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The effect of resveratrol on activity and expression of nitric oxide synthase (NOS) in the spinal cord of
neuropathic rats was assessed. Spinal nerve ligation produced tactile allodynia along with a reduction of
catalytic activity of the constitutive Ca%*-dependent NOS (eNOS and nNOS isoforms) in the ipsilateral dorsal
horn, but not contralateral dorsal or ipsilateral or contralateral ventral, spinal cord at 1, 5,10 and 15 days after
surgery compared to naive and sham-operated animals. Nerve ligation also induced a reduction of nNOS
expression in the ipsilateral dorsal horn spinal cord at 10 and 15 days after surgery. Intrathecal resveratrol

Keywords: N 5 Y R o

Neuropathic pain reduced allodynia and reversed the reduction of constitutive Ca®*-dependent NOS activity in the ipsilateral
Resveratrol dorsal spinal cord. Moreover, resveratrol significantly reversed the reduction of nNOS expression in the
NOS activity ipsilateral dorsal horn spinal cord. Results show that spinal nerve ligation leads to development of tactile

allodynia along with a reduction in constitutive Ca®*-dependent NOS activity and nNOS isoform expression in
the ipsilateral dorsal horn. Data suggest that resveratrol may reduce tactile allodynia in neuropathic rats by

nNOS expression
Tactile allodynia

restoring altered NOS activity and expression.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Peripheral nerve injury may lead to neuropathic syndromes
characterized by spontaneous and evoked painful sensations. An
exaggerated response to otherwise innocuous tactile stimuli (allodynia)
is considered a hallmark and the most troublesome of these syndromes
(Koltzenburg et al., 1994). The molecular mechanisms of neuropathic
pain states are not clear. However, one consequence of nerve injuries
is the appearance of adaptive changes in the expression of a variety
of receptors, channels, and enzymes in the dorsal root ganglion of the
injured nerve and in spinal neurons receiving input from injured
afferents.

Changes in the spinal nitric oxide (NO) production may contribute to
allodynia after nerve injury. Spinal NO release is evoked by NMDA
receptor activation (Snyder, 1992; Montague et al.,, 1994; Sakai et al.,
1998) and NO has been shown to enhance the release of excitatory
amino acids (Akira et al., 1994; Montague et al., 1994; Bogdanov and
Wurtman, 1997). Accordingly, spinal administration of NMDA receptor
antagonists reduces tactile allodynia (Chaplan et al., 1997; Siegan et al.,
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1997).In addition, pharmacological evidence has suggested a correlation
between altered NO spinal production and the generation and/or
maintenance of neuropathic pain (Meller et al., 1992; Yamamoto and
Shimoyama, 1995; Inoue et al., 1998; Naik et al.,, 2006). However, so far
the role of spinal NO in the regulation of nociceptive processing after
peripheral nerve injury is controversial, showing pronociception (see
above), antinociception (Pan et al., 1998; Chen et al., 2000) or no change
(Luo et al.,, 1999; Lee et al., 2005).

On the other hand, our group (Mixcoatl-Zecuatl et al.,, 2006;
Bermudez-Ocaiia et al., 2006) and others (Chen et al., 2001; Chen and
Pan, 2003) have reported that drugs which activate the NO synthesis
reduce tactile allodynia in rats. Resveratrol (3,4’,5-trihydroxystilbene),
a naturally occurring phytoalexin present in grapes and wine, has
shown to increase activity and expression (Wallerath et al., 2002,
2005) of endothelial nitric oxide synthase (eNOS) isoform. In addition,
data from our laboratory have recently shown that resveratrol is able to
reduce tactile allodynia in an .L-NAME-sensitive manner in neuropathic
rats (Bermuidez-Ocafia et al., 2006). Taken together, these data suggest
that resveratrol-induced antiallodynic effect may be related to the
activity or expression of NOS in the spinal cord.

In this study we have examined the role of NO in L5/L6 spinal nerve
injury-induced tactile allodynia by assessing the activity and expres-
sion of spinal NOS. In addition, we tested whether or not intrathecal
resveratrol is able to modify tactile allodynia and spinal nerve injury-
induced changes in activity and expression of NOS in the spinal cord.
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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. Previous
studies from our laboratory have found no differences in tactile
allodynia between female and male rats (Caram-Salas et al., 2007).
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.

2.2. Measurement of tactile allodynia

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 preparation 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. After closing the incisions, animals were allowed to
recover for 15 days. Rats exhibiting motor deficiency (such as paw-
dragging) were discarded from the study (less than 5%).

Tactile allodynia was determined according to a previously
reported method (Chaplan et al., 1994). Briefly, rats were transferred
to a clear plastic, wire mesh-bottomed cage and allowed to
acclimatize for 30 min. Von Frey filaments (Stoelting, Wood Dale, IL)
were used to determine the 50% paw withdrawal threshold using the
up-down method of Dixon (1980). A series of filaments, starting with
one that had a buckling weight of 2 g, was applied in consecutive
sequence to the plantar surface of the right hind paw with a pressure
causing the filament to buckle. Lifting of the paw indicated a positive
response and prompted the use of the next weaker filament whereas
that absence of a paw withdrawal after 5 sec indicated a negative
response and prompted the use of the next filament of increasing
weight. This paradigm continued until four more measurements had
been made after the initial change of the behavioral response or until
5 consecutive negative (assigned a score of 15 g) or four consecutive
positive (assigned a score of 0.25 g) responses had occurred. The
resulting scores were used to calculate the 50% response threshold by
using the formula: 50% g threshold=10%*"910,000, where Xf=the
value (in log units) of the final von Frey filament used, k=the value
(from table in Chaplan et al., 1994) for the pattern of positive and/or
negative responses, and d=the mean difference (in log units) between
stimulus strengths. Behavioral tests were performed immediately
before and 30 min after drug administration. Threshold was then
assessed every 30 min until 5 h. Allodynia was considered to be
present when paw withdrawal thresholds were <4 g. Rats not
demonstrating allodynia were not further studied (less than 5%).

2.3. Spinal surgery

Ten days after the first surgery rats were anesthetized with a
ketamine/xylazine mixture (45/12 mg/kg, i.p.) and placed in a
stereotaxic head holder in order to expose the atlantooccipital
membrane (Yaksh and Rudy, 1976). After piercing the membrane, a
PE-10 catheter (7.5 cm) was passed intrathecally to the level of the
thoracolumbar junction and the wound sutured. Rats were allowed to
recover from surgery for at least 4-5 days in individualized cages
before use. Animals showing any signs of motor impairment were
euthanized with CO,.

2.4. Drugs

Resveratrol was obtained from Sigma (St. Louis, MO, USA) and
dissolved in 100% dimethyl sulfoxide.

2.5. Experimental protocols

Three groups of animals were employed. The first group of rats was
used to determine the time course (0-15 days) of tactile allodynia in
sham and L5/L6 spinal nerve-ligated rats. In the second group, the left
L5/L6 spinal nerves were exposed and tightly ligated. Animals were
assessed for tactile allodynia and then sacrificed and spinal cord
harvested at day 1, 5, 10 and 15 following nerve injury. This group was
compared with naive and sham-operated rats. The third group of rats
received a spinal injection of resveratrol (300 pg in 10 ul) at day 15 and
animals were sacrificed and spinal cord harvested at 1,2,2.5,3,4and 5 h
later. Selection of the resveratrol dose was based on previous studies
with this drug in the same model (Bermtdez-Ocaiia et al., 2006).

2.6. Sample dissection

At day 1, 5,10 and 15 following nerve injury, the nerve-ligated rats
destined to the study of NOS catalytic activity and expression were re-
anesthetized. The spinal cord segments L1-S1 were excised and the
spinal cord was quickly extruded into an ice-cold isotonic saline
solution and cleaned from surrounding tissue. The ventral horns were
gently marked unilaterally by a scalpel incision to enable the ipsilateral
(lesioned) and contralateral (unlesioned) sides to be identified. Excised
tissues, which included L4-L6 spinal cord segments, were dropped
into liquid nitrogen for 1 min and then stored in a freezer.

2.7. NOS radioassay

Catalytic activity of constitutive Ca%*-dependent NOS (including,
eNOS and nNOS isoforms), as well as the inducible Ca?*-independent
NOS (iNOS isoform) was determined by the conversion of [>HJ-L-
arginine to [>H]-L-citrulline according to the method of Bredt and
Snyder (1990) with slight modifications previously described (Pérez-
Severiano et al., 2002; Segovia and Pérez-Severiano, 2004). Each
spinal cord tissue (ipsilateral and contralateral dorsal segment or
ipsilateral and contralateral ventral segment) sample was homoge-
nized in 250 pl of buffer (50 mM Tris-HCI, 0.1 mM EDTA, 0.1 mM EGTA,
0.1% p-mercaptoethanol, pH 7.5) containing a cocktail of protease
inhibitors (100 pM leupeptin, 1 mM phenylmethylsulphonyl fluoride,
2 pg/ml aprotinin, 10 pg/ml soybean trypsin inhibitor) and 0.1% v/v
Nonidet NP-40. A volume of homogenized solution containing 500 pg
of protein was incubated for 30 min at 37 °C in the presence of 10 uyM
L-arginine-HCl, 0.2 pCi [H]-L-arginine, 1 mM NADPH, 100 nM
calmodulin, 2.5 mM CaCl,, and 30 pM BHg. To assay the activity of
Ca%*-independent iNOS, the incubation was performed in the
presence of 0.1 mM EGTA and 0.1 mM EDTA with no CaCl,. Reactions
were stopped by adding a buffer containing 2 mM EGTA, 2 mM EDTA,
20 mM HEPES, pH 5.5. The reaction mixture was applied onto a 1 ml
column of cation interchange resin (Dowex-50W), which had been
previously equilibrated with stop buffer. This column retains labeled
arginine and allows [H]-L-citrulline to elute through the column.
[H]-L-citrulline was quantified using a Beckman LS6500 scintillation
counter. Results were expressed as ng [>H]-L-citrulline/500 pg of
protein per 30 min according to Pérez-Severiano et al. (2002).

2.8. nNOS expression

The assay has been previously described (Segovia et al., 1998).
Briefly, we used the same homogenized samples that were employed
in NOS activity measurement and the total protein was analyzed by
the method of Lowry et al. (1951). Western blots were carried out
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using 50 pg of protein per lane on an 8% SDS-polyacrylamide gel and
transferred onto Hybond polyvinylidene fluoride membrane (PVDF,
Amersham Biosciences, UK). After that, the PVDF membrane was
blocked with TBS containing 5% skim milk and 0.05% Tween 20 for 1 h
at room temperature. Then it was incubated overnight at 4 °C with
polyclonal antibody against nNOS (Santa Cruz Biotechnology, CA,
USA), at a final dilution of 1:250. The membrane was then washed and
incubated with the secondary goat antimouse peroxidase-labeled
antibody (Zymed) diluted 1:6000 in blocking solution for 1 h at room
temperature. Membranes were extensively washed and bands were
identified by chemoluminesence using the Luminol detection system
(Santa Cruz Biotechnology, CA, USA). The relative presence of nNOS
was normalized with the reference protein B-actin (Diaz-Barriga et al.,
1989). Images from film were digitally acquired with a BioDoc-It
System (UVP) and a densitometry analysis was performed using the
Lab Works™ 4.0 Image Acquisition and Analysis Software (UVP). Data
were expressed as normalized optical density (OD) in arbitrary units.

2.9. Data analysis and statistics

Data of the time course of tactile allodynia in sham and spinal
nerve-ligated rats are the mean+S.E.M. for 6 animals per group.
Results of activity and expression experiments are given as the mean+
S.E.M. for 3-4 animals per group. Two-way analysis of variance
(ANOVA) followed by the Bonferroni or Tukey's test were used to
assess the effect of time (1, 5,10 and 15 days) and spinal nerve ligation
(versus naive and sham groups) in the activity and expression
experiments (SPSS software, version 13). One-way ANOVA was used
to determine differences in the effect of resveratrol on activity and
expression of NOS in dorsal horn of neuropathic rats. Differences were
considered to reach statistical significance when P<0.05.

3. Results
3.1. Spinal nerve ligation

Ligation of L5/L6 spinal nerves produced tactile allodynia in the rats
evidenced by a decrease in paw withdrawal threshold as compared to
sham-operated rats. Tactile allodynia was evident 1 day after spinal
nerve ligation and remained stable for 15 days (Fig. 1).

3.2. NOS activity and expression

Besides tactile allodynia, spinal nerve ligation produced a sig-
nificant reduction (P<0.05) of catalytic activity of the constitutive Ca®*-
dependent NOS in the ipsilateral dorsal horn, but not contralateral
dorsal or ipsilateral ventral (not shown), spinal cord at 1, 5, 10 and
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Fig. 1. Time course of tactile allodynia in rats with ligation of L5/L6 spinal nerves
compared to sham-operated rats. Data are the mean+S.E.M. for six animals. PWT, paw
withdrawal threshold.

=
§12*
[«] ==
8 10- s
9 T £
£8 9
> W *
ﬁ.‘E 6- * * *
< =
]
O £ 4
Z0
=l
T 2
]
&
o n
£ N Sh L N Sh L N Sh L N Sh L

1Day 5Days 10Days 15 Days

LEFT DORSAL SPINAL CORD

Fig. 2. Catalytic activity of the constitutive Ca**-dependent NOS in the left dorsal horn of
naive (N) and sham (Sh) rats as well as animals submitted to ligation (L) of L5/L6 spinal
nerves. Rats were operated and spinal cords harvested at 1, 5, 10 and 15 days after
surgery. Catalytic activity is expressed as ng of [*H]-citrulline/500 pg protein/30 min.
Bars are the mean +S.E.M. for 3-4 animals. * Significantly different from naive and sham
groups, as determined by two-way ANOVA followed by the Bonferroni test.

15 days after surgery compared to naive and sham-operated animals
(Fig. 2). No changes in the activity of inducible Ca®*-independent NOS
were observed (data not shown). Moreover, nerve ligation also induced
a significant reduction (P<0.05) of nNOS expression in the ipsilateral
dorsal horn (Fig. 3), but not contralateral dorsal or ipsilateral or
contralateral ventral (not shown), spinal cord at 10 and 15 days after
surgery compared to naive and sham-operated animals.

3.3. Effect of resveratrol on tactile allodynia and reduction of NOS
activity and expression induced by spinal nerve ligation

Intrathecal treatment with resveratrol (300 pg, day 15), but not
vehicle, increased withdrawal threshold and this was interpreted as a
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Fig. 3. Expression of nNOS isoform in naive (N), sham (Sh) and ligated (L) rats. A)
Immunoblots of nNOS (155 kDa) and -actin (43 kDa) at different days after neuropathy
induction. B) Expression of nNOS isoform. Data are expressed as the optical density (0.D.) of
the nNOS/B-actin ratio in arbitrary units. Bars are the mean+S.E.M. for 3-4 animals.
*Significantly different from naive and sham groups, as determined by two-way ANOVA
followed by the Bonferroni test.
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Fig. 4. Antiallodynic effect of resveratrol in rats submitted to ligation of L5 and L6 spinal
nerves. Rats were treated with intrathecal vehicle or resveratrol (day 15) 30 min before
starting thresholds evaluations. Data are expressed as the 50% paw withdrawal
threshold (PWT). Data are the mean+S.E.M. for six animals.

reduction of tactile allodynia in neuropathic rats (Fig. 4). Besides its
antiallodynic effect, resveratrol significantly reversed (P<0.05), above
the baseline levels, the observed reduction of constitutive Ca®*-
dependent NOS activity in the left dorsal (ipsilateral, Fig. 5), but not
right dorsal or left or right ventral horn (not shown), spinal cord
compared to control rats. The reversal started at 2 h and it was
maximal at about 3 h, time at which the maximal antiallodynic
effect of resveratrol was reached. Resveratrol did not modify Ca®'-
independent NOS activity (data not shown). In addition, intrathecal
injection of resveratrol partially but significantly reversed (P<0.05)
the observed reduction of nNOS expression in the left dorsal horn
(ipsilateral, Fig. 6), but not right dorsal (contralateral) or left or right
ventral horn (not shown), spinal cord compared to control rats.
Reversal was significant at 3 h and remained up to 5 h.

4. Discussion

Ligation of L5/L6 spinal nerves produced tactile allodynia from day
1 to 15. This allodynia was accompanied by a significant reduction of
the constitutive Ca®*-dependent NOS activity in the left dorsal horn
(ipsilateral), but not right dorsal (contralateral) or left or right ventral,
at day 1, 5, 10 and 15. Our results agree with previous observations
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Fig. 5. Effect of resveratrol on the catalytic activity of the constitutive Ca?*-dependent
NOS in the left dorsal horn of rats submitted to ligation of L5 and L6 spinal nerves. Rats
were operated, treated with resveratrol at day 15 and spinal cords were harvested after
resveratrol treatment. Catalytic activity is expressed as ng of [*H]-citrulline/500 pg
protein/30 min. Bars are the mean+S.E.M. for 3-4 animals. *Significantly different from
control (C) group, as determined by one-way ANOVA followed by the Tukey's test. Naive
(N) group is plotted as reference.
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Fig. 6. Effect of resveratrol on the expression of the nNOS isoform in rats submitted to
ligation of L5/L6 spinal nerves. A) Immunoblots of nNOS (155 kDa) and (3-actin (43 kDa)
at different times after resveratrol treatment. B) Effect of resveratrol on the expression
of nNOS. Data are expressed as the optical density (0.D.) of the nNOS/B-actin ratio in
arbitrary units. Bars are the mean+S.E.M. for 3-4 animals. *Significantly different from
control (C) group, as determined by one-way ANOVA followed by the Tukey's test. Naive
(N) group is plotted as reference.

showing a decrease in NOS activity in lumbar spinal cord 2 and
4 weeks after neuropathic surgery (Choi et al., 1996). The fact that the
reduced activity of NOS was observed only in the left dorsal horn
spinal cord, ipsilateral to nerve damage, supports a possible correla-
tion with the spinal sensory processing of neuropathic pain. According
to a reduced activity, nNOS expression was also reduced at day 10 and
15 after surgery. Again, this reduction was only observed in the left
dorsal (ipsilateral), but not right dorsal or left or right ventral horn
suggesting a possible relevance in neuropathic pain. Our results agree
with those of Zhang et al. (1993) reporting a reduction in the number of
NOS-immunoreactive neurons in lamina II of the left dorsal horn
(ipsilateral). Other authors have reported no change in nNOS mRNA
and protein expression in dorsal spinal cord 2 weeks after nerve injury
(Luo et al., 1999). Contrariwise, an increase in activity (Choi et al., 1996;
Cizkova et al., 2002), mRNA and protein expression (Luo et al., 1999) as
well as the number of NOS-immunoreactive neurons (Fiallos-Estrada
et al., 1993; Zhang et al., 1993; Steel et al., 1995; Luo et al., 1999;
Gonzélez-Hernandez and Rustioni, 1999; Cizkova et al., 2002;
Lukacova et al., 2003) was reported in dorsal root ganglion. Differences
in the results are difficult to explain. One possibility is that nerve injury
increases NOS activity and expression in dorsal root ganglion whereas
in spinal cord, changes are in the opposite way. Whatever the case, it
has been suggested that changes in dorsal root ganglion are not
relevant for neuropathic pain, as nNOS up-regulation in this site
remains elevated in nerve-injured rats fully recovered from tactile
allodynia or in rats that do not develop tactile allodynia after nerve
ligation (Luo et al., 1999). Another possibility is that changes induced
by peripheral nerve injury (in this study) may affect NOS activity and
expression only in intrinsic neurons in dorsal horn or descending
fibers, but not dorsal root ganglion. Methods to induce neuropathic
pain may also have a role in these differences. However, the final
answer will need more investigation.

Previous observations of our group have shown that the spinal
administration of resveratrol reduces tactile allodynia in a dose-
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dependent and L.-NAME-sensitive manner in rats submitted to L5/L6
spinal nerve ligation (Bermidez-Ocafia et al., 2006). This study
suggested that resveratrol produces its antiallodynic effect through
activation of spinal NOS. Thus, in order to reduce tactile allodynia,
resveratrol may affect NOS activity or expression or both. In the current
study, these alternatives were examined. Intrathecal treatment with
resveratrol (day 15) diminished tactile allodynia and reversed the
observed reduction of constitutive Ca®’-dependent NOS but not
inducible Ca®*-independent NOS activity in the left dorsal horn
(ipsilateral) spinal cord compared to control rats. To the best of our
knowledge, this is the first report concerning the effect of resveratrol on
NOS activity in neuropathic rats. Results agree with data showing that
either acute (2 min) or long-term exposition (24-72 h) to resveratrol is
able to increase activity of eNOS in human umbilical vein endothelial
cells (Wallerath et al., 2002, 2003; Leikert et al., 2002). In addition,
resveratrol increases endothelial and iNOS activity in the human
hepatocyte-derived cancer cell line HepG2 (Notas et al., 2006). Contra-
riwise, there is recent evidence that resveratrol is able to reduce thermal
hyperalgesia in diabetic mice by reducing NO release as well as oxidative
damage (Sharma et al., 2007; Ates et al., 2007; Kumar et al., 2007).
Differences may be due to different model to induce nerve injury.

Besides its effect on allodynia and NOS activity, intrathecal
administration of resveratrol (day 15) partially reversed spinal nerve
ligation-induced reduction of nNOS protein expression in the left
dorsal horn spinal cord. This is the first study assessing the effect of
resveratrol on the spinal nNOS in rats submitted to spinal nerve injury.
However, data from cell cultures show that resveratrol induces eNOS
protein expression in human umbilical vein endothelial cells (Leikert
et al., 2002). There are also studies reporting that resveratrol induces
the expression of INOS mRNA in mice (Imamura et al., 2002). Then, our
results suggest that, besides induction of eNOS expression, resveratrol
could be able to induce expression of the neuronal isoform at least in
the spinal cord. The mechanisms by which resveratrol increases
expression of nNOS on the spinal cord of neuropathic rats are
unknown and they warrant further investigation.

In summary, this study has shown that spinal nerve ligation leads
to development of tactile allodynia in rats. Allodynia is accompanied
by a reduction in constitutive Ca?*-dependent NOS activity and a
reduction of nNOS isoform expression in the left dorsal horn,
ipsilateral to the nerve damage. Intrathecal administration of
resveratrol reduces tactile allodynia and it reverses spinal nerve
ligation-induced reduction in NOS activity and nNOS expression. Thus
data suggest that resveratrol may reduce tactile allodynia in neuro-
pathic rats by restoring altered NOS activity and expression.
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