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Abstract

Large-conductance Ca%*-activated K* (BKc,, MaxiK) channels are important for the regulation of
neuronal excitability. Peripheral nerve injury causes plasticity of primary afferent neurons and
spinal dorsal horn neurons, leading to central sensitization and neuropathic pain. However, little is
known about changes in the BK¢, channels in the dorsal root ganglion (DRG) and spinal dorsal
horn and their role in the control of nociception in neuropathic pain. Here we show that L5 and L6
spinal nerve ligation in rats resulted in a substantial reduction in both the mRNA and protein
levels of BK¢, channels in the DRG but not in the spinal cord. Nerve injury primarily reduced the
BK 4 channel immunoreactivity in small- and medium-sized DRG neurons. Furthermore,
although the BK, channel immunoreactivity was decreased in the lateral dorsal horn, there was
an increase in the BK¢, channel immunoreactivity present on dorsal horn neurons near the dorsal
root entry zone. Blocking the BK¢, channel with iberiotoxin at the spinal level significantly
reduced the mechanical nociceptive withdrawal threshold in control and nerve-injured rats.
Intrathecal injection of the BK, channel opener NS1619 dose dependently reversed allodynia and
hyperalgesia in nerve-ligated rats but it had no significant effect on nociception in control rats. Our
study provides novel information that nerve injury suppresses BKc, channel expression in the
DRG and induces a redistribution of BK¢, channels in the spinal dorsal horn. BK¢, channels are
increasingly involved in the control of sensory input in neuropathic pain and may represent a new
target for neuropathic pain treatment.
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Introduction

Neuropathic pain remains a significant clinical problem and is often resistant to
conventional analgesics. Peripheral nerve injury elicits several changes in the nervous
system, including the spontaneous activity from the injured peripheral nerve and dorsal root
ganglion (DRG) neurons (Wall and Devor 1983; Kajander and Bennett 1992; Matzner and
Devor 1994) and hypersensitivity of spinal dorsal horn neurons (Laird and Bennett 1993;
Leem et al. 1996). These abnormal neuronal activities play an important role in the
development of hyperalgesia and allodynia associated with neuropathic pain. However, the
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molecular mechanisms underlying the increased excitability of neurons in the DRG and
spinal dorsal horn after nerve injury are not fully understood.

Ca?*-activated K* channels are expressed in many different types of neurons and are
involved in the regulation of neuronal excitability and function (Poolos and Johnston 1999;
Martinez-Pinna et al. 2000; Pedarzani et al. 2000). These channels can be divided into three
main subfamilies on the basis of their electrophysiological, pharmacological, and molecular
profiles: large-conductance Ca2*-activated K* (BKc,, MaxiK) channels, intermediate-
conductance Ca?*-activated K* (1K) channels, and small-conductance Ca?*-activated K*
(SKc3) channels (Sah 1996; Vergara et al. 1998). All these three types are present in DRG
neurons (Zhang et al. 2003; Bahia et al. 2005; Mongan et al. 2005). Ca2*-activated K*
channels couple the membrane potential to the intracellular Ca2* concentration in such a
way that an increase in internal Ca2* leads to an efflux of K* and a subsequent
hyperpolarization of the membrane. Because of this property, these channels can link
intracellular Ca?* and membrane excitability and thus are important for regulating action
potential frequency, duration, and inter-burst intervals in neurons (Faber and Sah 2003a).

BK 4 channels represent a unique superfamily of K* channels that are both voltage- and
intracellular CaZ*-dependent (Gribkoff et al. 2001; Xia et al. 2002; Zhang et al. 2003). The
main functions of BK¢, channels in DRG neurons are to shorten the action potential
duration, enhance the rate of repolarization, and contribute to rapid after-hyperpolarization,
which could lead to reduced repetitive firing (Scholz et al. 1998; Zhang et al. 2003).
Activation of BK¢, channels can reduce depolarization- and 4-aminopyridine-induced
neuronal hyperexcitability in DRG neurons (Zhang et al. 2003). However, little is known
about how nerve injury affects the expression and distribution of BK¢, channels in DRG
neurons and the spinal dorsal horn. Furthermore, the functional significance of BK¢c,
channels in the control of nociceptive processing in chronic neuropathic pain is not known.
Therefore, in the present study, we examined the expression and spatial distribution of BK¢c,
channels in DRG neurons and the spinal dorsal horn after nerve injury in rats. We also
determined the functional role of BK¢, channels at the spinal level in the control of
nociceptive input in a rat model of neuropathic pain.

Materials and Methods

Induction of neuropathic pain and implantation of intrathecal catheters

Male Harlan Sprague-Dawley rats weighing 150-180 g were used for neuropathic pain
induction. Ligation of the left L5 and L6 spinal nerves in rats was used in this study as an
experimental model of neuropathic pain because it produces profound and sustained tactile
allodynia, which resembles the condition observed in patients with neuropathic pain (Kim
and Chung 1992). Under isoflurane (2—-3%) anesthesia, the left L5 and L6 spinal nerves
were isolated and ligated tightly with 4.0 silk suture, as described previously (Kim and
Chung 1992). The animals were allowed to recover for 7-10 days before intrathecal
cannulation. Age-matched sham control rats were prepared as described above except that
the nerve was not ligated.

Intrathecal catheters (PE-10 polyethylene tubing) were advanced 8 cm caudal through an
incision in the cisternal membrane and secured to the musculature at the incision site. Only
animals with no evidence of neurologic deficits after catheter insertion were studied. Final
experiments were conducted 3—4 weeks after spinal nerve ligation. The surgical preparation
and experimental protocols were approved by the Animal Care and Use Committee of the
University of Texas M. D. Anderson Cancer Center and conformed to the National Institutes
of Health guidelines on the ethical use of animals.
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Real-time RT-PCR analysis of BKc; channel mRNA

Total RNA was extracted from the L5 and L6 DRGs and lumbar dorsal spinal cord in nerve-
ligated and control rats using Purelink total RNA purification system (Invitrogen, Carlsbad,
CA) with on-column DNase | digestion according to the manufacturer’s instruction. For
each sample, 2 ug of total RNA was reverse transcribed for 60 min at 37EC with random
primers and M-MLYV reverse transcriptase. cDNA was prepared by using Superscript 11 first
strand synthesis kit (Invitrogen, Carlsbad, CA). Quantitative PCR was performed by using
the Q5 real-time PCR detection system with SYBR Green PCR kit (Bio-Rad, Hercules,
CA). All samples were run in duplicate using an annealing temperature of 60EC, and the
same experiment was repeated at least once. The primer pairs used were as follows: BK¢,-
al (NM_031828), 5'-GATGGGCCCTTTGCGGACTTAG-3' (3835-3856) and 5'-
CTGGCTGGGGGTGCT GAGGT-3' (3966-3947); rat ribosomal protein 18 (S18)
(NM_213557), 5-ACTTTTGGGGCCTTCGTGTC-3' (419-438) and 5'-
GCCCAAAGACTCATTTCTTCTTG-3' (514-492). To calculate the relative expression
level of BK,-01 mMRNA in each sample, standard curves were generated by a two-fold
dilution of the cDNA sample of the spinal cord or DRGs as the PCR templates. The relative
amount of BKca-a1 mRNA in each sample was normalized to the housekeeping gene S18
(the MRNA level of the BK¢, channel in the control rat was considered as 1). The PCR
specificity was verified by the melting curve analysis and agarose gel electrophoresis.

Quantification of BK¢,; channel proteins using Western blotting

To quantify the BKc, channel changes induced by nerve injury, rats underwent L5 and L6
spinal nerve ligation or sham surgery under isoflurane-induced anesthesia. After 3 weeks of
recovery, the mechanical allodynia threshold was confirmed with von Frey filaments. Rats
were deeply anesthetized with sodium pentobarbital (60 mg/kg, ip). The rats were then
decapitated, and the left L5 and L6 DRGs and lumbar spinal cords were removed. The spinal
cords at the L5 and L6 levels were dissected and sectioned into quadrants to obtain the
ipsilateral dorsal spinal cord. All tissues were individually frozen on dry ice and stored at
—T70EC.

Isolated DRG and spinal cord tissues were homogenized in an ice-cold buffer containing 10
mM HEPES, 1 mM EGTA, 0.1 mM EDTA, 10% sucrose, and protease inhibitor cocktail
(Sigma, St. Louis, MO). The homogenate was centrifuged at 1,000 g for 10 min at 4EC, and
the supernatant was then centrifuged 100,000 g for 1 hour at 4EC. The resulting pellet was
resuspended with 100 pl of lysis buffer containing 1% triton X-100, 20 mM MOPS, 4.5 mM
Mg(CH3COO),, 150 mM KCl, and protease inhibitor cocktail. The suspension was
centrifuged at 1,000 g for 5 min at 4EC. The supernatant was collected and the protein
concentration was determined using the Bradford protein assay (Bio-Rad, Hercules, CA).
Thirty pg of proteins were mixed with an equal volume of sodium dodecyl sulfate (SDS)
sample buffer (125 mM Tris, pH: 6.8; 4% SDS, 0.02% bromophenol blue, 20% glycerol,
and 5% B-mercaptoethanol). The samples were heated for 10 min at 70EC.

The samples were separated by 10% SDS-polyacrylamide gel electrophoresis and
transferred to the nitrocellulose membrane (Chen and Pan 2003). The membrane was
blocked for 2 hours in 5% nonfat milk in PBS and then incubated with the rabbit anti-BKc,
channel a subunit primary antibody (APC-021, Alomone Labs, Israel; dilution:1:300) for 24
hours at 4EC. The specificity of this antibody has been confirmed by preadsorption
(Adamson et al. 2002a; Douglas et al. 2006) and further validated using brain tissues from
the BK¢, knockout mice (Ruttiger et al. 2004; Misonou et al. 2006). For the protein loading
control, some membranes were incubated with a rabbit anti-p-actin antibody (1:2000,
Sigma; St. Louis, MO). The membrane was rinsed and incubated with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody (Jackson ImmunoResearch, West
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Grove, PA) at 1:5,000 dilution for 2 hours at room temperature. The membrane was
developed with an enhanced chemoluminescence kit according to the manufacturer's
instructions. The intensity of bands was captured digitally and analyzed quantitatively with
AIS software (Imaging Research Inc., London, ON, Canada).

Immunofluorescence labeling of BKc; channels in the DRG and spinal dorsal horn

Under deep anesthesia with sodium pentobarbital (60 mg/kg, ip), rats were perfused
intracardially with 4% paraformaldehyde and 10% sucrose in PBS. The L5 and L6 DRGs
and spinal cords were removed quickly, postfixed for 2 hours in the same fixative solution
and cryoprotected in 30% sucrose in PBS for 48 hours at 4EC. The sections were cut to 30
um for the DRG tissue and 25 um for the spinal cord and collected free-floating in 0.1 M
PBS. For BK¢, channel immunofluorescence staining, the sections were incubated with the
rabbit anti-BK ¢, channel o subunit primary antibody (1:500 dilution) in PBS containing
0.3% TX-100 for 2 hours at room temperature and 48 hours at 4EC. Sections were then
rinsed and incubated with the secondary antibody (peroxidase-conjugated goat anti-rabbit
IgG, dilution: 1:100; Jackson ImmunoResearch Laboratories, West Grove, PA). The
sections were then incubated with fluorescein tyramide (PerkinElmer Life Sciences,
dilution: 1:100) for 10 min, and incubated with IB4-Alexa Fluor-546 (Molecular probers,
Eugene, OR) at 2 pug/ml for 2 hours at room temperature. Finally, the sections were rinsed,
mounted on slides, dried, and coverslipped. The negative controls were included by omitting
the primary antibody in the above labeling procedures. All sections were examined using a
laser scanning confocal microscope (Zeiss, Germany), and the areas of interest were photo-
documented. To examine the cell profile of BK¢, channel-expressing DRG neurons in the
control and nerve-ligated rats, three sections from the L5 DRG (one DRG per rat, n = 5 rats
per group) were sampled. Neurons with evident nucleus localization near the center of the
cells were measured for the diameter and counted.

Double immunofluorescence labeling of BKc4 and NeuN in the spinal cord sections

To determine whether BK, channels are expressed in spinal dorsal horn neurons after nerve
injury, we performed double immunofluorescence labeling of the BK¢; channel and NeuN,
a neuronal marker, in the spinal cord sections. The tissue sections were first incubated with
1% H,0, for 30 min to quench the endogenous peroxidase. Sections were blocked with 5%
blocking reagent (PerkinElmer Life Sciences, Inc., Boston, MA) in 0.1 M Tris-HCI for 1
hour at room temperature. Then the sections were incubated with the primary antibody
mixture, including rabbit anti-BK¢, o subunit (Alomone) and mouse anti-NeuN (Chemicon,
Temecula, CA,; dilution:1:50), for 2 hours at room temperature and overnight at 4EC.
Subsequently, sections were incubated with the secondary antibody mixture [peroxidase-
conjugated goat anti-rabbit 1gG (Jackson ImmunoResearch Laboratories, Inc.; dilution:
1:100) and Alexa Fluor-594-conjugated goat anti-mouse 1gG (Molecular Probes; dilution
1:400)] for 2 hours at room temperature. The sections then were rinsed and incubated with
fluorescein tyramide (PerkinElmer Life Sciences, Inc; dilution: 1:100) for 10 min. After
rinsing, the sections were mounted on slides, dried, and coverslipped. The negative controls
were included by omitting the primary antibodies.

Behavioral tests of nociception

Thermal nociception—Rats were placed on the glass surface of a thermal plantar testing
apparatus (I1'TC Life Science, Woodland Hills, CA). The rats were allowed to acclimate for
30 min before testing. The temperature of the glass surface was maintained at a constant
30EC. A mobile radiant heat source located under the glass was focused onto the hindpaws
of the rats. The paw withdrawal latency was recorded by a digital timer. The withdrawal
latencies for the left and right paws were averaged, and the mean value was used to indicate
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the sensitivity to noxious heat stimulation. A cut-off of 30 s was used to prevent potential
tissue damage (Chen and Pan 2006).

Mechanical nociception—The nociceptive mechanical withdrawal thresholds, expressed
in grams, were measured with the Randall-Selitto test using an Ugo Basil Analgesimeter
(\Varese, Italy). The test was performed by applying noxious pressure to the hindpaw. We
pressed a pedal that activated a motor, the force of which increased at a constant rate on a
linear scale. When the animal displayed pain by paw withdrawal or vocalization, the pedal
was immediately released and the nociceptive threshold was read on the scale. A cut-off of
400 g was used to avoid potential tissue injury (Chen and Pan 2006). Both hindpaws were
tested on each rat, and the mean value was used as the withdrawal threshold in response to
the noxious pressure.

Tactile allodynia—The tactile threshold was determined by the application of von Frey
filaments to the left hindpaw before and after spinal nerve ligation in all animals. To
quantify mechanical sensitivity of the paw, rats were placed in individual plastic boxes on a
mesh floor and allowed to acclimate for 30 min. A series of calibrated von Frey filaments
(Stoelting Co., Wood Dale, IL) were applied perpendicularly to the plantar surface of the left
paw with sufficient force to bend the filaments for 6 s. Brisk withdrawal or paw flinching
was considered a positive response, and a filament of the next lower force was applied. The
tactile stimulus producing a 50% likelihood of withdrawal was determined using the “up-
down” calculation method, as described in detail previously (Chaplan et al. 1994). Each trial
was repeated 2-3 times at approximately 2-min intervals, and the mean value was used as
the force needed to produce a paw withdrawal response.

In the behavioral tests described above, motor function was evaluated by the placing/
stepping and the righting reflexes. The former was evoked by drawing the dorsum of either
hindpaw across the edge of the table. The latter was assessed by placing the rat horizontally
with its back on the table, which normally gives rise to an immediate coordinated twisting of
the body into an upright position. Changes in motor function were scored as follows: 0,
normal; 1, slight deficit; 2, moderate deficit; and 3, severe deficit.

Drug administration—After the baseline was measured, rats were treated with intrathecal
5, 10, or 20 pg of NS1619. The doses of the specific BK¢, channel opener NS1619 used in
this study were determined in the pilot study. The paw withdrawal latency in response to
thermal stimulation and the paw withdrawal thresholds in response to the pressure or von
Frey filaments applied to the hindpaws were determined individually for different groups of
rats. The effects of NS1619 were determined every 15 or 30 min for 120-180 min after
intrathecal injection. To determine the specific effect of NS1619, the highly selective BK¢,
channel blocker iberiotoxin (10 ng) (Lee et al. 1995; Gribkoff et al. 2001) was administered
15 min before 20 pg of NS1619 was injected in another group of nerve-ligated rats. Drugs
for intrathecal injections were dissolved in normal saline and administered in a volume of 5
pl, followed by a 10-pl flush with normal saline. NS1619 and iberiotoxin were purchased
from Sigma (St. Louis, MO).

Statistical analysis

Data are presented as means £ SEM. The differences in the BKc, channel mMRNA and
protein levels in the spinal cords and DRGs between the control and nerve-injured groups
were determined by paired or unpaired Student t-test. Paw withdrawal thresholds in response
to thermal and pressure stimuli before and after drug treatment were compared using
repeated measures analyses of variance followed by Tukey’s post hoc test. The drug effects

J Neurochem. Author manuscript; available in PMC 2010 July 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen et al. Page 6

on the tactile withdrawal threshold were determined by using Kruskal-Wallis test.
Differences were considered to be statistically significant when P < 0.05.

Results

BKca protein levels in the DRG and dorsal spinal cord in nerve-ligated rats

The BKc, channel protein in the sham and nerve-injured rats was quantified using Western
blot. There was a robust expression of a single protein band at 125 kDa, corresponding to
the size of the BK ¢, channel protein. To determine the nerve injury-induced changes in the
spinal cord, the protein band density in the injured group was normalized to the sham
control (the protein amount of BK¢, channels from the sham rats was considered as 1). The
protein level of BK¢, channels in the dorsal spinal cord was not significantly different
between the sham control and nerve-ligated groups (n = 9 rats in each group, Fig. 1A).
However, there was a large reduction in the protein amount of BK¢, channels in the L5 and
L6 DRGs in the nerve-injured group, compared with that in the sham control group (n =9 in
each group, Fig. 1B).

BKca MRNA levels in the spinal cord and DRGs in nerve-injured rats

To investigate whether peripheral nerve injury changes the expression level of BK¢,
channel mMRNA, we used real-time PCR to measure the mRNA level of the pore forming
BKc, channel a-subunit. The mRNA level of BKc, channels in the DRGs of nerve-injured
rats was substantially reduced compared with that in the control rats (Fig. 1C). However,
there was no significant difference in the mRNA level of BK¢, channels in the spinal cord
between the control and nerve-injured groups.

Changes in BK¢c4; channel immunoreactivity in injured DRG neurons

We determined whether the spatial distribution of BK¢, channels in the spinal cord and
DRG was altered by nerve injury. In the DRGs of sham-operated rats, BK¢, channel
immunoreactivity was present in different sizes of neurons (Fig. 2A). Approximately 43% of
IB4-positive DRG neurons showed BK ¢, channel immunoreactivity. In addition, BK¢,
channel immunoreactivity in the cytoplasm was largely uniform in DRG neurons from
control rats. By contrast, in the ipsilateral DRGs removed from nerve-ligated rats, there was
a substantial loss of 1B4-positive DRG neurons (approximately 67%; 1,124 cells in the
control group vs. 368 cells in the nerve-ligated group) (Fig. 2B). Notably, BK¢, channel
immunoreactivity was dense and appeared aggregated in the cytoplasm and cell membrane
of the ipsilateral DRG neurons in nerve-injured rats (Fig. 2B). Analysis of distribution of
BKa-immunoreactive neurons revealed that BK¢, channel immunoreactivity was primarily
present in large-diameter (> 50 um) DRG neurons in nerve-injured rats (Fig. 2C). Omitting
the primary BK¢, antibody or preadsorption of the BK, antibody with the control antigen
did not result in evident BK, labeling (data not shown). Considering our findings from the
real-time RT-PCR and Western blot analysis, these immunocytochemical data suggest that
decreased expression of BK¢c, channels by spinal nerve injury primarily occurs to small- and
medium-sized DRG neurons (Fig. 2C).

Nerve injury-induced changes in BKc5; channel immunoreactivity in the spinal dorsal horn

In the spinal cords of sham control rats, the BK¢, channel immunoreactivity was distributed
throughout the spinal dorsal horn, especially in the lateral side of laminae I-111. Dense 1Bg4-
labeling was restricted to laminae I and Il in the spinal cords of control rats. BK¢,4 channel
immunoreactivity was particularly dense in the lateral superficial dorsal horn and was co-
localized with 1B4-positive nerve terminals in this region (Fig. 3A). By contrast, a large
reduction in I1B4-labeling in the superficial dorsal horn was observed in the ipsilateral spinal
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cord from nerve-ligated rats. Strikingly, there was a distinct redistribution of BKc, channel
immunoreactivity in the superficial dorsal horn of the ipsilateral spinal cord in nerve-ligated
rats. There was a marked reduction in BK¢, channel immunoreactivity in the lateral dorsal
horn of the ipsilateral spinal cord. But dense labeling of BKc, channel immunoreactivity
appeared near the center of the superficial dorsal horn, especially at the dorsal root entry
zone in nerve-ligated rats (Fig. 3B). However, increased BKc, channel immunoreactivity
was not co-localized with the remaining 1B4-positive afferent terminals in the spinal cord of
nerve-injured rats. High-magnification confocal images show that increased BK¢, channel
immunoreactivity appeared in many interneuron-like structures in this region (Fig. 3B).

Double immunofluorescence labeling of NeuN and BK¢, channels was performed to
determine whether the increased BKc, channel immunoreactivity is expressed in dorsal horn
neurons in nerve-injured rats. Colocalization of NeuN and BK¢, channel immunoreactivities
appeared in only a few neurons in laminae I-111 of sham control rats. In contrast, the
majority of NeuN-positive dorsal horn neurons near the dorsal root entry zone exhibited the
BKca channel immunoreactivity in the ipsilateral spinal cord of nerve-injured rats (Fig. 4).
To quantify the number of BK¢c,— and NeuN-immunoreactive neurons in the dorsal horn, 9
confocal images were randomly selected from spinal cord tissue sections in three control and
three nerve-ligated rats, and the total number of double-labeled neurons was counted from 9
sections in each group. This analysis showed that there was a three-fold increase (197 in the
control group vs. 602 in the nerve-injured group) in the number of dorsal horn neurons that
had both BKc,— and NeuN-immunoreactivities in nerve-injured animals.

Effect of intrathecal NS1619 on hyperalgesia and allodynia in nerve-ligated rats

The hindpaw withdrawal threshold tested with von Frey filaments before spinal nerve
ligation was 19.6 + 1.4 g. The tactile threshold decreased significantly (2.1 + 0.3 g, Fig. 5A)
2 weeks after nerve ligation and was stable for the duration of the study in all animals tested.
The nociceptive mechanical threshold, measured with the Randall-Selitto pressure device,
was also significantly lower in nerve-injured rats than in sham control rats 2 weeks after
surgery (107.1 +5.3 g vs. 147.3 £ 8.5 g, Fig. 5B).

NS1619 is a benzimidazolone analog that has been shown to activate BK¢, channels in
neurons in the DRG and the ventromedial hypothalamus (Sellers and Ashford 1994; Zhang
et al. 2003). Intrathecal injection of 5, 10, and 20 pg of NS1619 caused a dose-dependent
increase in the paw withdrawal threshold in response to the application of von Frey
filaments. This effect appeared within 45 min and lasted for more than 120 min after
intrathecal injection. Intrathecal injection of 10 ng of iberiotoxin, a highly selective blocker
of BK, channels (Lee et al. 1995; Gribkoff et al. 2001), 15 min before injection of 20 pg
NS1619 abolished the antiallodynic effect of intrathecal NS1619 (Fig. 5A). Intrathecal
administration of 10 ng of iberiotoxin alone did not significantly change the tactile
withdrawal threshold.

In another group of nerve-injured rats, intrathecal injection of 5, 10, and 20 ug of NS1619
significantly increased the paw withdrawal threshold, as measured by the application of a
noxious pressure stimulus, in a dose-dependent manner (Fig. 5B). The maximal effect
appeared within 30 min and lasted 60-90 min. Notably, intrathecal injection of 10 ng of
iberiotoxin alone caused a transient but significant decrease in the nociceptive withdrawal
threshold. Pretreatment with 10 ng of iberiotoxin abolished the effect of intrathecal
administration of 20 pg of NS1619 on the pressure withdrawal threshold in nerve-injured
rats (Fig. 5B). No animals that had been given an intrathecal injection of NS1619 or
iberiotoxin exhibited signs of sedation or motor dysfunction, as assessed by the placing/
stepping and the righting reflexes.
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Effect of intrathecal NS1619 on nociception in control rats

The effect of NS1619 on the thermal nociceptive threshold was tested only in control rats
because thermal hyperalgesia is not an evident feature in this rat model of neuropathic pain
(Kim and Chung 1992). In age-matched control rats, the intrathecal injection of NS1619 up
to 20 g did not significantly increase the paw withdrawal latency in response to the noxious
heat stimulus (Fig. 6A). Furthermore, intrathecal administration of 20 pg of NS1619 did not
significantly alter the paw withdrawal threshold in response to the noxious pressure stimulus
in control rats (Fig. 6B). Interestingly, intrathecal injection of 10 ng of iberiotoxin
significantly decreased the nociceptive mechanical, but not the thermal, threshold in control
rats (Fig. 6).

Discussion

The major objective of our study was to determine the plasticity and functional role of BK¢,
channels in the regulation of nociception in chronic neuropathic pain. Using quantitative
RT-PCR and Western blots, we found that both the mRNA and protein levels of BK¢,
channels were significantly reduced in the DRG, but not in the dorsal spinal cord, after nerve
ligation. Our immunocytochemical analysis revealed a substantial loss of 1B4-positive DRG
neurons and a shift in BK¢, expression to large DRG neurons in nerve-injured rats,
suggesting that decreased BK ¢, expression in the DRG after nerve injury mainly involves
small- and medium-sized neurons. Furthermore, we found that intrathecal administration of
the specific BK¢c, channel activator NS1619 had no significant effect on nociceptive
thresholds in control rats but dose dependently attenuated mechanical allodynia and
hyperalgesia in nerve-ligated rats. Therefore, our findings suggest that peripheral nerve
injury suppresses the expression of BKc, channels in small- and medium-sized DRG
neurons and causes a redistribution of BKc, channels within the spinal dorsal horn.
Activation of BK¢, channels at the spinal level can effectively reverse neuropathic pain.

All three major calcium-activated potassium channels are present in DRG neurons (Boettger
et al. 2002; Mongan et al. 2005). Peripheral nerve injury reduces SK¢, and 1K, channels in
the DRG neurons (Boettger et al. 2002). However, the nerve injury-induced changes in
BKca channels in the DRG and spinal cord are not clear. In the present study, we found that
both the mRNA and protein levels of BKc, channels were profoundly reduced in the DRG
of nerve-injured rats. The complementary immunohistochemical analysis revealed a large
reduction in 1B4-positive DRG neurons and a shift in BKca expression to large DRG
neurons, suggesting that decreased BKc, expression in the DRG by nerve injury primarily
occurs to small- and medium-sized neurons. Consistent with our histologic findings, it has
been shown that BK, channel activity is decreased in axotomized L5 DRG neurons
(Sarantopoulos et al. 2007). The loss of DRG neurons is probably due to Wallerian
degeneration induced by spinal nerve ligation (Peyronnard et al. 1989; Tandrup et al. 2000).
Interestingly, in large-diameter DRG neurons in nerve-ligated rats, we found that BK¢,
channel immunoreactivity was aggregated in the cytoplasm and cell membrane. In our
study, BKc, immunoreactivity was detected in the cytoplasm of DRG neurons, suggesting
that the BK 4 protein is not restricted only to the membrane surface of DRG neurons.
Consistent with this observation, the BK¢, protein is present in the cytoplasm of different
types of neurons (Adamson et al. 2002b; Martin et al. 2004; Ruttiger et al. 2004; Misonou et
al. 2006; Sailer et al. 2006), such as the mitochondria (Douglas et al. 2006). Furthermore,
functional BK ¢, channels have been documented in the mitochondrial membrane of human
glioma cells (Siemen et al. 1999), skeletal muscle fibers (Skalska et al. 2008), and cardiac
myocytes (Xu et al. 2002; Sato et al. 2005). Additionally, the BKc, channel mRNA is
present in the cytoplasm of hippocampal neurons, and the cytoplasmic BK¢c, channel mMRNA
level can influence the surface expression of the BK¢, channel protein and neuronal firing
properties (Bell et al. 2008). The development of neuropathic pain induced by peripheral
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nerve injury is associated with the increased excitability of primary afferent neurons and
central sensitization (Wall and Devor 1983; Laird and Bennett 1993; Harris et al. 1996;
Leem et al. 1996). Our findings suggest that reduced expression of BK¢, channels in small-
and medium-sized DRG neurons after nerve injury could contribute to increased excitability
of sensory neurons in this animal model of neuropathic pain.

At the spinal cord level, we found that the overall MRNA and protein levels of BK¢,
channels did not differ significantly between the control and nerve-injured groups.
Strikingly, our immunocytochemical labeling revealed a substantial reduction in BK¢,
channel immunoreactivity in the lateral spinal dorsal horn and a large increase in BK¢,
channel immunoreactivity at the dorsal root entry zone in spinal nerve-ligated rats. Our
immunocytochemical study revealed that many neurons in the superficial dorsal horn
expressed dense BK¢, channel immunoreactivity after spinal nerve ligation. Thus, the loss
of BK, channels in the lateral dorsal horn after nerve ligation may be compensated for by
the upregulation of BK¢, channels on dorsal horn neurons near the dorsal root entry zone.
This topographical redistribution of BKc, channels in the spinal dorsal horn probably
explains why no significant global changes were found in the BK, channel expression in
the spinal dorsal horn after nerve injury. It has been shown that the BKc3 mRNA level in the
mouse spinal cord is significantly reduced after nerve injury (Furukawa et al. 2008).
However, in the study by Furukawa et al, only the superficial dorsal horn was sampled for
the RT-PCR experiment. We used the entire dorsal half of the rat spinal cord for both the
RT-PCR and Western blots. Because the nerve injury-induced changes in BKca expression
in the spinal dorsal horn are highly localized, this could explain the different results between
the work by Furukawa et al. and our own study. The mechanisms underlying the plasticity of
BK4 channel expression after nerve injury are not clear. Neurotrophin-3 and nerve growth
factor can increase the number of BK¢, channels in central neurons (Holm et al. 1997). In
addition, glial cell line-derived neurotrophic factor and brain-derived neurotrophic factor
stimulate the functional activity of BKc, channels in neurons (Martin-Caraballo and Dryer
2002; Mizoguchi et al. 2002). In the spinal dorsal horn, the level of brain-derived
neurotrophic factor is increased after nerve ligation injury (Miletic and Miletic 2002). Thus,
the increased neurotrophin level may play a role in the upregulation of BK¢, channels in
some dorsal horn neurons after nerve injury.

Another salient finding of our study is that intrathecal injection of the specific BKc, channel
activator NS1619 dose dependently reduced mechanical allodynia and hyperalgesia in
nerve-ligated rats. Pretreatment with the selective BK, channel blocker iberiotoxin
abolished the effects of NS1619. BK¢, channels are involved in afterhyperpolarization in
excitable cells (Poolos and Johnston 1999; Pedarzani et al. 2000). The suppression of
neuronal firing activity by NS1619 can be achieved through an increase in the threshold for
action potential firing and an increase in the amplitude of afterhyperpolarization (Zhang et
al. 2003). Reduced BK¢, channel expression in injured DRG neurons and in the lateral
dorsal horn of the spinal cord may contribute to the hypersensitivity of these neurons after
nerve injury. Furthermore, activation of BKc, channels requires simultaneous depolarization
and elevated cytosolic Ca2*, which necessitates that electrical activity be coupled to changes
in intracellular Ca2* (Sah 1996; Xia et al. 2002). Activation of BKc, channels can also
reduce the amount of neurotransmitters released to the spinal dorsal horn neurons by
shortening the duration of depolarization that allow Ca?* entry through voltage-gated Ca?*
channels (Hu et al. 2001; Faber and Sah 2003b; Raffaelli et al. 2004). As a result, opening of
BK4 channels could suppress the hyperactivity of spinal dorsal horn neurons. We observed
that intrathecal injection of NS1619 had no significant effect on the nociceptive threshold in
control rats, suggesting that further BK¢, channel activation does not affect nociceptive
transmission under normal conditions. In nerve-ligated rats, the nociceptive input may be
primarily transmitted by remaining DRG neurons and afferent terminals, in which BK¢,
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channels remained functional. This could explain why opening BK, channels with NS1619
is effective at reducing neuropathic pain caused by nerve injury. It has been shown that the
intracellular Ca2* level is decreased in DRG neurons in nerve-injured rats (Fuchs et al.
2005), which is not favorable for BK¢, channel activation. Notably, in both control and
nerve-injured rats, the specific BKc, channel blocker iberiotoxin significantly decreased the
nociceptive mechanical threshold. This could be due to that BK¢, channels are mainly
present on the mechano-sensitive primary afferent neurons. We observed that iberiotoxin
alone had no significant effect on the tactile threshold in nerve-ligated rats. This is because
the tactile threshold in nerve-injured rats was already very low, and the lack of effect of
iberiotoxin alone could be explained by a 'floor' effect. Since the drugs were given
intrathecally in the behavioral experiments, it is difficult to determine the relative roles of
BKc4 channels in the spinal cord and DRG in the control of nociceptive transmission in
neuropathic pain. Nevertheless, activation of BK¢; channels with NS1619 significantly
attenuated neuropathic pain, suggesting that reduced BK¢, channel function at the spinal
level could contribute to the central sensitization and chronic pain induced by nerve injury.

In summary, our study demonstrates a profound reduction in the expression level of BK¢,
channels in the DRG and a distinct redistribution of BKc, channels within the spinal dorsal
horn after nerve injury. These changes could contribute to increased nociceptive input and
central sensitization in neuropathic pain. Because activation of BK¢, channels can reverse
allodynia and hyperalgesia caused by nerve injury, the BK¢, channel at the spinal level
represents a new therapeutic target for neuropathic pain treatment.

List of abbreviations

DRG Dorsal root ganglion

1B, Griffonia simplicifolia isolectin B4

BKca Large-conductance Ca?*-activated K* channels

NS1619 [1,3-dihydro-1-[2-hydroxy-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)-2H-

benzimidazol-2-one]
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Fig. 1.

Quantification of the protein and mRNA levels of BKc, channels in the DRG and dorsal
spinal cord in control and nerve-injured rats. A: representative gel images and group data
show the lack of significant changes in the BK¢, channel protein level in the dorsal spinal
cord between the control and nerve-ligated rats (n = 9 rats in each group). B: representative
gel images and summary data show the changes in the BKc, channel protein level in L5 and
L6 DRGs between the control and nerve-ligated rats (n = 9 rats in each group). Note that -
actin was used as a loading control. C: group data show a differential change in the mRNA
levels of BK ¢, channels in the L5 and L6 DRGs and dorsal spinal cord in nerve-injured and
control rats. * P < 0.05 compared with the value in the control group.
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Fig. 2.

Representative confocal images show changes in BK¢, channel immunoreactive- and
isolectin B4 (IB4)-positive dorsal root ganglion (DRG) neurons in a control rat (A) and a
nerve-injured rat (B). Co-localization of the BKc, channel immunoreactivity and 1By is
indicated in yellow when the two images are digitally merged. Note that dense and
aggregated BK, channel immunoreactivity appears in medium- and large-sized DRG
neurons (marked with #) in the nerve-injured rat. All images are single confocal optical
sections. C, histograms show the somatic size distribution of BKc, channel immunoreactive-
neurons in the left L5 DRGs from the control and nerve-ligated rats (n = 5 rats in each
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group, one section per DRG). A total of 262 and 253 neurons was counted from the control
and nerve-injured rats, respectively.
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Representative confocal images show the distribution of BKc, channel immunoreactivity
and isolectin By (1B4) labeling in the spinal dorsal horn of a control rat and a nerve-injured
rat. A: confocal images showing BK¢c, channel immunoreactivity (green) and 1B4-positive
afferent terminals (red) in the spinal dorsal horn from a control rat. Co-localization of the
BKca channel immunoreactivity and 1By in the lateral dorsal horn is shown in high-
magnification confocal images. B: confocal images showing changes in BK¢, channel
immunoreactivity and I1B4-positive afferent terminals in the spinal dorsal horn from a nerve-
injured rat. Note that the BK¢, channel immunoreactivity is decreased in the lateral horn but
increased in the central region near the dorsal root entry zone in the nerve-injured rat. Co-
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localization is indicated in yellow when the two images are digitally merged. All images are
single confocal optical sections.
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Fig. 4.

Representative confocal images show the distribution of BKc, channel immunoreactive and
the neuronal marker NeuN in the spinal dorsal horn of a control rat and a nerve-injured rat.
A: confocal images showing BK ¢, channel immunoreactivity (green) and NeuN
immunoreactivity (red) in the spinal dorsal horn from a control rat. Co-localization of the
BKc, channel and NeuN immunoreactivities in the dorsal horn is shown in high-
magnification confocal images. B: confocal images showing changes in BK¢, channel
immunoreactivity and NeuN immunoreactivity in the dorsal horn from a nerve-injured rat.
Note that high-magnification confocal images revealed that BKc, channel immunoreactivity
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appeared in the majority of NeuN-immunoreactive neurons in the superficial dorsal horn in
the nerve-injured rat. All images are single confocal optical sections.
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Fig. 5.

Effects of intrathecal injection of NS1619 on allodynia and hyperalgesia in nerve-injured
rats. A: time course of the effect of intrathecal injection of 5 (h = 8 rats), 10 (n = 8 rats), and
20 (n =7 rats) pg of NS1619 on the tactile withdrawal threshold, tested with von Frey
filaments, in nerve-injured rats. B: time course of the effect of intrathecal injection of 5 (n =
7 rats), 10 (n = 8 rats), and 20 (n = 8 rats) pug of NS1619 on the mechanical threshold,
measured with nociceptive pressure stimulus, in nerve-injured rats. Intrathecal injection of
10 ng iberiotoxin alone (IBTX, n = 7 rats) significantly decreased the pressure withdrawal
threshold in nerve-injured rats. Data are presented as means + SEM. *, P < 0.05 compared
with the respective pre-drug control (time 0).
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Fig. 6.

Effects of intrathecal injection of NS1619 on nociception in control rats. A: lack of effect of
intrathecal injection of 20 pg of NS1619 on the withdrawal latency, tested with a noxious
heat stimulus, in 8 sham control rats. B: lack of effect of intrathecal injection of 20 pg of
NS1619 on the mechanical threshold, measured with nociceptive pressure stimulus, in
another 8 control rats. Note that intrathecal injection of 10 ng iberiotoxin alone (IBTX,n=7
rats) significantly decreased the pressure withdrawal threshold. Data are presented as means
+ SEM. *, P < 0.05 compared with the respective pre-drug control (time 0).
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