0
@
NEURAL REGENERATION RESEARCH www.nrronline.org S 2

@ RESEARCH ARTICLE

Mechanism of persistent hyperalgesia in neuropathic
pain caused by chronic constriction injury

Qin-Yi Chen"?>*?, Chao-Yang Tan>™?, Yang Wangz’ 3, Ke-Tao Ma>’, Li Li®>", Jun-Qiang Si»*"

1 Department of Anesthesiology, First Affiliated Hospital of Shihezi University, Shihezi, Xinjiang Uygur Autonomous Region, China

2 Department of Physiology, Medical College of Shihezi University, Shihezi, Xinjiang Uygur Autonomous Region, China

3 Key Laboratory of Xinjiang Endemic and Ethnic Disease, Shihezi University School of Medicine, Shihezi, Xinjiang Uygur Autonomous Region, China
4 Department of Neurobiology, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, Hubei Province, China

Funding: This study was supported by the National Natural Science Foundation of China, No. 30160026 (to JQS); the High Level Talent
Research Project of Shihezi University of China, No. RCSX201705 (to YW).

Graphical Abstract

o . . *Correspondence to:
Inhibition of transmembrane member 16A (TMEM16A) may provide novel pharmacological Jun-Qiang Si, PhD

interventions for neur hic pain Lo
terventions for neuropathic pa sijunqiang@shzu.edu.cn;

Li Li, PhD, lily7588@163.com.
Nerve injury (CCI)

#These authors contributed

equally to this paper.
Behavioral change i bep
TMEM16A activation 1 Thermal hyperalegsia orcid:
0000-0001-6704-2115
Biochemical change (Jun-Qiang Si)

T TMEM16A in medium/small DRG neurons ?{’f’l‘flt)"om'“”‘%%
Electrophysiological changes
1 Resting potential doi: 10.4103/1673-5374.250631
| Action potential rheobase Received: August 10, 2018

1 Action potential frequency Accepted: Noverber 11, 2018

Neuropathic pain

Abstract

Transmembrane member 16A (TMEMI16A) is involved in many physiological functions, such as epithelial secretion, sensory conduc-
tion, nociception, control of neuronal excitability, and regulation of smooth muscle contraction, and may be important in peripheral
pain transmission. To explore the role of TMEMI16A in the persistent hyperalgesia that results from chronic constriction injury-induced
neuropathic pain, a rat model of the condition was established by ligating the left sciatic nerve. A TMEMI16A selective antagonist (10 pg T1
6Ainh-A01) was intrathecally injected at L5-6. For measurement of thermal hyperalgesia, the drug was administered once at 14 days and
thermal withdrawal latency was recorded with an analgesia meter. For measurement of other indexes, the drug was administered at 12 days,
once every 6 hours, totally five times. The measurements were performed at 14 days. Western blot assay was conducted to analyze TME-
M16A expression in the L4-6 dorsal root ganglion. Immunofluorescence staining was used to detect the immunoreactivity of TMEM16A in
the L4-6 dorsal root ganglion on the injured side. Patch clamp was used to detect electrophysiological changes in the neurons in the L4-6
dorsal root ganglion. Our results demonstrated that thermal withdrawal latency was shortened in the model rats compared with control rats.
Additionally, TMEM16A expression and the number of TMEM16A positive cells in the L4-6 dorsal root ganglion were higher in the model
rats, which induced excitation of the neurons in the L4-6 dorsal root ganglion. These findings were inhibited by T16Ainh-A01 and confirm
that TMEM16A plays a key role in persistent chronic constriction injury-induced hyperalgesia. Thus, inhibiting TMEM16A might be a novel
pharmacological intervention for neuropathic pain. All experimental protocols were approved by the Animal Ethics Committee at the First
Affiliated Hospital of Shihezi University School of Medicine, China (approval No. A2017-170-01) on February 27, 2017.
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Introduction

In 2008, the Neuropathic Pain Special Interest Group (Ne-
uPSIG) of the International Association for the Study of
Pain (IASP) updated the definition of neuropathic pain:
“neuropathic pain is defined as pain caused by a lesion or
disease of the somatosensory system.” The NeuPSIG report-
ed that the prevalence of neuropathic pain was from 3.3%
to 8.2% (Haanpdi et al.,, 2011). Another study from Europe
showed that the prevalence of neuropathic pain in the gen-
eral population was as high as 8.0% (Tolle, 2010). Based on
these data, there are approximately 110 million patients with
neuropathic pain in China (Expert group of neuropatho-
logical pain diagnosis and treatment, 2013). Although there
is no systematic data on the quality of life of patients with
neuropathic pain in China, the impact of neuropathic pain
on quality of life is obvious. The factors involved in the for-
mation and maintenance of neuropathic pain are extremely
complex. Clinical therapeutic drugs have limited efficacy,
and many patients must endure long-term side effects of
drugs. The development of safe and effective therapeutic
drugs requires in-depth study of the pathogenesis of neuro-
pathic pain.

Studies have shown that many cation channels play an
important role in the development of neuropathic pain (Xiao
et al., 2016; Yang et al., 2018; Yoon et al,, 2018), but the
role of anion channels remains unclear. Calcium-activated
chloride channels (CaCCs) are anion channels that have
Ca’*-concentration dependence and use Ca”™" as the second
messenger. CaCCs are expressed in neurons of the spinal
cord, dorsal root ganglion (DRG), and autonomic system. In
2008, transmembrane member 16A (TMEMI16A) was deter-
mined to be the primary functional molecule in CaCCs (Ca-
puto et al., 2008; Schroeder et al., 2008; Yang et al., 2008).
TMEMIG6A is a class of transmembrane proteins involved
in a variety of physiological functions, including epithelial
secretion, sensory transduction, nociception, control of neu-
ronal excitability control, and regulation of smooth muscle
contraction (Lee et al., 2014; Ruppersburg and Hartzell,
2014; Deba and Bessac, 2015; Wang et al., 2016; Kang et al.,
2017). It has been shown that CaCC currents are increased
after nerve injury (Boudes et al., 2009). CaCCs, especially
their TMEM16A component, can increase the excitability of
DRG neurons under inflammatory conditions, exacerbating
formalin-mediated inflammatory pain (Garcia et al., 2014;
Lee et al., 2014). CaCCs are activated by increased intracel-
lular Ca** concentration that leads to chloride efflux (Wu
et al., 2014; Yamamura et al., 2018). Thus, CaCCs might
promote depolarization of nociceptive neurons and be a key
factor in the generation of action potentials.

Chronic constriction injury (CCI) was selected as a
neuropathic pain model in this experiment. This study as-
sessed the impact of TMEMI16A in chronic nociception and
long-lasting evoked secondary thermal hyperalgesia elicited
by CCI. Furthermore, this study determined the relationship
between the expression of TMEM16A and the changes in
the excitability of rat DRG.
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Material and Methods

Animals

One hundred and fourteen adult male specific-patho-
gen-free Sprague-Dawley rats weighing 180-200 g and aged
8-12 weeks were purchased from Experimental Animal
Center of Xinjiang Medical University, Urumqi, China (cer-
tificate No. SCXK (Xin) 2003-0001). All rats were raised in
temperature- and humidity-controlled (22°C, 50%) condi-
tions on a 12-hour light/dark cycle, with free access to clean
water and food. All experiments followed the Guidelines on
Ethical Standards for Investigation of Experimental Pain in
Animals (Zimmermann, 1983). All experimental protocols
were approved by the Animal Ethics Committee at the First
Affiliated Hospital of Shihezi University School of Medicine,
China (approval No. A2017-170-01) on February 27, 2017.
All procedures minimized the suffering and the number of
animals needed for statistical analysis.

Experimental design

Rats were randomly divided into a sham-operated control
group (sham group; n = 6) and a CCI group (n = 12). The
thermal withdrawal latency of the rats was measured 1 day
before surgery, and 1, 3, 5, 7, 10 and 14 days after surgery.
According to the time after CCI, CCI rats were further divid-
ed into CCI-7-day and CCI-14-day groups. The sham group,
CCI-7-day group, and CCI-14-day group were euthanized
and ipsilateral L4-6 DRGs were then harvested to evaluate
TMEMI16A expression via western blot assay. An additional
96 male Sprague-Dawley rats were randomly divided into
four groups (n = 24 each) after intrathecal catheter implan-
tation: sham group (sham surgery + normal saline), CCI +
normal saline (NS) group, CCI + dimethyl sulfoxide (DMSO)
group, and CCI + T16Ainh-A01 group. Fourteen days after
CCI or sham surgery, rats received an intrathecal injection
of vehicle (normal saline or 30% DMSO) or selective TME-
MI16A inhibitor (T16Ainh-A01) 5 minutes before evaluation
of thermal hyperalgesia. The antihyperalgesic effects were
evaluated during the following 8 hours. Then, to determine
the effect of T16Ainh-A01 on TMEMI16A protein expression
and DRG excitability, T16Ainh-A01 (10 pg) was intrathecal-
ly administered every 6 hours five times starting 12 days af-
ter injury. DRG samples were obtained 14 days after surgery,
and western blot assays, immunofluorescence analysis, and
electrophysiological recordings were conducted (Figure 1).

Construction of CCI models

For the construction of the neuropathic pain model, chronic
constriction of the sciatic nerve was performed as previously
described by Bennett and Xie (1988). Sprague-Dawley rats
were intraperitoneally anesthetized with 50 mg/kg of 1%
pentobarbital sodium. The left sciatic nerve was exposed and
loosely ligated by 4-0 surgical catgut at four ligature points
that were approximately 1 mm apart. The ligatures did not
affect blood supply of the epicardium. The incision was su-
tured in layers. In sham-operated rats, the left sciatic nerve
was exposed but not ligated. CCI-operated rats exhibiting
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Figure 1 Illustration of the experimental design.

The protocol for exploring dynamic alterations of thermal hyperalge-
sia, the expression of TMEM16A, and dorsal root ganglion excitability
in CCI-induced neuropathic pain. CCI: Chronic constriction injury.

no thermal hyperalgesia at 7 days post-surgery were exclud-
ed from the study.

Drug intervention

Intrathecal catheters were implanted were as detailed in a
previous study (Pogatzki et al., 2000). Briefly, 7 days follow-
ing surgery, intraperitoneal anesthesia was induced with 50
mg/kg of 1% pentobarbital sodium, and a 2-cm longitudinal
incision was made over the L, ; vertebrae. A polyethylene
catheter (PE-10) was pushed through the intervertebral
space until a clear cerebrospinal fluid flow was observed,
and then gently moved up 2 cm. The other end of the cath-
eter was fixed in the neck area of the rat. Proper intrathecal
placement was confirmed by bilateral hind-limb paralysis
after injection of 2% lidocaine. T16Ainh-A01 (TMEMI16A
inhibitor, Cat. No. SML0493; Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in 30% DMSO and injected through the
catheter.

Evaluation of thermal hyperalgesia

Thermal hyperalgesia was assessed according to a previous
protocol (Wang et al., 2017). The thermal withdrawal latency
in response to radiant heat stimulation was measured with
an analgesia meter (Ugo Basile, Stoelting, IL, USA). The ani-
mals were placed in the chamber and allowed to acclimatize
for 30 minutes before testing. A radiant heat source was fo-
cused under the glass floor beneath the hind paws. Thermal
stimulus intensity was adjusted to obtain a baseline thermal
withdrawal latency of approximately 20 seconds. The digital
timer automatically recorded the duration between stimu-
lus initiation and thermal withdrawal latency. A 30-second
cutoff time was used to prevent tissue damage. Each rat was
tested every 5 minutes and the average of three trials was
used as the thermal withdrawal latency.

Western blot assay

According to a previously reported protocol (Zhang et al.,
2018), the L4-6 spinal column was removed after the rats
were euthanized. After the spinal cord was removed from

the inside of the left spinal canal, the DRGs and its associat-
ed nerve roots in the intervertebral foramen were extracted
one by one. The nerve roots connected to the DRGs were
carefully cut off with fine tweezers and scissors. Protein
was extracted from the DRGs of each rat group and protein
concentrations were determined using a bicinchoninic acid
assay. The protein sample (30 pg) was subjected to sodium
dodecyl sulfate polyacrylamide gel electrophoresis (10%)
and transferred to a polyvinylidene difluoride membrane
(Millipore, Billerica, MA, USA). The membrane was blocked
with 5% skim milk at room temperature for approximately
2 hours and then incubated with primary antibody, in-
cluding rabbit anti-TMEMI16A (1:1000, ab53212; Abcam,
Cambridge, MA, USA) and mouse anti-beta-actin (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight
at 4°C. After incubating with the respective horseradish per-
oxidase-conjugated secondary antibody (anti-rabbit or an-
ti-mouse, 1:20,000; Santa Cruz Biotechnology) for 2 hours at
room temperature, staining was visualized using enhanced
chemiluminescence (GE Healthcare, Chicago, IL, USA).
Band intensities were quantified by Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Rockville, MD, USA).

Immunofluorescence

According to a previous study (Zhang et al., 2018), rats were
anesthetized with 1% pentobarbital sodium (cat. No. P3761,
50 mg/kg, intraperitoneally; Sigma-Aldrich) and perfused
through the aorta with 0.9% normal saline. The L4-6 DRG
on the surgical side was removed and fixed in 4% para-
formaldehyde overnight, followed by dehydration in 20%
or 30% sucrose in phosphate buffer at 4°C. The tissue was
cut into 5-pm thick sections in a cryostat (Leica CM1950,
Nussloch, Germany). The sections were blocked with 5%
bovine serum albumin for 1 hour in a 37°C incubator (303-
0S; Beijing Ever Bright Medical Treatment Instrument Co.,
Ltd., Beijing, China) then washed with PBS and incubated
with primary antibody (rabbit anti-TMEMI16A polyclonal
antibody; 1:100, ab53212, Abcam) overnight at 4°C. After
washing with PBS, the sections were incubated with the sec-
ondary antibody (FITC-conjugated anti-rabbit secondary
antibody; 1:100; Santa Cruz Biotechnology) for 1 hour at
37°C. Sections were observed at 200x using a confocal laser
scanning microscope (LSM710; Carl Zeiss AG, Oberkochen,
Germany). Morphologically, DRG neurons can be divided
into large-sized neurons (> 40 pm) and medium/small neu-
rons (< 40 pm) according to their diameters. Optical density
measurements and data analysis of TMEM16A positive cells
for the two types of DRG neurons were performed using
Image-Pro Plus 6.0 software (Media Cybernetics).

Electrophysiological recording

Rats were intraperitoneally anesthetized with 50 mg/kg of
1% pentobarbital sodium. L4-6 DRGs were harvested for
electrophysiological recording after continuous intrathe-
cal injection. According to previously described methods
(Wang et al,, 2017), the whole DRGs were placed into an
artificial extracellular fluid maintained at 4°C, supplemented
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with 150 mM NaCl, 5.0 mM KCl, 1.0 mM MgCl,, 10 mM
hydroxyethyl piperazine ethanesulfonic acid, 10 mM D-glu-
cose, 20 mM sucrose, and 3.32 mM CaCl,. The DRGs were
pumped repeatedly using a plastic dropper with digestive
solution containing 0.24 mg/mL type-III trypsin (Sigma)
and 0.6 mg/mL type-A collagenase (Sigma) for 2-4 minutes
at 37°C. After digestion, the cell suspension was dropped
into a specific cell culture dish and the cells were allowed to
adhere to the wall. Oxygen-saturated extracellular fluid was
added after the cells were fully confluent.

For electrophysiological recordings, a 100-fold microscope
(Nikon Eclipse Ti, Tokyo, Japan) was used to select DRG
cells with smooth membrane surfaces and good translucency
for experiments. Subsequently, cells were given slope stim-
ulation (-120 mV to 60 mV, 1000 ms). In current-clamp
mode, the cells were given a series of step stimulations to re-
cord the action potential. The recorded signal was amplified
by a MultiClamp 700B amplifier (Molecular Devices, LLC,
Sunnyvale, CA, USA), filtered at 10 kHz, and converted by
an Axon Digidata 1550A D/A converter (Molecular Devices,
LLC) at a sampling frequency of 10 to 20 kHz.

Statistical analysis

All data are expressed as the mean + SEM and were analyzed
using SPSS 16.0 software (SPSS Inc., Chicago, IL, USA).
Statistical differences between the two groups were analyzed
by Student’s t test. One-way analysis of variance followed by
the Student-Newman-Keuls test was used to compare differ-
ences between more than two groups. A P value < 0.05 was
considered statistically significant.

Results

CClI-induced thermal hypersensitivity

Compared with sham-operated rats, CCI decreased with-
drawal latency to thermal stimulation. These changes began
1 day after CCI and dropped to the lowest point at 7 days.
This downward trend lasted at least 14 days (n = 6, P < 0.001;
Figure 2). These data indicate that CCI model was success-
fully established.

TMEMI16A expression increases in the DRG after CCI
Western blot assay was used to determine TMEMI16A
protein expression in sham, CCI-7-day, and CCI-14-day
groups. TMEMI16A protein level in CCI-7-day rats (n = 6)
was higher (P < 0.01) than in the sham-operated group (n
= 6), and the difference was even higher for the CCI-14-day
rats (n = 6, P < 0.001; Figure 3).

T16Ainh-A01 effects on hyperalgesia in CCI rats

Withdrawal latency was significantly shorter in the CCI
rats than in the sham-operated rats. The baseline thermal
withdrawal latency did not significantly differ between NS
and DMSO treated-CCI rats (n = 6; P > 0.05). However, 1
hour after intrathecal administration of T16Ainh-A01 (10
ug) at 14 days post CCI, thermal withdrawal latency of the
ipsilateral hind-paw immediately increased, reaching a peak
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2 hours after injection. Overall, an obvious antihyperalgesic
effect lasted at least 5 hours (n = 6, P < 0.001; Figure 4). The
inhibitory effect was weakened after the sixth hour, but the
difference relative to DMSO-treated CCI rats remained sta-
tistically significant (n = 6, P < 0.05; Figure 4).

Intrathecal injection of T16Ainh-A01 reduces
CClI-induced rise in TMEM16A expression
To ensure the effect of T16Ainh-A01 in decreasing TME-
MI16A protein expression, DRG neurons were collected from
the sham, CCI + NS, CCI + DMSO, and CCI + T16Ainh-A01
groups and the expression of TMEM16A was analyzed. As
reported above, TMEM16A expression at 14 days was higher
in the CCI group than in the sham-operated group (n = 6, P
< 0.001). Intrathecal administration of T16Ainh-A01 reduced
CCI-induced TMEMI16A protein elevation compared with
what was observed in the CCI + DMSO group (1 = 6, P < 0.05).
This significant difference was not seen between CCI + NS
and CCI + DMSO groups (n = 6, P > 0.05; Figure 5).
Immunofluorescence analysis showed that trend in TME-
MI16A fluorescence intensity in both large and medium/
small-sized DRG neurons was consistent with the results of
the western blot assay. Specifically, TMEM16A expression
increased after CCI and decreased after using the inhibitor.
Moreover, in four groups, the fluctuation in TMEM16A
fluorescence intensity for medium/small-sized neurons was
more obvious than that for large neurons. In each group,
TMEMI16A fluorescence intensity in medium/small-sized
neurons was markedly higher than that in large neurons.
Additionally, the results confirmed that TMEM16A was pri-
marily expressed in the cytoplasm and membranes of DRG
neurons (Figure 6).

Inhibition of CCI-induced hyperexcitable state of DRG
neurons by T16Ainh-A01, a selective antagonist of
TMEMI16A

Figure 7A shows an example current patch-clamp recording
of DRG neurons in which the firing rate was significantly
increased in the CCI + NS and CCI + DMSO groups com-
pared with the sham group. The average number of action
potentials produced in the CCI + NS and CCI + DMSO
groups was significantly higher than that produced in the
sham group (n = 6, P < 0.001; Figure 7D). In the CCI + NS
and CCI + DMSO groups, the resting potential was slightly
elevated and the rheobase of action potentials was signifi-
cantly reduced compared with the sham group (n =6, P <
0.001; Figure 7B and C).

To test the role of TMEM16A in mediating the change in
excitability of DRG neurons, we tested the effects of intra-
thecal injection of T16Ainh-A01 on CCI rats. Intrathecal
injection of T16Ainh-A01 resulted in recovered resting
potential, reversed the lowered rheobase value, and inhibit-
ed the firing rate (Figure 7B-D). Meanwhile, there was no
differences in resting potential, action potential rheobase, or
action potential frequency between CCI + DMSO and CCI
+ NS groups (n = 6, P > 0.05; Figure 7).
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Discussion

Neuropathic pain can be induced by peripheral nerve injury
(Campbell and Meyer, 2006; Deng et al., 2017; Olukman et
al., 2018). Its main features are hyperalgesia, spontaneous
pain, and abnormal pain (Jiang et al., 2013). Persistent ab-
normal discharge of neurons in the injured area and DRG
after peripheral nerve injury cause sensitization of the spinal
cord, which in turn leads to the development of neuropathic
pain symptoms (Li et al., 2018). Change in ion channels is
the main reason that abnormal discharge develops, thus the
study of ion channels has been a hot topic in pain research.

CaCCs mainly include three families: Bestrophin, Tween-
ty, and TMEM16. TMEMI16A in the TMEM16 family is
also called ANO (anoctamin) 1 and is an important CaCC
component (Caputo et al., 2008; Schroeder et al., 2008; Yang
et al,, 2008). TMEM16A was activated by high temperatures
above 44°C and highly co-localized with the heat sensor
TRPV1 (Cho et al., 2012). TMEMI16A is widely expressed
in small DRG neurons (Cho et al., 2012). Here, our immu-
nofluorescence results indicated that TMEM16A expression
was significantly higher in medium/small DRG neurons
than in large DRG neurons. Small DRG neurons are mainly
involved in nociceptive regulation, suggesting that TME-
MI16A plays an important role in this process. Thus, the pur-
pose of this study was to assess the participation of TME-
MI6A in neuropathic pain induced by CCI in rats.

The CCI model is a neuropathic pain model that simulates
peripheral nerve injury. Postoperatively, there were obvious
and stable symptoms and signs similar to clinical neuropath-
ic pain, such as spontaneous pain, thermal hyperalgesia, and
mechanical allodynia. We found that the thermal withdraw-
al latency of rats on the first day after CCI began to decrease
and thermal hyperalgesia existed for at least 2 weeks. West-
ern blot assay showed that TMEMI16A expression in DRG
neurons gradually increased after CCI. It was clear that the
dynamic time course of TMEM16A expression was consis-
tent with the development and maintenance of heat hyper-
algesia in CCI rats, suggesting a possible mechanistic link
between TMEMI16A upregulation and CCI-induced neuro-
pathic pain. A single intrathecal injection of T16Ainh-A01,
a selective TMEM16A inhibitor, transiently relieved the
neuropathic pain in CCI rats. Furthermore, T16Ainh-A01
blockade increased CCI-induced TMEMI16A expression.
Our data agreed with previous studies indicating that intra-
thecal administration of selective CaCC inhibitors causes
antiallodynic and antihyperalgesic effects in spinal nerve in-
jured rats (Pineda-Farias et al., 2015). Similarly, knockdown
of TMEM16A using siRNA (Cho et al,, 2012) or ablation
of TMEM16A (Lee et al., 2014) reduced acute thermal and
inflammatory pain. Taken together, TMEM16A expression
is required for inflammatory (Cho et al.,, 2012; Garcia et al.,
2014) and neuropathic (this study) pain in rats.

Furthermore, immunofluorescence results indicated
that TMEM16A was located in the cytoplasm and cell
membranes of DRG neurons. Evidence has suggested that
nociceptive neuronal TMEM16A localizes within lipid
rafts of the plasma membrane and is directly coupled with

IP3 receptor complexes, which allows it to be preferentially
activated by Ca”" released through the IP3 receptor, thus
protecting TMEM16A from promiscuous activation by
Ca’ influx through VGCCs (Jin et al., 2013). Our previous
study found that as CCI progresses, IP3 levels followed the
same trend as PAR2 and TMEM16A. We speculated that
increased expression of PAR2 protein caused in-creased
release of IP3, leading to TMEMI16A activa-tion (Zhang et
al., 2018). Recent studies have also shown that activation of
PAR?2 increases Ca’* con-centration by releasing IP3 (Huang
et al., 2012). Indeed, TMEM16A acts as a heat sensor (acti-
vation threshold ~44°C), and this increase in intracellular
Ca” concentration reduces the temperature threshold for
TMEMI16A activation. Heat-induced activation of TME-
M16A depolarized DRG neurons, resulting in the generation
of nociceptive signals and pain (Cho et al., 2012).

Aside from the antiallodynic effect of T16Ainh-A01, we
found that this inhibitor partially diminished the CCI-in-
duced rise in resting potential and action potential fre-
quency of DRG neurons, and simultaneously eliminated
the CCI-induced decline in action potential rheobase. This
result agrees with previous observations showing that TME-
MI16A enhances excitability and contributes to depolariza-
tion of DRG neurons during inflammation or nerve damage
(Cho et al., 2012; Lee et al., 2014). These data indicate that
CCI increases the excitability of DRG neurons, and that this
is partially mediated by TMEM16A activity. These findings
also suggest that TMEM16A is an important molecular
component contributing to peripheral pain transduction in
Sensory neurons.

The underlying mechanism of how nerve injury activates
TMEMI16A is unclear. However, nerve damage is known
to cause peripheral sensitization, which leads to massive
activation of excitatory mechanisms, thereby increasing in-
tracellular Ca*" levels (Latremoliere and Woolf, 2009). This
response is sufficient to activate TMEM16A, which produces
chloride efflux and inward currents mediating membrane
potential depolarization and hyperexcitability. Thus, action
potentials and pain triggered by activation of sensory neuro-
nal TMEM16A channels and other receptors are amplified
in CCI-induced conditions.

In conclusion, TMEM16A protein expression in DRG
neurons was up-regulated after CCI, and the selective
TMEM16A inhibitor T16Ainh-A01 reversed this increase.
Furthermore, CCI increased the resting potential and ac-
tion potential frequency and decreased action potential
rheobase, whereas selective CaCCs inhibitor diminished
this response. These results strongly suggest that TME-
MI16A within CaCCs that are localized to the DRG of the
primary afferent neurons participate in the maintenance
of neuropathic pain. However, the specific mechanism
through which TMEM16A is activated after CCI and how
TMEMI16A participates in the generation and development
of neuropathic pain remains unknown. Nevertheless, we
can confirm that TMEMI16A plays an important role in
neuropathic pain. Preclinical studies should now compre-
hensively evaluate TMEM16A as a potential analgesic target
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(A) Western blot images of TMEMI16A expression. The upper pan-
el shows the target band (TMEMI16A protein) and the lower panel
shows the loading control (beta-actin). (B) Relative level of TMEM16A
protein expression. Data are expressed as the mean + SEM (n = 6 per
group). **P < 0.01, ***P < 0.001, vs. sham-operated group (one-way
analysis of variance followed by the Student-Newman-Keuls test). CCI:
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and determine its peripheral mechanism of action and its
potential for preventing chronic pain measures in other
standardized models.
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Figure 6 Expression and distribution of TMEM16A in
the dorsal root ganglion of rats at 14 days after surgery
(immunofluorescence).

(A) Representative images of TMEM16A immunoflu-
orescence in dorsal root ganglion neurons in the sham
and CCI + NS, CCI + DMSO, and CCI + T16Ainh-A01
groups. Scale bar: 50 um. (B) The fluorescence intensity
of TMEM16A in dorsal root ganglion neurons. *P < 0.05,
##kP < 0.01, ##kP < 0.001, vs. sham-operated group; ###P
<0.001, vs. CCI + DMSO group; &&&P < 0.001, vs. large-
sized dorsal root ganglion neurons (one-way analysis of
variance followed by the Student-Newman-Keuls test).
Blue arrows indicate representative large-sized neurons;
white arrows indicate representative medium/small-
sized neurons. CCI: Chronic constriction injury; DMSO:
dimethyl sulfoxide; NS: normal saline; PI: propidium
iodide.

Figure 7 Reversal of CCI-
induced hyperexcitability

hof dorsal root ganglion
neurons by antagonizing
TMEMI16A at 14 days after
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ysis of variance followed by
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