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Abstract

Abnormal hyperexcitability of primary sensory neurons contributes to neuropathic pain
development after nerve injury. Nerve injury profoundly reduces the expression of big
conductance Ca2*-activated K* (BK) channels in the dorsal root ganglion (DRG). However, little
is known about how nerve injury affects BK channel activity in DRG neurons. In this study, we
determined the changes in BK channel activity in different sizes of DRG neurons in a rat model of
neuropathic pain and the contribution of brain-derived neurotrophic factor (BDNF) to reduced BK
channel activity. The BK channel activity was present predominantly in small and medium DRG
neurons, and ligation of L5 and L6 spinal nerves profoundly decreased the BK current density in
these neurons. Blocking BK channels significantly increased the excitability of DRG neurons in
sham control, but not in nerve-injured, rats. The BDNF concentration in the DRG was
significantly greater in nerve-injured rats than in control rats. BDNF treatment largely reduced BK
currents in DRG neurons in control rats, which was blocked by either anti-BDNF antibody or
K252a, a Trk receptor inhibitor. Furthermore, either anti-BDNF antibody or K252a reversed
reduction in BK currents in injured DRG neurons. BDNF treatment reduced the mRNA levels of
BKal subunit in DRG neurons, and anti-BDNF antibody attenuated the reduction in the BKa.1
mRNA level in injured DRG neurons. These findings suggest that nerve injury primarily
diminishes the BK channel activity in small and medium DRG neurons. Increased BDNF levels
contribute to reduced BK channel activity in DRG neurons in neuropathic pain.

Introduction

Chronic neuropathic pain is often associated with spontaneous pain and exaggerated
response to either a painful stimulus (hyperalgesia) or a mild and normally nonpainful
stimulus (allodynia) (Campbell and Meyer 2006). Effective treatments for neuropathic pain
remain a major clinical challenge. Studies in patients with neuropathic pain have indicated
that the altered central processing associated with pain is maintained dynamically by
ongoing peripheral input (Gracely et al. 1992; Campero et al. 1998). Abnormal hyperactivity
of damaged primary afferent fibers and neurons can induce and maintain the chronic
neuropathic pain caused by nerve injury (Matzner and Devor 1994; Liu et al. 2000b; Amir et
al. 2005; Ma and LaMotte 2007). Furthermore, the activity of voltage-activated Na*
channels is increased in injured dorsal root ganglion (DRG) neurons (Dib-Hajj et al. 1999;
Sleeper et al. 2000). Also, nerve injury reduces the currents of several voltage-activated K*
(Kv) channels in DRG neurons (Everill and Kocsis 1999; Yang et al. 2004). However, the
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potential roles of other ion channels involved in increased excitability of primary sensory
neurons in neuropathic pain are not fully known.

Ca?*-activated K* channels are divided into three types on the basis of their conductance:
big conductance (BK), intermediate conductance (1K), and small conductance (SK) channels
(Sah 1996). BK channels can be activated by a depolarizing voltage and blocked selectively
by Iberiotoxin (IbTX), whereas IK and SK channels are voltage-insensitive and can be
blocked by clotrimazole and apamin, respectively. All three channels are expressed in rat
DRG neurons (Zhang et al. 2003; Mongan et al. 2005; Chen et al. 2009). Activation of BK
channels causes a profound feed-back inhibition of the action potential frequency and Ca2*
influx (Knaus et al. 1996; Marrion and Tavalin 1998; Furukawa et al. 2008). We have
shown that spinal nerve injury causes a large and persistent reduction in the expression level
of BK channels in the DRG, and blocking BK channels at the spinal level can mimic
neuropathic pain in rats (Chen et al. 2009). It is not yet clear how nerve injury affects BK
channel activity in DRG neurons.

The mechanisms leading to the reduction in BK channel functions in DRG neurons by nerve
injury also remain unknown. Brain-derived neurotrophic factor (BDNF) belongs to the
family of neurotrophins, which binds to the low-affinity p75 neurotrophin receptors and the
high-affinity tyrosine kinase TrkB receptors (Barde et al. 1982; Klein et al. 1991; Chao
2003). BDNF is normally present in small and medium DRG neurons (Zhou and Rush 1996;
Thompson et al. 1999). Treatment with BDNF can reduce nociceptive thresholds in rats
(Pezet et al. 2002) and suppresses the activity of voltage-activated K* channels in DRG
neurons (Cao et al. 2010). Sciatic nerve ligation or axotomy increases the expression level of
BDNF in the DRG (Tonra et al. 1998; Obata et al. 2003). However, little is known about
whether BDNF is causally involved in the reduction in BK channel activity of DRG neurons
by nerve injury. In this study, we used a rat model of neuropathic pain to determine changes
in BK channel activity in different sizes of DRG neurons. Furthermore, we determined the
role of BDNF in reduced BK channel activity in DRG neurons in neuropathic pain.

Materials and Methods

Animal model of neuropathic pain

Male Sprague-Dawley rats (Harlan Sprague-Dawley, Indianapolis, IN) weighing 150-180 g
were used in this study. Rats were anesthetized using isoflurane (2-3%), and the left L5 and
L6 spinal nerves were carefully isolated and ligated tightly (Kim and Chung 1992; Chen et
al. 2009). Age-matched sham control rats were used as the control group. Before performing
the terminal electrophysiological and biochemical experiments, we confirmed the presence
of hyperalgesia in nerve-ligated rats by testing the nociceptive withdrawal thresholds using
the paw pressure Analgesy-Meter (Ugo Basile Biological Research, Comerio, Italy) (Chen et
al. 2009). All experiments were approved by the Animal Care and Use Committee of the
University of Texas MD Anderson Cancer Center and conformed to the guidelines of the
National Institutes of Health’s Guide for the Care and Use of Laboratory Animals. All
efforts were made to minimize both the suffering and number of animals used.

Dissociation of DRG neurons

Two weeks after nerve ligation, rats were anesthetized with isoflurane and then rapidly
decapitated. DRG neurons were dissociated enzymatically, as we described previously (Cao
et al. 2010; Cao et al. 2011). The dissociated DRG neurons were plated onto a 35-mm
culture dish containing poly-L-lysine (50 pg/ml) pre-coated coverslips and incubated in 5%
CO3 at 37°C for 1 h. The neurons were kept in the incubator for at least another hour before
electrophysiological recordings.
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Electrophysiological recordings of BK channels

Whole-cell recordings of BK channels were conducted within 2—6 h after dissociation of
DRG neurons. The electrodes with tip resistance of 1-4 MQ were pulled from glass
capillaries using a micropipette puller and fire-polished. The neurons were visualized using
an inverted microscope and displayed on a video monitor through a CCD camera. Whole-
cell recordings were made using an EPC-10 amplifier (HEKA Instruments, Lambrecht,
Germany), filtered at 2 kHz, and digitized at 10 kHz. All experiments were performed at
room temperature (~25°C).

The extracellular solution consisted of (in mM) 135 NaCl, 5 KClI, 2.5 CaCly, 1.2 MgCl; and
5 HEPES (pH 7.4 adjusted with NaOH; osmolarity, 310 mOsm). The pipette internal
solution contained (in mM) 140 KCI, 1 MgCls,, 0.1 CaCl,, 1 EGTA, 10 HEPES (pH 7.2
adjusted with KOH, osmolarity 290 mOsm) (Shieh et al. 2007). In some experiments, 1 mM
EGTA was replaced by 5 mM BAPTA in the pipette solution to rule out the contribution of
extracellular Ca%* influx on BK channels. All neurons for voltage-clamp recordings were
held at =80 mV, evoked by 200-ms voltage test pulses stepped from —60 mV to +80 mV,
followed by a prepulse conditioning step to 0 mV for 200 ms for allowing Ca2* influx
(Neely and Lingle 1992; Li et al. 2007). Iberiotoxin (IbTX)-sensitive currents, indicative of
BK channel activity, was derived by subtraction of the Kv currents recorded in the presence
of 100 nM IbTX from the baseline total Kv currents. To determine the excitability of DRG
neurons, neurons were voltage-clamped at —60 mV and recorded in the current-clamp mode.
Current-clamp recording signals were filtered at 5 KHz and digitized at 20 KHz. The action
potentials were evoked by injection of a series of depolarizing currents from 0 to 1,000 pA
for 400 ms in 100 pA increments and 5 s intervals (Vydyanathan et al. 2005).

Measurement of BDNF concentrations in DRG tissues

Left and right L5 and L6 DRGs were collected from nerve-ligated rats 14 days after surgery.
Also, the left L5 and L6 DRGs from sham-operated rats were collected as the control group.
After dissection, DRGs were weighed first and then homogenized in ice-cold
homogenization buffer in 100 mM Tris-HCI (pH 7) containing 2% bovine serum albumin, 1
M NaCl, 4 mM EDTA-NaZ2, 2% Triton X-100, 0.1% sodium azide, 5 p.g/ml aprotinin, 0.5
pg/ml antipain, 157 pg/ml benzamidine, 0.1 pg/ml pepstatin A, and 17 pg/ml
phenylmethyl-sulphonyl fluoride. The ratio of homogenizing buffer to the DRG weight was
30 — 100 according to the actual amount of DRG tissues used. After subjecting the samples
to centrifuge at 14,000 x g for 30 min, the resulting supernatants were used for the BDNF
assay (Zhou et al. 2004). The BDNF concentration was measured using the Chemikine
BDNF kit (Millipore, Temecula, CA) according to the manufacturer’s instruction. The
absorbance at 450 nm was measured using a 96-well microplate reader (SpectraMax-M2,
Molecular Devices, CA) after stopping the reaction by the stop solution. The BDNF
concentration was expressed as pg BDNF/mg DRGs derived from the standard curve.

Real-time RT-PCR analysis of BK channel al subunit expression

Total RNA was extracted from rat lumbar DRGs at the L5-L6 level using Trizol. cDNA was
prepared by using the Superscript 111 first-strand synthesis kit (Invitrogen, Carlsbad, CA).
Quantitative PCR was performed using the iQ5 real-time PCR detection system with the
SYBR Green PCR kit (Bio-Rad, Hercules, CA). All samples were analyzed in duplicate
using an annealing temperature of 60°C, and each experiment was repeated at least once.
The primer pairs used for Kcnmal (BKal, GenBank #83731) are listed as follows: forward,
5-CCG TCC ACA GCA AAT CGG CCA-3’; reverse, 5'-CCA TGT GGG TAC TCA TGG
GCT TGG-3". To calculate the relative BKa1 subunit mRNA level in each sample, standard
curves were generated using a two-fold dilution of the cDNA from the DRG as the PCR
template. The relative amount of BKal mRNA in each sample was first normalized to the
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level of the housekeeping gene GAPDH and was then normalized to its expression level in
control rats. The PCR product specificity was verified by melting-curve analysis and agarose
gel electrophoresis.

Drug application

The drug stock solution was diluted in the appropriate external solution just before use. Each
drug solution was delivered to the recording chamber at ~0.8 ml/min controlled by the
positive pressure. The BDNF antibody and K252a were added to the cell culture medium
after dissociation of DRG neurons. All drugs and chemicals were purchased from Sigma-
Aldrich except BDNF and anti-BNDF antibody (Millipore) and IbTX (Alomone labs;
Jerusalem, Israel).

Data analysis

Results

Data are presented as means + SEM. The current-voltage (I-V) curves for BK channels in
individual neurons were generated by calculating the peak outward currents at each test
potential and normalized to the cell capacitance. Parameters of action potentials were
analyzed offline with the MiniAnalysis software (Synaptosoft, Fort Lee, NJ). The action
potential threshold was defined as the lowest current injected that elicited an action potential
with an overshoot. The action potential overshoot was determined from 0 mV to the peak of
an action potential. The duration of the action potential was measured at 50% of the peak
amplitude from the resting membrane potential, because the 50% amplitude was close to the
base of the action potential (Vydyanathan et al. 2005). Differences between the means were
tested for significance using paired and unpaired Student’s #tests, one-way ANOVA, or
two-way ANOVA followed by appropriate post hoc tests. P< 0.05 was considered to be
statistically significant.

Sham surgery had no significant effect on the pressure withdrawal threshold of the left
hindpaw (126.50 + 3.46 g) compared with that in the right hindpaw (124.15 £+ 2.60 g, n = 14,
P < 0.05). Two weeks after surgery, the paw withdrawal thresholds in response to a noxious
pressure stimulus applied to the left hindpaw was significantly reduced in nerve-injured rats
(76.60 £ 4.22 g, n = 14) compared with that in sham control rats.

The DRG neurons were divided into three groups according to their cell diameters, which
were measured with a calibrated eyepiece reticule: small (< 30 wm), medium (30-40 pwm),
and large (> 40 um) (Cao et al. 2010). There were no significant differences in the
capacitance of the same size of DRG neurons between nerve-injured rats (small, 26.94 +
0.90 pF, n = 48; medium, 56.35 + 1.85 pF, n = 55; large, 118.0 + 7.62 pF, n = 11) and sham
control rats (small, 27.91 + 1.08 pF, n = 43; medium, 53.62 + 1.96 pF, n = 53; large, 111.8 +
8.55 pF, n = 13).

Nerve injury decreases BK channel activity in small and medium DRG neurons

Nerve ligation significantly decreased the total Kv current density in different sizes of DRG
neurons (small: 416.19 + 20.94 pA/pF, n = 9; medium: 238.67 £+ 16.32 pA/pF, n = 9; large:
199.06 + 10.96 pA/pF, n = 11), compared with that in the sham control group (small: 603.11
+ 64.29 pA/pF, n = 9; medium: 398.35 + 36.12 pA/pF, n = 17; large: 295.73 + 17.73 pA/pF,
n=29; Figs. 1-3).

In control rats, the current density of IbTX-sensitive currents, termed BK currents, was the

largest in small DRG neurons and smallest in large DRG neurons (Figs. 1-3). Nerve injury
caused a profound reduction in the BK current density in small DRG neurons (28.54 + 6.03
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pA/pF, n = 9), compared with that in the control group (143.10 £ 17.02 pA/pF, n = 9, Fig.
1). Similarly, the BK current density in medium DRG neurons was also significantly
decreased in nerve-injured rats (15.07 = 5.44 pA/pF, n = 9), compared with that in sham
control rats (48.31 = 6.71 pA/pF, n = 17, Fig. 2). However, nerve injury did not significantly
alter the BK current density in large DRG neurons (control: 9.65 + 3.19 pA/pF, n = 11;
nerve injury: 7.67 + 2.24 pA/pF, n = 9; Fig. 3).

To rule out the potential contribution of Ca2* influx to BK channel activity, we combined
BAPTA and CaCl, in the pipette solution in additional small DRG neurons from control and
nerve-injured rats. Including BAPTA in the intracellular solution significantly reduced the
BK current density in control DRG neurons (Fig. 1). Under this recording condition, the BK
current density in small DRG neurons was still significantly lower in nerve-injured rats than
in sham control rats (n = 10 neurons in each group, Fig. 1).

Nerve injury diminishes the role of BK channels in controlling excitability of DRG neurons

Because small DRG neurons are largely endowed with BK channels and the reduction in BK
channel activity by nerve injury occurred predominantly in these DRG neurons, we used
small DRG neurons to study the influence of BK channels on the neuronal excitability in
both control and nerve-injured rats. Injection of depolarizing currents ranging from 0 to
1,000 pA for 400 ms evoked a single action potential or repetitive firing in DRG neurons
from both control and nerve-injured rats. The resting membrane potential (nerve injury:
-41.62 + 1.64 mV, n = 18; control: —53.36 = 1.97 mV, n = 26; Fig. 4) and the amount of
current injection required to elicit an action potential (nerve injury: 344.44 + 37.24 pA,n =
18; control, 561.84 + 46.77 pA, n = 26; Fig. 4) of DRG neurons were significant reduced in
nerve-injured rats compared with those in sham control rats. The action potential duration
measured at 50% of spike height (APDsgg) (nerve injury: 7.29 + 0.67 ms, n = 18; control:
4.32 + 0.35 ms, n = 26, Fig. 4) of DRG neurons was significantly increased in nerve-injured
rats compared with that in control rats. However, nerve injury had no significant effect on
the onset latency of action potentials elicited by current injection (nerve injury: 3.44 + 0.27
ms, n = 18; control: 3.58 + 0.16 ms, n = 26; Fig. 4).

Bath application of 100 nM IbTX significantly decreased the amount of current injection
required for action potential initiation in DRG neurons obtained from control rats (baseline
control, 561.54 £ 46.77 pA; IbTX, 400.00 + 38.83 pA, n = 26) but not from nerve-injured
rats (Fig. 4). Furthermore, IbTX induced a significant increase in APDs (baseline control,
4.31 £0.35 ms; IbTX, 5.39 + 0.50 ms, n = 26, Fig. 4) in small DRG neurons in sham
control, but not nerve-injured, rats. However, IbTX had no significant effects on the resting
membrane potential and the firing onset latency of small DRG neurons in either control or
nerve-injured rats (Fig. 4).

Nerve injury increases BDNF levels in the DRG

We used enzyme-linked immunosorbent assay (ELISA) to quantify changes in the BDNF
level in the intact DRG caused by nerve injury. The BDNF concentration in L5 and L6
DRGs ipsilateral to nerve injury (11.76 = 2.81 pg/mg, n = 12 rats) was significantly higher
than that in the contralateral DRGs (5.19 + 1.82 pg/mg, n = 12 rats). In the left L5 and L6
DRGs collected from sham control rats, the BDNF concentration (7.31 = 0.53 pg/mg, n = 11
rats) was significantly lower than that in the ipsilateral (injured) DRGs of nerve-injured rats

(Fig. 5).

BDNF mediates nerve injury-induced decreases in BK channel activity in DRG neurons

We first determined whether BDNF treatment affects the BK current density in small and
medium DRG neurons obtained from sham control rats. Treatment with 50 ng/ml of BDNF
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for 2—4 h significantly reduced the 1bTX-sensitive BK currents, but not IbTX-resistant Kv
currents, in small DRG neurons (Fig. 6). Interestingly, BDNF treatment significantly
decreased the BK currents and IbTX-resistant Kv currents in medium DRG neurons (Fig. 6).
In the presence of anti-BDNF antibody (1:50) (Cao et al. 2010), BDNF failed to
significantly alter the BK currents and total Kv currents in small and medium DRG neurons

(Fig. 6).

We then determined whether BDNF-induced reduction in the BK current density in small
and medium DRG neurons from control rats was mediated by TrkB, the high-affinity BDNF
receptor (Klein et al. 1991; Soppet et al. 1991; Squinto et al. 1991). Treatment of DRG
neurons with K252a (300 nM), a Trk receptor inhibitor (Tapley et al. 1992; Bhave et al.
1999), abolished BDNF-induced reduction in the BK current density in small and medium
DRG neurons (Fig. 7). However, K252b (300 nM), an inactive analogue of K252a, failed to
alter the effect of BDNF on BK currents in small and medium DRG neurons from sham
control rats (Fig. 7).

Next, we determined whether increased BDNF levels contribute to the reduction in BK
currents in DRG neurons by nerve injury. To this end, we examined the effect of anti-BDNF
antibody on the BK currents in small and medium DRG neurons obtained from nerve-
injured rats. Treatment with anti-BDNF antibody (1:50, for 2—4 h) significantly increased
the BK current density in small and medium DRG neurons (Fig. 8). However, treatment
with the boiled BDNF antibody did not alter the BK current density in small and medium
DRG neurons in nerve-injured rats (Fig. 8).

In additional experiments, we determined whether Trk receptors mediate the decrease in BK
currents of DRG neurons induced by nerve injury. We examined the effect of K252a
treatment (300 nM for 2—4 h) on the BK current density in DRG neurons obtained from
nerve-injured rats. Treatment with K252a, but not K252b, significantly reversed the
decrease in BK currents in small and medium DRG neurons in nerve-injured rats (Fig. 9).

BDNF contributes to nerve injury-induced reduction in BK channel sexpression in DRG

neurons

We used quantitative PCR analysis to determine the role of BDNF in nerve injury-induced
reduction of BK channel expression in DRG neurons. Treatment of DRG neurons from
control rats with 50 ng/ml BDNF for 2—4 h significantly reduced the mRNA level of BKal
subunit (Fig. 10).

The mRNA level of BKal subunit was significantly lower in nerve-injured rats than in
control rats (Fig. 10). Furthermore, in DRG neurons from nerve-injured rats, treatment with
anti-BDNF antibody (1:50, for 2—4 h) significantly attenuated the reduction in the mMRNA
level of BKal subunit caused by nerve injury (Fig. 10).

Discussion

BK channels are involved in the control of neuronal excitability by accelerating after-
hyperpolarization, shortening the action potential duration, enhancing the repolarization, and
mediating spike-frequency adaption (Zhang et al. 2003; Gu et al. 2007). BK channel
activation results in the negative feedback regulation of membrane excitability, calcium
influx, and neurotransmitter release (Scholz et al. 1998; Storer et al. 2009). We have shown
that nerve injury causes a profound reduction in the expression level of BK channels in the
DRG but not in the spinal cord (Chen et al. 2009). In the present study, we determined
changes in the BK channel activity in different sizes of DRG neurons caused by nerve
injury. We found that BK channel activity is predominantly present in small and medium
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DRG neurons. Furthermore, we showed that nerve injury caused a large reduction in the BK
channel activity in these neurons. Therefore, diminished BK channel expression and
function in small and medium DRG neurons can contribute to increased nociceptive input to
the spinal cord and chronic pain caused by nerve injury (Chen et al. 2009).

Previous studies have shown that complete nerve transection (axotomy) causes
hyperexcitability of medium and large DRG neurons (Liu et al. 2000a; Liu et al. 2002;
Sapunar et al. 2005). We found that IbTX-resistant Kv currents were significantly reduced in
injured small and medium DRG neurons. It has been shown that axotomy primarily reduces
Kv currents in large DRG neurons (Everill and Kocsis 1999), which can account for
increased excitability of these neurons. In the present study, we showed that spinal nerve
ligation significantly decreased the resting membrane potential and the amount of current
injection for action potential initiation and significantly increased APDsgq in small DRG
neurons, suggesting that the excitability of small DRG neurons is also increased in this rat
model of neuropathic pain. We selected small DRG neurons to further determine the
contribution of BK channels to increased neuronal excitability by nerve injury because BK
channels are mostly present in these neurons. We found that blocking BK channels with
IbTX reduced the amount of currents required for action potential initiation and increased
APDsq in small DRG neurons from control rats, suggesting that the presence of BK
channels can tonically inhibit the excitability of DRG neurons. However, these effects were
not observed in DRG neurons from nerve-injured rats. Our results suggest that nerve injury-
induced reduction in BK channel activity contributes critically to the hyperexcitability of
primary sensory neurons in neuropathic pain. It has been reported that the activity of BK
channels is also decreased in small neurons in the uninjured L4 DRG after transection of the
L5 spinal nerve (Sarantopoulos et al. 2007). Thus, abnormal excitability in adjacent
uninjured sensory neurons may also contribute to nerve injury-induced neuropathic pain.

The key finding of our study is that BDNF plays a critical role in the reduction in the BK
channel activity in small and medium DRG neurons induced by nerve injury. We found that
nerve injury significantly increased the BDNF level (likely released from injured neurons
and glia) in the DRG, which is consistent with a previous study showing that the BDNF
MRNA level in the DRG is increased after nerve injury (Obata et al. 2011). BDNF treatment
can reduce the mRNA level of several voltage-activated Kv channels in DRG neurons (Cao
et al. 2010) and impair the chloride transporter function of spinal dorsal horn neurons (Coull
et al. 2005). In this study, we showed that BDNF treatment reduced BK channel activity in
small and medium DRG neurons from control rats. Also, treatment of DRG neurons from
control rats with either anti-BDNF antibody or a Trk receptor inhibitor, K252a, blocked the
inhibitory effect of BDNF on BK currents in DRG neurons from control rats. Importantly,
treatment with either anti-BDNF antibody to neutralize BDNF or K252a reversed the
reduction in BK currents of DRG neurons from nerve-injured rats. Although higher
concentrations of K252a may affect other protein kinases, we used a low concentration (300
nM) of k252a, which is known to selectively inhibit the Trk receptors (Berg et al. 1992). Our
findings suggest that that nerve injury-induced increases in BDNF levels suppress BK
channel activity in small and medium DRG neurons through TrkB receptors.

It remains unclear how increased BDNF levels lead to the reduction in BK channel activity
in DRG neurons after nerve injury. BK channels are colocalized or functionally related to
Ca?* influx sources, such as voltage-activated Ca?* channels (Marrion and Tavalin 1998;
Muller et al. 2010), NMDA receptors (Isaacson and Murphy 2001), and ryanodine receptors
(Chavis et al. 1998). In this study, we included EGTA in the pipette solution and used a
prepulse conditioning step to 0 mV for allowing Ca2* influx to facilitate BK channel
activation (Neely and Lingle 1992; Li et al. 2007). BDNF can suppress N-type Ca%*
channels (Bouron et al. 2006) and may reduce BK channel activity by decreasing Ca2*
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influx via these Ca2* channels. Also, complete nerve transection can reduce the voltage-
activated Ca2* channel function in DRG neurons (McCallum et al. 2006), although ligation
of L5 and L6 spinal nerves potentiates the activity of voltage-activated Ca2* channels in
small DRG neurons (Li et al. 2012). To further exclude the contribution of reduced Ca2*
influx to the reduction in BK channel activity, we clamped the intracellular Ca2* level by
combining BAPTA and CaCls, in the pipette solution. We found that intracellular application
of BAPTA decreased BK channel function. Under this recording condition, nerve injury still
significantly reduced BK channel activity in small DRG neurons, suggesting that reduced
BK channel activity in DRG neurons by nerve injury is unlikely caused by reduced Ca%*
influx. Moreover, because an increase in the intracellular Na* concentration can suppress
BK channel activity (Liang et al. 2008), BDNF may stimulate Na* channels to increase the
intracellular Na* concentration via TrkB receptors (Kafitz et al. 1999).

In the present study, we found that BDNF treatment significantly decreased the mRNA level
of BKal subunit in control DRG neurons and that treatment with anti-BDNF antibody
attenuated the decrease in the mRNA level of BKa1 subunit in injured DRG neurons. Our
results suggest that BDNF can suppress BK channel expression in injured DRG neurons
through epigenetic and transcriptional mechanisms. However, neutralizing BDNF only
partially reversed the decrease in the mRNA level of BKa1 subunit in DRG neurons by
nerve injury. In addition to the transcription mechanism, BDNF may affect BK channel
functions through other mechanisms such as BK channel trafficking and modulation. We
have shown that BDNF contributes to the reduction in voltage-activated K* channels in
DRG neurons in painful diabetic neuropathy (Cao et al. 2010). Thus, BDNF seems to be
involved in diminished activity of both voltage-activated K* channels and BK channels in
primary sensory neurons caused by nerve injury and diabetic neuropathy. The importance of
BDNF in the regulation of BK channels /n vivo still needs to be determined in future studies.

In summary, our findings indicate that nerve injury diminishes the activity of BK channels
present in small and medium DRG neurons. Reduced BK channel function plays an
important role in increased excitability of these DRG neurons after nerve injury.
Furthermore, our study suggests that increased BDNF levels in the DRG after nerve injury
contributes to reduced BK channel activity through TrkB receptors in neuropathic pain.
Because activation of BK channels normally dampens the excitability of primary afferent
neurons to limit nociceptive input to the spinal cord (Furukawa et al. 2008; Chen et al.
2009), BK channels serve as an important feedback controller of the nociceptive system.
Our findings provide new information for our understanding of the mechanisms underlying
increased excitability of primary sensory neurons in neuropathic pain.
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Figure 1.

Changes in the current density of total Kv, IbTX-resistant Kv, and IbTX-sensitive BK
channels in small DRG neurons from sham control and nerve-injured rats. A and B,
representative traces show Kv and BK currents in small DRG neurons from a control and a
nerve-injured rat. Neurons were voltage-clamped at =80 mV and depolarized from —60 to 80
mV in 10 mV increments following a prepulse at 0 mV for 200 ms (inset). C, -V curves
show the current density of total Kv, IbTX-resistant Kv, and IbTX-sensitive BK channels in
small DRG neurons from rats in the control and nerve-injured groups (n = 9 neurons in each
group). Additional small DRG neurons from control and nerve-injured rats were recorded
with BAPTA included in the intracellular solution (n = 10 neurons in each group). * P <
0.05 compared with the corresponding values in the sham control group. # P< 0.05
compared with the corresponding value in the sham control recorded without BAPTA.
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Nerve injury reduced the current density of total Kv, IbTX-resistant Kv, and IbTX-sensitive
BK channels in medium DRG neurons. A and B, representative traces show Kv and BK
currents in medium DRG neurons from a sham control and a nerve-injured rat (inset, voltage
protocol). C, 1-V curves show the current density of total Kv, IbTX-resistant Kv, and 1bTX-
sensitive BK channels in medium DRG neurons from rats in the control (n = 17 cells) and
nerve-injured (n = 9 cells) groups. * P < 0.05 compared with the corresponding value in the

sham control group.
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Nerve injury decreased the current density of total Kv, IbTX-resistant Kv, and IbTX-
sensitive BK channels in large DRG neurons. A and B, original traces show Kv and BK
currents in large DRG neurons from a control and a nerve-injured rat (inset, voltage
protocol). C, summary data show the current density of total Kv, IbTX-resistant, and IbTX-
sensitive BK channels in large DRG neurons in the sham control (n = 9 cells) and nerve-
injured (n = 11 cells) groups. * P < 0.05 compared with the corresponding value in the sham

control group.
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Figure4.

Effects of IbTX on the excitability of small DRG neurons in control and nerve-injured rats.
A and B, representative traces show the effect of IbTX (100 nM) on the firing activity (a
neuron with single action potential vs. a neuron with repetitive action potentials) evoked by
current injection in small DRG neurons from sham control and nerve-injured rats. Note that
the resting membrane potential and threshold current for action potential initiation are
indicated on the left of each trace. C—F, summary data show the effect of IbTX on the
resting membrane potentials, amount of currents injected for action potential initiation, onset
latency of action potentials, and action potential duration measured at 50% of spike height
(APDsp) in small DRG neurons from control (n = 26 cells) and nerve-injured (n = 18 cells)
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rats. * P < 0.05 compared with the baseline value. # P < 0.05 compared with the
corresponding value in the sham control group.
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Figureb.
Nerve injury increased BDNF levels in DRG tissues. Summary data show changes in the

BDNF level, measured with ELISA, in L5 and L6 DRG tissues from sham control (n = 11
rats) and nerve-injured (n = 12 rats) groups. Note that the DRGs contralateral to the nerve
injury side were also used as uninjured controls. * P < 0.05 compared with the
corresponding value in the sham group. One-way ANOVA followed by Tukey’s post hoc
test.
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Figure®6.

Effects of BDNF treatment on the total Kv, Iberiotoxin (IbTX)-resistant Kv, and 1bTX-
sensitive BK currents in small and medium DRG neurons from sham control rats. A and B,
I-V curves show that BDNF (50 ng/ml) treatment reduced the BK current density in small (n
=11) and medium (n = 13) DRG neurons from sham control rats. Note that BDNF failed to
reduce BK currents in the presence of the anti-BDNF antibody. * P < 0.05 compared with
the corresponding value in the control group.
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Blocking TrkB receptors with K252a abolished the effect of BDNF on the total Kv,
Iberiotoxin (IbTX)-resistant Kv, and IbTX-sensitive BK currents in small and medium DRG
neurons from control rats. A and B, summary data show that K252a (n = 9), but not K252b
(n =7), abolished the effects of BDNF on the total Kv, IbTX-resistant Kv, and 1bTX-
sensitive BK currents in small and medium DRG neurons from sham control rats. * P < 0.05
compared with the corresponding value in the BDNF group.
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Figure8.

Anti-BDNF antibody reversed nerve injury-induced reduction in the total Kv, IbTX-
resistant, and IbTX-sensitive BK currents in small and medium DRG neurons. A, treatment
with anti-BDNF antibody (n = 12), but not boiled anti-BDNF antibody (n = 9), increased the
total Kv, IbTX-resistant Kv, and IbTX-sensitive BK currents in small DRG neurons from
nerve-injured rats. B, treatment with anti-BDNF antibody (n = 12), but not boiled anti-
BDNF antibody (n = 8), increased the total Kv, IbTX-resistant Kv, and IbTX-sensitive BK
currents in medium DRG neurons from nerve-injured rats. * P < 0.05 compared with the
corresponding value in the injury control group.
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Figure9.

K252a reversed the effects of nerve injury on the total Kv, IbTX-resistant Kv, and IbTX-
sensitive BK currents in small and medium DRG neurons. A and B, original current traces
show that the differential effects of K252a and K252b on the total Kv, IbTX-resistant Kv,
and IbTX-sensitive BK currents in small DRG neurons from a nerve-injured rat. C, group
data show that K252a (n = 7), but not K252b (n = 11), reversed the effects of nerve injury on
the total Kv, IbTX-resistant Kv, and IbTX-sensitive BK currents in small DRG neurons. D,
summary data show that K252a (n = 11), but not K252b (n = 13), reversed nerve injury-
induced reduction in the total Kv, IbTX-resistant Kv, and IbTX-sensitive BK currents in
medium DRG neurons. * P < 0.05 compared with the corresponding value in the injury
control group.
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Figure 10.

Role of BDNF in the reduction of the BKa1 expression level in DRG neurons by nerve
injury. Left, effect of treatment with BDNF (50 ng/ml for 2—4 h) or vehicle on the mRNA
level of BKa1 subunit in DRG neurons in control rats (n = 6 in each group). Right, effect of
treatment with the anti-BDNF antibody (BDNF-ADb, 1:50 for 2—4 h) or vehicle on the mRNA
level of BKal subunit in DRG neurons in nerve-ligated rats (n = 6 in each group). * P <
0.05 compared with the corresponding values in the vehicle-treated group. # P < 0.05
compared with the control DRG neurons. One-way ANOVA followed by Tukey’s post hoc
test.
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