by one-way ANOVA followed by the Tukey's test.
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Tactile allodynia was determined by measuring paw with-
drawal in response to probing with a series of calibrated fine
filaments (von Frey filaments). The strength of the von Frey
stimuli ranged from 0.4 to 15 g. Withdrawal threshold was
determined by increasing and decreasing stimulus strength
eliciting paw withdrawal (Chaplan et al., 1994). The stimulus
intensity required to produce a response in 50% of the ap-
plications for each animal was defined as “50% withdrawal
threshold”. All nerve-ligated rats were verified to be allodynic
(responding to a stimulus of less than 4 g). Rats not demon-
strating allodynia were not further studied (less than 5%).

2.3. Spinal surgery

Ten days after surgery rats were submitted to a second
surgery for insertion of a spinal catheter. Rats were anesthetized
with a ketamine/xylazine mixture (45/12 mg/kg, i.p.), placed in
a stereotaxic head holder, and the atlantooccipital membrane
exposed (Yaksh and Rudy, 1976). The membrane was pierced,
and a PE-10 catheter (7.5 cm) was passed intrathecally to the
level of the thoracolumbar junction and the wound was sutured.
Rats were allowed to recover from surgery for at least 5 days in
individualized cages before use. Animals showing any signs of
motor impairment were euthanized in a CO2 chamber.

2.4. Drugs

Resveratrol, indomethacin, iberiotoxin, glibenclamide, 3-
(5′-hydroxymethyl-2′-furyl)-1-benzylindazole (YC-1),
(9S,10R,12R)-2,3,9,10,11,12-hexahydro-10-methoxy-2,9-di-
methyl-1-oxo-9,12-epoxy-1H-diindolo-[1,2,3-fg:3′,2′,1′-kl]
pyrrolo[3,4-i][1,6]-benzodiazocine-10-carboxylic acid methyl
ester (KT-5823) and 1H-(1,2,4)-oxadiazolo(4,2-a)quinoxalin-
1-one (ODQ) were obtained from Sigma (St. Louis, MO,
USA). NG-L-nitro-arginine methyl ester (L-NAME) and NG-D-
nitro-arginine methyl ester (D-NAME) were purchased from
Research Biochemical International (Natick, MA, USA). L-
NAME and D-NAME were dissolved in saline. Iberiotoxin and
KT-5823 were dissolved in 20% dimethylsulfoxide (DMSO).
ODQ was dissolved in 50% DMSO. Resveratrol, YC-1, indo-
methacin and glibenclamide were dissolved in 100% DMSO.

2.5. Experimental protocols

Rats received a spinal injection of vehicle or increasing doses
of resveratrol (100–600 μg) 30 min before evaluation of with-
drawal threshold in spinal nerve injured rats. To determine
whether resveratrol-induced antiallodynia was mediated by NO–
cyclic GMP–PKG–K+ channel pathway activation, effect of
treatment (− 20min) with the appropriate vehicle (see above) or L-
NAME (10–100 μg), D-NAME (100 μg), ODQ (1–10 μg), KT-
5823 (5–500 ng), iberiotoxin (5–500 ng) and glibenclamide
(12.5–50 μg) on the antiallodynic effect induced by resveratrol
(− 30min, 300μg)was assessed. In order to discharge the possible
participation of the inhibition of cyclo-oxygenase in resveratrol-
induced antiallodynic effect, effect of treatment (− 10 or +10min)
with the appropriate vehicle (see above) or indomethacin (100 μg)
on the antiallodynic effect induced by resveratrol (300 μg) was
assessed.



Fig. 5. Effect of vehicle, NG-L-nitro-arginine methyl ester (L-NAME), NG-D-
nitro-arginine methyl ester (D-NAME), 1H-(1,2,4)-oxadiazolo(4,2-a)quinoxa-
lin-1-one (ODQ) and KT-5823 on YC-1-induced spinal antiallodynic activity in
rats submitted to ligation of L5 and L6 spinal nerves. Rats were treated with
intrathecal vehicle or YC-1 (−30 min) and fixed doses of L-NAME, D-NAME,
ODQ or KT-5823 (−20 min) before starting thresholds evaluations. Data are
expressed as the area under the 50% withdrawal threshold against time curve
(AUC). Bars are the mean±S.E.M. for six to seven animals. ⁎Significantly
different from the YC-1 group, as determined by one-way ANOVA followed by
the Tukey's test.

Fig. 6. Effect of iberiotoxin (Ibtx) and glibenclamide (Gli) on resveratrol-
induced spinal antiallodynic activity in rats submitted to ligation of L5 and L6
spinal nerves. Rats were treated with intrathecal resveratrol (−30 min) and
iberiotoxin or glibenclamide (−20 min) before starting threshold evaluations.
Data are expressed as the area under the 50% withdrawal threshold against time
curve (AUC). Bars are the mean±S.E.M. for six to seven animals.
⁎Significantly different from the resveratrol group, as determined by one-way
ANOVA followed by the Tukey's test.
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YC-1 (0.1–2.7 μg, − 30 min) was used as positive control as
there is evidence that their effects are mainly due to cyclic GMP
(Friebe et al., 1996; Seitz et al., 1999; Wu et al., 2004a,b;
Demirkoprulu et al., 2005) and opening of K+ channels (Seitz
et al., 1999; Wu et al., 2000). The dose of YC-1 (2.7 μg)
producing the maximum antiallodynic effect was chosen for co-
administration with L-NAME (100 μg), ODQ (10 μg), KT-5823
(500 ng), iberiotoxin (500 ng) and glibenclamide (50 μg).

Drugs were injected in a volume of 10 μl. Each rat received 2
spinal injections and appropriate controls for the injections and
vehicles were performed before starting the formal study. Doses
and drug administration schedule of different inhibitors and
resveratrol for spinal administration were selected based on
previous reports (Mixcoatl-Zecuatl et al., 2004; Lozano-Cuenca
et al., 2005) and on pilot experiments in our laboratory. Observer
was unaware of the treatment in each animal. Rats in all groups
were observed regarding behavioral or motor function changes
induced by the treatments. This was assessed, but not quantified,
by testing the animals' ability to stand and walk in a normal
posture, as proposed elsewhere (Chen and Pan, 2001).

2.6. Data analysis and statistics

All experimental results are given as the mean±S.E.M. for six
to seven animals per group. Curves were constructed plotting the
threshold for pawwithdrawal as a function of time. An increase of
50%withdrawal threshold was considered as antiallodynic effect.
Area under the 50% withdrawal threshold against time curve
(AUC) for a period of 210 min was calculated by the trapezoidal
method. One- or two-way analysis of variance (ANOVA), fol-
lowed by Tukey's test was used to compare differences between
treatments. Differences were considered to reach statistical sig-
nificance when Pb0.05.
3. Results

3.1. Spinal antiallodynic effect of resveratrol and YC-1

Ligation of L5/L6 spinal nerves produced a clear-cut allodynia
in rats submitted to surgery compared to the sham operated rats
(Fig. 1A). Intrathecal administration of resveratrol (300 μg) and
YC-1 (2.7 μg), but not vehicle, reduced tactile allodynia induced
by ligation of L5/L6 spinal nerves (Fig. 1B). The antiallodynic
effects of resveratrol and YC-1 were dose-dependent (Pb0.05)
(Fig. 2). No changes in behavioral or motor function were
observed in either group, control or treated (data not shown).

3.2. Effect of L-NAME, D-NAME, ODQ and KT-5823 on the
intrathecal antiallodynic activity of resveratrol and YC-1

Intrathecal treatment with the non-specific inhibitor of NO
synthase L-NAME (10–100 μg), but not with the inactive isomer
of L-NAME, D-NAME (100 μg) or vehicle, significantly
(Pb0.05) reversed the antiallodynic effect induced by the spinal
administration of resveratrol 300 μg (Fig. 3). At the greatest tested



Table 1
Effect of indomethacin on the spinal antiallodynic activity of resveratrol in
spinal nerve injured rats

Treatment (μg, it) Effect (AUC, anti-allodynia)

Vehicle (DMSO 100%) 598.3±38.0
Resveratrol 300+Vehicle 1780.7±136.0 ⁎

Resveratrol 300+Indomethacin 100 a 1952.7±65.6 ⁎

Indomethacin 100+Resveratrol 300 b 1686.8±61.3 ⁎

Indomethacin 100 631.7±33.1

a Indomethacin was administered 10 min after resveratrol.
b Indomethacin was given 10 min before resveratrol.
* Significantly different from vehicle (Pb0.05) by one-way ANOVA

followed by the Tukey's Test.
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dose, L-NAMEdid not modify tactile allodynia in the rats (Fig. 3).
Moreover, intrathecal treatment with the guanylyl cyclase
inhibitor ODQ (1–10 μg, Fig. 4A) and the PKG inhibitor KT-
5823 (5–500 ng, Fig. 4B), but not vehicle, significantly
diminished the antiallodynic effect of intrathecal resveratrol
(Pb0.05). In contrast, intrathecal treatment with the greatest
tested doses of ODQ (10 μg) and KT-5823 (500 ng) did not
produce any effect on spinal nerves ligation-induced tactile
allodynia (Fig. 4A and B).

As with resveratrol, intrathecal administration of L-NAME
(100 μg), ODQ (10 μg) and KT-5823 (500 ng), but not D-
NAME (100 μg) or vehicle, significantly reduced YC-1
(2.7 μg)-induced spinal antiallodynia (Pb0.05, Fig. 5).

3.3. Effect of iberiotoxin and glibenclamide on the intrathecal
antiallodynic activity of resveratrol and YC-1

Intrathecal treatment with iberiotoxin (5–500 ng, a large-
conductance Ca2+-activated K+ channel blocker), but not
vehicle, significantly reversed (Pb0.05) the antiallodynic effect
of intrathecal resveratrol 300 μg (Fig. 6A). Contrariwise, spinal
treatment with glibenclamide (12.5–50 μg, an ATP-sensitive K+

channel blocker) was not able to modify (PN0.05) resveratrol
(300 μg)-induced spinal antiallodynic effect (Fig. 6B). Given
alone K+ channel blockers did not produce any effect on spinal
nerve ligation-induced tactile allodynia (Fig. 6A and B).

As with resveratrol, intrathecal administration of iberiotoxin
(500 ng), but not glibenclamide (50 μg) or vehicle, significantly
(Pb0.05) reduced YC-1 (2.7 μg)-induced spinal antiallodynia
(Pb0.05, Fig. 7).

3.4. Effect of indomethacin on the intrathecal antiallodynic
activity of resveratrol

Intrathecal administration of indomethacin (100 μg) was not
able to reduce tactile allodynia in neuropathic rats. Moreover,
Fig. 7. Effect of iberiotoxin (Ibtx) and glibenclamide (Gli) on YC-1-induced
spinal antiallodynic activity in rats submitted to ligation of L5 and L6 spinal
nerves. Rats were treated with intrathecal YC-1 (−30 min) and fixed doses of
iberiotoxin or glibenclamide (−20 min) before starting threshold evaluations.
Data are expressed as the area under the 50% withdrawal threshold against time
curve (AUC). Bars are the mean±S.E.M. for six to seven animals. ⁎Signi-
ficantly different from the YC-1 group, as determined by one-way ANOVA
followed by the Tukey's test.
indomethacin, given as pretreatment (−10 min) or postreatment
(+10 min), did not modify resveratrol-induced antiallodynic
effect (Table 1).

4. Discussion

4.1. Spinal antiallodynic effect of resveratrol and YC-1

In this study we have shown that intrathecal administration of
resveratrol is able to produce antiallodynic effect in rats with
neuropathic pain. Previously it has been reported that resveratrol
produces antinociceptive effect in acute (Gupta et al., 2004) and
inflammatory (Gentilli et al., 2001; Torres-López et al., 2002;
Granados-Soto et al., 2002; Elmali et al., 2005) pain models after
peripheral or systemic administration. Thus, we have extended
these observations by showing that spinal resveratrol signifi-
cantly reduced spinal nerve ligation-induced tactile allodynia.
To our knowledge, this is the first report about the spinal
antiallodynic effect of resveratrol in a neuropathic pain model.
Resveratrol has several effects (Granados-Soto, 2003) which
could be responsible for the antiallodynic effects observed in this
study. Particularly, resveratrol has been reported to increase the
expression and activity of endothelial and inducible NO
synthase (Wallerath et al., 2002; Imamura et al., 2002) and
particulate guanylyl cyclase (El-Mowafy, 2002) thus activating
the NO–cyclic GMP pathway. However, the exact mechanism of
action of resveratrol has not been assessed.

In this study we have used the NO-independent soluble
guanylyl cyclase activator YC-1 as positive control as there is
evidence that this drug increases the expression of guanylyl
cyclase (Wu et al., 2004a,b) and consequently increases cyclic
GMP (Friebe et al., 1996; Demirkoprulu et al., 2005). More
recently it has been suggested that YC-1 could directly or
indirectly activate PKG (Deguchi et al., 2005). Therefore, it seems
that this drug may be able to activate the cyclic GMP–PKG
pathway. In our conditions, YC-1 produced a dose-dependent
antiallodynic effect in neuropathic rats. This is the first report about
the antiallodynic properties of YC-1. The reduction of tactile
allodynia could result from activation of the above mentioned
pathway.

It has been recently reported that resveratrol (Li et al., 2000;
Granados-Soto et al., 2002) and YC-1 (Seitz et al., 1999; Wu et
al., 2000) can behave as K+ channel openers. Since previous
evidence has shown that K+ channels can be activated by NO
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(Bolotina et al., 1994; Archer et al., 1994), cyclic GMP (Lucas
et al., 2000) or cyclic GMP-dependent PKG (Han et al., 2002),
the possible participation of the NO–cyclic GMP–PKG–K+

channels spinal pathway in resveratrol-, and YC-1-induced
spinal antiallodynic activity was assessed in this study.

4.2. Effect of L-NAME, D-NAME, ODQ and KT-5823 on the
intrathecal antiallodynic activity of resveratrol and YC-1

The spinal antiallodynic effect of resveratrol and YC-1 was
diminished by the non-specific inhibitor of NO synthase L-
NAME (Gibson et al., 1990), soluble guanylyl cyclase inhibitor
ODQ (Moro et al., 1996) and specific PKG inhibitor KT-5823
(Grider, 1993), but not by the inactive isomer of L-NAME, D-
NAME. These results suggest that the NO–cyclic GMP–PKG
spinal pathway is partially involved in resveratrol- or YC-1-
induced spinal antiallodynic effect. Our data agree with evidence
showing that the relaxant effects produced by resveratrol (Li et
al., in press) and YC-1 (Che et al., 2005; Demirkoprulu et al.,
2005) are blocked by L-NAME and ODQ. Accordingly,
resveratrol (Wallerath et al., 2002; Das et al., 2005) and YC-1
(Che et al., 2005) are able to increase the NO release and
expression of NO synthase. Thus data suggest that YC-1 is not a
soluble guanylyl cyclase direct activator as its effect depends on
NO production. However, this characteristic makes this drug
more suitable to be used as positive control in this study.
Moreover, resveratrol (El-Mowafy, 2002) and YC-1 (Ko et al.,
1994; Friebe et al., 1996; Friebe and Koesling, 1998; Seitz et al.,
1999; Demirkoprulu et al., 2005) have been shown to increase
cyclic GMP by stimulation of particulate and soluble guanylyl
cyclase, respectively. YC-1 is also able to activate PKG
(Deguchi et al., 2005), further contributing to the activation of
the pathway. In line with these observations it has been reported
the presence of all components of this pathway in the spinal cord
(Tao and Johns, 2002).

Activation, by resveratrol or YC-1, of the NO–cyclic GMP–
PKG spinal pathway could reduce tactile allodynia by a direct
effect on the electrical activity of spinal neurons of lamina I and
II (Pehl and Schmid, 1997; Levy and Strassman, 2004; Sung
et al., 2004) or by decreasing the activity of voltage-gated
tetrodotoxin-resistant Na+channels (Liu et al., 2004). In
addition, resveratrol could synergize this effect by directly
inhibiting sodium currents (Kim et al., 2005). Our group has
recently reported that activation of this spinal pathway also
participates in the spinal antiallodynic effect of gabapentin
(Mixcoatl-Zecuatl et al., 2006), as well as in the peripheral and
spinal antinociception of sildenafil and lumiracoxib in the
formalin test (Ambriz-Tututi et al., 2005; Araiza-Saldaña et al.,
2005; Lozano-Cuenca et al., 2005).

Other studies in the literature indicate that the NO (Inoue et al.,
1998; Yoon et al., 1998) or the NO–cyclic GMP (Salter et al.,
1996) pathway can have pronociceptive rather than antinocicep-
tive effects in neuropathic pain. This discrepancy may be due to
the different experimental pain models used, diverse tissue level
and the variant NO and cyclic GMP intracellular content (Pehl
and Schmid, 1997; Sousa and Prado, 2001). Nevertheless, it is
important to point out that up-regulation of neuronal nitric oxide
synthase is not responsible for the development and/or mainte-
nance of allodynia after nerve injury (Luo et al., 1999). In
addition, in the L5/L6 spinal nerve ligation model (Pan et al.,
1998; Chen et al., 2000) and other models (Chen et al., 2001; Wu
et al., 2004a,b) of neuropathic pain, production of NO and cyclic
GMP is involved in antiallodynia.

4.3. Effect of iberiotoxin and glibenclamide on the intrathecal
antiallodynic activity of resveratrol and YC-1

Based on the observations that resveratrol may induce local
peripheral antinociception in the formalin test by activation of
Ca2+-activated K+ channels (Granados-Soto et al., 2002) and the
fact that YC-1-induced relaxation of vascular smooth muscle
depends on the K+ channel activation (Seitz et al., 1999), we
decided to assess the possible participation of K+ channels on
resveratrol- and YC-1-induced antiallodynia. The specific large-
conductance Ca2+-activated K+ channel blocker iberiotoxin
(Galvez et al., 1990), but not the ATP-sensitive K+ channel
inhibitor glibenclamide (Amoroso et al., 1990), significantly
diminished the antiallodynic effect of resveratrol and YC-1.
These results suggest the participation of large-conductance
Ca2+-activated, but not ATP-sensitive, K+ channels at the spinal
cord in the antiallodynic effects of resveratrol and YC-1. Data
agree with an electrophysiological study in which resveratrol
was able to increase the amplitude of K+ outward current by
increasing mean open time of large-conductance Ca2+-activated
K+ channels in cultured endothelial cells (Li et al., 2000). Data
also agree with a functional study showing that the relaxant
effect of YC-1 was blocked by the large-conductance Ca2+-
activated K+ channel blockers charybdotoxin and iberiotoxin,
but not by the ATP-sensitive K+ channel blocker glibenclamide
(Seitz et al., 1999). Our data are in line with those showing that
YC-1 is able to increase the activity and K+ current of large-
conductance Ca2+-activated K+ channel (Seitz et al., 1999; Wu
et al., 2000) in a soluble guanylyl cyclase-independent way.

Taken together data suggest that resveratrol and YC-1 could
produce their spinal antiallodynic effect by activation of the
NO–cyclic GMP–PKG pathway which in turn would phos-
phorylate large-conductance Ca2+-activated K+ channels at the
spinal cord, as reported in other tissues (Archer et al., 1994; Han
et al., 2002).

4.4. Effect of indomethacin on the intrathecal antiallodynic
activity of resveratrol

Previous evidence has shown that resveratrol may block
prostaglandin synthesis by inhibiting cyclooxygenase-1 and 2
(COX-1 and COX-2) (Subbaramaiah et al., 1998). Resveratrol
and the combination of resveratrol+ indomethacin (a non-
selective COX inhibitor) were administered after neuropathic
pain was established (15 days). In these conditions, pretreatment
(−10 min) or postreatment (+10 min) with indomethacin did not
modify resveratrol-induced spinal antiallodynic activity thus
suggesting that spinal inhibition of prostaglandins do not par-
ticipate in the antiallodynic effect of resveratrol in this model.
These results agree with data showing that indomethacin and
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other anti-inflammatory drugs (Lashbrook et al., 1999; Takeda
et al., 2005; LaBuda and Little, 2005), given after neuropathic
pain is established, do not affect tactile allodynia in this model.
However, some evidence suggests that anti-inflammatory drugs
may have a prophylactic effect in neuropathic pain if they are
administered before o immediately after nerve injury (Hefferan
et al., 2003; Takahashi et al., 2004).

In conclusion, resveratrol and YC-1 reduced tactile allo-
dynia in neuropathic rats. The spinal antiallodynic effect of
resveratrol and YC-1 was partially diminished by L-NAME,
ODQ, KT-5823, iberiotoxin, but not by D-NAME or gliben-
clamide. These results suggest that resveratrol and YC-1 may
activate the NO–cyclic GMP–PKG-large-conductance Ca2+-
activated K+ channel spinal pathway in this model of neuro-
pathy. The effects of resveratrol are independent of the pros-
taglandin synthesis inhibition.

Acknowledgements

Authors greatly appreciate the technical and bibliographic
assistance of Guadalupe C. Vidal-Cantú and Héctor Vázquez,
respectively. Deysi Y. Bermúdez-Ocaña and Mónica Ambriz-
Tututi are CONACYT fellows. This work is part of the PhD
dissertation of Deysi Y. Bermúdez-Ocaña.
References

Ambriz-Tututi M, Velázquez-Zamora DA, Urquiza-Marín H, Granados-Soto V.
Analysis of the mechanism underlying the peripheral antinociceptive action
of sildenafil in the formalin test. Eur J Pharmacol 2005;512:121–7.

Amoroso S, Schmid-Antomarch H, Fosset M, Ladzunky M. Glucose, sulfonylur-
eas, and neurotransmitter release: role of ATP-sensitive K+ channels. Science
1990;247:852–4.

Araiza-Saldaña CI, Reyes-García G, Bermúdez-Ocaña DY, Pérez-Severiano F,
Granados-Soto V. Effect of diabetes on the mechanisms of intrathecal
antinociception of sildenafil in rats. Eur J Pharmacol 2005;527:60–70.

Archer SL, Huang JM, Hampl V, Nelson DP, Shultz PJ, Weir EK. Nitric oxide
and cGMP cause vasorelaxation by activation of a charybdotoxin-sensitive
K+ channel by cGMP-dependent protein kinase. Proc Natl Acad Sci U S A
1994;91:7583–7.

Bolotina VM, Najibi S, Palacino JJ, Pagano PJ, Cohen RA. Nitric oxide directly
activates calcium-dependent potassium channels in vascular smooth muscle.
Nature 1994;368:850–3.

Chanvitayapongs S, Draczynska-Lusiak B, Sun AY. Amelioration of oxidative
stress by antioxidants and resveratrol in PC12 cells. NeuroReport
1997;8:1499–502.

Chaplan SR, Bach RW, Pogrel JW, Chung JM, Yaksh TL. Quantitative assessment
of tactile allodynia in the rat paw. J Neurosci Methods 1994;53:55–63.

Che Y, Ellis A, Li CG. Enhanced responsiveness to nitric oxide, nitroxyl anions,
and nitrergic transmitter by 3-(5′-hydroxymethyl-2′-furyl)-1-benzyl inda-
zole in the rat anococcygeus muscle. Nitric Oxide 2005;13:118–24.

Chen SR, Eisenach JC, Pan HL. Intrathecal S-nitroso-N-acetylpenicillamine and
L-cysteine attenuate nerve injury-induced allodynia through noradrenergic
activation in rats. Neuroscience 2000;101:759–65.

Chen SR, Khan GM, Pan HL. Antiallodynic effect of intrathecal neostigmine is
mediated by spinal nitric oxide in a rat model of diabetic neuropathic pain.
Anesthesiology 2001;95:1007–12.

Chen SR, Pan HL. Spinal endogenous acetylcholine contributes to the analgesic
effect of systemic morphine in rats. Anesthesiology 2001;95:525–30.

Chen SR, Pan HL. Spinal nitric oxide contributes to the analgesic effect of
intrathecal [d-pen2,d-pen5]-enkephalin in normal and diabetic rats.
Anesthesiology 2003;98:217–22.
Das S, Alagappan VK, Bagchi D, Sharma HS, Maulik N, Das DK. Coordinated
induction of iNOS–VEGF–KDR–eNOS after resveratrol consumption: a
potential mechanism for resveratrol preconditioning of the heart. Vascul
Pharmacol 2005;42:281–9.

Deguchi A, Xing SW, Shureiqi I, Yang P, Newman RA, Lippman SM, et al.
Activation of protein kinase G up-regulates expression of 15-lipoxygenase-1
in human colon cancer cells. Cancer Res 2005;65:8442–7.

Demirkoprulu N, Cetin M, Bagcivan I, Kaya T, Soydan AS, Karadas B, et al.
Comparative relaxant effects of YC-1 and DETA/NO on spontaneous
contractions and the levels of cGMP of isolated pregnant rat myometrium.
Eur J Pharmacol 2005;517:240–5.

Elmali N, Esenkaya I,HarmaA, ErtemK,TurkozY,MizrakB.Effect of resveratrol
in experimental osteoarthritis in rabbits. Inflamm Res 2005;54:158–62.

El-Mowafy AM. Resveratrol activates membrane-bound guanylyl cyclase in
coronary arterial smooth muscle: a novel signaling mechanism in support of
coronary protection. Biochem Biophys Res Comm 2002;291:1218–24.

Friebe A, Koesling D. Mechanism of YC-1-induced activation of soluble
guanylyl cyclase. Mol Pharmacol 1998;53:123–7.

Friebe A, Schultz G, Koesling D. Sensitizing soluble guanylyl cyclase to
become a highly CO-sensitive enzyme. EMBO J 1996;15:6863–8.

Galvez A, Gimenez-Gallego G, Reuben JP, Roy-Contancin L, Feigenbaum P,
Kaczorowski GJ, et al. Purification and characterization of a unique, potent,
peptidyl probe for the high conductance calcium-activated potassium channel
from venom of the scorpion Buthus tamulus. J Biol Chem 1990;265:11083–90.

Gentilli M, Mazoit JX, Bouaziz H, Fletcher D, Casper RF, Benhamou D, et al.
Resveratrol decreases hyperalgesia induced by carrageenan in the rat hind
paw. Life Sci 2001;68:1317–21.

Gibson A, Mirzazadeh S, Hobbs AJ, Moore PK. L-NG-monomethyl arginine and
L-NG-nitro arginine inhibit non-adrenergic, non-cholinergic relaxation of the
mouse anococcygeus muscle. Br J Pharmacol 1990;99:602–6.

Granados-Soto V, Torres-López JE, Argüelles CF, Ortiz MI. The peripheral
antinociceptive effect of resveratrol is associated with activation of
potassium channels. Neuropharmacol 2002;43:917–23.

Granados-Soto V. Pleiotropic effects of resveratrol. Drug News Perspect
2003;16:299–307.

Grider JR. Activation of distinct cAMP- and cGMP-dependent pathways by
relaxant agents in isolated gastricmuscle cells. AmJPhysiol 1993;264:G470–7.

Gupta YK, Sharma M, Briyal S. Antinociceptive effect of trans-resveratrol in
rats: Involvement of an opioidergic mechanism. Methods Find Exp Clin
Pharmacol 2004;26:667–72.

Han J, Kim N, Joo H, Kim E, Earm YE. ATP-sensitive K+ channel activation by
nitric oxide and protein kinase G in rabbit ventricular myocytes. Am J Physiol
Heart Circ Physiol 2002;283:H1545–54.

HefferanMP,O'RiellyDD,LoomisCW. Inhibition of spinal prostaglandin synthesis
early after L5/L6 nerve ligation prevents the development of prostaglandin-
dependent and prostaglandin-independent allodynia in the rat. Anesthesiology
2003;99:1180–8.

Hung LM, Su MJ, Chen JK. Resveratrol protects myocardial ischemia–
reperfusion injury through both NO-dependent and NO-independent
mechanisms. Free Radic Biol Med 2004;36:774–81.

Imamura G, Bertelli AA, Bertelli A, Otani H, Maulik N, Das DK.
Pharmacological preconditioning with resveratrol: an insight with iNOS
knockout mice. Am J Physiol Heart Circ Physiol 2002;282:H1996–2003.

Inoue T,Mashimo T, ShibataM, Shibuta S, Yoshiya I. Rapid development of nitric
oxide-induced hyperalgesia depends on an alternate to the cGMP-mediated
pathway in the rat neuropathic pain model. Brain Res 1998;792:263–70.

Kim HI, Kim TH, Song JH. Resveratrol inhibits Na+ currents in rat dorsal root
ganglion neurons. Brain Res 2005;1045:134–41.

Kim SH, Chung JM. An experimental model for peripheral neuropathy produced
by segmental spinal nerve ligation in the rat. Pain 1992;50: 355–63.

King RE, Kent KD, Bomser JA. Resveratrol reduces oxidation and proliferation
of human retinal pigment epithelial cells via extracellular signal-regulated
kinase inhibition. Chem Biol Interact 2005;151:143–9.

Ko FN, Wu CC, Kuo SC, Lee FY, Teng CM. YC-1 a novel activator of platelet
guanylate cyclase. Blood 1994;84:4226–33.

LaBuda CJ, Little PJ. Pharmacological evaluation of the selective spinal nerve
ligation model of neuropathic pain in the rat. J Neurosci Methods 2005;144:
175–81.



542 D.Y. Bermúdez-Ocaña et al. / Pharmacology, Biochemistry and Behavior 84 (2006) 535–542
Lashbrook JM, Ossipov MH, Hunter JC, Raffa RB, Tallarida RJ, Porreca F.
Synergistic antiallodynic effects of spinal morphine with ketorolac and
selective COX1- and COX2-inhibitors in nerve-injured rats. Pain 1999;82:
65–72.

Lázaro-Ibáñez GG, Torres-López JE, Granados-Soto V. Participation of the
nitric oxide–cyclic GMP–ATP-sensitive K+ channel pathway in the
antinociceptive action of ketorolac. Eur J Pharmacol 2001;426:39–44.

LevyD, StrassmanAM.Modulation of dural nociceptor mechanosensitivity by the
nitric oxide–cyclic GMP signaling cascade. J Neurophysiol 2004;92:766–72.

Li HF, Chen SA, Wu SN. Evidence for the stimulatory effect of resveratrol on
Ca2+-activated K+ current in vascular endothelial cells. Cardiovasc Res
2000;45:1035–45.

Li HF, Tian ZF, Qiu XQ, Wu JX, Zhang P, Jia Z.J. A study of mechanisms
involved in vasodilatation induced by resveratrol in isolated porcine
coronary artery. Physiol Res in press.

Liu L, Yang T, Bruno MJ, Andersen OS, Simon SA. Voltage-gated ion channels
in nociceptors; modulation by cGMP. J Neurophysiol 2004;92:2323–32.

Lozano-Cuenca J, Castañeda-Hernández G, Granados-Soto V. Peripheral and
spinal mechanisms of antinociceptive action of lumiracoxib. Eur J
Pharmacol 2005;513:81–91.

Lucas KA, Pitari GM, Kazerounian S, Ruiz-Stewart I, Park J, Schulz S, et al.
Guanylyl cyclases and signaling by cyclic GMP. Pharmacol Rev
2000;52:375–414.

Luo ZD, Chaplan SR, Scott BP, CizkovaD, Calcutt NA,Yaksh TL. Neuronal nitric
oxide synthase mRNA upregulation in rat sensory neurons after spinal nerve
ligation: lack of a role in allodynia development. J Neurosci 1999;19:9201–8.

Mixcoatl-Zecuatl T, Flores-Murrieta FJ, Granados-Soto V. The nitric oxide–
cyclic GMP–protein kinase G–K+ channel pathway participates in the
antiallodynic effect of spinal gabapentin. Eur J Pharmacol 2006;531:87–95.

Mixcoatl-Zecuatl T, Medina-Santillán R, Reyes-García G, Vidal-Cantú GC,
Granados-Soto V. Effect of K+ channel modulators on the antiallodynic
effect of gabapentin. Eur J Pharmacol 2004;484:201–8.

Moro MA, Russel RJ, Cellek S, Lizasoain I, Su Y, Darley-Usmar VM, et al.
cGMP mediates the vascular and platelet actions of nitric oxide:
confirmation using an inhibitor of the soluble guanylyl cyclase. Proc Natl
Acad Sci U S A 1996;93:1480–5.

Ortiz MI, Torres-López JE, Castañeda-Hernández G, Rosas R, Vidal-Cantú GC,
Granados-Soto V. Pharmacological evidence for the activation of K+

channels by diclofenac. Eur J Pharmacol 2002;438:85–91.
Pan HL, Chen SR, Eisenach JC. Role of spinal NO in antiallodynic effect of

intrathecal clonidine in neuropathic rats. Anesthesiology 1998;89:1518–23.
Pehl U, Schmid HA. Electrophysiological responses of neurons in the rat spinal

cord to nitric oxide. Neuroscience 1997;77:563–73.
Sachs D, Cunha FQ, Ferreira SH. Peripheral analgesic blockade of

hypernociception: activation or arginine/NO/cGMP/protein kinase G/ATP-
sensitive K+ channel pathway. Proc Natl Acad Sci U S A 2004;101:3680–5.

Salter M, Strijbos PJ, Neale S, Duffy C, Follenfant RL, Garthwaite J. The nitric
oxide–cyclic GMP pathway is required for nociceptive signalling at specific
loci within the somatosensory pathway. Neuroscience 1996;73:649–55.

Seitz S, Wegener JW, Rupp J, Watanabe M, Jost A, Gerhard R, et al.
Involvement of K+ channels in the relaxant effects of YC-1 in vascular
smooth muscle. Eur J Pharmacol 1999;382:11–8.
Soares AC, Duarte ID. Dibutyryl–cyclic GMP induces peripheral antinocicep-
tion via activation of ATP-sensitive K+ channels in the rat PGE2-induced
hyperalgesic paw. Br J Pharmacol 2001;134:127–31.

Soares AC, Leite R, Tatsuo MA, Duarte ID. Activation of ATP-sensitive K+

channels: mechanism of peripheral antinociceptive action of the nitric oxide
donor, sodium nitroprusside. Eur J Pharmacol 2000;400:67–71.

Sousa AM, Prado WA. The dual effect of a nitric oxide donor in nociception.
Brain Res 2001;897:9-19.

Subbaramaiah K, Chung WJ, Michaluart P, Telang N, Tanabe T, Inoue H, et al.
Resveratrol inhibits cyclooxygenase-2 transcription and activity in phorbol
ester-treated human mammary epithelial cells. J Biol Chem 1998;273:
21875–82.

Sung YJ, Walters ET, Ambron RT. A neuronal isoform of protein kinase G
couples mitogen-activated protein kinase nuclear import to axotomy-
induced long-term hyperexcitability in Aplysia sensory neurons. J Neurosci
2004;24:7583–95.

Takahashi M, Kawaguchi M, Shimada K, Konishi N, Furuya H, Nakashima T.
Peri-sciatic administration of indomethacin early after nerve injury can
attenuate the development of tactile allodynia in a rat model of L5 single
spinal nerve injury. Neurosci Lett 2004;356:37–40.

Takeda K, Sawamura S, Tamai H, Sekiyama H, Hanaoka K. Role for
cyclooxygenase 2 in the development and maintenance of neuropathic pain
and spinal glial activation. Anesthesiology 2005;103:837–44.

Tao YX, Johns RA. Activation and up-regulation of spinal cord nitric oxide
receptor, soluble guanylate cyclase, after formalin injection into the rat hind
paw. Neuroscience 2002;112:439–46.

Torres-López JE, Ortiz MI, Castañeda-Hernández G, Alonso-López R,
Asomoza-Espinosa R, Granados-Soto V. Comparison of the antinociceptive
effect of celecoxib, diclofenac and resveratrol in the formalin test. Life Sci
2002;70:1669–76.

Wallerath T, Deckert G, Ternes T, Anderson H, Li H, Witte K, et al. Resveratrol,
a polyphenolic phytoalexin present in red wine, enhances expression and
activity of endothelial nitric oxide synthase. Circulation 2002;106:1652–8.

Wallerath T, Li H, Gödtel-Ambrust U, Schwarz PM, Förstermann U. A blend of
polyphenolic compounds explains the stimulatory effect of red wine on
human endothelial NO synthase. Nitric Oxide 2005;12:97-104.

Wu CH, Chang WC, Chang GY, Kuo SC, Teng CM. The inhibitory mechanism
of YC-1, a benzyl indazole, on smooth muscle cell proliferation: an in vitro
and in vivo study. J Pharmacol Sci 2004a;94:252–60.

WuWP, Hao JX, Ongini E, Impagnatiello F, Presotto C, Wiesenfeld-Hallin Z, et
al. A nitric oxide (NO)-releasing derivative of gabapentin, NCX 8001,
alleviates neuropathic pain-like behavior after spinal cord and peripheral
nerve injury. Br J Pharmacol 2004b;141:65–74.

Wu SN, Hwang T, Teng CM, Li HF, Jan CR. The mechanism of actions of 3-(5′-
(hydroxymethyl-2′-furyl)-1-benzyl indazole (YC-1) on Ca2+-activated K+

currents in GH(3) lactotrophs. Neuropharmacol 2000;39:1788–99.
Yaksh TL, Rudy TA. Chronic catheterization of the spinal subarachnoid space.

Physiol Behav 1976;17:1031–6.
Yoon YW, Sung B, Chung JM. Nitric oxide mediates behavioral signs of

neuropathic pain in an experimental rat model. NeuroReport 1998;9:367–72.
Zimmermann M. Ethical guidelines for investigations on experimental pain in

conscious animals. Pain 1983;16:109–10.


	Pharmacological evidence for the participation of NO–cyclic �GMP–PKG–K+ channel pathway in the .....
	Introduction
	Materials and methods
	Animals
	Measurement of antiallodynic activity
	Spinal surgery
	Drugs
	Experimental protocols
	Data analysis and statistics

	Results
	Spinal antiallodynic effect of resveratrol and YC-1
	Effect of l-NAME, d-NAME, ODQ and KT-5823 on the intrathecal antiallodynic activity of resverat.....
	Effect of iberiotoxin and glibenclamide on the intrathecal antiallodynic activity of resveratro.....
	Effect of indomethacin on the intrathecal antiallodynic activity of resveratrol

	Discussion
	Spinal antiallodynic effect of resveratrol and YC-1
	Effect of l-NAME, d-NAME, ODQ and KT-5823 on the intrathecal antiallodynic activity of resverat.....
	Effect of iberiotoxin and glibenclamide on the intrathecal antiallodynic activity of resveratro.....
	Effect of indomethacin on the intrathecal antiallodynic activity of resveratrol

	Acknowledgements
	References


