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Abstract

Sodium-potassium-chloride cotransporter 1 (NKCC1) and potassium-chloride cotransporter 2 (KCC2) are associated with the trans-
mission of peripheral pain. We investigated whether the increase of NKCC1 and KCC2 is associated with peripheral pain transmission in
dorsal root ganglion neurons. To this aim, rats with persistent hyperalgesia were randomly divided into four groups. Rats in the control
group received no treatment, and the rat sciatic nerve was only exposed in the sham group. Rats in the chronic constriction injury group
were established into chronic constriction injury models by ligating sciatic nerve and rats were given bumetanide, an inhibitor of NKCCI,
based on chronic constriction injury modeling in the chronic constriction injury + bumetanide group. In the experiment measuring ther-
mal withdrawal latency, bumetanide (15 mg/kg) was intravenously administered. In the patch clamp experiment, bumetanide (10 pg/pL)
and acutely isolated dorsal root ganglion neurons (on day 14) were incubated for 1 hour, or bumetanide (5 ug/uL) was intrathecally inject-
ed. The Hargreaves test was conducted to detect changes in thermal hyperalgesia in rats. We found that the thermal withdrawal latency of
rats was significantly decreased on days 7, 14, and 21 after model establishment. After intravenous injection of bumetanide, the reduction
in thermal retraction latency caused by model establishment was significantly inhibited. Immunohistochemistry and western blot assay
results revealed that the immune response and protein expression of NKCCI in dorsal root ganglion neurons of the chronic constriction
injury group increased significantly on days 7, 14, and 21 after model establishment. No immune response or protein expression of KCC2
was observed in dorsal root ganglion neurons before and after model establishment. The CI” (chloride ion) fluorescent probe technique
was used to evaluate the change of CI” concentration in dorsal root ganglion neurons of chronic constriction injury model rats. We found
that the relative optical density of N-(ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (a Cl” fluorescent probe whose fluorescence
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intensity decreases as CI” concentration increases) in the dorsal root ganglion neurons of the chronic constriction injury group was signifi-
cantly decreased on days 7 and 14 after model establishment. The whole-cell patch clamp technique revealed that the resting potential and
action potential frequency of dorsal root ganglion neurons increased, and the threshold and rheobase of action potentials decreased in the
chronic constriction injury group on day 14 after model establishment. After bumetanide administration, the above indicators were signifi-
cantly suppressed. These results confirm that CCI can induce abnormal overexpression of NKCC1, thereby increasing the Cl” concentration
in dorsal root ganglion neurons; this then enhances the excitability of dorsal root ganglion neurons and ultimately promotes hyperalgesia
and allodynia. In addition, bumetanide can achieve analgesic effects. All experiments were approved by the Institutional Ethics Review
Board at the First Affiliated Hospital, College of Medicine, Shihezi University, China on February 22, 2017 (approval No. A2017-169-01).
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Introduction

Neuropathic pain refers to the pain caused by injury or
illness of the somatosensory nervous system. Neuropathic
pain has a high incidence of approximately 7%, and imposes
a significant burden on individuals and society. Neuropathic
pain is characterized by a complex and diverse pathological
process, and variable clinical manifestations that involve dif-
ferent parts of the nervous system (Bruna and Velasco, 2018;
Lamas and Fernandez-Fernandez, 2019). Peripheral nerve
injury-induced neuropathic pain symptoms, such as hyperal-
gesia and allodynia, are associated with increased excitability
in the peripheral and central nervous systems (Coull et al.,
2003; Wang and Li, 2019); this increased excitability results
from enhanced synaptic excitation, decreased synaptic inhi-
bition, and increased neuronal responsiveness (Price et al.,
2009). Therefore, it is of great clinical significance to study
the pathogenesis of neuropathic pain and develop analgesics
with a better efficacy and fewer side effects.

The sodium-potassium-chloride transporter (Na'-K*-2CI”
cotransporter, NKCC1) and potassium-chloride cotransport-
er 2 (K'-CI” cotransporter, KCC2) belong to the cation-Cl°
cotransporter family. NKCC1, which is expressed in almost
all secretory epithelia (Plotkin et al., 1997), maintains the
concentration of CI” ([CI'];) above the electrochemical equi-
librium. In contrast to NKCC1, KCC2 has a unique neuronal
distribution. KCC2 is mainly expressed in central neurons,
as well as in peripheral neurons of immature mammals, and
is hardly expressed in peripheral neurons of adult mammals
(Payne et al., 1996). NKCCl is an inward cotransporter of
CI” ions and is driven by sodium and potassium concentra-
tion gradients, whereas KCC2 is an inward cotransporter
of CI' ions driven by the potassium concentration gradient.
This suggests that these two transporters perform opposite
regulation functions in CI” ion transport (Payne et al., 2003).

Some evidence has suggested that NKCC1 and KCC2 are
strongly associated with neuropathic pain. For example,
Hasbargen et al. (2010) found that an altered function of
NKCC1 and KCC2 may contribute to the induction and
maintenance of chronic neuropathic pain following spinal
cord injury. The disruption of intracellular chloride homeo-
stasis in dorsal root ganglion (DRG) neurons, which is main-
ly controlled by NKCC1 and neuron-specific KCC2, is relat-
ed to plastic changes in sensory pathways (Price et al., 2005).
One study also reported that the threshold value of harmful
stimuli in NKCC1 knockout animals increased during hot-

plate experiments (Sung et al., 2000). Therefore, NKCC1 and
KCC2 may be involved in the production and maintenance
of neuropathic pain.

Neuropathic pain caused by altered function of NKCC1/
KCC2 may be associated with GABA. Previous stud-
ies have indicated that the balance between NKCC1 and
KCC2 cotransporters is critical for gamma-aminobutyric
acid (GABA) ergic and glycinergic responses and proper
neuronal signaling (Walcott and Langdon, 2002; Payne et
al., 2003). Immature visual cortex neurons and peripheral
primary sensory neurons (DRG neurons and trigeminal
ganglion neurons) maintain a high intracellular CI” con-
centration due to high NKCC1 expression and low (or no)
KCC2 expression; these neurons exhibit shunting inhibition
and membrane depolarization upon activation of GABAA
receptors (Delpire, 2000; Payne et al., 2003; Li et al., 2015).
At maturity, KCC2 is upregulated, and/or NKCCI1 is down-
regulated to maintain low intracellular CI” concentrations,
which results in GABAergic inhibitory responses. However,
adult neurons can elevate intracellular CI” during injury,
leading to a positive shift in the CI” equilibrium; as a result,
the response to GABA becomes less hyperpolarizing or be-
comes excitatory, and the normal inhibitory action of GABA
is altered (Rivera et al., 1999; Ikeda et al., 2003; Payne et al.,
2003). These results suggest that severe injury of the periph-
eral nerve may shift the GABA action towards an excitatory
state by modulating NKCC1 and/or KCC2, thereby contrib-
uting to hyperexcitability and maintaining chronic pain (Mi-
letic and Miletic, 2008; Janssen et al., 2011).

However, the relationship between NKCC1/KCC2 and
maintenance of neuropathic pain after chronic constriction
injury (CCI) injury has not been elucidated. Thus, the pres-
ent study investigated the increased expression of NKCC1
and KCC2 in DRG neurons after CCI modeling (Bennett
and Xie, 1988). This resulted in an increased Cl” concentra-
tion in DRG neurons, which in turn enhanced GABA-medi-
ated primary afferent depolarization and induced the dorsal
root reflex response. Eventually, the excitability of DRG
neurons was enhanced, which resulted in the production of
neuropathic pain.

Materials and Methods

Experimental animals and groups
A total of 145 male Sprague-Dawley rats aged 8—12 weeks
and weighing 200-250 g were provided by Animal Cen-
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ter, Xinjiang Medical University, China (license No. SCXK
(Xin) 2003-0001). The rats were randomly divided into four
groups. The control group comprised 40 rats (thermal with-
drawal latency, TWL, 5 rats; immunohistochemistry, 10 rats;
western blot assay, 10 rats; N-(ethoxycarbonylmethyl)-6-me-
thoxyquinolinium bromide, MQAE, 10 rats; and patch
clamp, 5 rats). The sham group comprised 10 rats (TWL, 5
rats; and patch clamp, 5 rats). The rat sciatic nerve was ex-
posed in the sham group without ligation. The CCI group,
which was verified based on TWL, included 85 rats (TWL, 5
rats; immunohistochemistry, 15 rats, day 7, day 14, and day
21, 5 rats each; western blot assay, 30 rats, day 7, day 14, and
day 21, 10 rats each; MQAE, 20 rats, day -1, day 7, day 14,
and day 21, 5 rats each; and patch clamp 15 rats, day 7, day
14, and day 21, 5 rats each). Rats in the CCI group were sub-
jected to CCI and given the same dose of vehicle as the CCI
+ bumetanide group. The CCI + bumetanide group, consist-
ed of 10 rats (TWL, 5 rats; and patch clamp, 5 rats). Rats in
the CCI + bumetanide group were injected with bumetanide
(see drug administration for details). All experiments were
conducted in accordance with approval from the Institu-
tional Ethics Review Board at the First Affiliated Hospital,
College of Medicine, Shihezi University, China on February
22,2017 (approval No. A2017-169-01). The experimental
procedure followed the United States National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 85-23, revised 1996).

Preparation of the CCI models

Rats were intraperitoneally anesthetized with 1% pentobar-
bital sodium (50 mg/kg). The sciatic nerve trunk was ex-
posed using the method proposed by Bennett and Xie (1988).
In the proximal 5 mm of the sciatic nerve comprising three
nerve bifurcation fibers, 4-0 chromic sheep gut was used for
ligation with four laps of the sciatic nerve, using a spacing of
1 mm per lap. This ligation strength caused a mild tremor in
the calf muscle but had no effect on the blood transport in
the nerve trunk. After surgery, the rats were exposed to sin-
gle-cage feeding, enhanced animal nutrition, and a strict 12-
hour light/dark cycle. Cages for feeding the rats were cleaned
and disinfected every two days. In the sham group, the sciat-
ic nerve was exposed but not ligated. If the withdrawal time
of the hind limbs on the surgery side of the rats on day 7
decreased by > 30% compared with that in the preoperative
test, the CCI model preparation was considered successful.

Drug administration

Bumetanide (15 mg/kg; Apexbio, Houston, TX, USA), an
inhibitor of NKCC1, was intravenously injected into the
tail of animals in the CCI + bumetanide group once a day
for 30 minutes before the measurement of rat TWL, from
preoperative day 1 to postoperative day 21. Rats in the CCI
group were injected with the same dose of dimethyl sulfox-
ide (0.1%). In the patch clamp experiment, bumetanide was
incubated (10 pg/uL) with acutely dissociated DRG neurons
(modeling for 14 days) for 1 hour or intrathecally injected
(5 pg/uL) into the animals once a day, from preoperative day
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1 to postoperative day 14. In the CCI group, 0.08% dimeth-
yl sulfoxide was incubated with acutely dissociated DRG
neurons (modeling for 14 days) for 1 hour or intrathecally
injected (0.04%) into the animals once a day, from preopera-
tive day 1 to postoperative days 14.

The Hargreaves Test

Thermal hyperalgesia was assessed according to a previous
protocol (Wang et al., 2017). An automatic thermal radiation
stimulator (UGO BASILE 37370 Plantar Test Apparatus,
Italy) was used at a fixed time (18:00-20:00 each day) and at
the same laboratory. Each rat was placed in the plastic box
and was given thermal stimulation according to established
procedures. TWL was defined as the duration from onset
of application of thermal stimulation to withdraw of either
hind-paw. Each rat was tested three times at intervals of 5
minutes, and the average of three tests was obtained. Ani-
mals in all groups were tested at —1, 1, 3, 7, 14 and 21 days.

Immunohistochemistry (paraffin-embedded sections)
Tissue specimens were collected from the four groups on
preoperative day 1 and postoperative days 7, 14, and 21. Rats
were sacrificed at the day before surgery and at the postoper-
ative days 7, 14, and 21. Rats in all groups were intraperito-
neally anesthetized with 1% pentobarbital sodium 50 mg/kg.
Then, 4% paraformaldehyde was used for cardiac perfusion.
After preliminary fixation of the animal tissues, the spinal
canal was cut to expose and strip the spinal cord. The sur-
gery side and contralateral L4—6 spinal cord segmental DRG
neurons connected to the sciatic nerve were immediately re-
moved. The specimens were fixed with 4% polyformaldehyde
for 48 hours. The DRG samples were embedded in paraffin
in axial continuous sections (slice thickness, 3.5 um). After
dewaxing, the paraffin sections were repaired, blocked with
endogenous peroxidase, washed with phosphate buffered sa-
line, and incubated with the rabbit anti-NKCC1 (Cell Signal-
ing Company, Danfoss Town, Boston, MA USA) polyclonal
antibody (1:500) or rat anti-KCC2 (Abcam, Cambridge,
UK) monoclonal antibody (1:500) at 4°C overnight. Subse-
quently, the samples were incubated with goat anti-rabbit
1gG (1:10,000) at 37°C for 1 hour, stained with a 3,3'-diam-
inobenzidine chromogenic kit, counterstained, dehydrated,
and sealed. A standard optical microscope (Olympus, Tokyo,
Japan) was used to observe the tissue cells and to capture
images. The exocrine adenocytes of rat pancreatic tissues
served as the positive control for NKCC1, and neurons in
the rat CA1 hippocampus were used as a positive control for
KCC2.

NKCCl1-immunoreactive cells (stained brown-yellow)
were counted under a microscope (Olympus). For each
count, histochemical sections were selected on preoperative
day 1 (the control group) and postoperative days 7, 14, and
21. DRG neurons were classified into three types according
to diameter size, as follows: Large neurons (diameter larger
than 40 pm), medium-sized neurons (diameter of 20-40
pum), and small neurons (diameter less than 20 um). Three
fields of view were selected for each slice, the three fields of
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view were counted respectively, and the average value was
taken as an evaluation index.

Western blot assay

The tissue specimens for western blot assay were collected
from each group on preoperative day 1 and postoperative
days 7, 14, and 21. The animals were sacrificed by decapita-
tion, with immediate stripping of the connected sciatic nerve
on the surgery side and contralateral L, ¢ DRG organization.
The proteins were extracted, subjected to sodium dodecyl
sulfate polyacrylamide gel electrophoresis, and transferred to
a wet membrane film. Membranes were incubated with the
rabbit anti-NKCC1 polyclonal antibody (1:1000; Cell Sig-
naling Company, Danfoss Town, Boston, MA, USA), rat an-
ti-KCC2 monoclonal antibody (1:1000; Abcam, Cambridge,
UK), or rabbit anti-GAPDH (1:1000) at 4°C overnight, and
with goat anti-rabbit IgG (1:10,000; Sugisuke Bridge, Beijing,
China) or goat anti-rat IgG (1:10,000; Sugisuke Bridge) at
room temperature. The membranes were stained using an
ECL chromogenic kit. Images of the samples were captured
and analyzed by Image-Pro Plus 6.0 software (Media Cy-
bernetics, Rockville, MD, USA). The ratio was calculated
between the gray value of NKCC1 (or KCC2) and the gray
value of GAPDH. This ratio was used to reflect the relative
expression of NKCC1 or KCC2.

CI fluorescence probe (MQAE)

The L4-6 DRG specimens were collected from each group
on preoperative day 1 and postoperative days 7, 14, and
21. According to the experimental procedure of Batti et al.
(2013), the animals were sacrificed by decapitation, with
immediate stripping of the sciatic nerve on the surgery side
and contralateral L4-6 DRG organization. The samples were
cut with eye scissors, subjected to enzyme digestion, and
centrifuged. After removal of the clear liquid, the specimens
were placed on a 24-well plate. MQAE buffer was added and
incubated at 37°C, and specimens were then cleaned with a
buffer. Quenching drops were prevented, and a fluorescence
microscope was used to record fluorescence intensity. When
the concentration of CI” in the cell increased, the fluores-
cence intensity of MQAE was proportionally reduced. Flu-
orescence intensity was analyzed using CellSens Standard
Image Acquisition software and Image Pro Plus 6.0 software
(Media Cybernetics).

Acute separation of DRG neurons

On postoperative day 7, rats were sacrificed by cervical dis-
location and the segmental L4—6 DRG was quickly removed.
The redundant nerve fibers and connective tissues were
trimmed, and the DRG was treated with digestive enzymes
(pancreatic protease, 0.12 mg/mL; Sigma, St. Louis, MO,
USA; collagen enzyme, 0.1 mg/mL, Sigma) in Dulbecco’s
modified Eagle’s medium at 37°C for 30 minutes. A suitable
amount of digestive enzyme inhibitors was then added to
terminate digestion, and centrifugation was performed at
1000 r/min for 5 minutes. The supernatant was removed, and

extracellular fluid, containing NaCl, 150 mM; KCl, 5 mM;
CaCl,, 2.5 mM; MgCl,, 1 mM; HEPES, 10 mM; and D-glu-
cose 10 mM at pH 7.4, was added to the cells and left to
stand. The osmotic pressure of the solution was 340 mOsm,
and electrophysiological experiments were performed after
the cells had adhered to the bottom of the dish.

Patch clamp recording

DRG neurons comprised three types: Large cells with di-
ameters larger than 40 pm, small cells with diameters less
than 20 um, and medium-sized cells with diameters between
20 and 40 um (Rau et al., 2005). The experiment was con-
ducted at a constant temperature of 22.0 + 2.0°C. An Axon
700B amplifier was used to record the results of the action
potential. The glass microelectrode control resistance was
2-5 MQ. The fluid in the filling electrode comprised the fol-
lowing (mM): KCl, 140; CaCl,, 1; MgCl,, 2; HEPES, 10; and
egtazic acid. The results showed complete cell structure, clear
cell nuclei, and desirable refractive performance. Small- and
medium-sized cells with diameters of less than 40 um were
used to record the results of the action potential. To achieve
high-resistance sealing in whole-cell voltage clamp mode,
after the membrane had been broken, the whole-cell voltage
clamp mode was switched to the current clamp mode, and
ramp stimulation (duration, 1000 ms; amplitude range, 0—500
pA) was performed. Action potentials were recorded. The
resting potential was recorded in the absence of input cur-
rent after conversion to the current clamp mode. The action
potential threshold is the membrane potential of the stimu-
lated cell that initiates an action potential, and can reflect the
degree of difficulty of evoking action potentials in stimulated
cells. The action potential frequency denotes the number of
action potentials of stimulated cells per second. The differ-
ence between the resting potential and threshold potential
represents the difficulty of inducing an action potential after
cell stimulation. Stepwise increments in stimulation (from
0 pA to 600 pA in 50-pA increments with a pulse duration
of 150 ms) were performed to determine the rheobase, then
another phase of stimulation (duration, 500 ms; amplitude,
twice the strength of the rheobase) was performed to record
the number of action potentials. The recorded electrical
signals were amplified using a MultiClamp 700B amplifier
(Molecular Devices, LLC, Sunnyvale, CA, USA), filtered at
10 kHz, and converted into digital signals by an Axon Digi-
data 1550A D/A converter (Molecular Devices, LLC) at a
sampling frequency of 10 to 20 kHz.

Statistical analysis

The experimental data are presented as the mean + standard
error of the mean. SPSS 17.0 software (SPSS Inc., Chicago,
IL, USA) was used for all statistical analyses. Two-group
comparisons were conducted using independent-sample
t-test. Comparison of three or more groups using one-way
analysis of variance and Tukey’s post hoc test was used to
compare differences between more than two groups. P < 0.05
was considered as statistically significant.
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Results

Behavioral differences

The rats in each group were observed to have good health,
with smooth and clean body fur. After surgery, rats from the
CCI group licked their feet and swung the hind limb on the
surgical side. The hind limb on the surgical side failed to car-
ry weight, and the rat paws exhibited adduction and slight
evagination. Limping was notable, and frequent licking and
retractions were observed. No remarkable behavioral chang-
es or movement disorders were observed in the sham group.
No self-biting occurred after surgery in the CCI group.

Between-group differences in TWL

TWL of the hind limb of the surgical side was significantly
shorter in the CCI group than in the control group at all time
points (n = 5, P < 0.05). The TWL values in the CCI group
were significantly lower than those in the sham group on
postoperative days 7, 14, and 21. The TWL values in the CCI
+ bumetanide group were significantly higher than those
of the CCI group on postoperative days 7, 14, and 21. No
significant difference in TWL was observed between sham
group and the other groups on postoperative days 1 and 3.
No significant difference in TWL was detected between the
sham group and the control group at all time points. The
TWL of the CCI group was significantly shorter on postop-
erative days 7, 14, and 21 than those on preoperative day 1
(Figure 1).

Expression levels of NKCC1 and KCC2 in rat DRG
neurons

For normal control rats, acinar cells in the pancreatic exo-
crine section were used as the positive control for NKCC1
expression. Under the microscope, the cell membrane of the
visible glandular cells exhibited specific shading and a light
brown-yellow color (Figure 2A), which represents the ex-
pression of NKCCI1. The rat DRG neurons showed the same
specificity, which indicates that NKCC1 was positively ex-
pressed in the DRG neurons (Figure 2B). Hippocampal CA1
neurons were used as the positive control for KCC2 expres-
sion. Neurons in the visible hippocampus CA1 area showed
membrane-specific staining and appeared light yellow under
optical microscopy (Figure 2F). The same specific color was
not observed in the DRG neuronal membrane of the rats,
which indicates that KCC2 was not expressed in the DRG
neuronal membrane (Figure 2G).

In the CCI group, the same acinar cells in the pancre-
atic exocrine section were used as the positive control for
NKCCI1. Specific staining for NKCC1 expression was per-
formed on the DRG neuronal membrane of the rats in the
CCI group on postoperative days 7, 14, and 21 (Figure 2C—
E). The intensity was markedly greater in the CCI group
than in the control group. In the hippocampal CA1 neurons
of CCI rats, the KCC2-immunoreactive control was not de-
tected on postoperative days 7, 14, or 21. Specific staining
of the DRG neuronal membrane revealed no expression of
KCC2 (Figure 2H-L). Figure 2K shows that the grayscale
value of NKCC1-immunoreactive cells among DRG neurons
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on postoperative days 7, 14, and 21 was significantly higher
than that of the control group (n = 6).

NKCCl1-positive cell count

The number of large, medium, and small NKCC1-positive
cells (stained brown yellow) in total 1000 DRG neurons on
the surgical side on preoperative day 1 and postoperative
days 7, 14, and 21 was counted. The standards for counting
comprised complete cell structure, clear nuclear membrane,
and presence of cells with positive NKCC1 expression. As
shown in Figure 3, preoperative NKCCI-immunoreactive
neurons were mainly composed of medium-sized cells.
Compared with the control group (n* = 41), the number of
medium-sized cells significantly increased on postoperative
day 7 (n" = 87, n = 1000, P < 0.01) and further increased on
postoperative day 14 (n" = 81, n = 1000, P < 0.01) and 21 (n"
= 83, n = 1000, P < 0.01). Compared with the control group
(n" =22, 7n=1000, P < 0.01), the small NKCC1-positive cells
in the DRG also significantly increased on postoperative day
14 (n" = 58, n = 1000, P < 0.01). No significant difference was
detected in the number of large NKCCl1-positive cells before
(n" =20, n=1000, P < 0.01) and after CCI surgery at day 7 (n"
=38, n=1000, P < 0.01), day 14 (n" = 34, n = 1000, P < 0.01),
and day 21 (n" = 30, n = 1000, P < 0.01).

Protein expression levels of NKCC1 and KCC2 in rat
DRGs

Western blot assay results showed that NKCC1 was ex-
pressed in the DRG neurons of control rats (Figure 4A),
whereas KCC2 was not (Figure 4B). Figure 5 shows that
NKCC1 protein was expressed in DRG neurons in the con-
trol group on postoperative days 7, 14, and 21 (Figure 5A).
Densitometry analysis showed that NKCCI protein expres-
sion significantly increased on postoperative days 14 and 21
(P <0.01, n = 6; Figure 5B).

Detection of chloride concentration changes in DRG
neurons using a CI” fluorescence probe

A CI fluorescence probe (MQAE) was used to detect the
concentration of intracellular CI” in the DRG neurons. The
intensity of blue fluorescence was inversely proportional
to the concentration of Cl” in the DRG neurons. The ex-
periment evaluated the changes in the intracellular CI”
concentration of the segmental L4-6 DRG neurons on the
surgical side in the control and CCI groups (Figure 6A). The
concentration of CI” in the DRG neurons of the CCI group
was significantly higher than those of the control group on
postoperative days 7 and 14 (Figure 6A and B). However, no
significant difference in the intracellular CI” concentration
was observed in the DRG neurons of the CCI and control
groups on postoperative day 21 (Figure 6A and B).

Changes in action potentials

Changes in action potentials in the small- and medium-sized
DRG neurons of the CCI and control groups were evaluated.
Oblique wave stimulation (1000 ms, 1000 pA) was applied
to the DRG neurons; this caused cell membrane polarization
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(C-E) DRG neurons of CCI models on postoperative days 7, 14, and 21 (NKCCl1-positive). (F) Positive control for KCC2 (CA1 neurons in the rat
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on postoperative days 7, 14, and 21 (KCC2-negative) (original magnification, 400x). Black arrows indicate immunohistochemically positive cells.
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vs. control group. Data are expressed as the mean + SEM (n = 6; one-way analysis of variance followed by Tukey’s post hoc test). CCI: Chronic con-
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(A) Positive control group (cortex cells) of NKCC1 compared with the ~ Figure 5 NKCCI protein expression in dorsal root ganglion neurons
DRG neurons group. (B) Positive control group (cortex cells) of KCC2  of chronic constriction injury models after 7, 14, and 21 days.
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to reach the threshold level and evoked an action potential.
Different traces of action potential were detected (Figure
7A). Figure 7B shows that the resting potential of small and
medium DRG neurons was significantly lower in the CCI
group than in the control group (P < 0.05). Figure 7B shows
that the action potential threshold of the CCI group was not
significantly different to that of the control group (P > 0.05).
The action potential frequency of the DRG neurons was sig-
nificantly higher in the CCI group than in the control group
(P < 0.01). The difference between the resting potential and
threshold potential of the DRG neurons was significantly
smaller in the CCI group than in the control group (P < 0.01).
Treatment with 3 x 10 M bumetanide effectively reversed
the changes in action potentials of DRG neurons in CCI rats
(Figures 8 and 9).

Discussion

Nearly all DRG neurons express NKCC1 (Sung et al., 2000).
MQAE analysis (Zheng et al., 2007) has indicated that, due
to the presence of NKCCI1, the concentration of CI” in DRG
neurons was three to four times higher than that at baseline.
KCC2 has been reported to be expressed centrally and to
contribute to the low intracellular Cl concentration and the
maintenance of GABAergic inhibitory responses (Coull et
al., 2003). However, NKCC1 has been present in afferent
neurons and increased the intracellular CI” concentration,
thereby facilitating primary afferent depolarization and pre-
synaptic inhibition in DRG neurons. Researchers have dis-
puted whether KCC2 is expressed in neurons in the periph-
eral nervous system. Funk et al. (2008) claimed that KCC2
is expressed in DRG neurons, whereas others have found no
evidence of this (Gagnon et al., 2013). In the present study,
we found that NKCC1 was expressed in the normal rat DRG
neuronal membrane, whereas KCC2 was absent in DRG
neurons. Owing to the absence of KCC2 expression in DRG
neurons, the CI” concentration remained higher than the ex-
tracellular concentration (Price et al., 2005, 2009; Hasbargen
et al., 2010; Munro et al.,, 2011). Taken together, our results
indicate that rat DRG neurons contain NKCCI but not
KCC2.

Previous studies have reported the relevance of early
disruption of NKCC1 and KCC2 expression in the devel-
opment of secondary allodynia and hyperalgesia (Coull et
al., 2003; Morales-Aza et al., 2004; Price et al., 2005, 2009;
Funk et al., 2008; Delpire and Austin, 2010). The results of
bumetanide administration revealed that blocking NKCCl1
activity following spinal cord injury and sciatic nerve lesion
reduced hyperalgesic responses at the early stages (Modol
et al., 2014). Consistent with the present results, previous
studies have reported that NKCC1 knockout mice exhibit a
loss of sensitivity to thermal stimulation (Sung et al., 2000),
which further indicates that NKCC1 upregulation after
nerve injury participates in the modulation of pain thresh-
olds. In the present study, both immunohistochemistry and
Western-Blot results indicated that the expression of NKCCl1
increased significantly after CCI modeling. In addition,
the TWL of rats was significantly reduced after CCI, and
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these changes were partially inhibited after the application
of bumetanide (a blocker of NKCC1). However, we did not
observe pain-like behaviors in the CCI group on days 1 and
3, which is not consistent with a previous study that reported
pain-like behaviors in the CCI group on day 3 but not day 1
(Abbaszadeh et al., 2018). We think this difference is related
to the tightness of the 4-0 chromium sheep gut. In summary,
the increased expression of NKCC1 was closely related to the
production of neuropathic pain.

NKCCI1 expression increased to abnormal levels in the
small- and medium-sized DRG neurons, and this result was
associated with pain. Moreover, research has shown that
small- and medium-sized DRG neurons of the CCI models
were more sensitive to the transmission of pain information
and therefore generated peripheral sensitization (Modol,
2014). It is possible that this phenomenon could generate an
excitatory postsynaptic potential that further increases the
excitability of nociceptive neurons of the spinal cord dorsal
horn, leading to central sensitization and increased pain sen-
sitivity (Samuel, 2008). In our study, NKCC1 expression in
small- and medium-sized DRG neurons increased, whereas
KCC2 remained unexpressed. Furthermore, the concentra-
tion of Cl” in the small- and medium-sized DRG neuronal
cells also significantly increased. Our results are consis-
tent with previous studies. In summary, the expression of
NKCCl is significantly increased in small and medium-sized
DRG neurons, which is involved in the pathogenesis of neu-
ropathic pain.

Studies have reported that increased excitability of DRG
neurons is one of the main mechanisms underlying neuro-
pathic pain (Coull et al., 2003; Price et al., 2009). The A§ and
C nerve fibers of small- and medium-sized DRG neurons
transmit pain information (Trapp, 2006). In patients with
cancer pain and in a rat model of chronic compression of the
DRG (Jacobsen et al., 2016), the sensory projection A8 and
C nerve fibers in the spinal cord dorsal horn in the wide dy-
namic range were found to significantly increase their neu-
ronal discharge, which suggests that the development of the
chronic pain state is strongly associated with increased excit-
ability of neurons. The present study found that the number
of action potentials of DRG neurons was significantly higher
in the CCI group than in the control group, and that the
threshold level was lower in the CCI group than in the con-
trol group. This indicates that the excitation of small- and
medium-sized neurons in the CCI group increased, and that
the conduction ability for pain information was enhanced.
Increased excitability in the DRG has been found to enhance
nociceptive inputs to supraspinal sites under chronic pain
conditions (Walcott and Langdon, 2002; Ismailov et al.,
2004). We also found that, compared with the control group,
the resting potential and the frequency of action potentials
in the CCI group were increased and the threshold and rheo-
base of action potentials were decreased, thereby leading to
the increased excitability of DRG neurons. In conclusion,
increased excitability of DRG neurons mediates the develop-
ment of neuropathic pain.

Altogether, our results indicate that the expression of
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NKCCI1 increased in small- and medium-sized DRG neu-
rons after CCI, which led to an increase in intracellular CI°
concentration. Therefore, with the high intracellular CI” con-
centration, regardless of the factors that open CI” channels in
the DRG neuron cell body (such as GABA and Gly), which
can be a secondary cause of the increase in intracellular CI”
in extracellular fluid, the neuronal cell body will be depo-
larized. The cell body of DRG neurons will then be excited,
which results in easier production of abnormal electrical
activity and transmission of a stronger signal to the central
nervous system (Figure 10).

The present study has some limitations. We did not con-
duct the Von Frey test, and instead used the Hargreaves test
because of the available equipment in our laboratory. We
used immunohistochemistry rather than immuno-staining
to identify NKCC1 and KCC2, because we did not have in-
struments for immuno-staining in our laboratory. We will
supplement these experiments in future work. In addition,
previous studies have demonstrated that increased pNKCC1
signaling induced by inflammatory mediators is associated
with enhanced ClI” accumulation in DRG neurons (Funk et
al., 2008). The NKCCI1 protein detected in this study was
non-phosphorylated, whereas the expression of phosphor-
ylated NKCC1 in rat DRG neurons in the CCI model was
not detected. This study confirmed the presence of NKCC1
in the primary sensory neurons of the CCI model and its in-
creased expression upon the occurrence of neuropathic pain.
However, the expression and effects of NKCCI in the spinal
cord, thalamus, and cerebral cortex remain unknown and
should be investigated in future experiments.

In summary, our findings indicate that the modulation of
NKCCI may represent a novel therapeutic strategy for the
treatment of neuropathic pain, since neuropathic pain has
been linked to enhanced functional expression of NKCCI.
Our findings also highlight the relevance of blocking early
changes in NKCC1 activity after nerve injury to reduce hy-
peralgesia. Furthermore, bumetanide as a blocker of NKCC1
has the potential for analgesia. Thus, this study provides a
useful theoretical basis and potential clinical application
for establishing a new accurate and effective drug target for
chronic pain.
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DRG: dorsal root ganglion.
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