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ABSTRACT

The aim of the present study was to test the hypothesis that the TRPV4-NO-cGMP-PKG cascade is involved
in the maintenance of thermal hyperalgesia following chronic compression of the dorsal root ganglion
(DRG) (the procedure hereafter termed CCD) in rats. CCD rats showed thermal hyperalgesia and increased
nitrite production. Intrathecal administration of ruthenium red (TRPV4 antagonist, 0.1-1 nmol), TRPV4
antisense ODN (TRPV4 AS, 40 g, daily for 7 days), N¢-L-nitro-arginine methyl ester (L-NAME, inhibitor
of NO synthase, 30-300 nmol), 1H-[1,2,4]-oxadiazolo [4,3-a] quinoxalin-1-one (ODQ, a soluble guanylate
cyclase inhibitor, 50-100 nmol) or 8-(4-Chlorophenylthio) guanosine 3’,5'-cyclic Monophosphothioate,
Rp-Isomer sodium salt (Rp-8-pCPT-cGMPS, a PKG inhibitor, 25-50 nmol) induced a significant (P<0.001)
and dose-dependent increase in the paw withdrawal latency (PWL) compared with control rats, respec-
tively. Ruthenium red (1 nmol), TRPV4 AS (40 pg, daily for 7 days) or L-NAME (300 nmol) decreased
nitrite (an index of nitric oxide formation) in the DRG of CCD rats. In addition, the phorbol ester 4a-
phorbol 12,13-didecanoate (4a-PDD, TRPV4 synthetic activator, 1 nmol), co-administered with L-NAME
(300 nmol), attenuated the suppressive effect of L-NAME on CCD-induced thermal hyperalgesia and
nitrite production. Our data suggested that the TRPV4-NO-cGMP-PKG pathway could be involved in

CCD-induced thermal hyperalgesia.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Chronic compression of the dorsal root ganglion (DRG) (the
procedure hereafter termed CCD) in animals, a typical model of
neuropathic pain, mimics clinical disc herniation and spinal canal
stenosis in humans. CCD rats show ipsilateral spontaneous pain,
mechanical allodynia, and thermal hyperalgesia. In association
with these behavioral effects, an increased excitability of neu-
ronal somata in the compressed ganglion has been shown, as
evidenced by spontaneous activity, lowered rheobase and action
potential thresholds [18,36-39]. Cyclic adenosine monophosphate
(cAMP)-dependent protein kinase A (PKA) and cyclic guano-
sine monophosphate (cGMP)-dependent protein kinase G (PKG)
pathways, both second messenger signals, have been shown to
participate in maintaining neuronal hyperexcitability and behav-
ioral hyperalgesia in CCD treatment [38]. Moreover, several types
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of ion channels, such as voltage-gated Na* and K*' [20,44],
hyperpolarization-activated cation current [55], and TRPV4 [59]
have been reported to mediate detection and transmission of noci-
ceptive stimuli in CCD neurons. However, to date, the detailed
mechanisms of nociceptive signal transfer and the correlation
between the ion channels and the second messenger signals in
behavioral hyperalgesia remain unclear in the CCD model of neu-
ropathic pain in rats.

TRPV4 is a polymodal receptor that is activated by hypo-
tonicity, mechanical stimuli, heat, phorbol esters, low pH, citrate,
anandamide (AEA) and its LOX metabolite arachidonic acid
(AA), and bisandrographolide A (BAA) [28,35,53]. TRPV4 is ino-
volved in mechanical hyperalgesia and allodynia, as revealed by
enhanced responses to hypotonic or hypertonic test stimuli after
sensitization by PGE; [1,2]. TRPV4 knockdown studies show abnor-
mal osmotic regulation and increased nociceptive threshold to
pressure with unchanged response to heat and touch [22,41].
TRPV4—/— knockout mice also show reduced thermal hyperalge-
sia in inflammatory pain [49]. Moreover, TRPV4 has been shown
to contribute to mechanical and hypotonic hyperalgesia in neu-
ropathic pain models, such as vincristine-induced neuropathy
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(chemotherapy), paclitaxel-induced neuropathy (chemotherapy),
streptozotocin-induced neuropathy (a model for diabetes), 2/,3'-
dideoxycytidine-induced neuropathy (AIDS therapy), and alcohol
withdrawal-induced neuropathy (a model of binge drinking) [3,4].
While it is recognized that TRPV4 contributes to mechanical and
hypotonic hyperalgesia in neuropathic and inflammatory pain
[1-4], TRPV4 is also reported to be involved in thermal hyperalgesia
in inflammatory pain [49]. However, whether TRPV4 participates
in thermal hyperalgesia in neuropathic pain is unknown.

TRPV4, with its gene and protein expression in DRG increased
after CCD, contributes to mechanical hyperalgesia and exhibits
robust CaZ* entry on exposure to a hypotonic milieu or a
phorbol ester, 4a-PDD [21,59]. Nitric oxide synthase (NOS) is
Ca?*-dependent and is responsible for the synthesis of NO from
L-arginine [16,29]. NO has been shown to be a key mediator of
nociceptive activity in animal pain models [23,34,46,47]. TRPV4
synthetic activator, 4a-PDD, and hypoosmotic stimulation could
induce NO production in outer hair cells of the guinea pig cochlea,
while NO production is inhibited by ruthenium red, an inhibitor
of TRPV4 [43]. TRPV4, as an osmosensory transducer, may modu-
late downstream effectors via glutamatergic synapses [7]. NO is
also reported to increase glutamate release through cGMP-PKG
signaling pathways [19,31]. Further, 4a-PDD and hypoosmotic
stimulation induce TRPV4-dependent CGRP release [17] and an
increase in NO is associated with up-regulation of CGRP syn-
thesis and release [6,9,12,15,40]. TRPV4 may thus be associated
with NO-cGMP-PKG pathways. Moreover, NO-cGMP [32], cGMP-
protein kinase G (PKG) [38], and NO-cGMP-PKG [45,48] pathways
have been found to contribute to hyperalgesia in neuropathic and
inflammatory pain. We therefore hypothesized that the activation
of TRPV4 in DRG initiates an influx of Ca2*, stimulating Ca%*-
dependent NOS, thereby activating the NO-cGMP-PKG pathway,
which in turn enhances the release of glutamate and CGRP. This
pathway may contribute to nociceptive response following CCD. In
the present study, we evaluated the role of TRPV4-NO-cGMP-PKG
pathways in thermal hyperalgesia in the CCD model by examining
the effects of TRPV4 knockdown on behavioral responses and on
NO production in the DRG.

2. Materials and methods
2.1. Animal and surgical procedure

The study complied with the Chinese Institutional Care Committee for the use of
animals and was performed in accordance with the Helsinki declaration. All efforts
were made to minimize suffering and the number of animals used. Adult male Wis-
tar rats weighing 150-180 g (Shandong University Lab Animal Center, Jinan, China)
were housed in a controlled environment (12 h light/dark cycle, room temperature
23 +2°C, 50-60% relative humidity), with free access to food and water for at least
7 days before surgery. All experiments took place during the light period between
8:00 and 17:00 h in a quiet room. Rats were randomly divided into CCD and sham
groups. In the CCD rats, under pentobarbital sodium anesthesia (Nembutal, 50 mg/kg
ip), the transverse process and intervertebral foramina of L4 and L5 were exposed
unilaterally as previously described [18,36]. A stainless steel L-shaped rod (0.63-mm
diameter and 4-mm length) was inserted into each foramen, one at L4 and the other
at the L5 level, to compress the DRG. The muscle and skin layers were then sutured.
Penicillin was injected to prevent infection. The sham group underwent the same
surgical procedure as described, but without the insertion of the rods. The animals
did not show any autotomy, nor was there a complete loss of sensation following
the surgery.

2.2. Antisense oligodeoxynucleotide treatment

To determine the effects of antisense oligodeoxynucleotide (ODN) treatment on
CCD-induced thermal hyperalgesia, CCD and sham rats were treated with a spinal
intrathecal administration of TRPV4 antisense ODN and mismatch ODN, respec-
tively. The TRPV4 antisense ODN sequence, 5-CATCACCAGGATCTGCCATACTG-
3’ (Invitrogen, Carlsbad, CA, USA) and the mismatch ODN sequence, 5'-
CAACAGGAGGTTCAGGCAAACTG-3' (Invitrogen) were designed as described
previously [2,3]. ODN was reconstituted in nuclease-free 0.9% NaCl (10 p.g/.l) and
administered into the spinal intrathecal space at a dose of 40 pg, once a day for 7
days until the animals were sacrificed or treated with drugs. As described previously

[2,3], rats were anesthetized with 2.5% isoflurane inhalation anesthetic (97.5% 03), a
30-gauge needle was inserted into the subarachnoid space on the midline between
the L4 and L5 vertebrae and 20 ! ODN injected at 1 p.l/s, using a micro-syringe.

2.3. Western blot

Six DRGs from 3 rats dissected as one sample were quickly frozen in liquid
nitrogen and stored at —80 °C for further examination. Frozen tissues were homog-
enized in the homogenization buffer (50 mM Tris-HCl, 0.1 mM EDTA, 0.1 mM EGTA,
1 mM phenylmethylsulfonyl fluoride, 1 mM leupeptin, 2 mM pepstatin A, 0.1% 2-
mercaptoethanol). The crude homogenate was centrifuged at 4°C for 15 min at
15,000 x g. The supernatants was collected and measured three times. After quan-
tification by BCA assay (Beyotime Biotech Inc., Jiangsu, People’s Republic of China),
30 ng of protein from each sample was separated by SDS-PAGE (12% gel) and
transferred to polyvinyl fluoride membranes (Bio-Rad, Hercules, CA, USA). The nitro-
cellulose membrane was incubated in blocking buffer [5% non-fat dry milk in TTBS
(100 mmol/1 Tris-HCl, pH 7.5, 150 mmol/l NaCl and 0.1% Tween 20)] for 2h at
room temperature, followed by incubation overnight at 4°C in a polyclonal anti-
TRPV4 preparation (1:500, Abcam, Cambridge, UK). The membranes were washed
with blocking buffer to remove the non-specific binding and incubated with anti-
rabbit IgG peroxidase conjugate (1:1500, Zhongshan Gold Bridge, Beijing, China)
in blocking buffer for 1h at room temperature. The membrane was then washed,
incubated with and visualized by an enhanced chemiluminescence kit (Amersham,
Buckinghamshire, UK). The band intensities were quantified by AlphaEaseFC® Imag-
ing software 4.0 (Alpha Innotech, San Leandro, CA, USA). The protein levels were
expressed as a ratio of density of the detected band over that of $-actin (1:5000,
Abcam, Cambridge, UK).

2.4. Behavioral testing

Thermal hyperalgesia was assessed using paw withdrawal latencies to radiant
heat (BME-410A, Biomedical Engineering Institute of the Chinese Academy of Med-
ical Sciences), as described previously [50]. Animals were acclimated to the cage
with a 6-mm thick glass floor, and the temperature of the glass was measured and
maintained at 26 4+ 0.5 °C. Then, the radiant heat source beneath the glass floor was
focused on the plantar surface of the ipsilateral hind paw when in contact with the
glass floor. The paw withdrawal latencies per animal were obtained five times, with
an intervening interval of 5 min. The intensity was pre-calibrated to give a baseline
latency of approximately 10s and the cutoff time was set at 20s to avoid tissue
damage. During this time, the rats initially demonstrated exploratory behavior, but
subsequently stopped exploring and stood quietly with occasional bouts of groom-
ing. The rats were tested on each of 2 successive days before surgery. Postoperative
tests were conducted 2 h before chemicals treatment on the 7th day after surgery.
Rats not demonstrating hyperalgesia were excluded from further study (less than
5%). Additional tests were conducted 1, 2, 4, 8, and 24 h after injection of chemi-
cals or saline (2.5%DMSO) into the subarachnoid space on the midline between the
L4 and L5 vertebrae on the 7th day after surgery. For experiments investigating the
effect of treatment with TRPV4 antisense ODN on nociceptive thresholds, behavioral
testing was performed 12 h after the last ODN injection. All behavioral tests were
conducted under blind conditions.

2.5. Nitrite production assay

The level of nitrite as a measure of NO production in DRG was determined
with modified Griess reagent. A nitrite detection kit (Beyotime Biotech Inc., Jiangsu,
People’s Republic of China) was used according to instructions provided by the man-
ufacturer. In brief, the rats were decapitated 0, 1, 2, 4, 8, or 24 h after intrathecal
injections of chemicals or 12 h after the last ODN injection. The L4 and L5 DRGs
from two rats were pooled as one sample and each sample was homogenized
in 300 wl homogenization buffer (50 mM Tris-HCl, 0.1 mM EDTA, 0.1 mM EGTA,
1mM phenylmethylsulfonyl fluoride, 1 mM leupeptin, 2 mM pepstatin A, 0.1% 2-
mercaptoethanol) and centrifuged at 4°C for 15 min at 15,000 x g, the supernatants
was collected and assayed in triplicate, and a standard curve using NaNO; was gen-
erated for each experiment for quantification. Briefly, 50 pl of the supernatants
or standard NaNO, was mixed with 50 .l of Griess reagent I and 50 nl of Griess
reagent Il in a 96-well plate at room temperature for 10 min, and the absorbance
was measured at 540 nm using a microplate reader. Results from three independent
experiments were used for statistical analysis.

2.6. Chemicals and treatment

The following chemicals were used in this study: NC-L-nitro-arginine methyl
ester (L-NAME, inhibitor of NO synthase, Cayman, Ann Arbor, MI, USA), N¢-D-
nitro-arginine methyl ester (D-NAME, an inactive isomer of L-NAME, Sigma, St.
Louis, MO, USA), 1H-[1,2,4]-oxadiazolo [4,3-a] quinoxalin-1-one (ODQ, a soluble
guanylate cyclase (sGC) inhibitor, Cayman, Ann Arbor, MI, USA), the phorbol ester
4o-phorbol 12,12-didecanoate (4a-PDD, TRPV4 synthetic activator, Sigma), 8-(4-
Chlorophenylthio) guanosine 3’,5'-cyclic Monophosphothioate, Rp-Isomer sodium
salt (Rp-8-pCPT-cGMPS, a PKG inhibitor, Sigma), and ruthenium red (TRPV4 antag-
onist, Sigma). All chemicals were dissolved in saline, with the exception of ODQ



196 X.-L. Ding et al. / Behavioural Brain Research 208 (2010) 194-201

(A) 14 9 —s— sham
—o— CCD
12 4 §
— 104
@
=
=
& 8 4 P K% ARK
AR Rkk
k.22
6 4
4 T T T T T T T
pre- Oh 1h 2h 4h 8h 24h
surgery
(B) 25 4 mEEE sham
—= CCD
XXk
#Hé
% 20 - .
£
=
c 15 1
2
B
=]
H
5 101
2
= 5 - _
0 . T . T
pre-CCD post-CCD

Fig. 1. (A) Thermal hyperalgesia induced by chronic compression of the DRG (CCD)
7 days post-surgery. n=9. (B) Changes of NO metabolites nitrite in the DRG in
CCD rats compared to sham operated rats 7 days post-CCD. n=9 in each group.
***P<0.001 compared with the sham group. #*##P<0.001 compared with corre-
sponding pre-CCD. CCD: chronic compression of the dorsal root ganglion; DRG:
dorsal root ganglion; NO: nitric oxide.

and 4a-PDD, which were dissolved in 50% DMSO (Sigma). For all chemicals, final
experimental dilutions were made in saline on the day of the experiment (final
concentrations of DMSO were 2.5%). All these chemicals were injected intrathecally
once in a 10 pl volume followed by a 10 .l saline flush. Doses and administration
schedule of different inhibitors for intrathecal administration were selected based
on previous reports [27,38,45] and on pilot experiments in our laboratory.

2.7. Statistical analysis

Statistical analysis was performed by one-way or two-way analysis of variance
(ANOVA) followed by Newman-Keuls test or Tukey test when appropriate. Data
were expressed as mean =+ standard error (S.E.M). A value of P<0.05 was considered
to be significant.

3. Results

3.1. Effects of antagonist and antisense ODN of TRPV4 on
CCD-induced thermal hyperalgesia and levels of NO derivative
nitrite in DRG

CCD produced a clear-cut hyperalgesia compared to the sham
rats (Fq,112)=175.858, P<0.001) (Fig. 1A). The levels of NO deriva-
tive nitrite in DRG were significantly increased at 7 days in the CCD
group when compared with the sham group (P<0.001) (Fig. 1B).
There were no significant changes in the levels of nitrite in the sham
group (P=0.663).

The intrathecal administration of the non-specific inhibitor
of TRPV4 ruthenium red in concentrations of 0.1-1nmol (both
P<0.001) produced a dose-dependent reduction of the thermal
hyperalgesia in CCD rats, when compared with saline group, but
ruthenium red in a concentration of 0.01 nmol did not (P=0.497)
(Fig. 2A). The significant reduction of the thermal hyperalge-
sia was observed at 1h, peaked at 4h, and lasted for about
8 h post-injection. There were no significant differences between
groups at 24h after administration (all P>0.05). As shown in
Fig. 2B, intrathecal injection of ruthenium red (1nmol) signif-
icantly decreased the concentration of NO metabolites nitrite
in DRG in CCD rats when compared to saline (P<0.001). The
reduction of nitrite in DRG peaked at 4h and was positively
associated with the changes of thermal responses (r=0.997,
P<0.05, Fig. 2A) after ruthenium red (1 nmol) injection at 7 days
post-surgery.

Ruthenium red has inhibitory effects on TRPV4, TRPV1 [24], and
intracellular stored Ca2* release [57]. Due to the lack of specific
pharmacological blockers of TRPV4, we used TRPV4 antisense ODN
to interfere TRPV4 protein expression in the current study. Western
blotting showed that, TRPV4 expression in DRG 7 days following
compression was significantly (P<0.001) inhibited by intrathecal
injection of antisense ODN, but not inhibited by mismatch ODN
treatment, as compared to controls (Fig. 2C and D).

The PWLs in CCD rats were similar at baseline among groups
(Fig. 2E, all P> 0.05), but after intrathecal ODN treatment for 7 days,
the PWL was decreased significantly in the CCD and MM groups
when compared with the baseline (both P<0.001). In contrast, ther-
mal hyperalgesia was partly reversed in the AS group (P=0.059)
compared with baseline. There were no significant changes in the
PWL following intrathecal AS or MM in sham rats (data not shown).
In CCD rats, the antisense ODN, but not the mismatch ODN, signif-
icantly (P<0.001) inhibited the nitrite production when compared
with the vehicle group (Fig. 2F).

3.2. Effects of L-NAME on CCD-induced thermal hyperalgesia and
levels of NO derivative nitrite in DRG

Intrathecal pretreatment with L-NAME (a non-specific NOS
inhibitor, 30-300nmol) significantly (P<0.001) and dose-
dependently inhibited CCD-induced thermal hyperalgesia from 1
to 8 h with the peak inhibitory effect at 4 h (Fig. 3A) post-injection.
Moreover, as shown in Fig. 3B, the level of NO derivative nitrite in
the DRG of CCD-treated rats was significantly (F(,, 120)=201.725,
P<0.001) suppressed by intrathecal pretreatment with L-NAME
(300 nmol). The level of nitrite began to decrease 1 h post-injection
and reached a minimum 4 h post-injection, followed by a gradual
recovery, and the changes in nitrite were not significantly different
from the saline group at 24 h post-injection (P> 0.05). Moreover,
intrathecal pretreatment with D-NAME (an inactive isomer of
L-NAME, 300 nmol) had no effects on thermal hyperalgesia or on
the concentration of nitrite at any time following DRG compression
(both P>0.05, Fig. 3).

3.3. Effects of ODQ and Rp-8-pCPT-cGMPS on CCD-induced
thermal hyperalgesia

The effects of ODQ (a sGC inhibitor, 50-100 nmol) and Rp-
8-pCPT-cGMPS (a PKG inhibitor, 25-50nmol) on CCD-induced
thermal hyperalgesia are shown in Fig. 4. Intrathecal pretreatment
with ODQ (50-100 nmol), or Rp-8-pCPT-cGMPS (25-50 nmol) sig-
nificantly (both P<0.01) and dose-dependently increased the PWL
in CCD-treated rats 1, 2, 4 and 8 h post-injection when compared
with vehicle treatment.
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Fig. 2. (A) Dose-dependent inhibitory effects of RR (a TRPV4 antagonist) on CCD-induced thermal hyperalgesia. RR (0.01-1 nmol) were injected, respectively, 1 h after PWL
evaluations and up to 24 h. Saline (0.9% NaCl) served as control. The sham group (black circle) served as a reference for the maximum possible effect. n=9 in each group. (B) The
% nitrite in the DRG after intrathecal RR(1 nmol) treatment 1, 2, 4, 8 and 24 h post-injection. Saline (0.9% NaCl) served as control. % nitrite = (the level of nitrite after RR/saline
treatment)/the level of nitrite 7days post-CCD. n=9 in each group. (C) The Western blotting bands of the TRPV4 protein expression in CCD, MM and AS 7 days post-surgery.
B-Actin served as an internal control. (D) TRPV4 relative expression (%) in CCD, MM, and AS group 7 days post-surgery. n = 3. (E) The effects of intrathecal TRPV4 ODN treatment
on CCD-induced thermal hyperalgesia. n=9. (F) The effect of TRPV4 ODN on the level of nitrite after 7 days post-CCD. n=9. *P<0.05, **P<0.01, ***P<0.001 compared with
saline group. ***P<0.001 compared with MM group. $&pP<0.001 compared with corresponding pre-CCD. #*##P<0.001 compared with CCD group. RR: ruthenium red; CCD:
chronic compression of the dorsal root ganglion; AS: antisense ODN; MM: mismatch ODN.
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Fig. 3. (A) Dose-dependent inhibitory effects of L-NAME (30-300nmol, a non-
specific NOS inhibitor) on CCD-induced thermal hyperalgesia. n=9. (B) The % nitrite
in the DRG after intrathecal L-NAME (300 nmol) treatment 1, 2, 4, 8 and 24 h post-
injection. % nitrite = (the level of nitrite after .-NAME/D-NAME/saline treatment)/the
level of nitrite 7 days post-CCD.n=9.*P< 0.05, **P<0.01, ***P<0.001 compared with
saline group. ###P<0.001 compared with D-NAME. CCD: chronic compression of the
dorsal root ganglion; DRG: dorsal root ganglion.

3.4. Effects of 4x-PDD on the suppressive effects of L-NAME on
CCD-induced thermal hyperalgesia and nitrite production

4a-PDD (the TRPV4 agonist, 1 nmol) attenuated the suppressive
effects of L-NAME (300 nmol) on CCD-induced thermal hyperal-
gesia (P<0.001), compared to L-NAME (300 nmol) alone (Fig. 5A).
Moreover, the decreased level of nitrite induced by intrathecal
injection of L-NAME (300 nmol) was also attenuated by concomi-
tant administration of 4a-PDD (1 nmol) 1 h post-injection (P<0.05,
Fig. 5B).

4. Discussion

This study demonstrates that the TRPV4-NO-cGMP-PKG path-
way is involved in thermal hyperalgesia in CCD rats. Thermal
hyperalgesia was partly attenuated by intrathecal blockers tar-
geted at any site along this signal cascade. Inhibition of TRPV4
and/or NOS significantly decreased the nitrite production in DRG
in CCD rats. Furthermore, changes in the level of nitrite are posi-
tively associated with the changes of thermal hyperalgesia. Finally,
40-PDD (1 nmol), the TRPV4 agonist, attenuated the suppressive
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Fig. 4. (A) Dose-dependent inhibitory effects of ODQ (50-100nm, a soluble
guanylate cyclase inhibitor) on CCD-induced thermal hyperalgesia. n=9. (B) Dose-
dependent inhibitory effects of Rp-8-pCPT-cGMPS (25-50 nmol, a PKG inhibitor)
on CCD-induced thermal hyperalgesia. n=9. *P<0.05, **P<0.01, ***P<0.001 com-
pared with corresponding vehicle group. CCD: chronic compression of the dorsal
root ganglion; Rp, Rp-8-pCPT-cGMPS; PKG: protein kinase G.

effects of L-NAME (300 nmol) on CCD-induced thermal hyperalge-
sia.

4.1. TRPV4 as a thermal nociceptor in neuropathic pain

TRPV4 is a crucial mechano- or osmo-receptor in the DRG
[28]. The TRPV4 channel is involved in neuropathic and inflamma-
tory pain and plays an important pronociceptive role. It has been
reported that inflammatory mediators might contribute to sensibi-
lization of the function of TRPV4, inducing pain-related behaviors
and mechanical hypersensitivity [1,2]. Neuropathy-mediated sen-
sitization of TRPV4 occurs during mechanical and hypotonic stimuli
[3,4]. TRPV4 has been shown to contribute to CCD-induced mechan-
ical hyperalgesia [59] and TRPV4 knockdown studies have shown
ameliorated thermal hypersensitivity in inflammatory pathology
[49]. Our results provide evidence that TRPV4 is also involved
in the CCD-induced thermal hyperalgesia and may act as a ther-
monociceptor in neuropathic pain. Thus, TRPV4 may act as a
mechano- and thermo-receptor in neuropathic and inflammatory
pain.
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Fig. 5. (A) Effects of 4a-PDD (1 nm, the TRPV4 agonist) on the anti-thermal hyper-
algesia effect of L-NAME (300 nmol) in CCD rats. n=9. (B) The % nitrite in the DRG
after 1 h co-administration 4a-PDD (1nmol) with L-NAME (300 nmol). % nitrite = (the
level of nitrite after 4a-PDD + L-NAME/L-NAME/saline treatment)/the level of nitrite
7 days post-CCD. n=9. *P<0.05, **P<0.01, ***P<0.001 compared with .-NAME
group. CCD: chronic compression of the dorsal root ganglion; DRG: dorsal root
ganglion.

4.2. TRPV4-NO-cGMP-PKG pathway in neuropathic pain

Results in the current study show that TRPV4-induced NO pro-
duction elicits sequential activation of soluble guanylyl cyclase and
PKG to maintain thermal hypersensitivity following CCD. These
results support our hypothesis that the TRPV4-NO-cGMP-PKG cas-
cade is involved in neuropathic pain. The increased TRPV4 gene
and protein expression [59], the increase in the level of NO pro-
duction, the lack of increased NO production after inhibiting the
function of TRPV4 by ruthenium red or antisense ODN, and the
attenuated effects of 4a-PDD on the analgesia and decreased
nitrite production of the NOS blockers in CCD rats strongly sug-
gest that the activation of TRPV4 contributes to the synthesis of
NO. These results are supported by previous findings that 4a-PDD
and hypoosmotic stimulation could induce NO production, while
ruthenium red, an inhibitor of TRPV4, inhibits the NO production
[43]. The analgesic effects of ODQ and Rp-8-pCPT-cGMPS sug-
gest that TRPV4-dependent NO production produces an increase
in cGMP through the activation of sGC and succedent PKG, and
this cascade has been reported in earlier reports [16,30]. The

synaptic transmission between DRG neurons and spinal dorsal
horn neurons plays a key role in pain processing. It has been
reported that the activation of TRPV4 enhances the synaptic trans-
mission between DRG neurons and spinal dorsal horn neurons
[8]. TRPV4 may modulate downstream effectors via glutamater-
gic synapses [7]. NO also contributes to glutamate release through
a NO-sensitive sGC/cGMP-PKG signaling pathway on the rostral
ventrolateral medulla neurons, which play an important role in
nociceptive functions [19]. The involvement of NO/cGMP pathways
in the modulation of glutamate release has also been demonstrated
in slice preparations from the locus ceruleus [31]. On the other
hand, NO inhibits the inhibitory neurotransmitter y-aminobutyric
acid (GABA)-evoked currents in dorsal root ganglion neuron via
PKG-dependent pathways [5]. Further, TRPV4 contributes to CGRP
release [17]. NO is also involved in CGRP synthesis and release.
There is direct evidence that in DRG [9] and trigeminal ganglia
neurons [12], an increase in the concentration of NO up-regulates
CGRP synthesis and release, while treatment with a NOS inhibitor,
asymmetric dimethylarginine, down-regulates CGRP level. It has
been established that NO may sensitize the terminals of nociceptive
primary afferent fibers and enhance neuropeptide release, possi-
bly via mechanisms involving the activation of a cyclic guanidine
monophosphate (cGMP)-dependent PKG [26]. NO also induces an
increase in CGRP release from rat cranial dura mater [40], isolated
aortic rings [6] or slices of spinal cords [15]. These evidence sup-
port the notion that TRPV4 contributes to NO synthesis [43], and
NO may act through cGMP-PKG pathways to increase the release
of glutamate and CGRP, which are mediators of pain transmis-
sion. Thus, there may be a close correlation between TRPV4 and
NO-cGMP-PKG signaling pathways. Moreover, increasing evidence
supports the idea that NO [23,34,46,47], NO-cGMP [32], cGMP-PKG
[38], and NO-cGMP-PKG [45,48] play a facilitated role in noci-
ceptive transmission in the pathologic pain states. Therefore, it
is more likely that the activity of the TRPV4 channel in nocicep-
tive DRG neurons in CCD could lead to intracellular Ca2* influx, the
increased expression of Ca2*-dependent NOS, sequential increased
NO-cGMP-PKG cascade response, and release of glutamate and
CGRP. It is noteworthy that, the activation of spinal N-methyl-p-
aspartate (NMDA) receptors and subsequent NO production have
been considered to play a key role in generating acute and per-
sistent pathological pain including neuropathic and inflammatory
pain [16,25,56]. Further, stimulation of NMDA receptors leads to
Ca?*-mediated Arachidonic Acid (AA) release [11,54], and AA is an
endogenous chemical activator of TRPV4 [13,53]. It is also reported
that intrathecal administration of NMDA receptor antagonists d-
2-amino-5-phosphonovaleric acid (APV) and dizocilpine maleate
(MK-801) inhibits thermal hyperalgesia in CCD rats [37]. There-
fore, it is possible that CCD-induced TRPV4-mediated Ca2* influx in
nociceptive DRG neurons may be associated with NMDA mediated
AA release.

Given the partial reversal of TRPV4 related thermal hyperalge-
sia in CCD rats by blocking the pathway, other ionic and/or signal
transduction mechanisms underlying pronociception can not be
ruled out in the current study, such as: voltage-gated Na* and K*
[20,44], hyperpolarization-activated cation current [55], PKA, PKC,
PKD, phospholipase Cp3 [17], IP3 [13], phospholipase A2 [13], Src
tyrosine kinase [1-4], and others [28].

In addition to the pronociceptive effect of the NO-cGMP-PKG
pathway, this signal transmission pathway may also generate
antinociceptive effects [42,52], which may have result from dif-
ferent effects of the NO-cGMP-PKG pathway in different subsets of
nociceptive primary sensory neurons [51] and different upstream
signals: NO released after activation of noradrenergic and mus-
carinic receptors generates analgesic effects [10,42]; in contrast,
NO production after activation of NMDA receptors leads to hyper-
algesic effects [16,25,56]. TRPV4-related thermal hyperalgesia in
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the current study may be related to NO production after activation
of NMDA receptors.

Three isoforms of NOS have been cloned: neuronal, endothelial
and inducible NOSs [14]. The results of the current experiments did
not allow us to determine which isoform of NOS was responsible for
the TRPV4-induced NO synthesis, because L-NAME is a nonselective
inhibitor of NOS [33]. Further studies are needed to identify the
concrete isoform of NOS and the exact mechanism of the TRPV4-
NO-cGMP-PKG pathway in the pronociceptive effect in chronic pain
disorders.

It should be emphasized that our only evidence in the current
study that this pathway operates in the DRG are the effects on
measured nitrite levels in the DRG. All the other findings relied
on intrathecal delivery of drugs that would affect the spinal cord as
much or more than the DRG. We would have a better argument for
a DRG locus if we had applied the drugs adjacent to the DRG, as has
been done in another study [58].

In summary, TRPV4 enhances pain-related behavior through
a NO-cGMP-PKG cascade that may occur within the DRG in CCD
rats. The present results suggest that blockade of the TRPV4-NO-
cGMP-PKG pathway could be an effective therapeutic approach for
patients with chronic pain.
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