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Amiloride and benzamil showed antinocicepitve effects in several pain models through the
inhibition of acid sensing ion channels (ASICs). However, their role in neuropathic pain has
not been investigated. In this study, we investigated the effect of the intrathecal amiloride
and benzamil in neuropathic pain model, and also examined the role of ASICs on
modulation of neuropathic pain. Neuropathic pain was induced by L4-5 spinal nerve
ligation in male Sprague-Dawley rats weighing 100-120 g, and intrathecal catheterization
was performed for drug administration. The effects of amiloride and benzamil were
measured by the paw-withdrawal threshold to a mechanical stimulus using the up and
down method. The expression of ASICs in the spinal cord dorsal horn was also analyzed by
RT-PCR. Intrathecal amiloride and benzamil significantly increased the paw withdrawal
threshold in spinal nerve-ligated rats (87% 12% and 76% 14%, P = 0.007 and 0.012 vs
vehicle, respectively). Spinal nerve ligation increased the expression of ASIC3 in the spinal
cord dorsal horn (P = 0.01), and this increase was inhibited by both amiloride and benzamil
(P<0.001 in both). In conclusion, intrathecal amiloride and benzamil display
antinociceptive effects in the rat spinal nerve ligation model suggesting they may present
an alternative pharmacological tool in the management of neuropathic pain at the spinal
level.
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INTRODUCTION

Neuropathic pain is a complex, chronic pain state typically ac-
companied by disease of the somatosensory system that is as-
sociated with abnormal sensations, such as allodynia, hyperal-
gesia, and spontaneous pain (1). These abnormal sensations
may greatly influence on the quality of life, cause problems with
mood and sleep, and cause patients to withdraw from social
activities. Moreover, commonly used analgesics are often inad-
equate in treating neuropathic pain. Present pharmacologic
therapy is not enough effective in approximate 50% of neuro-
pathic pain patients (2). Thus, there is a continuing need for the
development of effective analgesic therapies for neuropathic
pain.

Amiloride and its potent analog benzamil are well known di-
uretics used in management of congestive heart disease or hy-
pertension. They are also commercially available inhibitors for
acid sensing ion channels (ASICs). There are several reports
that amiloride or benzamil showed antinociceptive effects in
animal (3, 4) or human (5) through the inhibition of ASICs.

ASICs are sodium-selective ion channels that are sensitive to
protons (6). To date, six subunits of ASICs have been identified:
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1a, 1b, 2a, 2b, 3, and 4 (7). Some of these ASICs are expressed in
the spinal cord (8, 9). Moreover, intrathecal ASICla inhibitors
showed anti-nociceptive effects in acute and chronic pain states
(10, 11). These findings suggest that spinal ASICs may play an
important role in the development of nociception, but there is
limited data concerning their role in neuropathic pain in the
spinal cord.

The purpose of the present study was to investigate the effects
of intrathecal amiloride and benzamil in rat spinal nerve liga-
tion-induced neuropathic pain. We also examined the role of
ASICs in the modulation of neuropathic pain at the spinal level.

MATERIALS AND METHODS

Animal preparation

Animal handling and experimental procedures were approved
by the institutional animal care committee of Chonnam Na-
tional University and followed the guidelines on ethical stan-
dards for the investigation of experimental pain in animals (12).
Male Sprague-Dawley rats, weighing 100-120 g, were used in all
experiments. Animals were acclimatized to the laboratory envi-
ronment for more than 1 week prior to the study. During this
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period, animals were housed with free access to a standard rat
diet and tap water in aroom under a 12/12-h light/dark cycle.

Neuropathic pain model

Neuropathic pain in rats was evoked by spinal nerve ligation, as
described previously (13). During sevoflurane anesthesia, the
left L5 and L6 spinal nerves were located adjacent to the verte-
bral column and ligated tightly to the dorsal root ganglia using
a 6-0 silk suture. Animals showing mechanical allodynia were
considered to be developing neuropathic pain (i.e., a paw-flinch
behavioral response to the application of a bending force less
than 4 g) (14). At 5 days after spinal nerve ligation (SNL), a poly-
ethylene-10 tube was inserted through an incision in the atlan-
to-occipital membrane to the subarachnoid space (15). Rats
showing neurological deficits following catheterization were
immediately euthanized with an overdose of volatile anesthet-
ics. Experiments were performed 5 days after catheterization
allowing time for recovery.

Drugs delivery

The following drugs were used in this study: amiloride hydro-
chloride (Tocris Cookson Ltd., Bristol, UK) and benzamil hy-
drochloride (Sigma Aldrich Co., St. Louis, MO, USA). Amiloride
hydrochloride was dissolved in dimethyl sulfoxide (DMSO), and
diluted in saline; benzamil hydrochloride was dissolved in meth-
anol, and diluted with saline. Both agents were administered
intrathecally using a hand-driven, gear-operated syringe pump
(Model 1750LT Threaded Plunger Syringe, Hamilton Co., Reno,
NV, USA). All drugs were delivered in a volume of 10 uL, and an
additional 10 pL of normal saline was used to flush the catheter.

Behavioral testing

The paw withdrawal threshold (PWT) in response to mechani-
cal stimulation was measured using the up and down method
(16) by applying calibrated von Frey filaments (Stoelting, Wood
Dale, IL, USA). The cut-off value was determined as 15 g if the
rat did not show any withdrawal or licking response. Rats that
did not show allodynia (less than 4 g) were excluded from the
study.

On the day of the experiment, rats were allocated into experi-
mental and control groups for the tested drugs. Control groups
were performed using intrathecal DMSO (n = 5) or methanol
(n = 5) according to the solvent used for the tested drugs. All
experiments were performed by investigators blinded to the
treatment. To assess the effects of both drugs, increasing doses
of amiloride (1, 3, 10 pg in 10 pL, n = 5-7) or benzamil (3, 10, 30
pg in 10 pL, n = 5-7) were investigated. The withdrawal thresh-
old was measured prior to spinal nerve ligation and was re-
garded as pre-ligated threshold. The withdrawal threshold was
measured immediately prior to intrathecal drug delivery and
was regarded as a post-ligated baseline threshold. The with-
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drawal threshold was determined at 15, 30, 60, 90, 120, 150, and
180 min following intrathecal administration of the experimen-
tal drugs.

For the purpose of examining the behavioral changes by
amiloride and benzamil, the highest dose of each drug was ad-
ministered intrathecally to 10 additional rats. Motor function
was assessed by the righting reflex and placing-stepping reflex.
The former was evaluated by placing the rat horizontally with
its back on the table, which gives rise to an immediate coordi-
nated twisting of the body to an upright position. The latter was
evoked by drawing the dorsum of either hind paw across the
edge of the table. Typically the rats attempt to place the paw into
a position to walk. The pinna reflex and corneal reflex were also
evaluated and judged as present or absent.

Determination of ASIC expression

To determine the expression of ASIC subtype in the spinal cord,
20 additional rats (5 naive, 5 spinal nerve ligated, 5 amiloride
treated, and 5 benzamil treated rats after SNL) were used for re-
verse transcriptase polymerase chain reaction (RT-PCR). On
the 10th day after spinal nerve ligation, the spinal cord was ex-
tracted after decapitation under deep sevoflurane anesthesia,
and the spinal dorsal horn obtained from the ipsilateral L4-5
lumbar spinal enlargement. Total RNA was extracted from the
lumbar spinal cord with RNAiso Plus (Takara Bio, Otsu, Japan)
according to the manufacturer’s instructions. The yield of the
RNA was determined by measuring the absorbance at 260 and
280 nm. RT-PCR was performed using a PrimeScript™ RT-PCR
Kit (Takara Bio) according to the manufacturer’s protocol (Table
1). Total RNA (1 pg) was reverse-transcribed for 60 min at 42°C,
and PCR amplification was performed in 34 cycles of denatur-
ation (94°C for 30 sec), annealing (Table 1 for subunit-specific
temperatures), and extension (72°C for 2 min). The PCR prod-
ucts were separated on 1.2% agarose gels and made visible by
ethidium bromide staining. The intensity of the bands was mea-
sured by densitometry, and the relative values of the ASIC sub-
units to the B-actin band were calculated.

Data and statistical analysis

Data are expressed as the means + SEM. Time response data
are presented as the paw withdrawal threshold to mechanical
stimulation, while the dose-response data are presented as the
percent of the maximum possible effect (%MPE). The withdraw-
al threshold data from von Frey filament testing were converted
to %MPE, according to the formula: %MPE = ([post-drug thresh-
old - post-ligated baseline threshold] / [cutoff threshold - post-
ligated baseline threshold]) x 100. To analyze the 50% probabil-
ity, PWT data and dose-responsiveness, a one-way analysis of
variance with Scheffe multiple comparison test was used. ED50
and its 95% confidence interval (CI) were calculated using the
method reported by Tallarida (17). P values of < 0.05 were con-
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Table 1. RT-PCR primer sequence details of the six rat ASIC subunits examined for their presence in the spinal cord dorsal horn

: . . ; Forward (f) and reverse (r) primer Annealing Product size
Subunit Accession number Alternative published names sequences (isted 3' to 5) temperature (°C) (nucleotides)
ASIC1a U94403 (rat) BNaC2, ASIC f: GCTTTAGCCAAGTCTCCAAG 58.0 1,064

r: AGTCAAAGAGTTCCAGCACG
ASIC1b AJ006519 (rat) ASIC-B f: CTCTATTGTTCCTACTGTGG 50.5 905
r: CTTCTGGCACTTTCCACGTC
ASIC2a NM 012289 (rat) BNaC1, MDEG, MDEG1 f: GCTCTACTGCAAGTTCAAGG 58.0 522
r: ACACTCCTTGTGCTGCTCAG
ASIC2b Y14635 (rat) MDEG2 f: ATATGCTGCTCTCCTGCAAG 58.0 529
r: ACACTCCTTGTGCTGCTCAG
ASIC3 AF013598 (rat) DRASIC f: GGGGAGTTCCACCATAAGACCACC 60.0 568
r: CTTCCAGATGGGCAGATACTCCTC
ASIC4 AJ242554 (rat) SPASIC f: TATAGTGTGTCTGCCTGCCG 58.0 288
r: TGTAGGTCTCATTGCGGTTG
ASIC, acid sensing ion channel.
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Fig. 1. Effects of intrathecal amiloride on the hindpaw withdrawal response after spinal nerve ligation. Data are presented as the withdrawal threshold (g) or the percentage of
the maximal possible effect (%MPE). Each line or bar represents the means &= SEM of 5-7 rats. Baseline data (BL) were measured immediately before intrathecal delivery of
drugs or vehicle. Intrathecal amiloride produced an increase of the withdrawal threshold. *P<0.05 vs vehicle group as determined by one-way analysis of variance with Schef-

fe’s post hoc test.
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Fig. 2. Effects of intrathecal benzamil on the hindpaw withdrawal response after spinal nerve ligation. Data are presented as the withdrawal threshold (g) or the percentage of
the maximal possible effect (%MPE). Each line or bar represents the means £ SEM of 5-7 rats. Baseline data (BL) were measured immediately before intrathecal delivery of
drugs or vehicle. Intrathecal benzamil produced an increase of the withdrawal threshold. *P<0.05 vs vehicle group as determined by one-way analysis of variance with Schef-

fe's post hoc test.
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Fig. 3. Acid-sensing ion channel (ASIC) expression in the rat spinal dorsal horn (n=5,
each group). Data are presented as the means = SEM. All subtypes of ASIC except
ASIC2 are expressed in the rat spinal dorsal horn. The expression of ASIC3 was in-
creased in the spinal dorsal horn following spinal cord ligation. *P<0.01 vs naive
group as determined by one-way analysis of variance with Scheffe’s post hoc test.
SNL, spinal nerve-ligated group.

sidered to indicate statistical significance.
RESULTS

Intrathecal amiloride and benzamil did not affect motor func-
tion, as assessed by the righting reflex and placing-stepping re-
flex. The pinna or corneal reflexes were also not affected.

Spinal nerve ligation resulted in a significant lowering the
PWTs in injured site. This characteristic mechanical allodynia
appeared after nerve ligation and persisted for 21 days, as was
obviously observed in our previous study (18).

The baseline threshold after spinal cord ligation did not differ
among the groups. While intrathecal DMSO or methanol had no
effect, intrathecal amiloride and benzamil significantly increased
the PWTs (87% + 12% and 76% + 14%, P = 0.007 and 0.012 vs ve-
hicle, respectively; Fig. 1 and 2). The ED50 values of amiloride
and benzamil were 1.95 pg (95% CI, 0.38-10.01 pg) and 7.47 pg
(95% CI, 4.3-12.98 pg), respectively.

RT-PCR analysis showed the presence of ASIC subunits in
the spinal cord dorsal horn of naive rats. Following spinal nerve
ligation, increased expression of the mRNA levels of spinal ASIC3
was observed, compared to those of naive rats (P = 0.01; Fig. 3).
Intrathecal amiloride and benzamil inhibited the increase of
ASIC3 expression (P < 0.001 in both; Fig. 4).

DISCUSSION
Neuropathic pain arises as a direct consequence of damage to
the peripheral or central somatosensory system (1). Despite in-

tensive investigation, the detailed mechanisms underlying neu-
ropathic pain remain unclear. Moreover, the current therapeu-
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Fig. 4. Effects of Amiloride and benzamil on ASIC3 expression in the rat spinal dorsal
horn. Data are presented as the means £ SEM. Amiloride and benzamil significantly
inhibited the increase in ASIC3 expression after spinal cord ligation. *P<0.001 vs spi-
nal nerve-ligated group as determined by one-way analysis of variance with Scheffe’s
post hoc test. SNL, spinal nerve-ligated group.

tic approaches to the management of neuropathic pain are
limited, and continued use of some therapeutics can lead to a
variety of adverse events. Thus, further studies are required to
develop safer and more effective pain therapeutics.

In our present study, we demonstrated that intrathecal ad-
ministration of amiloride and benzamil attenuated mechanical
allodynia induced by spinal nerve ligation. Amiloride is a com-
mon blocker for all members of the degenerin/epithelial sodi-
um channel (DEG/ENaC) family (19). Acid sensing ion chan-
nels (ASICs) are voltage-insensitive cationic channels belong-
ing to DEG/ENaC family (20). In particular, experimental evi-
dence has supported the involvement of ASICs in nociceptive
processing (6). Peripheral ASICs are involved in the detection
and transmission of numerous inflammatory or mechanical
pain induced stimuli including cutaneous somatic pain (21),
deep somatic pain (22) and visceral pain (23). Relevant to the
peripheral nervous system, amiloride has been shown to dis-
play anti-nociceptive effects in acid-induced pain (21). Addi-
tionally, increased expression of ASICs was observed in the spi-
nal cord following peripheral inflammation (9, 11).

However, there was limited data for involvement of ASICs in
neuropathic pain. An intrathecal ASIC1a blocker reversed ther-
mal hyperalgesia and tactile allodynia induced by peripheral
nerve injury and vincristine-induced neuropathy (10). Further-
more, it has been reported that various subtypes of ASICs are
expressed in the dorsal horn of the spinal cord (8, 9).

Contrary to our expectation, in our study, there is no change
of ASIC1a expression in the spinal cord after spinal cord ligation.
However, in the previous study (10), they examined the effect of
the ASICla antagonist (psalmotoxin 1) without measuring the
change of ASICs expression, and they suggested the endoge-
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nous opioid mechanisms related to the ASICl1a channel. So, it
is thought that more studies will be required to confirm the
function of ASICla in neuropathic pain.

In our study, all subunits of ASICs except ASIC1b were ex-
pressed to similar degree in rat spinal cord. In contrast to our
findings, Wu et al. (9) reported a lack of ASIC3 in mouse spinal
cord. In the study of Baron et al. (24), even though ASIC3 was
expressed, its quantity was negligible. Moreover, there was no
expression and alteration of ASIC3 in rat spinal cord in the in-
flammatory pain model (25). However, there was a report that
demonstrated the expression of ASIC3 in mouse spinal cord,
which used a different ASIC3 primer for RT-PCR (26). We used
this ASIC3 primer, and this might be the reason why our study
showed an increased amount of ASIC3.

In our study, there was a significant increase in the expression
of ASIC3 in the rat spinal cord dorsal horn after spinal cord liga-
tion, and this increase was significantly blocked by amiloride
and benzamil. Among the ASICs, ASIC3 channel is known to
regulate the mechanotransduction, nociceptive signaling (27),
and mechanical hyperalgesia after inflammation (28, 29). More-
over, interfering with ASIC3 may be a beneficial target for arthri-
tis pain (30).

However, another study using genetic knockout mice showed
that ASIC3 did not alter the development or maintenance of
mechanical hyperalgesia following spinal nerve ligation in rats,
suggesting their lack of involvement in neuropathic pain (31).
Therefore, the role of the spinal ASIC3 in the neuropathic pain
is still ambiguous. But based on our data, it is conceivable that
ASIC3 may be involved in development of mechanical allodyn-
ia and the inhibition of the spinal ASIC3 may be therapeutic
option in neuropathic pain management.

In our study, we did not use specific ASICs inhibitors because
of lack of specific inhibitors. Amiloride and benzamil are non-
specific ASIC inhibitors and have been shown to also inhibit the
cell surface Na*/Ca* exchangers and voltage dependent Ca*
channels at similar concentrations (32). Na*/Ca* exchangers
are anti-porter membrane proteins that decrease intracellular
calcium levels through active transport. Several pathological
states, including ischemia, ATP depletion and membrane de-
polarization, activate Na*/Ca** exchangers. Furthermore, sever-
al studies have suggested that the activation of Na*/Ca* ex-
changers exacerbates mechanical or ischemic nerve injuries
(33, 34). It has been reported that intraperitoneal injection of
amiloride and pralidoxime (a Na*/Ca** exchanger inhibitor) at-
tenuated the sciatic nerve ligation-induced decrease in the PWT
(35). T-type Ca** channels in neurons lower the action potential
threshold, promoting burst firing and an enhancement of syn-
aptic excitation (36). Recent data suggests that both central and
peripheral T-type Ca* channels are involved in neuropathic
pain; indeed, peripheral T-type Ca** channel inhibition has
known anti-nociceptive effects in response to neuropathic pain
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(37). Furthermore, chronic dorsal root ganglion compression
increased the expression of T-type Ca** channels in the spinal
cord, and intrathecal injection of T-type Ca** channel inhibitors
significantly reduced neuropathic pain behavior (38). Taking
this into account, we cannot rule out a contribution of Na*/Ca**
exchanger and/or T-type Ca®* channel inhibition in the spinal
cord to the antinociceptive effects of intrathecal amiloride and
benzamil. In addition, recently it has been reported that non-
proton ligand sensor existing in the ASICs causes persistent ac-
tivations of ASICs (39, 40). Thus, nonproton ligand sensor may
contribute to the effect of amiloride and benzamil.

In conclusion, intrathecal amiloride and benzamil display
antinociceptive effects in the rat spinal nerve ligation model,
suggesting they may present a candidate therapy for the man-
agement of neuropathic pain at the spinal level. Additionally,
spinal nerve ligation increases the expression of ASIC3 in the
spinal cord and this increase is blocked by amirolide and ben-
zamil, suggesting ASIC3 may contribute to the antinociceptive
effects of amiloride and benzamil in neuropathic pain.
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