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Abstract
Calcium-activated potassium channels regulate AHP and excitability in neurons. Since we have
previously shown that axotomy decreases ICa in DRG neurons, we investigated the association
between ICa and K(Ca) currents in control medium-sized (30–39 μM) neurons, as well as axotomized
L5 or adjacent L4 DRG neurons from hyperalgesic rats following L5 SNL. Currents in response to
AP waveform voltage commands were recorded first in Tyrode’s solution and sequentially after: 1)
blocking Na+ current with NMDG and TTX; 2) addition of K(Ca) blockers with a combination of
apamin 1μM, iberiotoxin 200 nM, and clotrimazole 500 nM; 3) blocking remaining K+ current with
the addition of 4-AP, TEA-Cl, and glibenclamide; and 4) blocking ICa with cadmium. In separate
experiments, currents were evoked (HP −60 mV, 200 ms square command pulses from −100 to +50
mV) while ensuring high levels of activation of IK(Ca) by clamping cytosolic Ca2+ concentration with
pipette solution in which Ca2+ was buffered to1μM. This revealed IK(Ca) with components sensitive
to apamin, clotrimazole and iberiotoxin. SNL decreases total IK(Ca) in axotomized (L5) neurons, but
increases total IK(Ca) in adjacent (L4) DRG neurons. All IK(Ca) subtypes are decreased by axotomy,
but iberiotoxin-sensitive and clotrimazole-sensitive current densities are increased in adjacent L4
neurons after SNL. In an additional set of experiments we found that small sized control DRG neurons
also expressed iberiotoxin–sensitive currents, which are reduced in both axotomized (L5) and
adjacent (L4) neurons.

Conclusions: Axotomy decreases IK(Ca) due to a direct effect on K(Ca) channels. Axotomy-induced
loss of ICa may further potentiate current reduction. This reduction in IK(Ca) may contribute to
elevated excitability after axotomy. Adjacent neurons (L4 after SNL) exhibit increased IK(Ca) current.
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Introduction
Neuropathic pain frequently accompanies common diseases, such as diabetes, herpes zoster,
herniated nucleus pulposus, or direct nerve trauma [96,97], manifests with unpleasant
spontaneous sensations, allodynia, and hyperalgesia [73], and is resistant to most conventional
treatments [48,85]. In addition, diseases such as diabetes are also accompanied by hypoalgesia
and sensory deprivations. Pertinent animal models have identified important pathogenic
processes contributing to increased excitability at the site of injury as well as in the somata of
sensory neurons proximal to the site of nerve trauma [45,91,103]. In this context, we have
previously shown that experimental injury leading to behavioral manifestations of neuropathic
pain is associated with diminished calcium influx through high-voltage-activated [34] and low-
voltage-activated calcium channels [60].

Calcium influx via voltage-gated calcium channels (VGCC) regulates a diversity of cellular
functions [5], including membrane excitability via modulation of K(Ca) channels. However,
little is known about the role and contribution of these channels in the pathogenesis of
neuropathic pain, although they may link reduced ICa with neuronal hyper-excitability and
other phenomena observed in neuropathic states. It is well known that K(Ca) channels regulate
several functions pertinent to normal sensory as well as to neuropathic pain transduction, such
as modulating AHP, controlling the repolarization and duration of the AP, suppressing
membrane excitability, setting inter-spike interval, mediating spike-frequency adaptation and
controlling neurotransmitter release [90]. Three major families of K(Ca) channels have been
identified in neurons, each with distinct structure, and pharmacological and biophysical
properties, including single-channel conductance in symmetrical K+ solutions. Large-
conductance BK channels are voltage-gated and sensitive to iberiotoxin, whereas small-
conductance SK channels are sensitive to apamin, and intermediate-conductance IK channels
are sensitive to clotrimazole [22,77,78,90]. While BK channels require membrane
depolarization for their activation, both SK and IK are voltage insensitive [17].

The coordinated activation of different K(Ca) current components regulates the AP time course
and repetitive firing properties of neurons. BK channels participate in AP repolarization and
conduct the current (traditionally named “IC”) underlying the fast AHP [17,78], whereas SK
channels do not affect AP repolarization, but convey the I(AHP) that mediates the medium and
slow AHP. The presence and role of IK(Ca) channels in neurons is unclear [78]. Altered
regulation of AP kinetics and repetitive firing is particularly important in the pathogenesis of
increased excitability of peripheral sensory neurons after nerve injury [80]. Nevertheless, the
presence of different categories of K(Ca) channels in primary afferent neurons, as well as the
influence of injury on these channels, is incompletely investigated [4]. Some studies have
implied the presence of all three subtypes in DRG neurons, based on Ca2+-dependence,
sensitivity to K(Ca) blockers, and to electrophysiological features [3,4,57,83]. A previous study
indicated that axotomy decreased K(Ca) channel conductance through loss of ICa alone, with
no effect on the K(Ca) channel directly [1].

On the basis of these prior observations, we hypothesized that IK(Ca) is normally present in
medium sized DRG somata. As the presence and roles of specific K(Ca) channel subtypes in
primary afferent neurons is unresolved, we investigated the expression of SK, IK or BK in
acutely dissociated DRG neurons. Elevated neuronal excitability constitutes a cardinal feature
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of neuropathy, so the fact that K(Ca) currents modulate parameters that determine neuronal
excitability implicates a role for altered K(Ca) function. As peripheral nerve injury results in
altered performance and expression of ICa, IK, and INa, it is highly likely that injury may
likewise affect K(Ca) channels directly. Thus, the goal of this investigation has been to
investigate the presence of IK(Ca) in mammalian primary afferent neuronal somata, and to
identify the effect of nerve injury after SNL, a standard model of experimental neuropathic
pain [47].

Dorsal root ganglion neuronal somata are classified based on morphological (size) and
electrophysiological characteristics (AP parameters, conduction velocity) into small, medium
and large. These correspond to somata of C, Aδ and Aβ nerve fibers, respectively, that mediate
different physiological functions. Medium sized somata correspond to Aδ fibers, that contain
a heterogeneous population of neurons containing nociceptors and non-nociceptors (low
threshold mechanoreceptors) [50]. We therefore chose to focus on this representative
population. Several studies have indicated that medium sized somata with axons of Aδ-fiber
caliber exhibit significant phenotypic changes after nerve injury, and may be an important
generator of ectopic discharges [11,23,53,55,56,63,98]. In addition, a previous study from our
lab showed that Aδ fibers exhibited the most pronounced electrophysiological changes after
SNL, and in particular increased AP duration, decreased AHP amplitude and duration, and
increased repetitive firing during sustained depolarization, manifestations that may explain
increased neuronal excitability and hyperalgesia in neuropathic pain states [80].

In addition to the axotomized neurons, adjacent neurons may contribute to pathogenesis of the
neuropathic phenotype [20,23,40,58,98]. We therefore additionally investigated IK(Ca) in
medium sized neuronal somata dissociated from the L4 DRG that share the sciatic nerve with
degenerating distal segments of the axotomized L5 neurons after SNL.

Finally, we also examined small sized neuronal somata (diameter<30 μm) obtained from
control, axotomized (L5) and adjacent (L4) DRGs for the presence of iberiotoxin sensitive
(BK) current. Small DRG neurons correspond mostly to Aδ and C type nociceptors, and there
is strong evidence about the presence of BK channels in this population, wherein they reduce
the amount of Ca2+ influx during an AP, as well as they limit repetitive firing activity in these
cells [83].

Results
Medium sized cells were obtained from rats with SNL (n=28) exhibiting 39.5±17.9%
hyperalgesic response rates, and from and sham-operated rats (n=25) with 0±0% hyperalgesic
response rates (Mann Whitney U = 0, p<0.001). Small cells were dissociated from rats with
SNL (n=10) exhibiting 39.1±23.5% hyperalgesic response rates and sham-operated rats (n=4)
with 0±0% hyperalgesic response rates (Mann Whitney U = 0, p=0.002). Hyperalgesic
responses were sustained paw lifting, shaking and licking in response to nociceptive
mechanical stimulation (application of the tip of a 22 gauge spinal needle) [33].

We studied 144 medium-sized neuronal somata with diameter 34.32±2.05 μm and capacitance
50.32±19.51 pF (mean±SD). In addition, we studied 27 small-sized neurons with diameter
25.06±2.12 μm and capacitance 37.59±8.91 pF (mean±SD). These values are in agreement
with data previously published in the literature regarding medium and small sized DRG
neuronal somata by us [34,82] and other investigators [76].

Primary afferent neurons express IK(Ca)

Since axotomy decreases ICa in DRG neurons [1,34,60], we first investigated the possible
association between ICa and IK(Ca) in control neurons (n=13). Currents were recorded by
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conventional whole-cell patch-clamp technique [28]. In order to examine cells under conditions
more closely simulating the natural electrical activity of each neuron in vivo, currents were
elicited by voltage commands in the form of an AP waveform, recorded from each neuron in
Tyrode’s solution (Figure 1). Baseline whole-cell currents were elicited in Tyrode’s solution,
and then sequentially after blocking: 1) INa by substituting NaCl in Tyrode’s with equimolar
NMDG, and with 0.3 μM TTX; 2) IK(Ca) with apamin (1 μM), iberiotoxin (200 nM), and
clotrimazole (500 nM) in combination; 3) remaining K+ current with the addition of 4-AP (1
mM), TEA-Cl (160 mM), and glibenclamide (1 μM); and 4) ICa with cadmium 200 μM (Figure
1). This allowed derivation of the difference current attributable to ICa, IK(Ca), and total IK
(IK(tot)). ICa measurements were made in the same cells from which IK(Ca) measurements and
IK(tot) measurements were made.

With regard to these IK(Ca) blockers, apamin is a selective blocker of SK channels with IC50
63 pM for the SK2, 2 nM for the SK3 subtype, and a range between 3.3 and 12 nM for SK1
[78]. Iberiotoxin selectively blocks BK channels with IC50 in the low nM range [54], and
clotrimazole blocks IK channels with IC50 50 nM [22].

Control neurons exhibited significant IK(Ca), determined as current sensitive to apamin,
iberiotoxin and clotrimazole combined (Figure 2).

Total IK(Ca) is increased in axotomized neurons but decreased in adjacent
neurons

Similar recordings were obtained from axotomized L5 neurons (n=14) and adjacent to injuy
L4 neurons (n=13) from rats subjected to SNL (Figure 3). Resting membrane potential did not
differ amongst the three groups (−60.54±2.83mV in control, −56.18±1.84 mV in SNL L5, and
−56.42±1.90 in SNL L4; p=0.311 by one way ANOVA). Membrane capacitance was 51.92
±18.47 pF in control, 64.82±17.15 pF in L5 SNL and 48.46±20.32 pF in L4 neurons. Mean
diameter was 35.42±1.77 μm for control, 34.77±1.63 μm for L5 SNL, and 34.37±1.79 μm for
L4 neurons. Neither membrane capacitance, nor diameter differed among the three cell
populations (p n.s. for membrane capacitance and cell diameter, respectively).

Individual current densities were determined in experiments wherein each cell was depolarized
sequentially using its own AP waveform as a voltage command. Each current component
(including INa) was determined as a difference current, after subtracting the trace recorded
during blockade of this particular current component from the immediately preceding current
trace (except IK(tot) which was estimated by subtracting the current after all IK blockers from
that in NMDG-Tyrode’s). Thus peak INa was determined by subtracting the current trace during
NMDG and TTX, from the trace recorded in regular Tyrode’s solution. Because NMDG
substitution for Na+ ions blocks INa generally, and TTX blocks TTX-sensitive sodium
channels, subtraction is expected to reveal the difference trace, representing the inward INa. In
a similar methodology, IK(Ca) was determined by subtracting the current after administration
of K(Ca) blockers from that in NMDG-Tyrode’s, and so forth. Peak currents were measured
from these difference traces, while charge transfer values from the corresponding AUC. Traces
were normalized for capacitance to obtain current densities.

Peak INa density (p n.s.) and charge transfer (p n.s.) did not differ among the three cell types.

However, peak IK(Ca) density differed amongst the three cell types (p=0.005, by analysis of
variance). Post hoc tests showed that peak IK(Ca) density was less in axotomized (L5 SNL)
somata compared to adjacent L4 somata (p=0.001), while the latter exhibited significantly
higher peak current density compared to control somata (p=0.031). All other post-hoc
comparisons did not reveal any significant differences. Charge transfer sensitive to K(Ca)
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inhibitors also differed amongst the three cell types (p=0.029). Post hoc comparisons showed
that K(Ca) charge transfer was also less in axotomized (L5 SNL) somata compared to adjacent
(L4) somata (p=0.01), while a marginal difference was shown between control and L4 SNL
(p=0.057).

Peak current density for total IK, determined as current sensitive to all potassium channel
blockers (4-AP, TEA-Cl, and glibenclamide in addition to apamin, iberiotoxin and
clotrimazole) also differed amongst the different neuronal populations (p=0.001). The same
was the case for total potassium charge transfer (p=0.02). Post hoc comparisons showed that
peak current density for total IK sensitive to all potassium channel blockers (4-AP, TEA-Cl,
and glibenclamide in addition to apamin, iberiotoxin and clotrimazole) was less in axotomized
SNL L5 neurons compared to adjacent L4 somata (p<0.001), and was increased in SNL L4
compared to control (p=0.005). The same pattern was evident in charge transfer of total
potassium current (SNL L4 vs. L5, p=0.009; SNL L4 vs. control, p=0.025).

Mean peak IK(Ca) in L5 SNL was decreased compared to control by 72.58 pA/pF, while in L4
increased compared to control by 142.95 pA/pF. Mean peak of total IK in L5 SNL decreased
by 65.98 pA/pF (close to the calculated reduction of the IK(Ca) component). In L4, total IK
increased by 214.76 pA/pF from control, which is more than the amount of increase in IK(Ca)
from control. These differences indicate that the reduction in the overall IK is mainly due to
loss of IK(Ca), while elevation in other IK subtypes other than IK(Ca) may account for the
increased total IK in L4.

Finally, peak ICa density (p n.s.) and Ca2+ charge transfer (p n.s.) did not differ significantly
amongst the different neuronal populations.

IK(Ca) in DRG neuronal somata has components selectively sensitive to
apamin, clotrimazole and iberiotoxin (Figure 4)

In a second series of experiments, K+ currents were recorded during square wave voltage
commands (HP −60mV, 200ms pulses from −100 to +50mV; Figure 4). In order to ensure high
levels of opening of K(Ca) channels, and thereby identify channel function independent of
variability of ICa between neurons, the cytosol was dialyzed with pipette solution in which the
calculated final free [Ca2+]i was clamped at 1 μM in all three cell types. By clamping the
intracellular [Ca2+] to 1 μM, differences in IK(Ca) between the control, axotomized L5 and
adjacent L4 neurons is attributable to an injury effect on the K(Ca) channel directly, eliminating
any contribution due to altered ICa.

Separate administration of each of the K(Ca) channel blockers apamin (1 μM), iberiotoxin (200
nM) and clotrimazole (500 nM) resulted in significant current reduction from baseline in
medium-sized control neuronal somata dissociated from SS rats (p=0.01, n=22 for the main
effect of apamin; p<0.001, n=16 for the iberiotoxin effect; and p=0.051, n=12, for the
clotrimazole effect; Figure 4).

Injury effects on IK(Ca) in axotomized and adjacent neurons are subtype-
selective (Figure 5)

In contrast to control neurons (n=22), in which apamin reduced potassium current, SNL L5
neurons (n=12) and SNL L4 neurons (n=9) showed no significant current reduction with this
agent. Comparatively, L5 neurons had significantly less apamin-sensitive current than control
neurons (p=0.025) (Figure 5A).

Sarantopoulos et al. Page 5

Brain Res. Author manuscript; available in PMC 2009 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The average apamin sensitive current is inward at negative membrane potentials in L5 SNL
medium sized cells (Figure 5A). Half of these cells exhibited an inward current component at
membrane potentials more negative than −60 mV at baseline. Apamin in these cells blocked
the current both at positive as well as at negative membrane potential, but the latter to a degree
that a small negative component (less than -10 pA/pF) still remained. Of note is the fact that
other investigators have reported an inward component in apamin-sensitive currents in the
range of negative membrane potentials [31].

Considering responses to apamin in axotomized SNL L5 neurons, analysis of our findings
revealed two distinct groups of neurons. The first group (n=6 out of 12) responded to
administration of apamin with a very large reduction of current. In the second group of neurons
(n=5 out of 12), apamin produced either no change of the current or a minimal response. In
one cell, administration of apamin produced a pronounced increase of current above the
baseline, thus the difference current was negative. This was not the case in control neurons,
wherein apamin blocked the baseline current in the majority of cells (n=17 out of 22). We
obtained the result shown in Figure 5A by averaging the difference currents from each
individual cell, thus the large error bars represent this significant variability.

Iberiotoxin reduced potassium current in SNL L5 neurons (n=9, p=0.031) and SNL L4 neurons
(n=8, p=0.001) as well as control neurons. The effect action of iberiotoxin was significantly
less in SNL L5 neurons compared to control (p<0.001), but significantly greater in SNL L4
neurons compared to control (p=0.001) (Figure 5B). Clotrimazole produced significant current
blockade in SNL L4 neurons (p<0.001, n=7) in addition to control, but injury precludes an
effect of clotrimazole in SNL L5 neurons (p=0.1, n= 9). As in the case of iberiotoxin,
clotrimazole-sensitive current density was decreased in axotomized SNL L5 somata compared
to control (p=0.022), but increased in adjacent L4 neurons (p<0.001)(Figure 5C).

The degree by which each blocker (apamin, iberiotoxin and clotrimazole) inhibited current in
each cell type, expressed as percent inhibition from baseline at +40 mV membrane potential,
is shown in Figure 6.

Small sized neurons express iberiotoxin-sensitive current, reduced by SNL
(Figure 5D)

Separate experiments on small sized control neurons (n=6) using square wave voltage
commands (HP −60mV, 200ms pulses from −100 to +50mV) and clamping intracellular
[Ca2+] to 1 μM, revealed iberiotoxin sensitive currents. There was a significant main effect of
injury with regard to the amplitude of this current (p<0.001), while post hoc comparisons
showed that amplitude is diminished by SNL in both axotomized L5 (n=9, p<0.001) and
adjacent L4 neuronal somata (n=12, p<0.001) compared to control (Figure 5D).

Discussion
In this study, we have demonstrated the presence of current sensitive to standard K(Ca) channel
blockers in medium-sized somata dissociated from rat DRG, confirming the findings of others
[2–4,7,24,57,83]. This current contains components sensitive to apamin, iberiotoxin and
clotrimazole, which are consistent with potassium currents via SK, BK and IK channels. A
critical novel finding of our study is that axotomy decreases this IK(Ca), while medium sized
somata at the neighboring L4 DRG respond with increased current. Further, the injury effect
is not uniform across all current subtypes.

Our techniques allow us to conclude that the IK(Ca) changes we observed are independent of
underlying variability of ICa and subsequent K(Ca) channel activation. This is true in the first
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set of experiments because concurrently measured ICa did not differ between the groups,
although IK(Ca) was less in SNL L5 neurons and higher in SNL L4 neurons. In the second set,
ICa was blocked with cadmium while intracellular Ca2+ concentration was clamped at 1μM,
which is sufficient to ensure near maximal activation of K(Ca) channels [29], and thereby
eliminate any variability due to ICa. Thus, our findings indicate a direct effect of axotomy on
K(Ca) channels independent of alterations in ICa. This contrasts with a previous report in which
the axotomy-induced effect was driven by decreased ICa alone [1]. However, these
investigators used a distal sciatic nerve transection, which fails to provide a distinct axotomized
and adjacent neuronal population, so divergent effects may have been negated in their findings.

A possible shortcoming in our protocols is a main focus on a single size group of neuronal
somata. We selected medium-sized neurons since they include nociceptors, and because they
constitute a physiologically relevant cellular population that develops increased excitability
after nerve injury [58,80]. Several studies have indicated that this neuronal population exhibits
the most significant phenotypic changes after nerve injury [11,23,53,55,56,63,80,98]. Our
observations on iberiotoxin-sensitive current in small neurons demonstrates that injury-related
effects on primary afferent neurons are not unique to the medium size group.

Our study was not designed to assess alterations of neuronal soma size (measured either by
diameter or capacitance) after axotomy. In order to stratify cells by size (as medium- or small-
sized), we selected neuronal somata within the same apparent diameter range in each
experimental group, and we ended up obtaining similarly sized control, axotomized and
adjacent neurons. Thus we studied neurons of the same apparent diameter among different
groups, but capacitance values also did not differ amongst control, axotomized and adjacent
to injury neurons (although axotomized L5 somata exhibited a non-statistically-significant
capacitance increase versus control and adjacent L4 cells). An enlargement of neuronal soma
size often ensues following axotomy. Moore and Thanos demonstrated that two weeks after
optic nerve axotomy or crush, mean ganglion soma size increased in either type of injury.
However, while soma size at four weeks remained increased (60% larger than normal) only
after crush injury, this was not the case after axotomy, wherein mean cell size had returned to
normal levels by that time [64]. Considering the time course of our experimentation
(approximately 3 weeks from the time of axotomy by SNL), it is likely that we might have also
missed any axotomy-induced soma enlargement that might have occurred at a much earlier
time after SNL, and then regressed. Other investigators have shown that the mean soma size
of axotomized sacral peripheral parasympathetic ganglion neurons was significantly smaller
than that of uninjured neurons [92], but neither this was the case in our study.

The concentrations of EGTA we used in the internal pipette solution (2–5 mM) may be
considered as relatively high for neuronal cells. Nevertheless, for the duration of our recordings
we did not observe any aberrant morphological or electrophysiological alterations indicative
of unusual cellular phenomena, and we were able to record pertinent electrophysiological
activity in the usual fashion. We have also used similar concentrations in neurons in previously
published studies without problems [34,81], including studies of potassium currents [82]. Other
investigators have similarly used EGTA concentrations in this range (3 mM EGTA) for
studying IK(Ca) currents in neurons [83]. However, EGTA concentrations, such as the ones we
used in our study, may affect Ca2+-dependent physiological processes at primary afferent
somata, and this may constitute a limitation. Huang and Neher have shown that 5 mM EGTA
may affect exocytosis evoked by short depolarizations in DRG neurons [39]. Furthermore,
Gabso et al have shown that high concentrations of buffers may have profound effects on
processes that depend on the concentration and kinetics of intracellular Ca2+ [21]. Thus, we
cannot exclude the possibility that the EGTA concentration we used might have affected the
activation of K(Ca) channels, although this has been not shown directly in the previous two
reports, which were only pertinent to effects on other processes. In any case, we do not think
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that high EGTA concentrations might have confounded our results since all of our cells (control
as well as axotomized and adjacent) were exposed to the same experimental conditions, and
thus to the same intracellular concentrations of EGTA. So differences observed among these
cell types cannot be attributed to this factor. Recordings at room temperature may also not
simulate natural conditions for a neuron. Nevertheless, all recordings from all neurons were
obtained at the same temperature, thus this may not be a confounding factor regarding the
observed differences.

Another limitation of our study is the inability to know specifically, in the absence of specific
dye labeling, whether the L4 neurons under study project to the sciatic nerve. The majority of
all sciatic nerve primary afferent neuronal somata in the rat are located in the L4 and L5 DRGs
[88]. Yip et al reported that localized horseradish peroxidase injection into crushed sciatic nerve
of rats labels most neurons in L4 and L5 DRG [101]. Although in the rat the L4 DRG neuronal
population is the major contributor of axons into the sciatic nerve, containing approximately
60% of the total sciatic DRG neurons [88], not all L4 DRG neurons project into the sciatic
nerve [52]. Few L4 DRG neurons also dichotomize into two or more axons, each one projecting
into different nerves [88]. Devor et al, using electrophysiological and retrograde trace transport
methods, showed that approximately 46–52% of the adult rat L4 DRG myelinated nerve fibers
project into the sciatic nerve [13]. Additionally, Lewis et al, counting c-jun-expression neuronal
profiles after sciatic nerve section in adult rats, estimated that approximately 55–60% of L4
DRG neurons project into the sciatic nerve [52]. Thus, since these L4 neurons remain intact in
the SNL model we used, the L4 DRG after SNL contains neurons that share a distal nerve with
degenerating L5 segments, and others (approximately 40–50%) that are unaffected. This may
result in a potential dilution of our findings in L4 neurons after SNL, so our findings
underestimate the real magnitude of the effect of nerve injury on these neurons.

We have used mainly pharmacological criteria to identify that the ionic currents we measured
are carried by K+ ions through K(Ca) channels. Specifically, pharmacological selectivity of
apamin, iberiotoxin and clotrimazole reliably identifies these currents as carried by SK, BK
and IK channels [77].

Voltage commands in the form of APs, as used in our study, are a more physiologically relevant
way to elicit currents than sustained square waves, since they incorporate the kinetic aspect
that the cell’s membrane normally encounters, and they produce currents that represent the
ionic fluxes during the natural AP [12,62]. All currents, including IK(Ca), were investigated
with the same voltage protocol in these experiments. Our technique of sequential application
of selective blockers further enabled us to separate various current components by subtraction.

Similar to other studies [31,87,99], the square voltage protocols we used in the second set of
experiments had a duration of 200 ms, which may be considered inadequate for SK activation.
However, SK channels are voltage insensitive [17,77,78], and in neurons these channels are
typically activated by Ca2+ influx during actions potentials, which are of much shorter duration.
Finally, the 200 ms pulses we employed were the same for all cells under investigation, so they
are unlikely to have confounded our findings.

We have confirmed previous reports that primary afferent neurons express SK and IK channels,
wherein they attenuate nociceptive afferent excitability [4,7,30]. Although others have raised
uncertainty about the presence of IK channels in DRG neurons [42,44,77,78], our identification
of a clotrimazole-sensitive current suggests that a component of IK(Ca) in these neurons is IK.
Other prior observations also support our finding of BK currents in DRG somata [83,102].
Current through these channels contributes to the early AHP, prolongs the refractory period,
and limits repetitive firing. Additionally, BK current shortens AP duration by accelerating
repolarization, thereby limiting the amount of Ca2+ influx during an AP and thereby decreasing
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neurotransmitter release [38,72,75]. Our methods characterizing IK(Ca) in sensory neurons adds
validity to these previous findings by using methods that employ a natural AP waveform
stimulus in one case, and by controlling cytoplasmic Ca2+ levels in the other.

Our results regarding apamin-sensitive currents indicate the presence of two distinct cellular
groups in axotomized (L5) DRG medium sized somata, a cellular population non-responsive
to apamin indicating loss of SK channels after SNL, and another subgroup wherein axotomy
after SNL does not affect sensitivity to apamin. This variability may be attributed to either the
presence of non–injured neurons in the L5 DRG, which contain axons projecting to the non-
axotomized dorsal primary rami, or heterogeneity between cells with regards to responses after
axotomy. The presence and redistribution after SNL of channels of SK1 subtype, which may
not be very sensitive to apamin, may be another explanation, (but see [4]).

We did not directly investigate changes of AP and AHP in this study. Standard patch amplifiers
are limited by voltage distortion in current-clamp mode, and may not obtain accurate recordings
of excitability parameters [59]. However, using intracellular microelectrode recordings from
intact, excised DRGs, we have previously noted that axotomy substantially increases AP
duration and decreases the amplitude, duration and area of AHP in Aδ neurons, compared with
other groups [80]. BK currents determine AP repolarization and AP duration, as well as fast
AHP, while SK currents are responsible for the medium AHP [78]. So, in this context, our
current findings in L5 medium sized neurons are compatible with our findings in intact ganglia.
In the latter study, however, no important changes were evident in the L4 neurons, in contrast
to our present results. It is possible that increased IK(Ca) in L4 neurons might compensate for
other injury effects and keep the AP and AHP within the normal range. Another explanation
may be pertinent to different methodologies used in the two studies. Cytoplasmic dialysis
during whole-cell recordings and neuronal dissociation may introduce cellular aberrations
compared to the less intrusive microelectrode recording from intact ganglia in our earlier study.

Axotomized primary afferent somata develop hyper-excitability that may contribute to the
generation of neuropathic pain [14,15,45]. Considering the physiological functions of IK(Ca),
it is possible that the injury-associated current loss we have noted after axotomy contributes
to sensory neuron hyperactivity subsequently leading to neuropathic pain [3,37,100]. Our
findings indicate that K(Ca) currents decrease in axotomized medium-sized DRG neurons,
wherein coincide with increased excitability (such as increased AP duration, decreased AHP
and repetitive firing during depolarization). Specifically, the decreased AHP we have
previously noted [80] may be directly attributed to diminished IK(Ca), and the increased
repetitive firing in axotomized L5 neurons, but not in adjacent L4 neurons after SNL, may be
consistent with the divergent effect of SNL on IK(Ca) noted in the present study.

Although the relative contribution of alterations in injured versus uninjured afferents in the
pathogenesis of neuropathic pain after SNL remains unclear [23,74], increased excitability in
axotomized neurons, subsequent to IK(Ca) loss, may be pertinent to generation of behavioral
manifestations of neuropathic pain, i.e. spontaneous pain and hyperalgesia. Aberrant firing of
injured peripheral nerves definitely contributes to the manifestations of neuropathic pain [25,
68], while excitability changes secondary to alterations of K(Ca) currents have already been
implicated in the pathogenesis of this ectopic spontaneous firing on injured primary afferent
neurons [3,100]. Inhibition of K(Ca) channels by norepinephrine has been also implicated in
the membrane hyper-excitability and hyperalgesia after chronic constriction sciatic nerve
injury [37]. Spontaneous firing develops also in injured myelinated afferents after SNL [53],
thus our findings that axotomized myelinated -but not adjacent uninjured afferents- develop
increased excitability, and axotomized medium-sized fibers lose IK(Ca), contribute additional
support to the argument that injured (and not uninjured) myelinated afferents mediate
neuropathic pain behavior after SNL [6]. Because BK channels control neurotransmitter release
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[86] and inter-neuronal glutaminergic synaptic efficacy [72], it is also likely that loss of BK
currents in small and medium sized neurons after axotomy may enhance synaptic transmission
of afferent signaling, as well. In addition to loss of IK(Ca) currents in a manner directly related
to nerve injury, we have also previously shown that neuropathy decreases ICa [60,61], a
mechanism that may reduce the activation of K(Ca) currents in addition to the direct effect of
SNL, thus leading to a higher enhancement of excitability.

Although axotomized neurons (L5 ganglion after SNL) are disconnected from sensory fields,
they are highly relevant to the generation of neuropathic pain. Neuronal excitation follows not
only natural receptive field stimulation, but also other important forms of activation of the
DRG somata after injury, including direct mechanical stimulation, depolarization by
circulating and local algogens and inflammatory mediators, and sympathetic activity [14,69,
70,91]. Furthermore, cross-excitation spreads activity among adjacent neurons in the DRG
[15]. This is highly relevant, since the L5 dorsal primary ramus of the spinal nerve remains
intact after SNL, and most clinical nerve injuries are partial.

Our findings of increased current sensitive to K(Ca) blockers in L4 neurons adjacent to
axotomized neurons is consistent with the decreased excitability (elevated perception
thresholds) of surviving sensory pathways in humans [9,51].

We also provide further confirmation of the presence of BK current in small DRG cells [83].
Decreased iberiotoxin-sensitive current in small cells may also be pertinent in explaining
changes after nerve injury. Considering that BK currents modulate the fast AHP of neurons,
our findings may partly explain AHP shortening in small axotomized neurons [80]. The
magnitude of current reduction was less in adjacent L4 neurons, and thus might be inadequate
to exert an effect on AHP on the latter neurons. Because BK currents have also been implicated
in limiting repetitive firing in small DRG neurons, their loss by axotomy may explain increased
pain generation in neuropathic states.

Finally, considering the changes we observed as a result of SNL in axotomized and adjacent
DRG neurons, dissociated from rats exhibiting hyperalgesic behavior after SNL, only
comparison with neurons dissociated from rats subjected to the same treatment (SNL) but not
responding with hyperalgesia to sensory testing would indicate whether these changes are
pertinent in mediating hyperalgesic responses. Thus, non-responding rats after SNL would be
appropriate to serve as an additional, pathophysiologically pertinent control group, the lack of
which constitutes another limitation of our study.

An unexpected finding in our study is the lack of changes of INa after axotomy, in contrast to
other reports of injury models in rodents [93,94]. The way we estimated Na+ current by
subtraction of the current after replacement of Na+ with NMDG and blockade of TTX-sensitive
channels determines the total inward INa via all Na+ channel subtypes. Other studies have
shown that axotomy decreases expression of some sodium channel subtypes but up-regulates
others [8,46,76]. Thus, injury-related effects on different subtypes might negate or
counterbalance each other, resulting in minimal total INa change.

Our experimental approach does not provide mechanistic insights to explain the changes in
IK(Ca) we have observed, other than the recognition that these are independent of any ICa
alterations. However, it has been shown that neuronal K(Ca) channels are highly dependent on
trophic factors, such as NGF and NT3. Nerve growth factor application increases the expression
of K(Ca) channels in cultured rat DRG cells [7], and NT3 stimulates human IK expression
[7]. Furthermore, NGF and NT3 activate BK channels in rodent brain [36]. Axotomy from
SNL may deprive L5 neurons of trophic support necessary to maintain IK(Ca), whereas elevated
NGF found in L4 DRGs after SNL [19] may promote greater than normal expression of
IK(Ca), as observed in this study.
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The recognition of dysregulation of K(Ca) channels after injury of primary afferent neurons
may provide the opportunity for pharmacological manipulations in neuropathic pain after
peripheral nerve injury, using appropriate channel activators or modulators delivered to
specific DRG. For instance, decreased neuronal excitability may be expected after application
of the SK channel openers 1-ethyl-2-benzimidazolinone (1-EBIO) [4] and chlorzoxazone
[10,89], the SK and IK opener (E)-2-(4,6-difluoro-1-indanylidene) acetamide [65,66], or the
selective BK opener benzimidazolone NS1619 [102].

Ethanol also directly activates neuronal large conductance K(Ca) channels in a reversible and
dose-dependent manner [16]. Ethanol at clinically relevant concentrations, shortens AP,
prolongs refractory period and decreases firing frequency in a subgroup of primary afferent
neurons, most likely nociceptors, by activation of BK K(Ca) channels [27]. Thus, modulation
of sensory information in primary afferent neurons may explain partly the analgesic and
anesthetic effect of ethanol [43,95]. Similarly, the anesthetic and analgesic effects of chloral
hydrate can be partly explained by the 20-fold more potent than ethanol activating effect of its
active metabolite 2,2,2-trichloroethanol (TCE) on BK channels of DRG neurons, which results
in a significant outward current and AP shortening with subsequent excitability reduction
[26].

Experimental procedures
All procedures were approved by the Animal Care Committee of the Medical College of
Wisconsin, Milwaukee, Wisconsin.

Experimental Neuropathic Injury Model
Male Sprague-Dawley rats (Taconic Farms Inc., Hudson, NY), 6 weeks old and weighing 125–
160 g were randomly subjected to surgical axotomy using the SNL model, or to sham skin
operation. The latter constituted the control group. Spinal nerve ligation was performed similar
to the original description [47]. Briefly, animals were anesthetized with halothane (2–3%) in
oxygen, and after lumbar incision the right lumbar paravertebral region was exposed, and the
inter-transverse fascia was opened. The L6 transverse process was excised, and subsequently
both the right fifth and the sixth lumbar spinal nerves were tightly ligated with 6-0 silk suture
and transected distal to the ligature. The lumbar fascia was closed by 4-0 resorbable polyglactin
suture, and the skin with three staples. In control rats, sham operation was performed by lumbar
skin incision and closure only.

Sensory Testing
Selection of rats suitable for further tissue harvesting was performed after behavioral testing
as previously described [33]. In order to become familiar with the testing procedures and
environment, rats were brought to the testing area for 4 hours or more, at least one day after
arrival at the animal care facility. Rats were tested on the 10th, 12th, and 14th postoperative
days, on a 0.25 in. wire grid in clear plastic enclosures, after they had been allowed to rest for
30min. Sensory testing was performed by stimulating the plantar skin of hind paws in random
order with a 22-gauge spinal needle applied with pressure adequate to indent but not penetrate
the plantar skin. Five needle applications were delivered and repeated 3 min later. These
mechanical stimuli produced either a normal brief flinch or withdrawal, or a response
characterized by a sustained (> 2 s) paw lifting, shaking and licking. SNL animals that displayed
a hyperalgesia-type response (sustained lifting, licking, chewing, or shaking of the paw) were
considered to express a phenotype of neuropathic pain, whereas others without hyperalgesic
responses were considered to lack neuropathic pain. Only SNL rats with an ipsilateral
hyperalgesic response (at least 20% averaged over 3 test days) and normal contralateral
responses, as well as SS rats with normal bilateral responses were used for study. Hyperalgesic
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response rates were calculated as described previously [33], and compared between SNL-
operated and skin sham operated rats that were included in the study by Mann-Whitney non-
parametric test.

Cell Isolation and Plating
One hundred and forty four neurons were studied. The L4 and L5 DRG were removed from
control, as well as from hyperalgesic rats, two to three weeks after SNL injury or sham skin
operation. Animals were sacrificed by decapitation under halothane anesthesia. DRGs were
removed through a lumbar incision, placed into separate 35 mm Petri dishes containing cold,
oxygenated, calcium- and magnesium chloride-free Hanks Balanced Salt Solution, and minced
with iris scissors. Minced ganglia were subsequently enzymatically dissociated in a solution
containing 0.0625% trypsin (Boehringer-Mannheim), 0.0125% deoxyribonuclease 1 (Sigma,
St. Louis, MO) and 0.0125% liberase blendzyme 2 (Roche Diagnostics Corp., Indianapolis,
IN) in 4.5 ml DMEM/F12 (Dulbecco’s modified Eagle’s medium F12; Gibco, Carlsbad, CA)
for 90 min in a shaker bath at 32°C and 70 rpm. Cells were isolated by centrifugation, re-
suspended in a culture medium consisting of 0.5 mM glutamine, 0.02 mg/ml gentamicin, 100
ng/ml nerve growth factor 7S (Alomone Labs, Jerusalem, Israel), 2% (vol/vol) B-27
supplement (Life Technologies, Rockville, MD), and 98% (vol/vol) neural basal medium A
1X (Life Technologies), and finally plated onto two to four poly-l-lysine-coated 12-mm glass
coverslips (Deutsche Spiegelglas; Carolina Biologic Supply, Burlington, NC) per ganglion.
Cells were then incubated for 2–3 h in a humidified incubator at 37°C with 95% air and 5%
CO2 and were studied within 3–8 h of dissociation.

Recording Protocols
Neurons on cover slips were viewed with an inverted microscope (Nikon Diaphot 300) using
Hoffman modulation optic systems. Electrophysiological recordings of medium sized neurons
(30–39 μm in diameter) as well as of small neurons (<30 μm) were conducted at room
temperature, in whole-cell patch configuration, initially in current clamp and then switching
to voltage clamp mode (Axopatch 200B amplifier, Axon Instruments Inc., Union City, CA).
Criteria for accepting neurons in the study were resting membrane potential equal or more
negative than −45 mV, access resistance less than 10 MΩ, as well as absence of significant
leak or appreciable rundown within the time frame of recordings.

All recordings were obtained at room temperature. Signals were acquired at 5 to 10 kHz
(Digidata 1200B data acquisition board, Axon Instruments), and filtered through an 8-pole
Bessel filter. The pClamp (Axon Instruments, Inc) Clampex version 9.2.0.10 was used for data
acquisition, and Clampfit version 9.2.0.10 for data analysis.

Patch micropipette electrodes were pulled from borosilicate glass capillaries using a Flaming/
Brown micropipette puller, model P-97 (Sutter, San Rafael, CA) and flame polished with a
microforge polisher (Narishige, Tokyo) prior to use. Resistance of the internal solution filled
pipettes, in the recording solutions, ranged from 2 to 4.5 MΩ. Access resistances before series
resistance compensation were 4–8 MΩ. After the completion of the breakthrough process, cell
capacitance and series resistance was compensated by 80–90% with the compensation circuitry
of the amplifier.

Action potentials were triggered in current clamp mode with 2 ms current injection pulses of
1 to 5 nA. This was followed by a recording lasting 500 ms. Action potentials were recorded
from each neuron in Tyrode’s solution, and then replayed as voltage command stimuli in a
time course mode, every 10s. Each individual cell’s resting membrane potential and recorded
AP waveform were used as the holding membrane potential and voltage command stimulus,
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respectively, in the same neuron, in voltage clamp mode. Agents and solutions were applied
by fluid changes under continuous perfusion through a gravity dependent flow system.

Apamin and iberiotoxin were diluted daily in the external solution from lyophilized stocks kept
at −70°C, while clotrimazole from 10 mM stocks in DMSO kept at 4°C. These toxins, as well
as glibenclamide, were obtained from Sigma, St. Louis, MO. In these protocols the Tyrode’s
solution, consisted of the following (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 2 MgCl2, 10 D-
glucose, 10 HEPES, at pH of 7.4 buffered with NaOH and an osmolarity of 300 mOsm. For
the protocols employing AP recordings and stimulation by AP waveform voltage commands,
internal pipette solution contained (in mM) 120 KCl, 5 Na-ATP, 0.4 Na-GTP, 5 EGTA, 2.25
CaCl2, 5 MgCl2, 20 HEPES, at a pH of 7.4 buffered with KOH and osmolarity of 296–300
mOsm (“regular internal pipette solution for AP recordings”).

Current was normalized by membrane capacitance, yielding current density corrected for cell
size. Na+ current component was estimated by subtracting the current density recorded in
NMDG/TTX Tyrode’s from the baseline current in regular Tyrode’s. Current sensitive to
K(Ca) blockers (IK(Ca)) was derived as a difference current by subtracting the new current
recorded after administration of the combined K(Ca) blockers from the current recorded in
NMDG/TTX Tyrode’s, while total K+ current (IK(tot)) was assumed to be that resulting after
subtracting the current after the addition of all K+ channel blockers (1 mM 4-AP, 160 mM
TEA-Cl and 1 μM glibenclamide in addition to K(Ca) blockers) from the current in NMDG/
TTX Tyrode’s. With this protocol, we were able to measure INa, IK(Ca), total IK (IK(tot),), and
ICa in the same cell. Peak inward current (for current components sensitive to Na+ and Ca2+

influx blockade), peak outward current (for K+ currents sensitive to K(Ca) blockers alone, and
together with 4-AP, TEA-Cl and glibenclamide), as well as corresponding total charge transfer
(current integrated over time) were determined digitally.

4-AP blocks delayed rectifier and A-type potassium channels [32] (IC50 1–2 mM for various
neuronal K+ channels [18,79,84]), glibenclamide selectively blocks ATP-sensitive K+

channels [32] (IC50 for inhibition of levcromakalim-activated current in adult rat intracardiac
ganglionic neurons 55 nM [35]), and TEA blocks delayed rectifier, inward rectifier, A-type,
BK and ATP-sensitive K+ channels [32] (IC50 in the low mM range for voltage-gated K+
currents in neurons [49], or in the 1–100 mM range for blocking various neuronal K+ channels
[41,67]).

In other experiments, currents were recorded using pipette solution dialyzing the cytosol with
calculated final free [Ca2+]i clamped at 1μM. The external solution used in these experiments
contained 140 NaCl, 3 KCl, 1 CaCl2, 1 MgCl2, 10 D-glucose, 10 HEPES, 0.1 μM TTX, 1 μM
glibenclamide, 1 4-AP and 200 μM cadmium at pH of 7.4 buffered with NaOH and an
osmolarity of 300 mOsm. We included a low concentration of CaCl2 in order to avoid any
contaminating effects from Ca2+ ions present in the external solution, and we preferred to
inhibit influx via VGCC with cadmium. 4-AP and glibenclamide were included to block
contamination from other potassium current subtypes [82]. Internal pipette solution for the
second set of experiments contained (in mM) 10 KCl, 110 potassium gluconate, 5 NaCl, 5 Na-
ATP, 2 MgCl2, 0.2 Na-GTP, 2 EGTA, 1.8 CaCl2, 10 HEPES, at a pH of 7.4 buffered with
KOH and osmolarity of 296–300 mOsm (“internal pipette solution with Ca2+ clamped at 1
mM”).

We calculated the free Ca2+ concentration using a free Ca2+ concentration calculator software
program, available online at http://entropy.brneurosci.org/cgi-bin/egta. Calculations are based
on a previous publication by Portzehl et al [71]. Based on this calculator, concentrations of
Ca2+ and Mg2+ ions and buffer were adjusted so that free Ca2+ ions concentration would be
approximately 1 μM.
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Current rundown was absent or minimal in most cells during our recordings. Actual current
traces were selected for further analysis either before or subsequent to administration of new
solutions containing blockers or toxins, after we confirmed that currents had been stabilized
to a steady-state level and subsequently remained stable over time. In the first set of experiments
utilizing AP waveform stimuli, recordings were conducted in a time course mode, in which
stability became directly evident before and after the blocker effect took place. With regard to
the second set of experiments (using square voltage commands and specific toxins), we
obtained serial current recordings, recorded at intervals. We confirmed significant stability of
the amplitude of current traces over time at baseline, and administration of the toxin containing
solutions did not commence unless such current stability at baseline was confirmed. We also
confirmed that current amplitudes stabilized at a new steady state after the action of the toxin
administered, after which remained stable over time as well. Neurons exhibiting any evidence
of significant current rundown were rejected from the study.

Measured inward current was normalized by membrane capacitance, which results in a current
density corrected for cell size. Apamin-, clotrimazole-, or iberiotoxin-sensitive current
components were determined by subtracting toxin-induced from baseline current densities.
These toxins were applied in different cells each, and only one at a time to avoid problems with
incomplete washout. Current-voltage relationship curves were plotted from the subtracted
currents and averaged for each neuronal subtype.

Statistical Analyses
Cells were categorized according to surgical preparation. Neurons were grouped according to
surgical preparation and DRG level into control (from SS rats), axotomized neurons from the
L5 DRG after SNL, and neurons from the L4 DRG after SNL (adjacent to injury). Since there
were no differences in responses from L4 and L5 ganglia from control rats, these cells were
combined. Data were analyzed with SPSS Version 11 for Macintosh OS X (SPSS, Inc). For
each dependent variable, the main effect of a group was tested with either standard one-way
ANOVA or the Univariate General Linear Model ANOVA function of the SPSS, unless
indicated otherwise. Whenever one-way or Univariate ANOVA indicated statistical
significance in identifying a significant main effect, post hoc comparisons between groups
were tested in a pair-wise manner by LSD post hoc tests. For example when a main effect was
significant, post hoc comparisons were conducted: control versus L5 SNL, control versus L4
SNL, and L5 SNL versus L4 SNL.

In determining if toxins blocked a current to a significant degree, the current reduction was
estimated by subtracting the trace after the administration of the toxin from the preceding
baseline trace. For each individual neuron we used the peak current density values (current
normalized for each individual cell’s capacitance) at each membrane potential cell. To check
if the currents after the toxins differed from the currents at baseline we used Univariate ANOVA
examining the toxin effect as an independent main effect. Data are presented as means±SE in
the text and the figures, unless stated otherwise.
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Abbreviations
(K(Ca))  

Calcium-activated potassium

(IK(Ca))  
calcium-activated potassium current
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(AHP)  
after-hyperpolarization

(I(AHP))  
current that mediates the medium and slow AHP

(HP)  
holding potential

(DRG)  
dorsal root ganglion

(L5)  
fifth lumbar

(L4)  
fourth lumbar

(SNL)  
spinal nerve ligation

(SK)  
small conductance potassium

(BK)  
large conductance potassium

(IK)  
intermediate conductance potassium

(SS)  
sham skin-operated

(NMDG)  
N-methyl-D-glucamine

(TTX)  
tetrodotoxin

(VGCC)  
voltage gated Ca2+ currents

(ICa)  
calcium influx or inward Ca2+ current

(AP)  
action potential

(4-AP)  
4-aminopyridine

(TEA-Cl)  
tetraethylammonium chloride

(NGF)  
nerve growth factor

(NT3)  
neurotrophin-3
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(EGTA)  
ethylene glycol-bis (2-amino-ethylether)-N,N,N’, N’-tetra-acetic acid

(AUC)  
Area Under Curve

(INa)  
sodium current

(IK)  
potassium current

(IK(tot))  
“total” potassium current sensitive to apamine, iberiotoxin, clotrimazole, 4-AP,
TEA-Cl, and glibenclamide

(n.s.)  
not statistically significant
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Figure 1.
Derivation of the difference current components attributable to INa, ICa, IK(Ca), and total IK. A.
AP recorded in current clamp mode and then replayed as voltage command stimulus in voltage
clamp, from holding potential equal to this cell’s resting membrane potential. B. Whole-cell
currents in response to the AP voltage command in Tyrode’s solution, and then sequentially
after blocking INa with equimolar NMDG and 0.3μM TTX, after blocking IK(Ca) with apamin,
iberiotoxin, and clotrimazole in combination, then after blocking remaining K+ current with
the addition of 4-AP, TEA-Cl, and glibenclamide, and finally blocking ICa with cadmium. All
recordings were obtained sequentially from the same cell, using this individual cell’s AP as
voltage command stimulus. Individual current components were derived as difference currents
by subtraction of the trace after administration of the blocker from the current trace before.
Total IK (IK(tot)) was estimated as the potassium current sensitive to all the potassium channel
blockers that we used (4-AP, TEA-Cl and glibenclamide in addition to apamin, iberiotoxin and
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clotrimazole). This current was calculated by subtracting the current trace obtained after the
addition of all these blockers, from the current recorded in the NMDG-containing Tyrode’s
solution. C. Derived potassium current (IK(Ca)) sensitive to K(Ca) blockers (apamin,
clotrimazole and iberiotoxin combined) in response to AP voltage command. Upper trace: AP
recorded in current clamp mode and then replayed as voltage command stimulus in voltage
clamp, from holding potential equal to this cell’s resting membrane potential (also shown in
A). Lower trace: Subtracted current trace, indicative of the derived K(Ca) current component,
obtained as the difference between the current after administration of combined K(Ca) blockers,
and baseline current in Tyrode’s solution containing NMDG and TTX. Peak current as well as
charge transfer (AUC) were derived digitally from this trace. Note that the peak I(KCa) occurs
during the descending limb of the AP waveform command.
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Figure 2.
Peak current values (A) and charge transfer values (B) for potassium current sensitive to
apamin, iberiotoxin and clotrimazole combined, in control neuronal somata (n=13).
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Figure 3.
Peak current (A), and charge transfer as estimated from the AUC (B), for difference current
components attributable to INa, ICa, IK(Ca), and IK(tot), in medium-sized control neurons (C,
n=13), as well as in axotomized (L5 SNL, n=14) or adjacent neurons (L4 SNL, n=14). AP
waveforms were recorded in each cell in current-clamp and replayed as voltage commands to
elicit currents in voltage-clamp sequentially in a time course mode. Difference currents were
derived by subtraction of traces recorded by sequential application of blockers selective for
each current component (see Figure 1). Peak current densities and charge transfer values were
measured for each separate difference current after normalization by dividing by each cell’s
capacitance. Means ± SE are shown.

Sarantopoulos et al. Page 25

Brain Res. Author manuscript; available in PMC 2009 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



*: indicate statistically significant differences with regard to cell-type main effect.
INa peak current and charge transfer values did not differ among control, axotomized and
adjacent neuronal somata. ICa peak current and charge transfer also did not differ between the
three cell types. However, there were statistically significant differences for peak IK(Ca)
currents and charge transfer values among different cell types (p=0.005 for peak current and
p=0.029 for charge transfer), as well as for total IK peak currents (p=0.001) and charge transfer
(0.020). Post hoc analysis showed a statistically significant difference for peak IK(Ca) between
L5 SNL and L4 SNL (p=0.001), and between control and L4 SNL (p=0.031). There was also
a statistically significant difference for IK(Ca) charge transfer between L5 SNL and L4 SNL
(p=0.01), as well as a marginal difference between control and L4 SNL (p=0.057). Peak total
IK also differed between L5 SNL and L4 SNL (p<0.001), and between control and L4 SNL
(p=0.005). There was also a statistically significant difference for IK(Ca) charge transfer
between L5 SNL and L4 SNL (p=0.009), as well as between control and L4 SNL (p=0.025).
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Figure 4.
A. Current traces showing response to iberiotoxin (200 nM) in an individual medium-sized
control neuron. Currents were elicited from HP −60mV, with 200ms square voltage command
pulses, delivered every 10s from −100 to +50mV. ICa was inhibited by low external [Ca2+]
and cadmium, while the cytosolic free [Ca2+] was clamped at 1μM. Iberiotoxin sensitive
current, indicative of BK channels, was derived by subtraction of the current after the toxin
from the baseline traces. B. Control medium sized DRG neuronal somata contain apamin-
(n=22), iberiotoxin- (n=16) and clotrimazole (n=12)- sensitive K(Ca) current components. I–V
curves were constructed from averaged, subtracted current traces elicited using 200 ms square
voltage commands every 10s from HP −60 mV, with steps from −100 mV to +50 mV. Cytosolic
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free [Ca2+] was clamped at 1μM. Only one toxin (either apamin, or iberiotoxin, or clotrimazole)
was applied on each individual cell, and difference currents indicating sensitivity to this
particular toxin were derived by subtracting the traces after the toxin from the baseline traces.
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Figure 5.
Subtype-specific effects of SNL on K(Ca) currents in control, axotomized L5, and adjacent L4
DRG medium-sized neurons, as well as iberiotoxin-sensitive current in small-sized neurons.
Figure 5A–C: I–V curves were constructed from subtracted current traces sensitive to apamin
(A), iberiotoxin (B) and clotrimazole (C), elicited using 200 ms square voltage commands from
HP −60 mV, after stepping from −100 mV to +50 mV. Cytosolic free [Ca2+] was clamped at
1μM. Bars indicate statistically significant differences between cell-types. Numbers of
observations for apamin are control n=22, L5 SNL n=12, L4 SNL n=9, for iberiotoxin control
n=16, L5 SNL n=9, L4 SNL n=8, and for clotrimazole control n=12, L5 SNL=9 and L4 SNL
n=7. Figure 5D: Iberiotoxin-sensitive current densities indicating BK currents in control (n=6),
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axotomized L5 (n=9) and adjacent L4 DRG small-sized neurons (n=12). I–V curves were
constructed from subtracted current traces sensitive to 200 nM iberiotoxin elicited using 200
ms square voltage commands from HP −60 mV, after stepping from −100 mV to +50 mV.
Cytosolic free [Ca2+] was clamped at 1μM. Bars indicate statistically significant differences
between cell-types.

Sarantopoulos et al. Page 30

Brain Res. Author manuscript; available in PMC 2009 June 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Bar-graph indicating the degree of inhibition of the baseline outward current (percent inhibition
from baseline), at +40 mV membrane potential, by each toxin (apamin, iberiotoxin, and
clotrimazole) in control, axotomized L5 and adjacent L4 DRG medium-sized neurons.
Numbers of observations are for apamin are control n=22, L5 SNL n=12, L4 SNL n=9, for
iberiotoxin control n=16, L5 SNL n=9, L4 SNL n=8, and for clotrimazole control n=12, L5
SNL=9 and L4 SNL n=7.
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