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Abstract

Background: Diabetic neuropathic pain is poorly controlled by analgesics and the precise
molecular mechanisms underlying hyperalgesia remain unclear. The KCNQ2/3/5 channels
expressed in dorsal root ganglion (DRG) neurons are important in pain transmission. The
expression and activity of KCNQ2/3/5 channels in DRG neurons in rats with diabetic neuropathic
pain were investigated in this study.

Methods: The mRNA levels of KCNQ2/3/5 channels were analyzed by real-time polymerase
chain reaction (PCR). The protein levels of KCNQ2/3/5 channels were evaluated by Western blot
assay. KCNQ2/3/5 channel expression in situ in DRG neurons was detected by double fluorescent
labeling technique. M current (Iv) density and neuronal excitability were determined by
whole-cell voltage and current clamp recordings. Mechanical allodynia and thermal hyperalgesia
were assessed by von Frey filaments and plantar analgesia tester, respectively.

Results: The mRNAand protein levels of KCNQ2/3/5 channels significantly decreased, followed
by the reduction of Im density and elevation of neuronal excitability of DRG neurons from
diabetic rats. Activation of KCNQ channels with retigabine (RTG) reduced the hyperexcitability
and inhibition of KCNQ channels with XE991 enhanced the hyperexcitability. Administration of
RTG alleviated both mechanical allodynia and thermal hyperalgesia, while XE991 augmented
both mechanical allodynia and thermal hyperalgesia in diabetic neuropathic pain in rats.
Conclusion: The findings elucidate the mechanisms by which downregulation of the expression
and reduction of the activity of KCNQ2/3/5 channels in diabetic rat DRG neurons contribute to
neuronal hyperexcitability, which results in hyperalgesia. These data provide intriguing evidence
that activation of KCNQ2/3/5 channels might be the potential new targets for alleviating diabetic
neuropathic pain symptoms.
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Introduction

KCNQ channels are voltage-dependent potassium channels composed of different combinations of
four subunits that differently expressed in the peripheral and central nervous system [1-5]. Itis
known that KCNQ channels have potential therapeutic value by targeting their activity [6, 7]. The
differentially expressed KCNQ subunits have a direct role in regulating excitability of the neurons
that they are distributed [2]. It has been anticipated that by targeting KCNQ channels for
development of new drugs on neuronal excitability will be a breakthrough on improving neuronal
diseases [8]. KCNQ channels are widely expressed in nociceptive dorsal root ganglion (DRG)
neurons and are important for controlling neuronal excitability. Activation of KCNQ channels has
proven to be effective on reducing pain in peripheral nerve injury and inflammation models [9,
10].

Due to their particular characteristics, KCNQ channels have been shown to have pronounced
control over the excitability of neurons. The dynamic surface expression of the KCNQ channels is
highly modulated by neurotransmitters and neural activity. The altered KCNQ activity contributes
to different neuronal hyperexcitability related pathological conditions [11]. KCNQ channels form
a slow non-inactivating K* current, also known as the M current (Im). They activate in the
subthreshold range of membrane potentials and regulate different aspects of excitability in neurons
[12, 13]. The KCNQ mediated Im regulates excitability of peripheral sensory nociceptors in the
pain pathways [3, 14]. Im is known to be provoked on key areas on neuronal surface to control
action potential (AP) initiation and propagation [11]. Therefore, how the Iwm is affected during
diabetic neuropathy and whether it is involved in the effect of KCNQ channels is still unknown.
Chronic pain after injury is highly resistant to available treatments [10]. Diabetes is the most
common cause of neuropathy [15,16]. Diabetic neuropathy is the most usual complication of
diabetes [17-20]. Diabetic neuropathic pain is one of the main symptoms, however, currently
available drugs are often ineffective and complicated by adverse events [18, 21-24]. Neuropathic
pain is a frequently encountered condition that is often resistant to treatment and is associated with
poor patient satisfaction of their treatment. The management of chronic neuropathic pain is
challenging [25] and is best achieved with the use of effective targets related to the main
mechanisms associated with pain transduction. The spinal cord and even much higher level of the

central nervous system are also involved in generation of diabetic neuropathic pain [26-29]. The



Molecular Pain
MPX Express
Accepted on 5 July, 2018
This article can be cited as 10.1177/1744806918793229

key pathological alteration of diabetic neuropathy is the gradually damaged peripheral nerve
terminals [30]. Hence, by targeting the central nervous system as the diabetic neuropathic pain
administration may have some limitations involved. By focusing on the peripheral nervous system,
the neuromodulation modality of DRG stimulation is suggested as diabetic neuropathic pain
improving indication [31]. The possibility that activators of KCNQ channels could be useful for
treating chronic pain is strongly supported by electrophysiological evidence and pharmacological
experiments [10]. As the KCNQ channel opener, retigabine (RTG) induced Iwm in different types of
neurons and inhibited pathological hyperexcitability AP firing in several different experimental
conditions [2, 3, 32-35]. RTG have been suggested to treat nociception modulated by Im and
relieved neuropathic pain provoked by stimulation of afferent neurons [3, 34]. XE991 blocked the
KCNQ induced Im and therefore potentiated the hyperexcitability in several different experimental
conditions [3, 20, 32, 33, 36, 37]. Therefore, we investigated the effects of RTG administration on
neuronal excitability in DRG afferent neuronal activities of diabetic neuropathic rats as well as the
effects of RTG treatment on pain nociceptive behavior of diabetic neuropathic rats. In addition, the
effects of XE991 on neuronal excitability and neuropathic behavior of diabetic neuropathic rats
were also evaluated in order to fully investigate the involvement of KCNQ2/3/5 channels in
nociceptive sensory transduction of diabetic neuropathic pain. These data provide evidence that
KCNQ2/3/5 channels might be the potential new targets for relieving diabetic neuropathic pain, a

medical condition for which few effective therapeutic options are available.

Materials and methods

Diabetic neuropathic pain animal model

All the animals involved in the present study were male Wistar rats (from the Experimental
Animal Center at Shandong University of China) weighing 200-250 g. All animals were cared for
in accordance with the National Institute of Health Guide for the Care and Use of Laboratory
Animals (eighth edition, 2010; International Standard Book Number-13: 978-0-309-15400-0;
http://www.nap.edu). All procedures described herein were reviewed by and had prior approval by
the Ethical Committee for Animal Experimentation of the Shandong University. Animals were
housed in plastic cages in groups of 4 at room temperature on a 12-h light/dark cycle with free

access to food and water. All surgery was performed under anesthesia, and all efforts were made to



Molecular Pain
MPX Express
Accepted on 5 July, 2018
This article can be cited as 10.1177/1744806918793229

minimize animal suffering, to decrease the number of animal used, and to utilize alternatives to in
vivo experiments of the animals. The diabetic rats were induced by a single intraperitoneal
injection (i.p.) of streptozotocin (STZ; Sigma, St. Louis, MO, USA; 55 mg/kg freshly dissolved in
0.1 mol/L citric acid buffer, pH 4.5). Age-matched rats injected with the same volume of the
vehicle were used as controls. The diabetic neuropathic pain rats were defined as a blood glucose
level > 20 mmol/L from 3 days to 8 weeks after STZ treatment and with evident neuropathic pain
(mechanical threshold < 5.0 g and withdrawal latency < 10 s) at 8 weeks after STZ administration.

All the animal groups and following experimental design were randomized.

Tissue collection for analysis

After 8 weeks of STZ or vehicle injection, the baseline pain behaviors were tested. After that, the
animals were anesthetized with 3% sodium pentobarbital (1 ml/kg body weight, i.p.). Bilateral
L4-6 dorsal root ganglia (DRGs) were removed from each animal. These DRGs were processed
for real-time quantitative polymerase chain reaction (PCR), Western blot assay, and double
fluorescent staining to analyze the expression of KCNQ2/3/5 channels in both mRNA and protein

levels, and were isolated to single cell to perform patch clamp recording to examine Im.

Real-time PCR analysis of KCNQ2/3/5 channel mRNA expression in DRG

After DRGs were removed from each animal, the mRNA levels of KCNQ2/3/5 channels in L4-6
DRGs were analyzed by real-time PCR with B-actin mRNA as an internal control. Total RNA
from tissues was extracted by TRIzol (Takara, Japan). Reverse transcription was performed using
cDNA synthesis kit (Thermo Scientific Molecular Biology, Lithuania, EU). The primers (Sangon
Biotech, Shanghai, China) are targeted to different parts of the sequence of KCNQ: KCNQ2
(718-902), KCNQ3 (1303-1444), and KCNQ5 (1163-1408). When we tested these primers with
conventional PCR, only one band at the appropriate target size was detected. The primer
sequences for KCNQ2/3/5 channels and B-actin were: KCNQ2 5’- GCT TGC GGT TCT TAC
AAA TCT T -3’ (forward) and 5°- GTG GTCATT CTCACC CTTTTCT -3’ (reverse). KCNQ3
5’- CCA AGG AGA GGAAAT GAA AGA G -3’ (forward) and 5°- TAAAGA AAA GGT GGC
AGC AAT C -3’ (reverse). KCNQ55’-CTT CGC CCT TCT TGG TAT TTC T -3’ (forward) and

5’-TCCCCT TGTTCT TTCTTG GTAG -3’ (reverse). B-actin 5’-CAC CCG CGA GTA CAA
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CCT TC -3’ (forward) and 5’- CCC ATA CCC ACC ATC ACA CC-3’ (reverse). The
amplification was conducted in a volume of 25 pl containing 12.5 pl of Maxima SYBR Green
gPCR Maxter Mix (2x) (Thermo Scientific Molecular Biology, Lithuania, EU), with 0.3 umol/L
forward and reverse primers, 2 ul cDNA. Real-time RT-PCR was performed using the Eppendorf
Realplex PCR system (Eppendorf, Hamburg, Germany). The PCR cycle conditions were as
follows: activation at 95°C for 10 minutes, amplification and quantification for 40 cycles at 95°C
for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds. The comparative cycle of threshold
fluorescence (Ct) method was used to obtain the relative transcript amount of the target gene by

normalizing it to that of B-actin with A Ct values.

Western blot assay of KCNQZ2/3/5 channel protein expression in DRG

Upon DRG removal, the protein levels of KCNQ2/3/5 channels in L4-6 DRGs were determined
by Western blot assay. The DRGs were homogenized with Radio Immunoprecipitation Assay
(RIPA) Buffer (Beyotime, Haimen, China) and the protein concentration was determined using a
BCA Protein Assay Kit (Beyotime, Haimen, China). Samples containing 50 pg protein were
loaded onto the 10% SDS gel, separated by electrophoresis and transferred to nitrocellulose (NC)
membrane. The membranes were blocked in 5% bovine serum aloumin (BSA) and then were
incubated with mouse anti-KCNQ2 monoclonal 1gG (1:1,000, Abcam, Cambridge, MA), rabbit
anti-KCNQ3 polyclonal 1gG (1:1,000, Chemicon, Temecula, CA), rabbit anti-KCNQ5 polyclonal
1gG (1:1,000, Chemicon, Temecula, CA), and mouse anti-p-actin monoclonal 1gG (1:1,000, Santa
Cruz Biotechnology, Santa Cruz, CA), respectively, overnight at 4°C. The membranes were
washed for 3 times and incubated with goat anti-rabbit 1gG-HRP (1:4,000, Santa Cruz
Biotechnology, Santa Cruz, CA) or goat anti-mouse 1gG-HRP (1:4,000, Santa Cruz Biotechnology,
Santa Cruz, CA). The immunoreactive bands were visualized with an enhanced chemiluminescent
detection kit (Millipore Corporation, Billerica, MA) in the FluorChem E Digital Darkroom
(Bucher Biotec, Switzerland). The images were analyzed by the AlphaView software (\ersion:

3.4.0.0). The protein levels of KCNQ2/3/5 were expressed as the ratio of the protein to $-actin.

Double fluorescent labeling of KCNQZ2/3/5 channels in DRG sections

The L4-5 DRGs were removed from each animal and fixed with 4% paraformaldehyde for 4 hours
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at 4°C. After that, the DRG explants were sectioned by a freezing microtome (AS620 Cryotome,
UK) at the thickness of 20 um. DRG sections were processed for double fluorescent labeling of
KCNQ2/3/5 channels with a neuron marker microtubule-associated protein 2 (MAP2) or
KCNQ2/3/5 channels with a nociceptive neuron marker transient receptor potential vanilloid
type-1 (TRPV1). Ablocking and permeabilizing solution, which contained 10% normal goat
serum in 0.3% Triton phosphate buffer saline (PBS), was used to block non-specific sites and
permeabilize cells. The sections were incubated with mouse monoclonal anti-KCNQ2 (1:400,
Abcam, Cambridge, MA), rabbit polyclonal anti-KCNQ3 (1:300, Chemicon, Temecula, CA),
rabbit polyclonal anti-KCNQ5 (1:300, Chemicon, Temecula, CA), chicken polyclonal anti-MAP2
(1:2000, Abcam, Cambridge, MA), and sheep polyclonal to TRPV1 (1:500, Abcam, Cambridge,
MA, USA), respectively, overnight at 4°C. After washing in 0.1 mol/L PBS for 3 times, the
sections were incubated with goat anti-rabbit conjugated to Cy3 (1:200, Abcam, Cambridge, MA),
goat anti-mouse conjugated to Cy3 (1:200, Abcam, Cambridge, MA), goat anti-chicken
conjugated to Cy2 (1:200, Abcam, Cambridge, MA) , rabbit anti-mouse conjugated to Cy3 (1:200,
Invitrogen Corporation, Grand Island, NY), rabbit anti-sheep conjugated to Cy2 (1:200, Jackson
ImmunoResearch, West Grove, PA), mouse anti-rabbit conjugated to Cy3 (1:200, Invitrogen
Corporation, Grand Island, NY), and mouse anti-sheep conjugated to Cy2 (1:200, Jackson
ImmunoResearch, West Grove, PA) for 60 minutes in darkness, respectively. The sections were
rinsed in 0.1 mol/L PBS and covered with \ectashield anti-fade mounting medium (\ector
Laboratories, Burlingame, CA). All images were captured by Olympus fluorescent microscope.
The Image Pro Plus (version 6.0, Media Cybernetics, Silver Spring, MD) image analyzing
software was used to analyze the DRG sections. The proportion of KCNQ2/3/5 channel positive
neurons and their relative fluorescence intensity were calculated in a blind fashion. Three
consecutive sections (100-um interval) of each DRG from 5 animals in each group were analyzed.
Six adjacent fields from the same section were considered to be one observation. The relative

fluorescence intensity was the mean optical density within each DRG section.

Cell culture and patch-clamp recording
The DRG explants were digested with 0.5% trypsin (Sigma, St. Louis, MO) and 1% collagenase

(type 1A, Invitrogen Corporation, Grand Island, NY) in D-Hanks solution at 37°C for 1 hour and
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isolated to single cell. After dissociation, 10% fetal bovine serum (Invitrogen Corporation, Grand
Island, NY) was added to stop digestion, and the cells were centrifuged for 10 minutes at 1,000
rpm. The dissociated cells were resuspended in DMEM/F-12 (Gibco, Grand Island, NY), which
consisted of 10% fetal bovine serum and placed on 24-well sterile clusters containing
poly-L-lysine (0.1 mg/ml, Sigma, St. Louis, MO) precoated glass coverslips and kept in 5% CO>
incubator at 37°C before use. Recordings were performed within 24 hours after plating.
Whole-cell voltage and current clamp recordings were performed at room temperature
(20°C~22°C) using an EPC-9 amplifier and Patch-master software (HEKA, Lambrecht/Pfalz,
Germany). Patch electrodes with a resistance of 4 MQ to 6 MQ were pulled from borosilicate
glass capillaries using a micropipette puller (P-97 Sutter Instruments, Novato, CA). Liquid
junction potentials were calculated with the algorithm developed by P.H. Burry [38] using
Patch-master software and subtracted post acquisition. Seals (1 GQ~10 GQ) between the electrode
and the cell were established. After whole cell configuration was established, the cell membrane
capacitance and series resistance were electronically compensated. Series resistance was
compensated 60% to 80%. In this study, small/medium sized DRG neurons, which were tested for
AP and I, were defined by their membrane capacitance (< 35 pF). RTG (Selleckchem, Houston,
TX) and XE991 (Sigma, St. Louis, MO) were dissolved in dimethyl Sulfoxide (DMSO) at 1,000
times of the final concentration and were kept frozen in aliquots. The stock solutions were diluted
in the appropriate external solution just before use and delivered by PM 200B 4-Channel Pressure
injector (Microdata Instrument, NJ). The distance from the column mouth to the cell studied was
about 100 pm. The exposure time for RTG and XE991 was 2 minutes. It was demonstrated to be
at steady-state phase by our preliminary experiments.

For voltage-clamp recording, the pipette solution contained (in mmol/L): 80 K-acetate, 30 KCI, 40
HEPES, 3 EGTA, 1 CaCl;, 3 MgCl. and was adjusted to pH 7.4 by KOH. The external solution
contained (in mmol/L): 144 NaCl, 2.5 KCI, 2 CaClz, 0.5 MgCl, 5 HEPES, 10 glucose and was
adjusted to pH 7.4 by NaOH. In our experiments, K-acetate was used instead of high
concentration of KCI in the pipette solution to reduce calcium-mediated rundown of Im s, because
intracellular high KCI-induced outward chloride flux may lead to great inward calcium flux [39].
Im was evoked by holding the membrane potential at -20 mV for 1 second and applying 1 second

-50 mV repolarizing pulse. The amplitude of Im was assessed by taking the difference of the
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means between the initial (10 ms segment) and final of the repolarizing pulse. The Im density was
expressed as the ratio of the amplitude to membrane capacitance.

For current-clamp recording, the pipette solution contained (in mmol/L):140 KCI, 4 NaCl, 10
HEPES, 10 EGTA, 0.5CaCl, 1 MgCl, and was adjusted to pH 7.4 by KOH. The external solution
contained (in mmol/L): 140 NaCl, 5 KCI, 1.8 CaCl. , 1 MgCl,, 10 HEPES, 10 glucose and was
adjusted to pH 7.4 by NaOH. Zero current was injected so that the neurons were held at their
resting potential. The AP threshold was measured by a series of 5 ms depolarizing current
injection in 10 pA steps from 0 pA to elicit the first AP. A depolarizing current pulse (1 second, 2
fold AP threshold) was delivered to elicit the cell generating sufficient firing and the frequency of

AP was counted.

Animal groups and intragastric drug administration

Eight weeks after STZ injection, fifteen diabetic neuropathic pain rats were randomly divided into
3 groups (5 rats in each group) and were treated with PBS (2 ml), the KCNQ2/3/5 channels opener
(RTG 5mg/kg), or the KCNQ2/3/5 channels blocker (XE991 5 mg/kg), respectively. Another
fifteen age-matched normal rats were randomly divided into 3 groups (5 rats in each group) and
were treated with PBS (2 ml), RTG (5mg/kg), or XE991 (5 mg/kg), respectively. All the drugs
were dissolved in DMSO at 1,000 times of the final concentration and were kept frozen in aliquots.
The drugs in the stock solutions were diluted by 2 ml PBS just before use and were given by a
gastric tube inserted to the stomach of the rat by an injector. All the rats were tested for
mechanical allodynia and thermal threshold every 30 minutes after drug administration. The
mechanical allodynia and thermal hyperalgesia behavior tests were finished by the investigators

who were blinded to the animal groups.

Evaluation of mechanical allodynia and thermal hyperalgesia

The threshold responses of the left and right hind paws to mechanical and thermal stimuli were
detected by von Frey filaments (BME-403, Chinese Academy of Medical Sciences Institute of
Biomedical Engineering) and a plantar analgesia tester (BME-400C, Chinese academy of medical
sciences institute of biomedical engineering). All the rats received training sessions before

behavioral tests.
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Mechanical hypersensitivity was judged by the 50% withdrawal threshold to the relative
stimulation. The rats used for mechanical allodynia test were adapted to the environment for 1
hour in a clear plastic cage with a wire mesh bottom that allowed full access to the rat hind paw. A
series of standard von Frey filaments were used in series to stimulate the intermediate region on
the plantar surface of the rat hind paw. The rats were given a pressure that was just adequate to
bend the filament for 5 seconds. Apositive response was considered as a brisk withdrawal of the
testing hind paw. The 50% threshold was calculated according to the sequence of positive and
negative scores as previously described [40].

The withdrawal latency to noxious radiant heat stimulation was used to evaluate the thermal
hyperalgesia. Each rat for thermal hyperalgesia assessment was adapted to the environment for 1
hour and then was placed on a thin glass platform maintained at 30°C. A radiant heat source with
constant intensity was used to stimulate the plantar intermediate region of the rat hind paw. The
withdrawal latency was determined from the beginning of thermal stimulation until a brisk
withdrawal of the hind paw. A cutoff of 30 seconds was used to prevent hind paw from tissue

injury.

Statistical analysis

All the data was processed for verifying normality test. If normality test failed, the data were
analyzed with non-parametric test. If normality test is passed, the Student's t-test was used to
compare the differences between two groups by SPSS (version 15.0) software. AP value < 0.05

was delineated to be significant for analysis of all results.

Results

KCNQ2/3/5 channels mRNA expression in DRG of diabetic rats

Neuropathic injury induces a large-scale remodelling of nociceptive neurons driven by long-term
changes in gene expression [41]. Whether diabetic mechanical allodynia and thermal hyperalgesia
induced by diabetic neuropathy is associated with downregulation of KCNQ2/3/5 channels should
be explored. Since KCNQ2/3/5 channels do not express in glia cells of DRG, the expression of
KCNQ2/3/5 channels in the whole DRG tissue could reflect changes of KCNQ2/3/5 channels in

DRG neurons [8]. Real-time PCR analysis revealed that the A Ct values of KCNQ2/3/5 channels

10



Molecular Pain
MPX Express
Accepted on 5 July, 2018
This article can be cited as 10.1177/1744806918793229

increased significantly in DRG of diabetic neuropathic pain rats, suggesting the downregulation of
KCNQ2/3/5 channels is associated with mechanical allodynia and thermal hyperalgesia in diabetic

neuropathic pain rats (Fig. 1).

KCNQ2/3/5 channels protein expression in DRG of diabetic rats

The decrease of MRNA levels of KCNQ2/3/5 channels in diabetic neuropathic pain rats suggested
the KCNQ2/3/5 channels were down-regulated in transcription level. Western blot assay was
performed to determine the protein levels of KCNQ2/3/5 channels in DRGs of diabetic
neuropathic pain rats. Similar to the mRNA of KCNQ2/3/5 channels, the protein levels of

KCNQ2/3/5 channels also decreased in DRG from diabetic rats (Fig. 2).

KCNQ2/3/5 channels expression in situ in DRG neurons of diabetic rats

We further detected the changes of KCNQ2/3/5 channels expression in situ in DRG neurons by
double fluorescent labeling. KCNQ2/3/5 channels (red) were co-localized with the neuron marker
MAP2 (green) and nociceptive neuron marker TRPV1 (green) in the present study. Consistent

with our real-time PCR and Western blot data, the proportion of KCNQ2/3/5-positive neurons (red)
to the MAP2-positive neurons (green) decreased significantly in DRG from diabetic rats. In
addition, the immunofiuorescence intensity of KCNQ2/3/5 channels of diabetic rats was weaker
than that in the control group (Fig. 3). Double fluorescent labeling of KCNQ2/3/5 and TRPV1
revealed that the proportion of the TRPV1 co-localized neurons (orange) to the

KCNQ2/3/5-positive neurons (red) increased in DRG from diabetic neuropathic pain rats (Fig. 4).

Im density of DRG neurons and drug influence

\bltage-clamp recordings were used to assess the effects of diabetic neuropathic pain on Iw
density of DRG neurons, which were small and medium sized DRG neurons with their membrane
capacitance (<35 pF). Compared with normal control rats, the Im density of DRG neurons in
diabetic rats reduced significantly, which might be the result of decreased expression of
KCNQ2/3/5 channels. The KCNQ2/3/5 channel opener RTG (10 umol/L) treatment significantly
enhanced Im density of DRG neurons in diabetic rats and in non-diabetic control rats. The

KCNQ2/3/5 channel blocker XE991 (1 umol/L) treatment reduced Im density of DRG neurons in

1"
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both diabetic rats and normal control rats. Moreover, RTG and XE991 had more predominant

effects on Iu density of DRG neurons in control rats than diabetic rats (Fig. 5).

Excitability of DRG neurons and drug influence

We used current-clamp recordings of cultured DRG neurons from rats with or without diabetic
neuropathic pain to characterize the changes of sensory neuronal excitability. The small and
medium sized DRG neurons from diabetic rats exhibited dramatically enhanced neuronal
excitability, including depolarized RMP, reduction in AP threshold, and increase in frequency of
AP. RTG (10 umol/L) could inhibit neuronal excitability manifested as hyperpolarized RMP,
increase in AP threshold, and decrease in frequency of AP of small and medium sized DRG
neurons from diabetic and normal control rats. XE991 (1 umol/L) enhanced neuronal excitability

by the same way in both diabetic and normal control rats (Fig. 6).

Mechanical allodynia and thermal hyperalgesia and drug influence

Rats with STZ-induced diabetes showed hypersensitivity to noxious mechanical and thermal
stimulation, as previously described by other studies [42, 43]. Our preliminary experiment
demonstrated that intragastric administration of RTG to diabetic rats and control rats affected
mechanical and thermal thresholds in a time dependent manner, and the peak of effect was at 2
hours after administration. RTG increased paw withdrawal threshold to mechanical stimulation
and extend withdrawal latency to thermal stimulation, while XE991 decreased paw withdrawal
threshold to mechanical stimulation and shorten withdrawal latency to thermal stimulation of
diabetic rats and control rats, suggesting KCNQ2/3/5 channels are potential targets for treatment

of diabetic neuropathic pain (Fig. 7).

Discussion

Painful diabetic peripheral neuropathy is prevalent among diabetic patients and is increasing over
time worldwide. However, the precise molecular mechanisms underlying hyperalgesia in diabetic
neuropathy remain poorly understood, and effective treatment for this metabolic pain is limited.
To explore the mechanism of diabetic neuropathic pain progression and to pursue new

pharmacological targets are essential for finding new effective therapeutic strategy on relieving

12



Molecular Pain
MPX Express
Accepted on 5 July, 2018
This article can be cited as 10.1177/1744806918793229

diabetic neuropathic pain. In this work, a significant decrease of KCNQ2/3/5 channels in DRG
from diabetic rats was detected. Additionally, KCNQ2/3/5 channels in the DRG neurons of
diabetic neuropathic rats were distributed along with TRPV1-positve nociceptive sensory neurons,
which were activated in diabetic neuropathy-induced hyperalgesia [44]. The Im density of DRG
neurons in diabetic rats significantly reduced, in agreement with significant decline of expression
of KCNQ2/3/5 channels in DRG from diabetic rats. The KCNQ2/3/5 channel opener RTG
increased Im density and inhibited neuronal excitability of DRG neurons from diabetic rats,
whereas the KCNQ2/3/5 channel blocker XE991 had the opposite effects. In electrophysiological
recordings of diabetic neuropathic DRG neurons, the effects of RTG and XE991 were less
sensitive than the control group because their target KCNQ2/3/5 channels' expression was
decreased during the development of diabetic neuropathy. RTG also attenuated responses to
mechanical allodynia and thermal hyperalgesia of diabetic neuropathic rats in a time dependent
manner with the peak of effect at 2 hours after administration. On the other hand, the KCNQ2/3/5
blocker XE991 potentiated the responses of mechanical allodynia and thermal hyperalgesia in
diabetic neuropathic rats. The results of our present study show that KCNQZ2/3/5 channels
expressed in the DRG neurons contribute to the development of mechanical allodynia and thermal
hyperalgesia in diabetic neuropathy. Targeting the peripherally distributed KCNQZ2/3/5 channels in
DRG neurons may represent a viable therapeutic strategy for the treatment of diabetic neuropathic
pain.

KCNQ channels are voltage-dependent potassium channels composed of combinations of subunits,
being differently expressed in the DRG neurons. Some DRG neurons expressed both KCNQ2 and
KCNQ3, while others expressed KCNQ?2 in the absence of KCNQ3. Likewise, although some
cells expressed both KCNQ3 and KCNQ5, others expressed KCNQ3 in the absence of KCNQ5
[45]. Notably, the expression KCNQ2/3/5 channels are significantly suppressed by the
development of diabetic neuropathy. The role of KCNQ channel opener RTG and KCNQ channel
blocker XE991 in the involvement of diabetic neuropathic pain on the down-regulated expressed
KCNQ?2/3/5 channels should be resolved. We therefore assessed the effect of RTG and XE991 on
KCNQ2/3/5 channels both in vivo and in vitro experiments. Diabetic neuropathy caused a marked
reduction in the number of KCNQ-expression neurons and induced a strong excitatory status of

sensory neuron, which suggested that KCNQ channels play a direct role in regulating sensory
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excitability in vivo. The administration of RTG and XE991 in the rat also targeted KCNQ and
affected neuropathic pain behavior. But the mechanism of KCNQ should be further confirmed by
in vitro experiments.

The Im is a voltage-dependent, persistent K" current that is strongly regulated. The main function
of Im is to limit neuronal excitability by contrasting AP firing [35]. The in situ expression of
KCNQ2/3/5 channels in the diabetic rat DRG slice is decreased. On this condition, we employed
the whole-cell patch-clamp technique to record DRG neuronal AP and In using an in vitro model
of DRG neuronal culture. Iy evoked in voltage-clamp experiments demonstrated that density of Iu
was significantly reduced in DRG neurons of diabetic rats. AP, whichwas strongly regulated by Iw,
was measured in current-clamp recording. Accordingly, the reduced density of Im had apparently
resulted in depolarized RMP, reduction in AP threshold, and increase in frequency of AP in the
small and medium sized DRG neurons of diabetic rats. Our results suggest that DRG neurons
possess Im, which is importantly down-regulated in diabetic neuropathic rats and failed to
modulate the excitability of afferent neurons. The pharmacological activities of Im opener and
blocker were also explored in our experimental models of diabetic neuropathy.

RTG were used in both in vitro models to provide a better understanding of the electrophysiology
of neurons, and allow for the treatment of the neuropathic pain in animal models [3, 34]. With
patch-clamp recording, we investigated the changes of density of Im of small/medium sized DRG
neurons pretreated with RTG and different effect of RTG to provoke Im when expression of
KCNQ2/3/5 channels was down-regulated by diabetic neuropathy. Although RTG treatment
significantly enhanced Imv density of DRG neurons in diabetic rats and in non-diabetic control rats,
it had less effect on DRG neurons from diabetic rats due to down-regulated expression of
KCNQ2/3/5 channels. But RTG are still potent on reducing the pathological excitability of DRG
neurons of diabetic neuropathic rats, which is also reflected by in vivo study that RTG reduced
mechanical allodynia and thermal hyperalgesia of diabetic neuropathic rats.

XE991, which is being used increasingly in experiments, is a compound that specifically targets
the activated subunit of KCNQ channels [37]. Here, we demonstrated the inhibiting effect of
XE991 on KCNQ channels both in patch-clamp experiments and in animal experiments. The
result showed that the effects of XE991 were practically opposite of RTG, including reduced Im

density and enhanced neuronal excitability of DRG neurons by depolarizing RMP, reducing AP
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threshold, and increasing in frequency of AP. The patch-clamp experiments were performed on
DRG neurons from diabetic neuropathic rats whose expression of KCNQ channels was
down-regulated. A recent study showed that XE991 is a state-dependent inhibitor that favors the
activated single subunit of neuronal KCNQ channels [37]. In our present experiment, when the
expression of KCNQ2/3/5 channels was decreased, the effectiveness potential for XE991 to
inhibit 1m of DRG neurons was not as sensitive as the normal control. This result suggested that
DRG neurons of diabetic neuropathic rats could not provide sufficient KCNQ2/3/5 channel
subunits to transport to the cell surface to meet physiologic conditions.

Both RTG and XE991 were state-dependent drugs that were less efficacious when expression of
KCNQ2/3/5 channels was decreased during diabetic neuropathy. Pharmacological effects of RTG
and XE991 were sensitive to changes of expression of KCNQ channels. The electrophysiological
changes of DRG neurons by RTG or XE991 treatment could well explain the changes of
KCNQ2/3/5 channels on DRG neurons of diabetic neuropathic rats. KCNQ2/3/5 channels are
likely to be implicated in the nociceptive sensory transduction of diabetic neuropathic pain.
Concerning the heterogeneity of DRG neurons of different subpopulations, tyrosine kinase
receptor (Trk)A-positive neurons represent the peptidergic nociceptors which are mainly small
sized DRG neurons for pain and nociception signaling transmission. These subpopulations are
largely overlapped with TRPV1 expressing peptidergic neurons. TrkB-positive neurons represent
the mechanoreceptors which vary from small to large cells. TrkC-positive neurons represent
proprioceptors which are mainly large cells with myelinated axons. These three subsets (TrkA,
TrkB, and TrkC) are restricted to subtypes of mature DRG neurons with only minimally overlap
[46-49]. According to the category of DRG neurons, the small/medium sized DRG neurons are
mainly responsible for the pain-related signaling transmission. This point was used in the
electrophysiological recordings for analyzing isolated living DRG neurons in our present study.
Hence, the recorded neurons in the electrophysiological experiment were defined as small/medium
sized DRG neurons with their membrane capacitance < 35 pF, despite the fact that their sensory
modality could not be detected directly. This is one of the limitations in our work.

Although targeting KCNQZ2/3/5 channels in DRG neurons is a promising novel approach for
relieving diabetic neuropathic pain as shown in our present study, the central mechanism also

needs to be explored because of the central sensitization induced indirectly by peripheral
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nociceptive signaling transmission or directly by high glucose challenges. Upregulation of
inflammatory cytokines [50], alteration of proinflammatory neuropeptides [51] and
N-methyl-D-aspartate (NMDA) receptor phosphorylation in spinal dorsal horn [29], activation of
anterior cingulate cortex [28], and brain-based facilitatory pain mechanism [52] contribute to
diabetic neuropathic pain. Combined peripheral and central targeting approach may represent the
potential strategy on relieving diabetic neuropathic pain in future.

In conclusion, the findings elucidate the mechanisms by which downregulation of expression and
activities of KCNQ2/3/5 channels in diabetic rat DRG neurons contributes to their enhanced
neuronal excitability which results in mechanical allodynia and thermal hyperalgesia and provide
intriguing evidence that activation of KCNQ2/3/5 channels might be the potential new targets for
alleviating diabetic neuropathic pain symptoms. To further confirm the pain relieving efficiency

by targeting KCNQ2/3/5 channels in diabetic patients as new therapy strategy is anticipated.
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Fig. 1. Expression of mRNA for KCNQ2/3/5 channels in DRG. The relative expression ratio of
KCNQ2/3/5 channels significantly decreased in DRG of diabetic neuropathic pain rats. Bar graphs

represent mean + SEM, n=5, *P<<0.01, paired Student's t-test.
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Fig. 2. Expression of KCNQ2/3/5 channels protein in DRG. Western blot assay exhibited the
downregulation of KCNQ2 (A1, A2), KCNQ3 (B1, B2) and KCNQ5 (C1, C2) protein levels in
DRG of diabetic neuropathic pain rats in contrast to normal control rats. The lysates represented in
panels A1/2/3 were from the same control animals and diabetic animals, respectively. Bar graphs

with error bars represent mean + SEM, n=5, *P<<0.05, **P <C0.01, paired Student's t-test.
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Fig. 3. KCNQ2/3/5 channels expression in situ in DRG neurons. Double fluorescent labeling
revealed that the percentage of KCNQ2/3/5-positive neurons of total neurons (MAP2-positive
neurons) decreased dramatically in DRG of diabetic neuropathic pain rats compared to normal
control rats. (A1-A4) The examples of MAP2-positive (green), KCNQ2-positive (red) DRG
neurons, overlay, and no-primary antibody controlin diabetic rats. (B1-B4) The examples of
MAP2-positive (green), KCNQ2-positive (red) DRG neurons, overlay, and no-primary antibody
control in normal control rats. (C1-C4) The examples of MAP2-positive (green), KCNQ3-positive
(red) DRG neurons, overlay, and no-primary antibody control in diabetic rats. (D1- D4) The
examples of MAP2-positive (green), KCNQ3-positive (red) DRG neurons, overlay, and
no-primary antibody control in normal control rats. (E1-E4) The examples of MAP2-positive
(green), KCNQ5-positive (red) DRG neurons, overlay, and no-primary antibody control in
diabetic rats. (F1-F4) The examples of MAP2-positive (green), KCNQ5-positive (red) DRG
neurons, overlay, and no-primary antibody controlin normal control rats. (G) The quantitative
analysis of the proportion of KCNQ2/3/5-positive (red) to MAP2-positive (green) DRG neurons.
(H) The quantitative analysis of KCNQ2/3/5 channels relative immunofluorescence intensity to
MAP2 immunofiuorescence intensity. Scale bar =50 um. Bar graphs with error bars represent

mean £ SEM, n=5, *P <<0.05, **P <<0.01, ***P <<0.001, paired Student's t-test.
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Fig. 4. Increased co-localization of TRPV1 and KCNQ2/3/5 in DRG neurons of neuropathic pain
rats. (Al-A4) The examples of TRPV1-positive (green), KCNQ2-positive (red) DRG neurons,
overlay, and no-primary antibody control in diabetic rats. (B1-B4) The examples of
TRPV1-positive (green), KCNQ2-positive (red) DRG neurons, overlay, and no-primary antibody
control in normal control rats. (C1-C4) The examples of TRPV1-positive (green),
KCNQ3-positive (red) DRG neurons, overlay, and no-primary antibody control in diabetic rats.
(D1- D4) The examples of TRPV1-positive (green), KCNQ3-positive (red) DRG neurons, overlay,
and no-primary antibody control in normal control rats. (E1-E4) The examples of TRPV1-positive
(green), KCNQ5-positive (red) DRG neurons, overlay, and no-primary antibody control in
diabetic rats. (F1-F4) The examples of TRPV1-positive (green), KCNQ5-positive (red) DRG
neurons, overlay, and no-primary antibody controlin normal controlrats. (G) The quantitative
analysis of the proportion of TRPV1 co-localized neurons (orange) to KCNQ2/3/5-positive
neurons (red). Scale bar = 50 um. Bar graphs with error bars represent mean £ SEM, n=5, *P <

0.01, paired Student's t-test test.
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Fig. 5. M current of DRG neurons and drug influence. (A) Standard protocol for recording M
current. (B) A representative example of M current recorded from a DRG neuron (33.4 pF) of
diabetic neuropathic pain rats before (black) and after (red) perfusion with retigabine (10 pmol/L).
(C) A representative example of M current recorded from a DRG neuron (22.3 pF) of diabetic
neuropathic pain rats before (black) and after (red) perfusion with XE991 (1 umol/L). (D) A
representative example of M current recorded from a DRG neuron (28.4 pF) of normal control rat
before (black) and after (red) perfusion with retigabine (10 umol/L). (E) Arepresentative example
of M current recorded from a DRG neuron (19.8 pF) of normal control rat before (black) and after
(red) perfusion with XE991 (1 umol/L). (F) The quantitative analysis of M current density before
and after perfusion with retigabine (10 pmol/L) or XE991 (1 pmol/L). Bar graphs with error bars
represent mean £ SEM, n=40, *P<<0.001, diabetes vs control, unpaired Student's t-test, others

paired Student's t-test.
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Fig. 6 Excitability of DRG neurons and drug influence. (A) A representative example of evoked
AP recorded from a DRG neuron (27.3 pF) of diabetic rat before (black) and after (red) perfusion
with retigabine (10 umol/L). (B) A representative example of evoked AP recorded from a DRG
neuron (32.6 pF) of diabetic rat before (black) and after (red) perfusion of XE991 (1 umol/L). (C)
A representative example of evoked AP recorded from a DRG neuron (21.6 pF) of normal control
rat before (black) and after (red) perfusion with retigabine (10 umol/L). (D) A representative
example of evoked AP recorded from a DRG neuron (34.0 pF) of normal control rat before (black)
and after (red) perfusion with XE991 (1 umol/L). (E-G) The quantitative analysis of neuronal
excitability, including resting membrane potential, AP threshold, and frequency of AP before and
after perfusion with retigabine (10 pmol/L) or XE991 (1 pmol/L). Bar graphs with error bars
represent mean £ SEM, n=40, *P <<0.001, diabetes vs control, unpaired Student's t-test, others

paired Student's t-test.
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Fig. 7. Paw withdrawal threshold to mechanical and thermal stimulation and drug influence. (A)
Paw withdrawal threshold to mechanical stimulation in all groups. (B) Paw withdrawal threshold
to thermal stimulation in all groups. Bar graphs with error bars represent mean + SEM, n=20, *P

<0.05, **P<<0.01, ***P <<0.001, unpaired Student's t-test.
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