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Background & Objective: Chronic peripheral neuropathic pain (PNP) is a debilitating condition that is associated with many types
of injury/diseases, including diabetes mellitus. Patients with longstanding diabetes develop diabetic PNP (DPNP), which is resilient to
currently available drugs. The underlying molecular mechanisms of DPNP are still illusive, but K,7 channels that have been
implicated in the pathogenesis of various types of chronic pain are likely to be involved. Indeed, using the streptozotocin (STZ) rat
model of DPNP, we have previously shown that K,7 activation with their non-selective activator retigabine attenuated neuropathic
pain behavior suggesting that these channels are implicated in DPNP pathogenesis. Here, we evaluated, in the same STZ model,
whether the more potent and more selective K, 7 channel openers flupirtine and ML213 attenuate STZ-induced pain hypersensitivity.
Methods: Male Sprague Dawley rats (250-300 g) were used. The STZ model involved a single injection of STZ (60 mg/kg, i.p.).
Behavioral testing for mechanical and heat pain sensitivity was performed using a dynamic plantar aesthesiometer and Hargreaves
analgesiometer, respectively.

Results: STZ rats exhibited behavioral signs of mechanical and heat hypersensitivity as indicated by significant decreases in the mean
paw withdrawal threshold (PWT) and mean paw withdrawal latency (PWL), respectively, at 35 days post-STZ treatment. Single
injections of flupirtine (10 mg/kg, i.p.) and ML213 (5 mg/kg, i.p.) to STZ rats (35-days after STZ treatment) caused significant
increases in the mean PWT, but not PWL, indicating attenuation of mechanical, but not heat hypersensitivity. Both flupirtine and
ML213 were as effective as the positive control gabapentin (10/kg, i.p.), and their anti-allodynic effects were prevented by the K7
channel-specific blocker XE991 (3 mg/kg, i.p.).

Conclusion: The findings suggest that K,7 channels are involved in the mechanisms of mechanical but not heat hypersensitivity
associated with DPNP, and that their activation may prove to be effective in alleviating DPNP symptoms.
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Introduction

Pain is “An unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms
of such damage” according to the International Association for the Study of Pain (IASP). Chronic peripheral neuropathic pain
(PNP), pain caused by a lesion or disease of the somatosensory nervous system, is a debilitating condition that is associated with
many types of injury/diseases, including diabetes mellitus that affects hundreds of millions of people worldwide. Up to 50% of
patients with longstanding diabetes develop diabetic PNP (DPNP).' It is estimated that, without successful intervention, about
one-third of the expected 9.7 billion people living in 2050 will have diabetes and about 50% of those will have DPNP.% It remains
unclear why only some patients with diabetic neuropathy develop DPNP (see’). Patients with DPNP usually experience a range
of unpleasant symptoms including spontaneous burning pain, pain hypersensitivity to normally noxious and innocuous stimuli

(hyperalgesia and allodynia) and dysesthesias/paresthesias (see e.g.,”) Successful therapy for PNP remains a challenge because
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currently available drugs are either ineffective and/or have adverse side effects. Indeed, only about 30% of PNP patients
experience a pain reduction of about 30%.*

The pathogenesis of DPNP is still illusive, but several mechanisms have been proposed including hyperexcitability of
dorsal root ganglion (DRG) neurons (e.g.’). Indeed, when injured, these sensory neurons become hyperexcitable and start
generating abnormal spontaneous nerve impulses/action potentials (APs) and develop an altered stimulus—response
function (e.g.®®), though it is unclear how diabetes targets and injures these sensory neurons.’ Using rodent models
of DPNP, we and others have previously shown that DRG neurons exhibit spontaneous APs, the key characteristic of
neuronal hyperexcitability.” ' This aberrant spontaneous activity is believed to be crucial for initiation and/or main-
tenance of PNP and to drive the excitability changes in CNS, another important PNP mechanism.'?

The molecular mechanisms underlying the abnormal hyperexcitability of DRG neurons associated with DPNP are incom-
pletely understood. However, changes in expression and/or activation properties of neuronal voltage-gated K,7 (K,7.2-7.5)
channels in these neurons (during chronic pain states) could result in membrane depolarization, and render them more prone to
abnormal AP firing. This is because these channels underlie the outward current (Iy;) that normally exerts a powerful stabilizing
influence on neuronal excitability.'* Using the streptozotocin (STZ) rat model of DPNP, we have previously shown that
activation of K,7 channels with retigabine alleviates STZ-induced pain behavior."> However, this anticonvulsant does not
show selectivity for any particular neuronal K,7 channel subtypes, and shows unspecific effects on other targets like GABA
receptors.'® Therefore, the present study was aimed at examining, in the same STZ model, whether the more potent and selective
K, 7 channel openers flupirtine and ML213 attenuate STZ-induced pain hypersensitivity. Our results show, for the first time, that
these K, 7 channel activators were effective in alleviating neuropathic behavior in the STZ model of neuropathic pain. Our results
are consistent with our previous findings'> that activation of K,7 channels with retigabine dose dependently attenuated
mechanical, but not heat hypersensitivity in STZ rats.

Materials and Methods

Experimental Animals

A total of 66 male Sprague Dawley rats (250-300 g) were used in the present study. They were housed four rats per cage
in a room in the animal house (LARC) of Qatar University (QU). The room was kept at room temperature between 21°C
and 24°C with 12-h light/dark cycles and free access to food and water. The experimental protocols were approved by
QU ethical review committee (IACUC) and complied throughout with the UK Animals (Scientific Procedures) Act 1986.

The Streptozotocin (STZ) Rat Model of Diabetic Peripheral Neuropathic Pain (DPNP)

A few rodent models of DPNP have been developed to investigate its pathophysiology, including the widely used STZ rat
model (see e.g.'”). We used the STZ model because it is more commonly used than other models of diabetes mellitus and
because of its rapid induction, greater stability and low cost as reported previously.''>!'® It involves a single injection of
STZ (60 mg/kg, i.p.) after an overnight fast to reduce competition between STZ and glucose for uptake into pancreatic f3-
cells. STZ rats show a significant elevation in blood glucose as early as 3 days post-STZ (see'”).

Pain Behavioral Testing

All the rats underwent pain behavioral testing. The testing was performed in plastic chambers after the rats had been
acclimatized for 5—7 consecutive days to the procedure room and the testing chambers used for assessing mechanical and
heat sensitivity as described previously.'” The rats were also habituated to the chambers for at least 15 min before each
testing. After the habituation to the chambers and after the exploratory and grooming behavior had ceased, mechanical
and heat pain sensitivity of the left hind paw of each rat was assessed by measuring the paw withdrawal threshold (PWT)
and paw withdrawal latency (PWL) to mechanical and heat stimuli respectively as described below.

Behavioral Testing for Mechanical Pain Sensitivity
As described previously,'® behavioral testing for mechanical pain sensitivity is performed using a dynamic plantar
aesthesiometer touch stimulator (Basile, Italy), an automated von Frey type system. Briefly, rats are placed in plastic

2268 https: Journal of Pain Research 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Ahmed et al

boxes/chambers (15x15x20 cm) on a wire mesh. Then a blunt metal probe (0.5 mm in diameter) is used to stimulate the
mid-plantar surface of the left hind paw of each rat three times (with a minimum of 5-min interval between each trial).
An abrupt withdrawal of the hind paw in response to the mechanical force (applied with the metal probe) is taken as
a positive response. The average force (in grams) of the three trials that result in paw withdrawal is calculated and
considered as PWT. The baseline values are obtained from pain behavioral testing performed one day before STZ
injection (pre-STZ). To prevent injury of the hind paw by the mechanical stimuli applied by the metal probe, a cutoff of
50 g was used. For each STZ rat, the behavioral pain testing is repeated at 21, 28 and 35-days post-STZ to determine
whether the rats developed mechanical hypersensitivity/allodynia. Mechanical hypersensitivity is indicated by
a significant decrease in the mean PWT as reported previously (e.g.'”). The analgesic effects of drugs are determined
from behavioral pain testing conducted 35-days post-STZ at 1-2 hours and 24 hours after drug treatment.

Behavioral Testing for Heat Pain Sensitivity

Behavioral testing for heat pain sensitivity is performed using Hargreaves analgesiometer (Ugo Basile, Comerio, Italy).
The procedure in this test is similar to that used for mechanical hypersensitivity (see above) except that rats are placed on
a glass floor (2-mm-thick) under which a movable infrared (laser radiant heat) source is positioned by the operator
directly beneath the hind paw. A trial is started by pressing a key on the infrared source which activates a reaction time
counter that stops automatically when paw withdrawal is detected by a photocell of the analgesiometer. The withdrawal
heat latency to the nearest 0.1 s is automatically determined and recorded. The average response latency (in seconds) of
three trials (with a minimum of 5-min interval between each trial) is calculated and considered as paw withdrawal latency
(PWL). To prevent hind paw from tissue injury by the heat stimuli, a cutoff of 20 s was used. Heat hypersensitivity is
indicated by a significant decrease in the mean PWL to the noxious heat stimulus applied to the midplantar surface of the
hind paw (L4 dermatome) of each rat as described previously (e.g.)"’

Drugs and Animal Groups

Of the 66 rats used in the present study, 54 rats received a single injection of a STZ (60 mg/kg, i.p.) referred to STZ-rats
throughout. The remaining 12 rats were not treated with STZ (naive) and were used for examining the effects of the K7
agonists flupirtine (10 mg/kg, n=6) and ML213 (5 mg/kg, n=6) on baseline pain sensitivity (see Figure 1). The STZ-rats
(n=54) were divided into six groups: (1) group 1 (flupirtine group, n=10); each rat in this group received a single dose of
flupirtine (10 mg/kg), (2) group 2 (ML213 group, n=10 rats); each rat in this group received a single dose of ML213 (5 mg/kg),
(3) group 3 (gabapentin, positive control group, n=10); each rat in this group received a single injection of gabapentin (10 mg/
kg), (4) group 4 (EX991 + flupirtine, n=8); each rat in this group received a single dose of the K, 7 antagonist EX991 (3 mg/kg)
plus a single dose of 10 mg/kg flupirtine, (5) group 5 (EX991 + ML213, n=8); each rat in this group received a single dose of
the Kv7 antagonist EX991 (3 mg/kg) plus a single dose of 5 mg/kg ML213, and (6) vehicle control group (n=8); each rat in this
group received ImL/kg of the vehicle (DMSO dissolved in physiological saline). Drugs (Sigma-Aldrich, St. Louis, MO) were
dissolved in dimethyl sulphoxide (DMSO). All the aforementioned drugs and the vehicle were administered intraperitoneally
(i.p.) at a volume of 1 mL/kg.

The dose of flupirtine (10mg/kg) used in the present study is based on a previous study'® that examined the
antinociceptive effects of three doses of flupirtine (7.5, 10 and 20 mg/kg, i.p.) in a rat model of gout arthritis pain,
and found that flupirtine significantly attenuated mechanical and heat hypersensitivity in a dose-dependent manner. As
for ML213, there is very little information about its in vivo effects in rodents. Indeed, its analgesic capacity has not been
explored until now and, as far as we know, there is only one report about its effects in vivo.?’ These investigators
examined effects of different doses of ML213 (1, 5, 10, and 20 mg/kg (i.p.) on locomotor behavior in rats, and found
a significant effect at the 5, 10, and 20 mg/kg doses. Therefore, we used the lowest effective dose of 5 mg/kg in the
present study. It should be noted that ML213 has been shown to act more specifically on K7 channels and to be more
potent than retigabine (see Discussion). ML213 was originally reported as a selective K,7.2 and K,7.4 channel
opener,”'*? but subsequent studies showed that it is a stronger activator of K,7.3 than retigabine® and a potent agonist
for Kv7.5 channel **
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Figure | A schematic representation of the experimental design and the timeline of the behavioral pain testing. Of the 66 male SD (Sprague Dawley) rats used, 54 were STZ
rats (received a single injection of 60 mg/kg, i.p.) and the remaining 12 rats were naive (not treated with STZ). All the rats were acclimatized/habituated for 5-7 consecutive
days to the procedure room and the testing chambers. After acclimatization, the rats were randomly divided into STZ and naive rats. The STZ rats were divided into six
groups: (1) FL (flupirtine group, n=10), (2) ML (ML213 group, n =10 rats), (3) GP (gabapentin, positive control group, n=10), (4) E & FL (EX991 plus flupirtine, n=8), (5) E &
ML (EX991 plus ML213, n=8) and (6) Veh (vehicle control group (n=8). Pain behavioral testing was conducted before STZ treatment (baseline pain testing) and 21, 28 and 35
days post-STZ as well as 1-24 hours post-drug (FL and ML) at 35-days post-STZ. For the naive rats, pain behavioral testing was conducted before (pe-drug) and after (post-
drug) FL and ML administration.

Statistics Analysis

The data are presented as mean + SEM because they were normality distributed (Shapiro—Wilk normality test). Comparisons
between the mean pre-drug values of PWT and PWL and post-drug values were made using one-way repeated-measures
analysis of variance (ANOVA) followed with Tukey’s multiple comparison (post hoc) test. Statistical tests were performed
using Graphpad Prism 10.2 (Graphpad Software, San Diego, CA). P values of less than 0.05 were considered significant and
the level of statistical significance is indicated on the graphs with asterisks as follows: **p < 0.01; and * < 0.05.

Results
STZ Rats Exhibit Behavioral Signs of Both Mechanical and Heat Hypersensitivity

In order to examine the analgesic ability of the K,7 channel openers flupirtine and ML213 in STZ rats, we conducted, in
STZ-rats, behavioral testing for mechanical and heat pain sensitivity at 3, 4 and 5 weeks post-STZ to confirm that the STZ
rats develop mechanical and heat hypersensitivity reported previously (e.g.'”). The values of PWL and PWT at these time
points which are based on our previous studies (e.g.,'”) were compared with the baseline (pre-STZ) values. STZ treatment
significantly decreased the mean PWL and the mean PWT (Figure 2A and B). As shown in Figure 2A, the decrease in PWL
was highly significant (p <0.01) at 21, 28 and 35 days post-STZ indicating development of heat hypersensitivity at these time
points. However, the decrease in the PWT (Figure 2B) was significant (p < 0.01) only at 35-day time point indicting a delay
in the development of mechanical hypersensitivity. Overall these findings are in general agreement with those of our previous
studies.'> However, the STZ-induced decreases (% decrease) in both PWT and PWL found in the present study are lower
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Figure 2 Behavioral signs of STZ-induced mechanical and heat hypersensitivity. Mechanical pain sentivity (A) and heat pain sensitivity (B) The data are presented as mean +
SEM. Each dot per column represents one rat. Figure 2A shows that STZ treatment caused highly significant (p<0.01) decreases in the mean PWL at all the time points
tested (21, 28 and 35 days (D) post-STZ), indicating that STZ rats developed heat hypersensitivity at these time points. In contrast, there was a significant (p<0.01) decrease
in the mean PWT only at 35 days (D) pos-STZ (Figure 2B), indicting a delay in the development of mechanical hypersensitivity. Note that comparisons were between pre-
STZ values (before STZ treatment) and post-STZ values at different time points. Statistical tests were made with one-way ANOVA test followed with a Tukey’s multiple
comparison (post hoc) test. The level of statistical significance is indicated with asterisks (**p < 0.01).

than those we have reported previously.'® This is probably because of the variability in pain sensitivity in different rats. It is
noteworthy that both animals and humans exhibit considerable and unpredictable variability in pain sensitivity in response to

25,26

the same noxious stimulus (see”>*"). Indeed, it has been reported that the same mild noxious stimulus can elicit intense pain

in one individual, yet be barely perceived by another, and that pain ratings among patients with the same condition cover the

entire scale from “no pain” to “the worst pain imaginable”.*®

Flupirtine and ML213 Attenuate STZ-Induced Mechanical, but Not, Heat

Hypersensitivity

Having established that STZ-rats developed behavioral signs of mechanical and heat hypersensitivity (see above), we sought to
determine whether pharmacological activation of K,7 channels with flupirtine and ML213 could reverse or attenuate these
DPNP behaviors in STZ-rats. The effects of these K, 7 activators on STZ-induced mechanical and heat hypersensitivity were
assessed by comparing the PWT and PWT values of post-treatment at 1-2 and 24 hours after drug treatment (post-drug) with
the vehicle (negative control) and the gabapentin (positive control) values at these time points. As shown in Figure 3, compared
with vehicle treatment which resulted in no significant changes in the PWT (Figure 3A) and PWL (Figure 3B) values at the
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Figure 3 Effects of flupirtine, ML213 and gabapentin on STZ-induced mechanical and heat hypersensitivity. Compared to vehicle, a single injection of flupirtine at a dose of
10 mg/kg and a single injection of ML213 at a dose of 5 mg/kg significantly reversed the STZ-induced decreases in the mean PWT at 1-2 h, but not, at 24 h post-drug
treatment (A), indicating that these K,7 activators attenuated STZ-induced mechanical hypersensitivity. The effects of both flupirtine and ML213 were similar to those of
gabapentin (10 mg/kg), which was used as the positive control. However, unlike gabapentin which also attenuated STZ-induced heat hypersensitivity (B), both flupirtine and
ML213 given at the same doses mentioned above had no significant effect on STZ-induced decrease in PWL indicating that the heat hypersensitivity in STZ rats was not
affected by these k,7 channel agonists (B). Note that comparisons were between the PWT and PWL values at the two time points after drug administration (post-drug) and
those of the vehicle before drug treatment 35 days after STZ. Statistical tests were made with one-way ANOVA and Tukey’s multiple comparison test. The level of statistical
significance is indicated with asterisks as follows: **p < 0.01; * p<0.05.

time points tested, a single injection of flupirtine (10 mg/kg) resulted in a significant increase (P<0.05) in the mean PWT at 1-2
hours post-drug treatment (Figure 3A), indicating that this prototypical K,7 channel activator attenuated the behavioral
manifestations of mechanical hypersensitivity induced by STZ. Similarly, a single injection of ML213 (5 mg/kg) caused
a significant increase (P<0.05) in the mean PWT at 1-2 hours post-drug treatment (Figure 3A), indicating this ML213 also
attenuated STZ-induced mechanical hypersensitivity. The anti-allodynic effects of both flupirtine and ML213 were transient
and disappeared by 24-hour post-drug (Figure 3A). The short-lasting effects of flupirtine might be due to its short plasma half-
life of 2.2 hours reported previously in adult rats,”’ the plasma half-life of ML213 has not been reported. Interestingly, the
antiallodynic effects of flupirtine and ML213 were similar to those of the positive control gabapentin (Figure 3A) which caused
significant increases (p < 0.05) in both the PWT (Figure 3A) and PWL (Figure 3B). In contrast, both flupirtine and ML213
caused no significant changes in PWL (Figure 2B) indicating their inability to reverse/reduce heat hypersensitivity in STZ-rats.

Blockade of K,7 Channels with XE991 Prevents the Analgesic Effects of Flupirtine and
ML213

To determine that the analgesic effects of flupirtine and ML213 are mediated by activation of K,7 channels, we used
the K,7 channel blocker XE991 to evaluate whether the anti-allodynic effects of these K,7 channel agonists could be
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prevented by the K,7 channel antagonist XE991. Compared with the vehicle, pretreatment (~30 min before the
administration of the K,7 channel agonists) with XE991 (3 mg/kg) significantly suppressed/prevented the increases
in the PWT induced by flupirtine (15 mg/kg) and ML213 (5Smg/kg) (Figure 4). These findings suggest that the anti-
allodynic effects of flupirtine and ML213 were at least partially mediated by K,7 channels. We also tested the effects
of flupirtine and ML213 on PWT and PWL in naive (normal) rats, as a control. As shown in Figure 5A and B, all of
them showed no significant effect on the baseline PWT or PWL, compared with the vehicle group, indicating that
these drugs had no effect on the pain sensitivity of naive rats as we reported previously for retigabine and XE991.'% It
should be noted that the naive rats were used to ensure that the observed anti-allodynic effects of flupirtine and ML213
are not due to their effects on the baseline pain sensitivity. The results showed that, compared with the vehicle group,
neither flupirtine nor ML213 (Figure 5) had any effect on the baseline PWT or PWL, indicating that the effects of
these drugs were most likely mediated by K,7 channels. It should also be noted the values of PWT and PWL in the
experimental groups (STZ rats) were not compared with those of naive rats but they were compared with their baseline

values, ie, the values before STZ injection.

Mechanical sensitivity in STZ-rats
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Figure 4 Effects of XE99| on the anti-allodynic effects of flupirtine and ML213 in STZ rats. STZ treatment caused significant decreases in the mean PWT (A) and mean
PWL (B) 35 days post-treatment in all five groups of rats (vehicle, flupirtine, ML213, XE99I plus flupirtine and XE991 plus ML213) indicating that all rat groups
developed mechanical (A) and heat (B) hypersensitivity. Compared with vehicle (n = 8 rats), single injections of flupirtine (10 mg/kg, n=8 rats) and ML213 (5 mg/kg, n=8
rats) significantly reduced mechanical hypersensitivity at 1-2 h post-drug treatment (A). These anti-allodynic effects of flupirtine and ML213 were prevented/blocked by
pretreatment with the K,7 channel antagonist XE991 (3mg/kg, n=8 rats) indicating that the effects of flupirtine and ML213 were mediated by Kv7 channels. Statistical
tests were made with one-way repeated measures ANOVA, followed with Tukey’s post-hoc test. The level of statistical significance is indicated with asterisks as follows:
*p < 0.01; * p<0.05.
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Figure 5 Effects of flupirtine and ML213 on pain sensitivity in naive rats. Injections of flupirtine and ML213 at the same dose of 10 mg/kg and 5 mg/kg respectively into naive
rats caused no significant changes in the mean PWT (A) or PWL (B) indicating they had no obvious effects on pain sensitivity on normal rats. Statistical tests were made with
one—way repeated measures ANOVA.

Discussion
In the present study, we examined whether pharmacological activation of the K,7 channels with their activators/openers
flupirtine and ML213 attenuate pain hypersensitivity in the STZ rat model of DPNP. We found that: (a) STZ-diabetic rats
exhibited behavioral indices of mechanical and heat hypersensitivity, (b) single injections of both flupirtine and ML213
attenuated mechanical, but not heat hypersensitivity, 35 days post-STZ, (c) the anti-allodynic effects of these K, 7 channel
activators were similar to those of the gabapentin (positive control), the first-line treatment for DPNP (see,”® and (d) their
anti-allodynic effects were inhibited by the K,7/M channel blocker XE991 indicating that their effects are mediated by
K,7 channels, and that these channels are involved in the pathogenesis of DPNP.

Preclinical studies using rodent models of DPNP suggest that, like other types of PNP, DPNP is due at least partly to

13:2%) This is based on several findings including that

abnormal hyperexcitability of DRG neurons (for review see e.g.
both C- and A-fiber DRG neurons exhibit aberrant SA, the key characteristic of neuronal hyperexcitability.” ' Reduced
activity of K, channels seems to be a hallmark of the hyperexcitability seen in many pathological settings because their
activation produces membrane hyperpolarization.*° Indeed, there is accumulating evidence that a decrease in expression
and/or function of K, channels, especially those that are tonically active near the resting membrane potential such as K7
channels, contributes to hyperexcitability of sensory neurons associated with nerve injury/dysfunction. K, 7 channels may
contribute to such hyperexcitability because: (a) they underlie the slowly activating, non-inactivating outward M current

(Iy) that normally exerts a powerful stabilizing influence on neuronal excitability (see eg,*' %) (b) they have been found
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within both peripheral and central components of the nociceptive pathway including nociceptive peripheral nerve endings
and nociceptive dorsal roots/central terminals;*> 7 for review see,*® (c) they (K,7.2 and/or K,7.5 subunits) were found to
be down-regulated in DRG neurons after spinal nerve injury (see*®) and in STZ-rats,'® (d) their inhibition with a specific

39,40

blocker XE991 increases excitability of DRG neurons, and (e) their activators/openers reduce excitability of

nociceptive neurons, and block/reduce nerve injury-induced SA in sensory fibers;*' ™ (see®® for review) and in

a subpopulation of DRG neurons in STZ-rats.'?

Anti-Allodynic Effects of Flupirtine and ML213 in STZ Rats

Activation of K,7 channels has been proven as a useful strategy for attenuation of chronic pain in animal models (for

38,4446

reviews see e.g. ). Indeed, several animal studies have shown that activation of K,7 channels with retigabine is

effective in alleviating pain behaviors in various experimental models of pain including rodent models of trigeminal

3949 (see®® for review), chemotherapy-

neuropathy,*’ spinal cord injury,*® inflammatory, neuropathic and cancer pain,
induced PNP*° and DPNP.'>3! However, the anticonvulsant retigabine, the most extensively studied compound for its
actions on neuronal K, 7 channels, does not show selectivity for any particular neuronal K, 7 channel subtypes, and shows
unspecific effects on other targets like GABA receptors (see>®** for reviews). It should be noted that in humans,
retigabine was approved in 2011 by Food and Drug Administration as an adjuvant treatment of partial-onset seizures in
epileptic patients, but its clinical use has been discontinued since June 2017 due to its side effects.*®**

A few previous animal studies have shown that the other prototypical M channel opener flupirtine (the parent compound of
retigabine) also exhibits analgesic efficacy in pain models. For example, flupirtine was found to be effective in attenuating heat
hypersensitivity in the partial sciatic nerve ligation model of PNP*® and to reduce mechanical hypersensitivity in mouse
models of visceral and inflammatory pain as well as chemotherapy-induced PNP.>* Our current findings that flupirtine
attenuated mechanical hypersensitivity in the STZ rat model of DPNP are in general agreement with these findings and are
consistent with our previous findings that activation of K, 7 channels with retigabine dose dependently attenuated mechanical,
but not heat hypersensitivity in STZ rats.'”> However, the present study is, as far as we know, the first to report that flupirtine is
effective in alleviating NP behavior in the STZ model of DPNP. It is noteworthy that flupirtine was used clinically for decades
in Europe as a centrally acting, nonopioid analgesic for treatment of a variety of acute and chronic pain (see’”). However,
flupirtine, like retigabine, was also reported to have unspecific effects on other targets such as NMDA and GABA receptors,>*
but little direct evidence seems to exist for this. It is thus believed that the analgesic effect of flupirtine is mainly related to its
activity as a K7 channel opener.> It should be noted that flupirtine has also recently been discontinued because of its safety
issues associated liver toxicity. Nevertheless, based on the findings of their clinal study,’® Paul and co-workers concluded that
flupirtine can still be used as an effective analgesic in cancer patients with chemotherapy-induced pain as long as flupirtine is
given for less than two weeks to avoid drug-related hepatotoxicity.

Several other K,7 channel modulators that are more potent and selective than retigabine have been developed
(see*®®) including ML213 which has been shown to be much more potent than retigabine at reducing spinal
reflexes’’ and to act more specifically on Kv7 channels.”® However, its analgesic ability has not been explored until
now. Indeed, the present study is the first to report that ML213 has anti-allodynic effect in the STZ model of DPNP.
Interestingly, the anti-allodynic effects of flupirtine and ML213 were similar to those of the positive control gabapentin
which has been reported to activate K,7.3 and 7.5 channels when they are expressed in Xenopus oocytes.>® Given that
separate nociceptor subsets mediate mechanical and heat hypersensitivity, the lack of effects of K, 7 channel activators on
heat hypersensitivity reported here, may be due to their differential effects on different nociceptor subpopulations as
discussed previously.'?

Possible Mechanisms of the Anti-Allodynic Effects of Flupirtine and ML213

It is difficult to determine precisely the mode and site of action of flupirtine and ML213, but it is possible that their anti-
allodynic effects are mediated by K,7 channels in AB-fiber neurons because: (a) STZ-induced mechanical allodynia in
mice was reversed by selective blockade of myelinated Ap-afferent fibers,®® (b) capsaicin-sensitive C-fiber afferents are
not required for the development of mechanical allodynia in the STZ rat model,®' and (¢) STZ-induced spontaneous
activity in AB-fiber neurons was suppressed by retigabine.'? These K,7 channel activators may exert their effects by
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causing membrane hyperpolarization at t-junction (the point at which the axon, stemming from the cell body, bifurcates
into the peripheral and central branches) resulting in failure of an action potential propagation (see®®) and thereby in
reduction of central sensitization, which is an important mechanism of PNP."?

It is noteworthy that the validity of STZ-treated animals as a model of DPNP has been challenged by a number of
researchers (e.g.,?). However, we have used/been using the STZ rat model because, it is more commonly used than other
models of DPNP and because of its rapid induction, greater stability, and low cost as we discussed previously (e.g."”).
More importantly, the STZ model has been shown by numerous animal studies to exhibit long-lasting behavioral signs of
DPNP including mechanical hypersensitivity which is believed to correspond to the mechanical allodynia (cutaneous
hypersensitivity) in patients who experience acute distress on contact with an external mechanical stimulus such as
clothing. (see'® and references therein).

Conclusion

The present study reports for the first time that the K,7 channel activators flupirtine and ML213 are effective in
attenuating mechanical, but not heat hypersensitivity, in STZ rats. Their anti-allodynic effects which were similar to
those of gabapentin (positive control), the first-line treatment for DPNP are likely to be mediated K, 7 channels because
they were prevented by the K,7 channel blocker XE991. Taken together, the findings suggest that strategies that target
activation of K,7 channels may be effective in treating DPNP in humans.
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