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Abstract: Inadequate management of neuropathic pain results in poor clinical outcomes and reduces quality of life
for the patient all over the world, but intricate interplay between wide variety of the pathophysiological mechanisms
involved in the development and progression of neuropathic pain makes it difficult to design effective therapeutic
strategies. The present study aims to elucidate the interaction of 5-HT,, receptors (5-HT,,Rs), soluble guanylate cy-
clase (sGC) and NO/cGMP signaling pathway in the development of neuropathic pain. The results showed that after
sciatic nerve crush procedure, the protein level of sGC in the spinal cord was greatly increased. The mechanical
threshold in rats was significantly enhanced by the sGC inhibitor ODQ and neuronal NO synthase (nNOS) inhibitor
SMTC, indicating the role of sGC and nNOS in the process of neuropathic pain. The treatment of NO donors (SNP
and SIN-1) and cGMP-selective phosphodiesterase inhibitor (Zaprinast) all significantly decreased the mechanical
threshold in rats, but the 5-HT,,Rs inhibitor WAY100635 significantly increased the mechanical threshold in rats,
demonstrating the role of NO/cGMP pathway and 5-HT,,Rs in the development of neuropathic pain. Finally, the pro-
tein levels of sGC was greatly increased by SNP and Zaprinast but decreased by WAY100635 and SMTC, showing
the regulation of NO/cGMP pathway and 5-HT,,Rs on the protein expression of sGC. Taken together, it is suggested
that sGC in the spinal cord regulates the neuropathic pain, which is mediated by 5-HT,,Rs and NO/cGMP pathway.

Keywords: Neuropathic pain, soluble guanylate cyclase, 5-HT,, receptors, neuronal NO synthase, NO/cGMP path-

way

Introduction

Neuropathic pain, characterized by allodynia
and pain hypersensitivity from the partially de-
nervated regions [1], is notoriously difficult to
treat with available analgesics. Patients with
neuropathic pain suffer complicated symptoms
associated with ongoing spontaneous pain and
evoked pain [2]. Inadequate management of
neuropathic pain results in poor clinical out-
comes and reduces quality of life for the patient
all over the world. Although several drugs such
as anticonvulsants, antidepressants, and opi-
oids are used for neuropathic pain relief, an
ideal treatment is not available yet. Intricate
interplay between wide variety of the patho-
physiological mechanisms involved in the de-
velopment and progression of neuropathic pain
makes it difficult to design effective therapeu-
tic strategies [3]. If better treatment strategies
are to be developed, the pathophysiology of

neuropathic pain needs to be well investiga-
ted.

There is now a substantial body of evidence to
support that nitric oxide (NO)-cyclic guanosine
3',5-cyclic monophosphate (cGMP) signaling
pathway is involved in numerous neuropathic
pain symptoms [4]. It has been shown that NO
plays an important role in modulation of noci-
ceptive transmission and plasticity in the spinal
cord where the neuronal NO synthase (nNOS) is
concentrated [5]. The expression of the induc-
ible nitric oxide synthase (iNOS) is found be to
increased in the spinal cord and dorsal root
ganglia of nerve-injured animals [6]. The fact
that systemic and intrathecal administration of
NOS inhibitors reduces nociceptive responses
to formalin-produced peripheral inflammation
in rodents supports the theory that NO may
modulate the neuropathic pain [7]. Furthermore,
many studies revealed that NO donors caused
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a reduction in tail flick or paw withdrawal laten-
cy and facilitate nociceptive behaviors in the
second phase induced by formalin [8, 9], while
an increase of NO level in the spinal cord was
induced by injection of formalin into the rat paw
[10]. The major action of NO is to activate the
soluble form of the enzyme guanylate cyclase
(sGC), which has been designated as a physio-
logical NO receptor [11]. Many physiological
functions of NO are mediated by sGC. SGC is a
heme-containing protein found in the cytosolic
fraction of virtually all mammalian cells and
consists of one « (82 kDa) and one B (70 kDa)
subunit [12]. Three different isoforms of « (ad,
a2 and a3) and B subunits (B4, B2 and B3) have
been identified from rat or human tissues [12].
The sGC activity increases more than 200-fold
after it is activated by NO and converts guano-
sine-5-triphosphate (GTP) to cGMP [13]. As an
intracellular second messenger, cGMP modi-
fies several intracellular processes including
activation of cGMP-dependent protein kinases
(PKG), cGMP-gated channels, and cGMP-regu-
lated phosphodiesterases with most effects
mediated by PKG [14]. One cGMP-dependent
signhaling pathway related to nociception is initi-
ated by release of NO and cGMP production by
sGC in neurons of the dorsal horn in spinal cord
[15]. Studies with NOS or NO-GC inhibitors or
knock-out mice devoid of NO-GC activity indi-
cated that NO-mediated cGMP production pla-
yed a key role in pain sensitization [15, 16].
However, the possible involvement of the sGC
and NO/cGMP signaling pathway in the devel-
opment of sciatic nerve crush-induced neuro-
pathic pain has not been well explored.

The serotonin (5-hydroxytryptamine, 5-HT) sys-
tem has been implicated as one of the principal
neurotransmitters in the processing of nocicep-
tion [17]. Seven subtypes of 5-HT receptors,
composed of six distinct heptahelical G-protein-
coupled receptors and one ligand-gated ion
channel, have now been identified [18]. Pre-
vious reports have indicated 5-HT, _ receptors
are involved in the modulation of nociception in
the spinal cord [19]. Among the many subtypes
of 5-HT receptors potentially contributing to
medullo-spinal modulation of pain, the 5-HT,,
receptors (5-HT,,Rs) have a potentially signifi-
cant role, as they are expressed both in supra-
spinal and spinal areas related with the modu-
lation of nociception [20, 21]. Administration of
5-HT,,Rs agonists in the spinal cord has pro-
duced both pro- and antiallodynic effects [22].
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However, the role of 5-HT, ,Rs in the regulation
of sGC and NO/cGMP signaling pathway in the
development of sciatic nerve crush-induced
neuropathic pain is not well studied yet. Hence,
the present study was designed to examine the
role of 5-HT,,Rs and sGC and NO/cGMP signal-
ing pathway in the process of neuropathic pain
in sciatic nerve-ligated rats, trying to elucidate
the interaction of 5-HT,,Rs, sGC and NO/cGMP
signaling pathway in the development of neuro-
pathic pain.

Materials and methods
Animals

Male, 240-to 250-gram Sprague-Dawley rats
were purchased from Shanghai Experimental
Animal Center and used in this research. The
experimental protocol was approved by the
Animal Care and Use Committee of Shanghai
Jiaotong University and carried out in accor-
dance with The Guide for the Care and Use of
Laboratory Animals, 8th Edition (National Aca-
demies Press, Washington, DC, 2010). Rats
were housed in cages in the Animal Center in
International Peace Maternal and Child Health
Hospital of Shanghai Jiaotong University, which
was maintained under standard conditions
(22°C room temperature, 33% humidity) with a
12 h light/dark cycle. They were provided with
access to food and water ad libitum. All mea-
sures to minimize pain or discomfort were ta-
ken by the investigators.

Sciatic nerve crush procedure

The sciatic nerve crush procedure was similar
to the study of Gibbons et al. [23]. Firstly, rats
were anaesthetized with ketamine (100 mg/kg,
i.m.) and xylazine (7.5 mg/kg, i.m.). The skin of
the right hind limb was shaved and sterilized
with 10% povidone iodine solution before sur-
gery. When the anesthesia was confirmed by
absence of response to paw clamp, an incision
was made on the posterior thigh. The right sci-
atic nerve was exposed and crushed with a pair
of forceps for 10 s then crushed again at a 90°
angle for another 10 s. Finally, the incised skin
and muscles were closed and the rats were
given ampicillin and meloxicam to prevent post-
surgical infection and pain. They were rested
for 7 days before assessment of allodynia. In
Control animals, the forceps were placed aro-
und the sciatic nerve but the nerve was not
actually crushed.
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Figure 1. The changes of protein levels of SGC in brain and spinal cord tissues after nerve crush. Representive sGC
bands from Western Blot experiments are shown in A. Quantification of optical densities was shown B. Values are
expressed as the Mean * S.E.M. &p<0.05 compared to the Sham group.

Western blotting analysis

For the Western blot analysis, the spinal cord
were harvested from rats and homogenized in
ice-cold homogenizing buffer (Tris-HCI, pH=
6.8). Protein was then extracted from the sam-
ples using a protein extraction buffer (15 mM
HEPES, 10% glycerol, 0.5% NP-40, 250 mM
NaCl, 1:1000 PMSF) and a protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO, USA).
The samples were heated for 5 minutes at
92-95°C and 20 ug of them were resolved on
15% polyacrylamide sodium dodecyl sulfate
gels. After they were transferred to nitrocellu-
lose membrane (Bio-Rad Laboratories, Hercu-
les, CA, USA), the membranes were blocked in
5% skimmed milk in PBS-Tween 20 (PBST) for 1
h at room temperature and incubated overni-
ght at 4°C with antibodies (anti-sGC and anti-3-
actin, Santa Cruz, CA, USA). Next, the mem-
brane was rinsed with PBST, incubated with
peroxidase-labelled secondary antibodies for 2
hours at room temperature, washed again in
PBST, and visualized with 3,3’,5,5-tetramethyl-
benzidine (Sigma-aldrich, St. Louis, MO, USA).
The optical densities of the sGC bands were
quantified using PC BAS 2.0 software.

Assessment of allodynia

Similarly to Gibbons et al. [23], allodynia was
assessed with an electronic von Frey anesthe-
siometer (Stoelting, Wood Dale, IL, USA). It was
used to provoke a flexion reflex followed by a
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flinch response and to record the mechanical
threshold pressure. Assessments were carried
out in triplicate at 5-min intervals every day for
14 days. The data on the first day was used as
the baseline and the mechanical threshold was
normalized to its respective baseline. The areas
under the curves (AUC) were calculated accord-
ing to the linear trapezoidal rule.

Minipump administration of drugs

For minipump administration of drugs, rats we-
re anesthetized with ketamine (100 mg/kg,
i.m.) and xylazine (7.5 mg/kg, i.m.), then mount-
ed on a animal board. Next, rats were implant-
ed with i.th catheters (8 cm polyethylene-10
tubing) so that the catheter terminated in the
lumbar region of the spinal cord, as described
previously [24]. The exteriorized end of the
catheter was secured by exposing it to a mild
flame. Each spinal infusion cannula was con-
nected to a dorsally subcutaneously implanted
Alzet® osmotic minipump model 2001 (200-pl
reservoir, 1.0£0.04 pl/hr pumping rate, deliv-
ers for up to one week) with polyvinylchloride
tubing. The osmotic minipumps were implanted
prior to the sciatic nerve crush procedure and
allowed to deliver their content over the next
seven days. All the drugs (ODQ, L-NAME, SM-
TC, L-NIO, 1400 W, SNP, SIN-1, Zaprinast and
WAY100635) were bought from Santa Cruz
Biotechnology (CA, USA) and continually admin-
istrated by the implanted minipump.

Am J Transl Res 2016;8(2):1027-1036
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Figure 2. Time course of changes in mechanical threshold when treated with sGC inhibitor and their AUCs. Time
course of changes in mechanical threshold is shown in A. Quantification of optical densities is shown in B. Values
are expressed as the Mean £ S.E.M. &p<0.05 compared to the NC group.

Statistical analysis of data

Data were analyzed by analysis of variance
(ANOVA) and post-hoc Bonferroni’'s multiple co-
mparison tests using the GraphPad Prism 4.0
software. Statistical differences were consid-
ered significant at P<0.05. Data were repre-
sented as Mean + S.E.M.

Results

Protein levels of sGC in brain and spinal cord
tissues

Figure 1 shows the protein levels of sGC in the
brain (hippocampus, cerebellum and cortex)
and spinal cord tissues. Representive sGC ban-
ds from Western Blot experiments are shown
Figure 1A. Samples in control groups were
from the tissues of rats who received no sciatic
nerve crush procedure; Samples in the NC
groups were from tissues of rats who received
sciatic nerve crush procedure. Quantification of
optical densities was shown Figure 1B. There
was no significant change in the hippocampus,
cerebellum or cortex after sciatic nerve crush
procedure, but in the spinal cord, the protein
levels of sGC was greatly increased (P<0.05
compared to control).
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Time course of changes in mechanical thresh-
old when treated with sGC inhibitor and their
AUCs

Figure 2A compares the time course of chang-
es in mechanical threshold in different groups:
Control; nerve crush (NC) alone; 1 ug ODQ + NC,
5 ug ODQ + NC; 10 ug ODQ + NC. ODQ was con-
tinuous given with the osmotic minipump for
seven days after the sciatic nerve crush pro-
cedure. Compared to the control group, the
thresholds of the NC group continued to fall
until stabilizing at 50% lower than the control
threshold. Treatment with 1 yg ODQ had no
effect on the thresholds, but 5 yg ODQ and 10
pug ODQ treatment both significantly enhanced
the thresholds. As shown in Figure 2B, the AUC
in the NC group was significantly smaller com-
pared to the control group (P<0.05). The AUCs
in the 5 yg ODQ + NC and 10 yg ODQ + NC
groups were significantly increased compared
to the NC group (P<0.05).

Time course of changes in mechanical thresh-
old when treated with NOS inhibitors and their
AUCs

Figure 3A compares the time course of chang-
es in mechanical threshold in groups treated

Am J Transl Res 2016;8(2):1027-1036
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Figure 3. Time course of changes in mechanical threshold when treated with NOS inhibitors and their AUCs. Time
course of changes in mechanical threshold is shown in A. Quantification of optical densities is shown in B. Values
are expressed as the Mean * S.E.M. &p<0.05 compared to the NC group.
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Figure 4. Time course of changes in mechanical threshold and their AUCs when treated with NO donors and Zapri-
nast. Time course of changes in mechanical threshold is shown in A. Quantification of optical densities is shown in
B. Values are expressed as the Mean + S.E.M. &p<0.05 compared to the NC group.

with different NOS inhibitors (L-NAME: non-spe- atic nerve crush procedure. Compared to the
cific NOS inhibitor; SMTC: nNOS inhibitor; L-NIO: NC group, the thresholds of the L-NIO and 1400
eNOS inhibitor; 1400 W: iNOS inhibitor). All the W groups had no effect on the thresholds, but
inhibitors were continuous given with the L-NAME and SMTC treatment both significantly
osmotic minipump for seven days after the sci- enhanced the thresholds. As shown in Figure
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Figure 5. Time course of changes in mechanical threshold when treated with 5-HT ,Rs inhibitor and their AUCs. Time
course of changes in mechanical threshold is shown in A. Quantification of optical densities is shown in B. Values
are expressed as the Mean + S.E.M. &p<0.05 compared to the NC group.

3B, the AUCs in the LLNAME + NC and SMTC +
NC groups were significantly increased com-
pared to the NC group (P<0.05).

Time course of changes in mechanical thresh-
old when treated with NO donors and Zapri-
nast

Figure 4A compares the time course of chang-
es in mechanical threshold in groups treated
with NO donors (SNP and SIN-1) and Zaprinast.
Zaprinast is a cGMP-selective phosphodiester-
ase inhibitor which promotes cGMP accumula-
tion. Compared to the NC group, the thresholds
of the SNP + NC, SIN-1 + NC and Zaprinast +
NC groups were all significantly decreased. As
shown in Figure 4B, the AUCs in the SNP + NC,
SIN-1 + NC and Zaprinast + NC groups were sig-
nificantly decreased compared to the NC group
(P<0.05).

Time course of changes in mechanical thresh-
old when treated with 5-HT ,Rs inhibitor and
their AUCs

Figure 5A demonstrates the time course of
changes in mechanical threshold in groups
treated with different dosages of 5-HT,,Rs inhi-
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bitor WAY100635. Compared to the NC group,
the thresholds of the 12.5 yg WAY100635 did
not change significantly, but treatments with 25
pg, 50 pg and 100 pg WAY100635 significantly
increased the thresholds. As shown in Figure
5B, the AUCs in the 25 pg, 50 yg and 100 ug
WAY100635 groups were significantly higher
than NC group (P<0.05).

Protein levels of sGC in the spinal cord with
treatments of SNP, WAY100635, SMTC and
Zaprinast

Figure 6 shows the protein levels of sGC in the
spinal cord with treatments of SNP, WAY100-
635, SMTC and Zaprinast. Samples in Control
groups were from the spinal cord of rats who
received no sciatic nerve crush procedure. Ra-
ts in the Vehicle group received sciatic nerve
crush procedure and saline. The rest groups
received sciatic nerve crush procedure and
drug administration. Representive sGC bands
from Western Blot experiments are shown in
Figure 6A. Quantification of optical densities
was shown in Figure 6B. Compared to the Ve-
hicle group, the protein levels of sGC was sig-
nificantly increased in the SNP and Zaprinast
groups, but decreased in the WAY100635 and
SMTC groups (P<0.05 compared to Vehicle).

Am J Transl Res 2016;8(2):1027-1036
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Figure 6. Protein levels of sGC in the spinal cord with
treatments of NO donor or inhibition of 5-HT,,Rs,
nNOS or Zaprinast. Representive sGC bands from
Western Blot experiments are shown in A. Quantifi-
cation of optical densities was shown B. Values are
expressed as the Mean + S.E.M. &p<0.05 compared
to the Control group; #p<0.05 compared to the Ve-
hicle group.

Discussion

Sciatic nerve crush is a well accepted model to
produce neuropathic pain. In this model, neuro-
pathic pain is caused by a prolonged combina-
tion of mechanical compression and inflamma-
tion of nerves and results in a persistent in-
crease in hyperalgesia and allodynia. After the
sciatic nerve crush is accomplished, the nerve
lesion induces neuronal and immunological
changes and modifies gene and protein expres-
sion, both in the peripheral nervous system and
in the spinal cord [25]. However, the exact
mechanism under the development of neuro-
pathic pain is not clear yet. The present study
aims to examine the roles and interaction of
5-HT, ,Rs, sGC and NO/cGMP signaling pathway
in the development of neuropathic pain. The
results showed that after sciatic nerve crush
procedure, the protein level of sGC in the spinal
cord was greatly increased. The mechanical
threshold in rats was significantly enhanced by
the sGC inhibitor ODQ, nNOS inhibitor SMTC,
indicating the role of sGC and nNOS in the pro-
cess of neuropathic pain. The treatment of NO
donors (SNP and SIN-1) and cGMP-selective
phosphodiesterase inhibitor (Zaprinast) all sig-
nificantly decreased the mechanical threshold
in rats, but the 5-HT ,Rs inhibitor WAY100635
significantly increased the mechanical threshold
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in rats, demonstrating the role of NO/cGMP
pathway and 5-HT ,Rs in the development of
neuropathic pain. Finally, the protein levels of
sGC was greatly increased by SNP and Zaprinast
but decreased by WAY100635 and SMTC, show-
ing the regulation of NO/cGMP pathway and
5-HT, ,Rs on the protein expression of sGC.

Previous studies have reported a variety of
mechanisms triggering the emergence of pain
after nerve injuries, including sensitization of
pain receptors, spontaneous and ectopic fir-
ing of nociceptive neurons, and changes in
gene expression of ion channels and receptors
in nociceptive axons and dorsal root ganglia
(DRG) neurons [26, 27]. However, the role of
sGC was seldom explored. Functional sGC is a
heterodimer comprising one o and one 3 sub-
unit [28], only a1B1 and a2B1 heterodimers
have been found in the CNS [29]. The «1p1 het-
erodimer is the predominant isoform of sGC
that is obligatory for catalytic activity. NO binds
to the ferrous heme at histidine 105 of the 1
subunit and leads to an increase in sGC activity
and cGMP production of at least 200-fold. Ding
and Weinberg studied the organization of sGC
in the superficial dorsal horn of rat and found
out that almost all neurokinin 1 receptor-posi-
tive neurons in lamina | and many local circuit
neurons in laminae I-1l were strongly immu-
nopositive for sGC [30]. We studied the protein
levels of sGC in the brain and spinal cord tis-
sues and found out that there was no signifi-
cant change of sGC in the hippocampus, ce-
rebellum or cortex after sciatic nerve crush
procedure, but in the spinal cord, the protein
levels of sGC was greatly increased. We also
revealed that treatment with 5 ug ODQ and 10
pg ODQ treatment both significantly enhanced
the mechanical thresholds. ODQ is a highly
selective, irreversible inhibitor of sGC [31]. Its
ability to antagonize sciatic nerve crush induced
nociception supports the contention that acti-
vation of sGC was involved in the mechanism.

The involvement of NO/cGMP pathway in the
development of neuropathic pain has been
intensively studied by other investigator, but its
role in the modulation of nociception/antinoci-
ception remains controversial. A study of Gediz
et al. suggested that phosphodiesterase ty-
pe-5 (PDED) inhibitor vardenafil produced a
dose-dependent antinociceptive effect, result-
ing from L-arginine/NO-cGMP pathway activa-
tion [32]. Another PDE5 inhibitor tadalafil-in-

Am J Transl Res 2016;8(2):1027-1036
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duced anti-hyperalgesic effect also involves
NO/cGMP pathway [33]. It was also reported
that the modulation of NO/cGMP/K'ATP path-
way plays an important role in the antinocicep-
tive mechanism of dizocilpine [34]. However,
Makuch et al. revealed that the NOS inhibitors
enhanced morphine antinociception in acute
pain and in chronic constriction injury-exposed
rats [35]. It was also demonstrated that intra-
thecal administration of the non-selective NOS
inhibitor (L-NAME) produced a dose-dependent
reduction of thermal hyperalgesia and nNOS
likely played a role during the injury, suggesting
the nociceptive role of NO and nNOS [35]. In
the present study, the mechanical threshold in
rats was significantly enhanced by the L-NAME
and nNOS inhibitor SMTC, indicating the role of
NO and nNOS in the process of neuropathic
pain. The treatment of NO donors (SNP and SIN-
1) and Zaprinast all significantly decreased the
mechanical threshold in rats, demonstrating the
role of NO/cGMP pathway in the development of
neuropathic pain. The fact that the mechanical
threshold in rats was significantly enhanced by
nNOS inhibitor SMTC but not eNOS inhibitor
L-NIO or iNOS inhibitor 1400W, indicating the
special role of nNOS-produced NO in the pro-
cess of neuropathic pain. It seems that NO has
a dual effect on the modulation of nociception/
antinociception, and the location of NOS may
be an important factor. In most reports, cere-
bral NOS produced antinociceptive effects,
while the NOS in the spinal cord usually pro-
duced nociceptive effects. Moreover, the NO
donor SNP and cGMP-selective phosphodiester-
ase inhibitor Zaprinast significantly increased
the protein levels of sGC, but the nNOS inhibitor
SMTC decreased the protein levels of sGC, indi-
cating the regulation of nNOS/NO/GMP path-
ways on sGC expression.

Previous studies have shown that 5-HT1ARS,
which are expressed both in supraspinal and
spinal areas, play an important role in the
medullo-spinal modulation of pain [20, 21].
However, its role in the modulation of nocicep-
tion/antinociception is not yet clear. Adminis-
tration of 5-HT ,Rs agonists in the spinal cord
has produced both pro- and antiallodynic ef-
fects [22], which seems to depend on many
factors such as the dose, duration of treat-
ment, and type of nociceptive stimuli [36, 37].
Here, the results that 5-HT1ARs inhibitor WAY-
100635 significantly increased the mechani-
cal threshold in rats indicates the pro-allody-
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nic effects of 5-HT ,Rs. To further investigate
the mechanism of the pro-allodynic effects of
5-HT, ,Rs, we measured the protein level of sGC
with the treatment of WAY100635. The results
showed that WAY100635 significantly reduced
the protein level of sGC, indicating the regula-
tion of 5-HT,,Rs on sGC expression, which may
be a mechanism of the action of 5-HT ,Rs. It
still remains to be studied why in the sciatic
nerve crush induced neuropathic pain 5-HT, ,Rs
promoted allodynia and increased sGC exp-
ression. A study of Zhang et al. showed that
5-HT, ,Rs agonist and antagonist and 5-HT
reuptake inhibitor were able to regulate the hip-
pocampal nNOS expression [38]. It is also pos-
sible in the present study that sciatic nerve
crush induces activation of 5-HT ,Rs, which
sequentially activates nNOS and produces suf-
ficient NO and stimulates the protein expression
of sGC. The NO/sGC/cGMP pathway is eventu-
ally activated and the neuropathic pain is devel-
oped. However, further exploration is required
to examine this hypothesis in the future.
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