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Abstract

Background: Neuropathic pain following peripheral nerve injury (PNI) is linked to neuroinflammation in the spinal
cord marked by astrocyte activation and upregulation of interleukin 6 (IL-6), chemokine (C-C motif) ligand 2 (CCL2) and
chemokine (C-X-C motif) ligand | (CXCLI), with inhibition of each individually being beneficial in pain models.
Methods: Wild type (WT) mice and mice with global or pGfap-cre- or pGFAP-cre/ERT2-driven Abcc8/SURI deletion or
global Trpom4 deletion underwent unilateral sciatic nerve cuffing. WT mice received prophylactic (starting on post-operative
day [pod]-0) or therapeutic (starting on pod-21) administration of the SURI antagonist, glibenclamide (10 ug IP) daily. We
measured mechanical and thermal sensitivity using von Frey filaments and an automated Hargreaves method. Spinal cord
tissues were evaluated for SURI-TRPM4, IL-6, CCL2 and CXCLI.

Results: Sciatic nerve cuffing in WT mice resulted in pain behaviors (mechanical allodynia, thermal hyperalgesia) and newly
upregulated SURI-TRPM4 in dorsal horn astrocytes. Global and pGfap-cre-driven Abcc8 deletion and global Trpm4 deletion
prevented development of pain behaviors. In mice with Abcc8 deletion regulated by pGFAP-cre/ERT?2, after pain behaviors
were established, delayed silencing of Abcc8 by tamoxifen resulted in gradual improvement over the next |4 days. After PNI,
leakage of the blood-spinal barrier allowed entry of glibenclamide into the affected dorsal horn. Daily repeated administra-
tion of glibenclamide, both prophylactically and after allodynia was established, prevented or reduced allodynia. The salutary
effects of glibenclamide on pain behaviors correlated with reduced expression of IL-6, CCL2 and CXCLI by dorsal horn
astrocytes.

Conclusion: SURI-TRPM4 may represent a novel non-addicting target for neuropathic pain.
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falls, work-related and iatrogenic injuries. In warfight-
ing, a majority of battlefield wounds involve injuries to
exposed limbs, often resulting in injuries to the ulnar,
common peroneal or tibial nerve (n.) that results in the
development of neuropathic pain.**

Neuropathic pain is caused by lesions to the somato-
sensory nervous system that alter its structure and func-
tion so that pain occurs spontancously, and responses to
both noxious and innocuous stimuli are pathologically
amplified.> Both peripheral and central inflammation
play critical roles in neuropathic pain after PNI.
Neuroinflammation within the spinal cord is character-
ized by glial activation, blood-spinal barrier
(BSB) leakage and infiltration of leukocytes.®”
Neuroinflammation within the spinal cord is required
for the initiation and maintenance of pain hypersensitiv-
ity following PNL° ' Microglia, astrocytes and oligo-
dendrocytes modulate CNS inflammation triggered by
PNI. Microglia are the initial responders, whereas astro-
cytes become involved later, during the chronic
phase.'*"?

Sulfonylurea receptor 1 (SUR1), which is encoded by
the Abcc8 gene, is a regulatory subunit that co-assembles
with the inward rectifier potassium-selective channel,
Kir, to form K atp channels.'* Various channel subunits
(SURI, SUR2, Kir6.1 and Kir6.2) are expressed in pri-
mary afferent neurons of dorsal root ganglia (DRG),"'>'
in paranodal sites of nodes of Ranvier and in the
Schmidt-Lanterman incisures of Schwann cells.'® In
DRG neurons, opening K o1p channels reduces excitabil-
ity whereas inhibiting Kp increases excitability and
may amplify sensory signaling.'”> Consistent with a role
for Kotp in DRG neurons, intrathecal injection of
Abcc8 shRNA (AAVI-GFP-U6-m-ABCC8-shRNA) in
uninjured mice results in the appearance of GFP
(green fluorescent protein) and in reduced expression
of Abcc8§ mRNA predominantly within the DRG,
accompanied by a decrease in mechanical paw-
withdrawal latencies.'” In studies on neuropathic pain
induced by nerve injury, the SURI antagonist, gliben-
clamide, has been shown to blunt the effect of numerous
analgesics that signal via the L-arginine/nitric oxide/
cyclic GMP/K atp channel pathway.'®® In the same
studies, however, in the absence of analgesic, SUR1 inhi-
bition by itself with a one-time dose of glibenclamide
had no effect on pain thresholds.

Apart from Katp, SURI also co-assembles with the
non-selective cation channel, transient receptor potential
melastatin 4 (TRPM4) to form SURI-TRPM4 channels,
which are also blocked by the SURI inhibitor, gliben-
clamide.”” Recent work has implicated SUR1-TRPM4
in neuroinflammatory responses in the central nervous
system, including brain®*>* and spinal cord.*-*® In these
reports, neuroinflammation and its neurofunctional
phenotypes were ameliorated by global deletion of

Abcc8/SURI (a.k.a., AbccS8—/—) or by repeated daily
administration of glibenclamide over the course of
many days.

Based on the foregoing, it is possible that following
PNI, inhibiting 4bcc8/SURI1 could inhibit spinal cord
neuroinflammation by acting via SURI-TRPM4, there-
by ameliorating neuropathic pain. However, it is also
conceivable that inhibiting 4bcc8/SUR1 could amplify
sensory signaling by acting via K otp in the DRG, there-
by exacerbating neuropathic pain. Here, we used a
murine model of sustained neuropathic pain induced
by sciatic n. cuffing’’® to examine the effects of
global, pGfap-cre- and pGFAP-cre/ERT2-driven Abcc8/
SURT1 deletion, global Trpm4 deletion, as well as phar-
macological inhibition of SURI1 by repeated daily
administration of glibenclamide, on pain behaviors and
neuroinflammation in the spinal cord.

Methods

Ethics statement

The article was written in accordance with ARRIVE
guidelines.”® We certify that all applicable institutional
and governmental regulations concerning the ethical use
of animals were followed during the course of this
research. Animal experiments were performed under a
protocol approved by the Institutional Animal Care and
Use Committee of the University of Maryland,
Baltimore, and in accordance with the relevant guide-
lines and regulations as stipulated in the National
Research Council Publication, “Guide for the Care
and Use of Laboratory Animals”, NIH Publication
86-23. All efforts were made to minimize the number
of animals used and their suffering.

Subjects

Adult male C57BL/6 mice, 22-25gm, were obtained
from Envigo (Indianapolis, IN). Global 4bcc8 knock-
out (a.k.a., Abcc8—/-) mice and AbccS-floxed mice
were generated, validated and gifted by Dr. Joseph
Bryan and colleagues.***' Global Trpm4 knock-out
(a.k.a., Trpm4—/-) mice were generated, validated and
gifted by Prof. Dr. Marc Freichel and Prof. Dr. Veit
Flockerzi.**  Gfap-cre mice  (B6.Cg-Tg(Gfap-cre)
73.12Mvs/J; stock #012886) and GFAP-cre/ERT2 mice
(B6.Cg-Tg(GFAP-cre/ERT2)S505Fmv/J; stock #012849),
in which Cre recombinase is under the control of the
murine Gfap or human GFAP promoter, either constitu-
tive or conditional, were obtained from The Jackson
Laboratory (Bar Harbor, ME). Mice with constitutive
deletion of Abcc8 driven by the Gfap promoter, i.e.,
Abce8" 4+ Gfap-cre (henceforth, pGfap-cre-
driven Abcc§8 deletion) and littermate controls
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(Abce8"M:—Gfap-cre) were obtained by crossing homozy-
gous Abcc8-floxed mice with transgenic Gfap-cre mice.
Mice with conditional deletion of Abcc§ driven by the
GFAP promoter, 1i.c., AbccSt]/ﬂ;+GFAP-cre/ERT2
(henceforth, pGFAP-cre/ERT2-driven Abcc8 deletion)
and littermate controls (Abce8™";—~GFAP-cre/ERT2)
were obtained by crossing homozygous AbccS-floxed
mice with transgenic GFAP-cre/ERT2 mice.

Genotyping of mice used for breeding and experi-
ments was performed by Transnetyx (Cordova, TN).
Mice were given free access to food and water, except
during neurofunctional testing. They were housed in
plastic cages in specially constructed rooms with con-
trolled humidity, exchange of air and controlled lighting
(12/12 hour light/dark cycle). Male mice were used for all
experiments.

Surgery

Mice were anesthetized (100 mg/kg ketamine plus 10 mg/
kg xylazine, intraperitoneal [IP]) and breathed room air
spontaneously. Core temperature was maintained at
37°C using a heating pad (Deltaphase® Isothermal
Pad, Braintree Scientific, Braintree, MA, USA). Hair
was clipped from the right proximal lateral thigh, and
the surgical site was prepared using iodine and alcohol.
A sterile environment was maintained throughout the
procedure. Lidocaine solution (2%) was injected subcu-
taneously prior to making an incision.

The procedure for sciatic n. cuffing was as previously
described,”’* with only minor modification, as we
described.*® In this model, mechanical allodynia is sus-
tained unabated for at least 9 weeks.* Using a surgical
microscope, the common branch of the right sciatic n.
was exposed by separating the muscles and the nerve by
blunt dissection. After isolation, the nerve was gently
stretched for 15minutes by placing a 5-mm diameter
plastic rod beneath it, which caused the nerve to
blanch. A 2-mm long section of PE-20 tubing, pre-split
and sterilized, was placed around the nerve. Animals in
the sham group received surgery identical to that
described but without nerve manipulation or cuffing.
After the surgical procedure, mice were nursed on a
heating pad to maintain body temperature ~37°C until
they emerged from anesthesia. The day of surgery is
called post-op day 0 (pod-0).

No mice became infected, required early euthanasia
or died. No mice in the control groups failed to develop
stable mechanical allodynia. There were no exclusions.

Glibenclamide treatment

A stock solution of glibenclamide (#G2539; meets USP
testing; Sigma-Aldrich) of 2.5 mg/mL in dimethyl sulfox-
ide was prepared. We diluted 40 uL of the stock solution

into 960 uL phosphate buffered saline (PBS); mice
received 100 pL of the final solution (10pg glibencla-
mide) or an equal volume of vehicle IP daily until the
end of the experiment. IP injections were performed
using a 27-gauge needle with the depth of the injection
limited to 3mm by a sleeve of PE20 tubing placed over
the shaft of the needle.

Sample size calculation

For mechanical allodynia, we based our sample size cal-
culation on a previous study that used the same model of
neuropathic pain but tested a different drug. Values
derived from Figure 2 of Yalcin et al.>® suggested an
effect size (Cohen’s d) of =2, where d=(M;-M,)/
SDpooleds M and M, are the means, and
SDpo0led = [(SD; + SD,)/2]2.  Using the following
assumptions: two-tailed hypothesis, a, 0.05; desired
power, 80%; d, 2.1, sample size calculation indicated a
minimum sample size of 5 mice per group. This group
size is similar to other reports using this model.>”*?

Experimental series

In series 1, 8 WT mice underwent sciatic n. cuffing and,
on pod-3, pod-7 and pod-14, 2-3 mice per time point
were euthanized to examine SURI expression in the
spinal cord; 3 uninjured sham mice were used as con-
trols. In series 2, 5 mice with global deletion of Abcc8
and 5 WT littermate controls underwent sciatic n. cuff-
ing and were assessed for pain behaviors until pod-14. In
series 3, 10 mice with pGfap-cre-driven Abcc8 deletion
and 10 littermate controls underwent sciatic n. cuffing
and were assessed for pain behaviors until pod-14; tis-
sues from these mice were used for immunohistochemis-
try and PLA for SURI-TRPM4. In series 4, 5 mice with
pGFAP-cre/ERT2-driven Abcc8 deletion and 5 litter-
mate controls underwent sciatic n. cuffing, were assessed
for pain behaviors until pod-35, and on pod-14—18, were
administered tamoxifen in corn oil (75mg/kg; 100 uL
IP). In series 5, 7 mice with global deletion of Trpm4
and 7 WT littermate controls underwent sciatic n. cuff-
ing and were assessed for pain behaviors until pod-14. In
series 6 (prophylactic treatment), 20 WT mice underwent
sciatic n. cuffing and were randomly divided into two
groups, one receiving vehicle, the other, glibenclamide.
Treatments were administered daily, beginning on pod-
0, and pain behaviors were assessed up to pod-14.
Tissues from these mice were used for immunohisto-
chemical assessment of neuroinflammation in the affect-
ed dorsal horn. In series 7 (therapeutic treatment), 10
WT mice underwent sciatic n. cuffing and were random-
ly divided into two groups, one receiving vehicle, the
other, glibenclamide. Treatments were administered
daily, beginning on pod-21, after pain behaviors had



Molecular Pain

been stably established. Pain behaviors were assessed up
to pod-45.

In all cases, mice were handled 2—-3 x weekly for accli-
matization to handlers, and the non-injured contralater-
al hind paw served as the control.**** In series 3-7,
outcomes were assessed by investigators blinded to treat-
ment group; in series 2, blinding was not possible
because Abcc8—/— mice are white and littermate WT con-
trols are black.

Mechanical sensitivity

Mechanical sensitivity was assessed using von Frey fila-
ments.***> Mice were placed in elevated Perspex cages
with a wire mesh floor (15x 10x 10cm) (ITCC Life
Science, Woodland Hill, CA, USA) and were acclima-
tized for 30 minutes prior to testing. The paw withdrawal
threshold to mechanical stimulation of both the ipsilat-
eral and contralateral hind paws was measured using a
series of von Frey filaments that exerted forces ranging
from 0.16-4g (North Coast Medical, San Jose, CA,
USA). The von Frey filaments were pressed perpendic-
ularly onto the plantar surface of the hind paw for
2seconds (five times for each filament), and a positive
response was noted if there was a sharp flinching or lick-
ing of the hind paw. To determine the withdrawal
threshold, we used the “ascending” method, to preclude
potential aversive behavior associated with the “up-
down” method.*> The Kolmogorov-Smirnow test for
normality showed that, at the P=0.05 level, the data
on mechanical sensitivity were drawn from a normally
distributed population.

Thermal sensitivity

Thermal sensitivity was assessed using the Hargreaves
method** and a Hargreaves-type apparatus (Ugo
Basile Thermal Plantar Test Instrument, Stoelting Co.,
Wood Dale, IL) that uses a fiber optic sensor to record
time latency automatically. Unrestrained mice were
placed in a Perspex enclosure atop of a glass pane and
were acclimatized for 30 minutes prior to testing. An
infrared generator placed below the glass pane was
aimed at the plantar surface of the hind paw and the
time to withdrawal was recorded automatically by the
fiber optic sensor. Paw-withdrawal latency was calculat-
ed as the mean of 3-5 different measurements for each of
three trials taken at 15-minute intervals.

Antibody validation

The custom anti-SURI and anti-TRPM4 antibodies
used for immunolabeling were validated previously
using lysates from appropriate SUR1 and TRPM4
expression systems, tissues from wild-type, AbccS—/—
and Trpm4—/— mice, and using mass spectrometry of

immunoisolated proteins,29 in accordance with recom-
mendations for antibody validation by Uhlen et al.*®
In a previous publication, we further validated the spe-
cificity of the custom anti-SUR1 antibody for immuno-
histochemistry by comparing immunolabeling of
adjacent sections using our custom polyclonal antibody,
a monoclonal antibody (S289-16; Novus Biologicals,
Littleton, CO) and a commercial polyclonal antibody
(sc-5789; Santa Cruz Biotechnology, Dallas, TX).*’

Immunohistochemistry, quantification of specific
labeling

Under deep anesthesia, mice were cuthanized, under-
went trans-cardiac perfusion with normal saline (NS)
(15mL) followed by 10% neutral buffered formalin
(15mL). Spinal cord tissues at spinal segments L1-L5
were harvested and post-fixed. Tissues were cryopro-
tected with 30% sucrose, frozen in OCT and cryosec-
tioned (10 pm).

Immunohistochemistry was performed as described in
a non-blinded manner.*>**® For SUR1 and TRPM4, sec-
tions were first processed for antigen retrieval in Epitope
Retrieval Solution (cat# IW-1100; THCWORLD,
Woodstock, MD) using an Epitope Retrieval Steamer
(cat# IW-1102; IHCWORLD) for 10-15min, followed
by cooling for 30 min, then washing in distilled H,O. For
all immunolabelings, sections were incubated at 4°C
overnight with primary antibodies, including: goat
anti-SURT (1:600; custom); chicken anti-TRPM4
(1:600; custom); goat anti-TRPM4 (1:200; G-20, cat#
27540; Santa Cruz Biotechnology, Santa Cruz, CA);
mouse anti-GFAP (1:300; conjugated Alexa Fluor 488,
cat#53-9892-82; Invitrogen, Carlsbad, CA); rabbit anti-
Ibal (1:200; cat#019-19741; Wako, Osaka, Japan);
rabbit anti-MBP (1:500; Ab40390; Abcam, Cambridge,
UK); goat anti-IL-6 (1:100; cat# SC7920[H-183]; Santa
Cruz Biotechnology); rabbit anti-CCL2 (1:200; cat#
ab9669; Abcam); rabbit anti-CXCLI (1:100; cat#
PA1760; Boster, Pleasanton, CA). After several rinses
in PBS, sections were incubated with species-
appropriate fluorescent secondary antibodies (Alexa
Fluor 488 and 555, Molecular Probes, Invitrogen) for
1 hour at room temperature. Controls for immunohisto-
chemistry included the omission of primary antibodies.

Unbiased measurements of specific labeling within
regions of interest (ROI) were obtained using NIS-
Elements AR software (Nikon Instruments, Melville,
NY) from sections (one section per mouse) immunola-
beled as a single batch. All images for a given signal were
captured using uniform parameters of magnification,
area, exposure and gain. Segmentation analysis was per-
formed by computing a histogram of pixel intensity for a
particular ROI, and pixels were classified as having
specific labeling based on signal intensity greater than
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2x that of background. ROIs in coronal sections of the
dorsal horn were defined by pixels with specific labeling
for GFAP or Ibal or MBP. Cell specific expression of
the protein of interest within these ROIs was then deter-
mined as the fraction of pixels with specific labeling for
the protein of interest (% ROI).

Proximity ligation assay (PLA) was used to detect
SUR1-TRPM4 heteromers. Following antigen retrieval,
as above, PLA was performed according to the manu-
facturer’s protocol using the Duolink (Sigma Aldrich)
assay, including in situ PLA probe anti-goat plus
(DUO92003), in situ PLA probe anti-rabbit minus
(DUO9%2005), in situ wash Dbuffer, fluorescent
(DUOS2049) and fluorescent detection reagent
(orange) (DUOY2007). Controls for PLA included the
omission of primary antibodies.

Quantitative polymerase chain reaction

Tissues from the ipsilateral and contralateral dorsal
quadrant of the spinal cord at L3-4 were processed
using methods and primers as we described previously.*?

Statistics

Nominal data are presented as mean 4+ SE. Nominal
data were analyzed using a t-test, ANOVA or repeated
measures ANOVA, as appropriate, with post-hoc Fisher
correction. The Kolmogorov-Smirnow test was used to
assess normality of the data on mechanical sensitivity.
Statistical tests were performed using Origin Pro (VS8;
OriginLab, North Hampton, MA). Significance was
assumed if P < 0.05.

Results

PNI upregulates SURI-TRPM4 in dorsal horn
astrocytes of the spinal cord

WT mice underwent unilateral sciatic n. cuffing, a highly
reproducible model of neuropathic pain.>’*® On pod-
3—14 after sciatic n. cuffing, spinal cord tissues from
the dorsal horns at L3-4, which innervate the plantar
surface of the hindpaw,48 were harvested to assess the
expression of SURI and TRPM4 in various cell types.

SUR1 was minimal in the dorsal horns of normal WT
controls and in the contralateral dorsal horns of mice
with sciatic n. cuffing but was prominent in the dorsal
horn ipsilateral to the PNI (Figure 1(a) and (b)), consis-
tent with a prior report.*” Quantitative analysis of SUR1
immunopositivity confirmed a progressive increase in
the ipsilateral dorsal horn over the course of 14days
(Figure 1(c)). Quantitative polymerase chain reaction
(qPCR) confirmed upregulation of 4bcc8 mRNA in ipsi-
lateral dorsal horn tissues (Figure 1(d)).

SURI expression was localized predominantly to cells
with a stellate morphology that co-labeled for glial fibril-
lary acidic protein (GFAP), consistent with astrocytes
(Figure 1(a) and (b)). Minimal SUR1 was observed in
microglia/macrophages that co-labeled for ionized calci-
um binding adaptor molecule 1 (Ibal) (Figure 1(e)).
Quantitative analysis of double immunolabeled sections
revealed a high degree of co-localization of SUR1 with
GFAP (Pearson’s correlation coefficient [PCC], 0.80),
minimal co-localization of SURI1 with Ibal (PCC,
0.12) and minimal co-localization of SUR1 with oligo-
dendrocyte myelin basic protein (MBP) (PCC, 0.03)
(Figure 1(f)), consistent with most of the newly upregu-
lated SURI being localized to astrocytes.

SURI1 can assemble with TRPM4 to form SURI-
TRPM4 channels.”” As with SUR1, TRPM4 was mini-
mal in the dorsal horns of normal WT controls and in
the contralateral dorsal horns of mice with sciatic n.
cuffing but was prominent in the dorsal horn ipsilateral
to the PNI (Figure 1(g)). Quantitative analysis of SURI
immunopositivity confirmed a significant increase in the
ipsilateral dorsal horn at 14 days (Figure 1(h)). Double
immunolabeling for SUR1 and TRPM4 showed promi-
nent co-localization of the two channel subunits in cells
with a stellate morphology, consistent with astrocytes
(Figure 1(g)).>> Proximity ligation assay confirmed co-
assembly of SUR1-TRPM4 heteromers in the ipsilateral
dorsal horn (Figure 1(i) to (k)).

Deletion of Abcc8/SURI

Uninjured mice with global deletion of Abcc8/SURI
were previously reported to have a modest reduction
(~25%) in the withdrawal threshold to mechanical,
but not thermal, stimulation."” However, this genotype
has not been studied after PNI. Here, mice with global
deletion of Abcc8/SURI and littermate WT controls
underwent sciatic n. cuffing, which induces pain behav-
iors including mechanical allodynia and thermal hyper-
algesia.’”*® Von Frey filaments were used to assess
ipsilateral and contralateral hindpaw withdrawal thresh-
olds during the two weeks after PNI. In controls, sciatic
n. cuffing gave rise to mechanical allodynia involving the
ipsilateral hindpaw that developed over the course of
7 days and persisted on testing at pod-14 (Figure 2(a)).
In mice with global deletion of Abcc8/SURI, allodynia
of the ipsilateral hindpaw to mechanical stimuli failed to
develop, and withdrawal thresholds were not different
from those of the contralateral uninjured hindpaw
(Figure 2(a)).

The same mice were tested for thermal sensitivity
using an automated Hargreaves apparatus. Compared
to the contralateral hindpaw, the ipsilateral hindpaw of
littermate controls exhibited significant thermal hyper-
algesia (Figure 2(b)). By contrast, mice with global
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Figure |. De novo upregulation of SURI-TRPM4 in dorsal horn astrocytes at spinal segment L3-4 after PNI. (a) and (b) Double
immunolabeling for GFAP (red) and SURI (green) at low (a) and high (b) magnification, ipsilateral (Ipsi) and contralateral (Contra) to sciatic
n. cuffing; superimposed images in (a), right and (b), right. (c) Quantification of SURI in the ipsilateral GFAP-positive region of interest in
control (CTR) and on pod- |14 after sciatic n. cuffing; data from 4 CTR mice and | | with PNI, 2—3 mice/time point; **¥, P < 0.01. (d) Abcc8
mRNA upregulation relative to S8 shown by qPCR of ipsilateral dorsal horn (PNI) vs. sham; 3 mice/group; *, P < 0.05. (e) Double
immunolabeling for SURI and Ibal shows minimal overlap. (f) Analysis of SURI co-localization with GFAP, Ibal and MBP after PNI using
Pearson’s correlation coefficient, demonstrating a predominant astrocytic localization; 3 mice/group. (g) Double immunolabeling for SUR
and TRPM4, ipsilateral to PNI; superimposed images are shown (right). (h) Quantification of TRPM4 in the ipsilateral GFAP-positive region
of interest in control (CTR) and on pod-14 after sciatic n. cuffing; data from 4 CTR mice and 5 mice with PNI; *¥, P < 0.01. 1,J: Proximity
ligation assay (PLA) for SURI and TRPM4 (red) and GFAP immunolabeling (green), at low (i) and high (j) magnification, ipsilateral to sciatic
n. cuffing in sham CTR, after PNI in WT mice, and after PNI in mice with pGfap-cre-driven Abcc8 deletion. (k) Quantification of SURI-
TRPM4 PLA in the ipsilateral dorsal horn on pod-14 after sciatic n. cuffing in sham CTR, after PNI in WT mice, and after PNI in mice with

pGfap-cre-driven Abcc8 deletion; data from 4, 5 and 5 mice, respectively; **, P < 0.01 with respect to CTR; ##, P < 0.0l with respect to
PNI in WT.

deletion of Abcc8/SURI1 exhibited ipsilateral thermal

microglia.>*>" Mice with pGfap-cre-driven Abcc8 dele-
sensitivity that was not different from the contralateral

tion and littermate controls underwent sciatic n. cuffing.

uninjured hindpaw (Figure 2(b)).

We further explored the role of Abcc8/SURTI specifi-
cally in astrocytes, since SURI is expressed not only in
activated astrocytes, as shown above (Figure 1), but in
other cell types within the CNS, including DRG'>'¢ and
other neurons,”® Schwann cells'® and activated

Compared to uninjured mice, littermate controls with
sciatic n. cuffing showed prominent upregulation of
SURLI in ipsilateral dorsal horn that co-localized with
the astrocyte marker, GFAP (Figure 2(c) and (d)). By
contrast, in mice with pGfap-cre-driven Abcc8 deletion,
sciatic n. cuffing resulted in minimal SUR1 upregulation
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Figure 2. Both global and pGfap-cre-driven Abcc8 deletion impedes the development of pain behaviors after PNI. A,B: Mice with global
Abcc8 deletion and WT littermate controls (WT) underwent sciatic n. cuffing on pod-0 and were tested for mechanical sensitivity using
von Frey filaments (a) and for thermal sensitivity using the automated Hargreaves test (b) on the days denoted on the abscissas; ipsilateral
(filled symbols) and contralateral (empty symbols) hindpaws were tested in both WT controls (squares) and with gene deletion (triangles);
5 mice/group; **, P < 0.01 by repeated measures ANOVA for ipsilateral hindpaws of WT vs. gene deletion. (c) Immunolabeling for SURI in
the dorsal horn at spinal segment L3-4 from an uninjured mouse (naive) and, following sciatic n. cuffing (PNI), in a littermate control mouse
(CTR) and a mouse with pGfap-cre-driven Abcc8 deletion; a black signal denotes positive immunolabeling for SURI; bar graph: quantifi-
cation of SURI in ipsilateral and contralateral dorsal horns from the 3 experimental conditions: naive (bar at left), PNI in CTR (middle
bars), and PNI with pGfap-cre-driven Abcc8 deletion (bars at right); 5 mice/group; **, P < 0.01. (d)—(f) High magnification views of spinal
cord sections immunolabeled for SURI ((d)—(f)) and double labeled for GFAP showing astrocyte expression of SUR in dorsal horn
astrocytes from a control mouse (d), but not from a mouse with pGfap-cre-driven Abcc8 deletion (e); the ventral horns (VH) and DRG of
the same mice show SURI expression in neurons of both genotypes (f). (g) and (h) Mice with pGfap-cre-driven Abcc8 deletion and
littermate controls (CTR) underwent sciatic n. cuffing on pod-0 and were tested for mechanical sensitivity using von Frey filaments (g) and
for thermal sensitivity using the automated Hargreaves test (h) on the days denoted on the abscissas; ipsilateral (filled symbols) and
contralateral (empty symbols) hindpaws were tested in both controls (squares) and with gene deletion (triangles); 10 and 5 mice/group in
(g) and (h), respectively; **, P<0.0] by repeated measures ANOVA for ipsilateral hindpaws of control vs. gene deletion.
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(Figure 2(c) and (e)) and minimal PLA signal for SUR1-
TRPM4 (Figure 1(k)) in the dorsal horn, whereas SUR1
expression in ventral horn neurons and DRG neurons
was unaffected (Figure 2(f)).

In littermate controls, sciatic n. cuffing gave rise to
mechanical allodynia involving the ipsilateral hindpaw
that developed over the course of 7days and persisted
on testing at pod-14 (Figure 2(g)). In mice with pGfap-
cre-driven Abcc8 deletion, allodynia of the ipsilateral
hindpaw to mechanical stimuli failed to develop, and
withdrawal thresholds were not different from those of
the contralateral uninjured hindpaw (Figure 2(g)). On
testing for thermal sensitivity, the ipsilateral hindpaw
of controls exhibited significant thermal hyperalgesia
(Figure 2(h)), whereas mice with pGfap-cre-driven
Abce8 deletion exhibited ipsilateral thermal sensitivity
that was not different from the contralateral uninjured
hindpaw (Figure 2(h)).

We also examined whether delayed silencing of Abcc8
in astrocytes could ameliorate pain behaviors after those
behaviors had been established. Mice with Abcc8 dele-
tion regulated by pGFAP-cre/ERT2 and littermate con-
trols underwent sciatic n. cuffing and were tested for
mechanical sensitivity. In all mice, mechanical allodynia
developed in the ipsilateral hindpaw over the first 7 days
and persisted through to pod-14 (Figure 3(a)). All mice
were administered tamoxifen once daily on pod-14-18.
Littermate controls continued to exhibit ipsilateral
mechanical allodynia unabated until pod-35. By con-
trast, the ipsilateral hindpaw of mice with pGFAP-cre/
ERT2-driven Abcc8 deletion slowly regained a signifi-
cantly more normal mechanical sensitivity, although
ipsilateral sensitivity did not reach that in the contralat-
eral hindpaw (Figure 3(a)). On testing for thermal sen-
sitivity, all mice demonstrated marked hyperalgesia
through to pod-14 (Figure 3(b)). Subsequently, litter-
mate controls showed partial loss of thermal hyperalge-
sia, as may occur over time with nerve constriction in
mice>? or which may have been due to tamoxifen.’® By
contrast, mice with pGFAP-cre/ERT2-driven AbccS
deletion showed complete reversion to the normal ther-
mal sensitivity exhibited by the contralateral hindpaw
(Figure 3(b)).

Deletion of Tprm4/TRPM4

As shown above, sciatic n. cuffing was associated with
upregulation of SURI-TRPM4 in ipsilateral dorsal horn
astrocytes. To assess the possible involvement of
TRPM4 in neuropathic pain, mice with global deletion
of Trpm4/TRPM4 and littermate WT controls under-
went sciatic n. cuffing. In littermate controls, sciatic n.
cuffing gave rise to mechanical allodynia involving the
ipsilateral hindpaw that developed over the course of
7days and persisted on testing at pod-14 (Figure 3(c)).
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Figure 3. Delayed silencing of Abcc8 in astrocytes or constitutive
global silencing of Trpm4 reduces pain behaviors after PNI. (a) and
(b) Mice with pGFAP-cre/ERT2-driven Abcc8 deletion and litter-
mate controls underwent sciatic n. cuffing on pod-0 and were
tested for mechanical sensitivity using von Frey filaments (a) and
for thermal sensitivity using the automated Hargreaves test (b) on
the days denoted on the abscissas; all mice were administered
tamoxifen once daily on pod-14—18; ipsilateral (filled symbols) and
contralateral (empty symbols) hindpaws were tested in both
controls (squares) and with gene deletion (triangles); 5 mice/
group; ¥, P< 0.0l by repeated measures ANOVA for ipsilateral
hindpaws of control vs. gene deletion. (c) and (d) Mice with global
Trpm4 deletion and WT littermate controls (WT) underwent
sciatic n. cuffing on pod-0 and were tested for mechanical sensi-
tivity using von Frey filaments (c) and for thermal sensitivity using
the automated Hargreaves test (d) on the days denoted on the
abscissas; ipsilateral (filled symbols) and contralateral (empty
symbols) hindpaws were tested in both WT controls (squares) and
with gene deletion (triangles); 7 mice/group; **, P < 0.01 by
repeated measures ANOVA for ipsilateral vs. contralateral
hindpaws of WT.

In mice with global deletion of Trpm4/TRPM4, allody-
nia of the ipsilateral hindpaw to mechanical stimuli
failed to develop, and withdrawal thresholds were not
different from those of the contralateral uninjured hind-
paw (Figure 3(c)). On testing for thermal sensitivity, the
ipsilateral hindpaw of controls exhibited significant ther-
mal hyperalgesia (Figure 3(d)), whereas mice with global
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deletion of Trpm4/TRPM4 exhibited ipsilateral thermal
sensitivity that was not different from the contralateral
uninjured hindpaw (Figure 3(d)).

Glibenclamide—Prophylactic treatment

The salutary effects of genetic deletion of AbccS
suggested that pharmacological inhibition of SURI by
glibenclamide might be beneficial. Moreover, glibencla-
mide is a potent blocker of SURI-TRPM4 channls.?
Normally the blood-brain/blood-spinal barrier (BSB) is
not permeable to glibenclamide.’* However, PNI leads
to neuroinflammation in the dorsal horn'*'" that is
characterized by a BSB that is leaky, which allows
the extravasation of serum proteins that persists for
4-8 weeks®’” and may facilitate the targeted entry of
therapeutic drugs. Here, we confirmed that sciatic

A

Contra
Extravasated BODIPY
C IgG Glibenclamide
*% *%
12 0.3+
— 8- _ 0.24
& 2
= 44 2 0.1
0- 0.0-
N N\
S S

n. cuffing leads to BSB opening in the dorsal horn
2weeks post-PNI, as shown by leakage of circulating
IgG, and that the entry of glibenclamide into the
involved tissues was facilitated (Figure 4(a) to (c)).

Glibenclamide, when tested as a single-dose injection
in the acute setting, has been used in neuropathic pain
models with nerve injury to explore involvement of
Katp channels in the mechanism of action of
analgesics.'®?® In these studies, single-dose glibencla-
mide had no effect on pain thresholds in the absence
of analgesic, a finding that we confirmed here.
Uninjured WT mice and WT mice with mechanical allo-
dynia due to sciatic n. cuffing were administered a
single dose of glibenclamide and were tested acutely
using von Frey filaments. No effect of glibenclamide
was detected following single-dose drug injection
(Figure 4(d)).
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Figure 4. Single-dose glibenclamide enters the dorsal horn after PNI, but does not affect pain behaviors. (a) After sciatic n. cuffing, BSB
leakage is shown by IgG extravasation in the ipsilateral dorsal horn (red). (b) Fluorescent bodipy-glibenclamide enters the ipsilateral (PNI)
but not contralateral (Contra) dorsal horn at the level indicated by line in (a). (c) Quantification for extravasated IgG and bodipy-
glibenclamide in the dorsal horn; 3 mice/group; **, P < 0.01. (d) Mechanical sensitivity tested using von Frey filaments in normal uninjured
WT mice before and after administering vehicle (black filled square) or single-dose glibenclamide (green empty circles), and in the
ipsilateral hindpaw of mice with established mechanical allodynia due to sciatic n. cuffing after administering single-dose glibenclamide
(green filled circle); 3 mice/group, uninjured; 5 mice/group, mechanical allodynia.
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In contrast to single-dose administration, a regimen
of repeated daily dosing of glibenclamide over the course
of many days is required to reduce neuroinflammation
linked to astrocyte upregulation of SURI in the spinal
cord.>>3¢ Here, we assessed the effect of glibenclamide
on neuropathic pain behaviors when drug was adminis-
tered prophylactically, beginning on the day of PNI and
repeated daily until the end of the experiment.

WT mice underwent sciatic n. cuffing and were ran-
domly assigned to receive either vehicle or glibenclamide
(10 pg IP) daily. In controls, sciatic n. cuffing gave rise to
mechanical allodynia involving the ipsilateral hindpaw
that developed during the first 7days and persisted on
testing at pod-14 (Figure 5(a)). In mice treated daily with
glibenclamide, allodynia of the ipsilateral hindpaw to
mechanical stimuli failed to develop, and withdrawal
thresholds were not different from those of the contra-
lateral uninjured hindpaw (Figure 5(a)).

The same mice were tested for thermal sensitivity.
Compared to the contralateral hindpaw, the ipsilateral
hindpaw of both vehicle controls and glibenclamide-
treated animals exhibited significant thermal hyperalge-
sia _on pod-7 (Figure 5(b)). However, by pod-14
glibenclamide-treated mice showed normal thermal sensi-
tivity that was not different from the contralateral unin-
jured hindpaw, whereas vehicle-treated mice continued to
show ipsilateral thermal hyperalgesia (Figure 5(b)).

Glibenclamide and neuroinflammation

After PNI, dorsal horn astrocytes exhibit a chronic acti-
vation state characterized by secretion of numerous pro-
inflammatory cytokines, chemokines and other factors,
including 1IL-6,>>°" CCL2®® and CXCL1.°"*
Blockade of each of these individually results in signifi-
cant attenuation of pain behaviors.

We studied tissues from mice from the foregoing
experiment administered daily glibenclamide vs. vehicle.
The involved spinal cord segment was immunolabeled
for GFAP and co-labeled for either IL-6, CCL2 or
CXCLI. After sciatic n. cuffing, ipsilateral but not con-
tralateral dorsal horn astrocytes, identified by GFAP
immunolabeling, showed prominent upregulation of
IL-6, CCL2 and CXCL1 (Figure 5(c) to (e)), as
reported.>>36:60-6264 Co_labeling with Ibal showed that
cytokine and chemokine expression was absent in micro-
glia/macrophages (not shown). The dorsal horns of
mice administered glibenclamide showed less prominent
immunolabeling for IL-6, CCL2 and CXCLI.
Quantification of IL-6, CCL2 and CXCL1 immunoreac-
tivity showed significant increases in vehicle-treated mice
with sciatic n. cuffing compared to uninjured controls,
and significantly smaller increases in mice with sciatic n.
cuffing treated daily with glibenclamide (Figure 5(f)).

Glibenclamide—Therapeutic treatment

To examine a clinically relevant scenario, we studied the
effect of glibenclamide when administered beginning
after mechanical allodynia was established. WT mice
underwent sciatic n. cuffing, following which mechanical
allodynia involving the ipsilateral hindpaw developed
over the course of 7days and persisted unabated through
to pod-21 (Figure 5(g)). Mice then were assigned ran-
domly to receive either vehicle or glibenclamide (10 pg
IP), beginning on pod-21 and repeated daily until the
end of the experiment on pod-45. Vehicle-treated mice
showed no extinction, continuing to exhibit mechanical
allodynia for the full 45days of the experiment.
However, over the course of the next 14days, mice
receiving glibenclamide daily gradually reverted to
mechanical sensitivity similar to the contralateral hind-
paw (Figure 5(g)).

Discussion

The principal findings of the present study are that:
(i) both global and pGfap-cre-driven Abcc8 deletion, as
well as early, repeated pharmacological inhibition of
SUR1 by daily administration of glibenclamide, are
effective in preventing the development of neuropathic
pain behaviors in the murine sciatic n. cuff model;
(i1) both delayed silencing of Abcc8 and delayed inhibi-
tion of SURI by repeated administration of glibencla-
mide ameliorate pain behaviors after they have been
established, underscoring the potential for translation
to the pain clinic; (iii) after PNI, glibenclamide enters
the dorsal horn of the affected spinal segment due to
BSB dysfunction linked to neuroinflammation; (iv) the
salutary effects of daily glibenclamide on neuropathic
pain behaviors correlate with reduced neuroinflamma-
tion in the spinal cord; (v) in the absence of nerve
injury, daily glibenclamide does not influence normal
mechanical or thermal sensation; (vi) the effect of astro-
cyte deletion of 4bcc8/SURTI is replicated by global dele-
tion of Trpm4/TRPM4, consistent with involvement of
SUR1-TRPM4 channels.

Glibenclamide vs. KATP in pain models

The effects of glibenclamide on sensory thresholds and
pain are complex and context dependent. A considerable
body of work has implicated the L-arginine/nitric oxide/
cyclic GMP/K otp channel pathway in the mechanism of
action of numerous analgesics, with glibenclamide and
other SUR agonists and antagonists being used to impli-
cate Katp channels. In models with neuropathic pain
induced by chronic sciatic n. constriction or L5-L6
spinal n. ligation, single-dose administration of gliben-
clamide invariably blunted the anti-allodynic effects of
numerous analgesics, including: gabapentin,'® R-PIA,"
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Figure 5. Repeated-dose glibenclamide, administered either prophylactically or therapeutically, impedes or reverses the development of
pain behaviors after PNI. (a) and (b) WT mice underwent sciatic n. cuffing on pod-0 and were tested for mechanical sensitivity using von
Frey filaments (a) and for thermal sensitivity using the automated Hargreaves test (b) on the days denoted on the abscissas; the mice
received daily administration of vehicle (red squares) or glibenclamide (green triangles); ipsilateral (filled symbols) and contralateral (empty
symbols) hindpaws were tested in both vehicle- (squares) and glibenclamide- (triangles) treated animals; 5 mice/group; **, P < 0.0l by
repeated measures ANOVA for ipsilateral hindpaws of vehicle vs. glibenclamide. (c) and (e) Double immunolabeling for GFAP (red) plus IL-
6 (c), CCL2 (d) or CXCLI (e), ipsilateral (PNI) and contralateral (CTR) to PNI, in untreated WT mice. (f) Quantification in the GFAP-
positive region of interest for IL-6, CCL2 and CXCLI in untreated WT (PNI) mice and mice treated daily with glibenclamide (GLIB)
ipsilateral to PNI; tissues were from the experiment in Panels A,B; 5 mice/group; **, P < 0.01. (g) WT mice underwent sciatic n. cuffing on
pod-0 and on pod-21 began daily administration of vehicle (red squares) or glibenclamide (green triangles); mechanical sensitivity of
ipsilateral (filled symbols) and contralateral (empty symbols) hindpaws was tested using von Frey filaments on the days denoted on the
abscissa; 5 mice/group; **, P < 0.0l by repeated measures ANOVA for ipsilateral hindpaws of vehicle vs. glibenclamide.

mangiferin,®® Angeli’s salt,?' nefopam®* diosmin,* zer-

umbone,”* [6]-gingerol,”® curcumin,’® JM-20>7 and
astragaloside IV.?® However, in nearly all of these stud-
ies, when controls were performed without analgesic, it

was found that pain thresholds were not affected by
single-dose glibenclamide administered either intraperi-
toneally or intrathecally. Similarly, in a study not involv-
ing analgesics, whereas intraplantar or intrathecal
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injection of SURI-subtype Katp channel agonists
(diazoxide and NN414) reduced mechanical sensitivity
after PNI, glibenclamide, as well as other K,1p antago-
nists (tolbutamide, gliclazide) had no significant effect
on mechanical or thermal thresholds.!” In accordance
with the foregoing, here we showed that a single dose
of glibenclamide (10 pg IP; ~0.3 mg/kg) had no effect on
acute pain behaviors in either uninjured mice or mice
with allodynia. Together, these findings indicate that,
while K tp channels are important for the analgesic
effect of many compounds, and may contribute to
mechanical sensory thresholds, K tp channels may not
be dominant under basal conditions of neuropathic pain.

Chronically activated, pro-inflammatory secretory
phenotype

Neuroinflammation linked to glial cell activation is
increasingly recognized to play a prominent role in the
initiation and maintenance of pain hypersensitivity.”
Microglia, astrocytes, and oligodendrocytes modulate
CNS inflammation triggered by PNL® After PNI,
dorsal horn astrocytes exhibit a chronically activated,
pro-inflammatory secretory (CAPS) phenotype that is
induced by activated microglia and damaged neurons.’
The astrocytic CAPS phenotype is characterized by
chronic activation and secretion of pro-inflammatory
cytokines (TNF, IL-1B, IL-6), chemokines (CCL2,
CCL7, CXCLI) and other factors.®*®” Among the
many factors secreted by astrocytes, several stand out
including IL-6,% 37 CCL2%* % and CXCL1.°"%* In neu-
ropathic pain models, blockade or gene deletion of each
of these individually results in significant attenuation of
pain behaviors. A major consequence of the astrocytic
CAPS phenotype is neuroinflammation and neuronal
hyperactivation. Chemokines such as CCL2 and
CXCLL1 are best known for recruiting leukocytes, but
they also act on their cognate receptors, CCR2 and
CXCR2, expressed on dorsal horn neurons (astrocyte-
to-neuron signaling), resulting in synaptic hyperexcit-
ability in the dorsal horn that leads to hypersensitivity
following PNI.7¢8

Repeated dosing with glibenclamide

In different mouse models with neuroinflammation
involving spinal cord astrocytes, neuroinflammation
and its associated neurofunctional phenotype may be
gradually extinguished by repeated daily dosing with gli-
benclamide. In a murine model of multiple sclerosis
(MS) — experimental allergic encephalomyelitis (EAE)
induced by myelin oligodendrocyte glycoprotein
(MOG);5 55— repeated daily administration of glibencla-
mide beginning 24 days after MOG3;s_s5 immunization,
well after clinical symptoms had plateaued, improved

clinical motor function and reduced the expression of
the proinflammatory factors TNF, BAFF, CCL2 and
NOS2 in GFAP-positive astrocytes in the spinal
cord.*>3¢ Here we show that, in the sciatic n. cuff
model of neuropathic pain, repeated daily administra-
tion of glibenclamide beginning 21 days after PNI, well
after mechanical allodynia had developed, improved
pain behaviors and, when used prophylactically, reduced
the expression of the proinflammatory factors IL-6,
CCL2 and CXCL1 in GFAP-positive astrocytes in the
spinal cord. In both the EAE and PNI models, the
effects of repeated prophylactic dosing with glibencla-
mide on GFAP-linked neuroinflammation and the
associated neurofunctional phenotype were replicated
by global deletion of Abce8 and, as shown here, by
pGfap-cre-driven Abcc8 deletion. These observations
underscore the important pathological consequences of
astrocytes that exhibit the CAPS phenotype, and the
importance of SURI in sustaining this pathological
astrocytic phenotype.

We did not examine the effect of sex in our experi-
ments. Notably, sex differences in K p subunit expres-
sion and sex-specific responses to K p agonists have
been reported in the trigeminal ganglion.®” However,
previous work indicates that spinal microglia, not
spinal astrocytes, are the dominant cell type in sex-
dependent glial signaling in pathological pain, with
treatments that target astrocytes showing similar efficacy
in both sexes.”” The present work on neuroinflammation
linked to spinal cord astrocytes in PNI, all carried out in
males, and the previous work on neuroinflammation
linked to spinal cord astrocytes in EAE, all carried out
in females,** show that Abcc8/SURI is a druggable
target in chronically activated astrocytes of both sexes.

The mechanism by which repeated dosing of gliben-
clamide and Abcc8 suppression reduce the expression of
pro-inflammatory cytokines/chemokines by astrocytes
in vivo remains to be elucidated, but may involve tran-
scription that is regulated by intracellular calcium, such
as nuclear factor of activated T-cells.*® A transcriptional
mechanism was previously implicated for glibenclamide
inhibition of cytokine/chemokine expression by reactive
astrocytes in vitro.>

Conclusion

Neuropathic pain following peripheral nerve injury
remains a major public health problem that is magnified
by the prevalence of opioid use disorder. Its pathogene-
sis remains incompletely understood and major chal-
lenges remain to discover novel drugs with therapeutic
efficacy that will be well tolerated, have minimal side
effects and be devoid of addictive potential. Here, we
report that glibenclamide is highly effective in reducing
neuropathic pain behaviors in a murine sciatic n. injury
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model when a low dose of drug is administered daily,
both prophylactically, before the onset of neuropathic
pain, as well as later, after symptoms have fully devel-
oped. Attenuation of pain behaviors by glibenclamide
correlated with reduced neuroinflammation in the
spinal cord. Unlike opioids, glibenclamide appears to
have minimal effect on normal mechanical or thermal
sensitivity but, with repeated dosing, exerts anti-
hypersensitivity effects primarily in sensitizing condi-
tions. Glibenclamide may be an attractive candidate
drug for the treatment of some forms neuropathic pain
such as that due to peripheral nerve injury.
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