Distinct potassium channels on pain-sensing neurons
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Differential expression of ion channels contributes functional di-
versity to sensory neuron signaling. We find nerve injury induced
by the Chung model of neuropathic pain leads to striking reduc-
tions in voltage-gated K* (Kv) channel subunit expression in dorsal
root ganglia (DRG) neurons, suggesting a potential molecular
mechanism for hyperexcitability of injured nerves. Moreover, spe-
cific classes of DRG neurons express distinct Kv channel subunit
combinations. Importantly, Kv1.4 is the sole Kv1 « subunit ex-
pressed in smaller diameter neurons, suggesting that homomeric
Kv1.4 channels predominate in A and C fibers arising from these
cells. These neurons are presumably nociceptors, because they also
express the VR-1 capsaicin receptor, calcitonin gene-related pep-
tide, and/or Na* channel SNS/PN3/Nav1.8. In contrast, larger
diameter neurons associated with mechanoreception and propri-
oception express high levels of Kv1.1 and Kv1.2 without Kv1.4 or
other Kv1 « subunits, suggesting that heteromers of these sub-
units predominate on large, myelinated afferent axons that extend
from these cells.

n the peripheral nervous system (PNS), sensory neuron cell

bodies reside in dorsal root ganglia (DRG), and extend axons
that innervate both peripheral and central targets. A diverse
group of ligand- and voltage-gated ion channels transduce
innocuous and noxious (nociceptive) stimuli into depolarizations
that are conducted along axons and finally converted into
neurotransmitter release. For example, nociceptive neurons
express specific ion channels [ATP-gated channels, voltage-
gated Na* channels (NaChs), H*-gated channels, and capsaicin
receptor channels] that represent attractive targets for thera-
peutic intervention of peripheral pain (1). Little is known of the
molecular identity of the voltage-gated K* (Kv) channels that
regulate membrane repolarization, resting membrane potential,
frequency of firing, and neurotransmitter release in sensory
neurons. Mammalian Shaker-related or Kv1 proteins are com-
posed of four transmembrane « subunits (2-4), and up to four
modulatory cytoplasmic Kvg subunits (5, 6).

The predominant Kvl channels in myelinated nerve fibers
comprise coassembled Kvl.1, Kvl.2, and Kvp2.1 (7-9) that
would form dendrotoxin (DTX)-sensitive delayed-rectifier chan-
nels as Kv1.1, Kv1.2 and Kv1.6 are DTX-sensitive. DTX-sensitive
transient or A-type channels in unmyelinated axons of many
central neurons consist of Kv1.1 and/or Kv1.2 coassembled with
Kvl.4 (10-12). Distinct populations of defined DRG neurons
express a variety of Kv currents whose pharmacological blockade
affects neuronal excitability (13-16). Nerve injury results in
reductions in Kv currents, hyperexcitability, and hyperalgesia
(17). To better understand the molecular physiology and phar-
macology of sensory neurons, and to identify specific Kv chan-
nels that may represent potential targets for therapeutics to treat
peripheral pain, we investigated Kvl subunit expression in
mammalian DRG before and after nerve injury.

Materials and Methods

Antibodies. Antibodies against Kv subunits (8, 11, 18, 19) and the
pan-NaCh antibody (20) have been described. The Nav1.8 and
VR-1 antibodies were kind gifts from S. R. Levinson (Univ. of
Colorado Health Sciences Center, Denver) and S. Haleguoa
(State Univ. of New York, Stony Brook), respectively. The
anti-calcitonin gene-related peptide (CGRP) and Neurofila-
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ment-M (NF-M) antibodies were purchased from Peninsula
Laboratories and Chemicon, respectively. Preincubation of an-
tibodies with a molar excess of the antigen used to generate the
antibody eliminated all tissue staining (data not shown).

Immunofluorescence. DRG (L4-L6) from adult rats (>4 months
old) were dissected, immediately fixed in ice cold 4% para-
formaldehyde in 0.1 M phosphate buffer (PB), pH 7.2, for 30
min, transferred to ice-cold 20% sucrose solution in 0.1 M PB
until equilibrated, and then frozen in Tissue-Tek (Miles,
Elkhart, IL) OCT mounting medium. Sections were cut, placed
in 0.1 M PB, spread on gelatin coated coverslips, and allowed
to air dry. For staining of rat bladder, the bladder was dissected
and immersed in Locke’s solution (in mM: NaCl 154, KCl 5.6,
CaCl, 2, Hepes 10, pH 7.4), cut at the midline, and the muscle
layer separated from the urothelium. These two distinct layers
were then fixed in 4% paraformaldehyde in 0.1 M PB for 30
min, cut into small pieces, placed on glass coverslips, and air
dried. Immunofluorescence staining was performed as de-
scribed (21). Secondary antibodies were Alexa 488-conjugated
goat anti-rabbit or anti-guinea pig, and Alexa 594-conjugated
goat anti-mouse or goat anti-rabbit antibodies (Molecular
Probes). For triple-labeling experiments, the anti-mouse sec-
ondary antibodies were Alexa 350 anti-IgG,, and tetrameth-
ylrhodamine B isothiocyanate (TRITC) conjugated anti-IgG;
(Southern Biotechnology Associates). Digital images were
collected on a Zeiss Axioskop 2 fluorescence microscope
fitted with either a SPOT or an Axiocam color CCD camera,
and analyzed by using PHOTOSHOP (Adobe Systems, Mountain
View, CA) or NIH IMAGE software.

Injury Model. Male Sprague—Dawley rats were maintained in a
climate-controlled room on a 12-h light/dark cycle and food and
water were available ad libitum. All testing was performed in
accordance with policies and recommendations of the Interna-
tional Association for the Study of Pain and the National
Institutes of Health guidelines for handling and use of laboratory
animals and received approval from the Institutional Animal
Care and Use Committee of the University of Arizona. Spinal
nerve ligation (SNL) injury was induced by using the procedure
of Kim and Chung (22). Anesthesia was induced with 2%
halothane in O, at 2 I/min and maintained with 0.5% halothane
in O,. After surgical preparation of rats and exposure of dorsal
vertebral column from L4 to S2, the L5 and L6 spinal nerves
were tightly ligated distal to the DRG. The incision was closed
and the animals were allowed to recover for 7-9 days. Rats that
exhibited motor deficiency (such as paw-dragging) or failure to
exhibit subsequent tactile allodynia were excluded from further
testing (less than 5%). Sham control rats underwent the same
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Table 1. Quantitative analysis of Kv channel expression

Incidence, % (n)*

Reference Average

antibody Kv1.1 Kv1.2 KvB2.1 Kv1.4 Nach VR-1 diameter, um* ipsi/contra*
Kv1.1 — 92 (134) 76 (84) 28 (53) 6 (141) ND 38.0+9 0.49
Kv1.2 100 (123) — 91 (284) 18 (282) 19 (181) ND 33.0 = 11 0.36
KvB2.1 100 (58) 93 (226) — 69 (157) ND ND 36.0 = 10 0.75
Kv1.4 15 (101) 20 (221) 38 (283) — 93 (364) ND 26.5 =10 0.40
NaCh 2 (369) 11 (327) ND 88 (401) — 60 (349) 26.2 =8 0.18
VR-1 ND ND ND ND 73 (259) — 18.1 x5 0.13

*Incidence of double-labeling of reference antibody (left column) versus each of the antibodies used in this study (rows). For example,
92% of the Kv1.1-positive cells also expressed Kv1.2, whereas 100% of the Kv1.2-positive cells also expressed Kv1.1. ND, not determined.

fAverage cell diameter of immunoreactive cells, n = 200 cells per sample.

*Ratio of fluorescence intensity from ipsilateral L5/L6 injured DRG to contralateral L5/L6 DRG. Ratio for NF-M control was 0.96.

operation and handling as experimental animals, but without
SNL.

Quantitation. Positively labeled cells from randomly selected
DRG sections were identified by manually selecting a thresh-
old above which cells were clearly labeled, after which diam-
eters of individually labeled neurons where the nucleus was
clearly identified were measured in Adobe PHOTOSHOP. To
avoid counting and measuring cells more than once each cell
was tagged after measurement. Intensities of labeled cells or
regions were measured by using NIH IMAGE. For ratios of
fluorescence intensity between the ipsi- and contralateral
DRG from the injury model, ten positively labeled neurons
from the contralateral DRG were measured for average
fluorescence intensity. Because ipsilateral DRG neurons all
had very low fluorescence intensities, and because cells that
before the injury had been labeled positively for a particular
ion channel could not be identified, large areas containing
many (>50) cells were measured and an average fluorescence
intensity for the entire area calculated. Only in the case of the
KvB2.1 and the NF-M-labeled cells could the outline of
individual cells be identified. In all cases where images of ipsi-
and contralateral DRG were compared, sections were stained
side by side, and unless otherwise noted, all reagents and
imaging parameters were identical.

Results

Kv1 Subunit Expression Is Altered in Injured DRG. Because neuronal
excitability can be affected dramatically by changes in ion
channel expression, we tested whether Kv1 channel expression in
mammalian DRG was altered by nerve injury. We used an
established model of neuropathic pain in which spinal nerves
corresponding to L5 and L6 were tightly ligated distal to the
DRG, but those afferent fibers deriving from L4 were undam-
aged (22). In contrast to contralateral DRG, injury resulted in
>50% reduction in the level of Kvl « subunit expression in
ipsilateral L5 /L6 DRG (Fig. 1, Table 1), whereas there was little
change in uninjured ipsilateral L4 DRG (Fig. 1). Further, overall
expression of both NaChs and VR-1 was reduced by 80-90% in
injured DRG (Fig. 1, Table 1). In contrast to these ion channels,
NF-M immunoreactivity in the injured DRG was unchanged
relative to the contralateral control (Fig. 1; ratio of ipsilateral
fluorescence intensity to contralateral fluorescence intensity =
0.96), indicating that the DRG neurons were viable and that the
observed reduction in ion channel expression was specific. In
contrast to the dramatic reduction in Kvl « subunit expression,
Kvp2.1 expression was reduced by only 25%, suggesting a
potential role for Kv2.1 independent of its association with Kv1
channels (23).
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Kv1 Subunit Expression Varies in Different DRG Neurons. In unin-
jured DRG only a subset of Kvl « subunits were expressed, and
expression varied between distinct classes of neurons. Kv1.1 and
Kv1.2 were expressed primarily in larger-diameter neurons (Fig.
2, arrowheads; Table 1). In contrast, Kv1.4 was mainly expressed
in smaller-diameter cells (Fig. 2, arrow; Table 1), as well as rare
larger-diameter neurons (Fig. 2, asterisk). Within the individual
cell bodies, Kv1 subunit staining was present uniformly through-
out the cytoplasm, presumably representing recently synthesized
populations in the endomembrane system. We found that among
Kvp subunits, only Kvp2.1 was detected and was most abundant
in larger diameter cells (Fig. 1, Table 1). Anti-Kv1.3, Kvl1.5,
Kvp1.1, and KvB1.2 antibodies did not react with DRG sections
or with immunoblots of crude rat DRG membranes, and Kv1.6
was detected at very low levels only on immunoblots (see Figs.
5-7,which are published as supporting information on the PNAS
web site, www.pnas.org). Thus, the delayed-rectifier channel
subunits Kv1.1 and Kv1.2, with KvB2.1, predominate in large-
diameter neurons, and the A-type channel subunit Kvl1.4 in
small-diameter neurons.

We used specific immunohistological markers and measure-
ment of neuronal cell body diameter to correlate Kv1 subunit
expression with functional classes of DRG neurons (Fig. 1).
The large-diameter neurons expressing Kvl1.1, Kv1.2, and
Kvp2.1 (Figs. 1 and 2) likely correspond to the Aa and AB
myelinated afferent fibers. Although all neurons express
NaChs, pan-NaCh staining revealed a distinct subpopulation
of small diameter cells (26 = 8 um) that had the greatest NaCh
density. Importantly, both the average diameter and the
distribution of diameters of these cells were nearly identical to
Kvl1.4-expressing cells (Fig. 2, Table 1). The thermal receptor
VR-1 (24) was also expressed at high levels in small-diameter
DRG neurons (Fig. 2, Table 1).

DRG neurons were double-labeled to correlate Kvl subunit
expression with immunohistochemically defined cells. High-level
expression of NaChs and Kv1.2 was mutually exclusive (Fig. 34);
small-diameter neurons contained a very high density of NaChs
(red, arrowheads), whereas larger-diameter neurons expressed
high levels of Kv1.2 (green). In stark contrast, small DRG
neurons expressed high levels of both NaChs and Kv1.4 such that
the staining patterns overlapped (yellow, Fig. 3B, arrowhead).
Certain larger diameter cells expressed low NaCh and high Kv1.4
levels (Fig. 1, contra, arrowhead). VR-1, highly expressed in
thermal nociceptors (24), most often correlated with high levels
of NaCh staining (Fig. 3C, arrowhead), although some small-
diameter neurons had only VR-1 (arrow) or NaCh (asterisk)
immunoreactivity. Staining for NaCh subtype Nav1.8, present in
peripheral nociceptors (25), overlapped with pan-NaCh staining
of small-diameter DRG neurons (Fig. 2D). Taken together these
results suggest that the majority of small-diameter DRG neurons
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Fig. 1.

Double-labeling of contralateral L5/L6, ipsilateral L4 (unligated), and ipsilateral L5/L6 (ligated) DRG, using antibodies against Kv1.1, Kv1.2, Kv1.4,

KvB2.1, NaCh, VR-1, and NF-M. All tissue was processed simultaneously for each set of antibodies, and exposures for ipsilateral and contralateral sections were

identical. (Scale bars, 100 um.)

expressing Kv1.4, but not other Kv1 subunits, also express Nav1.8
and VR-1 and are likely nociceptors.

We quantified correlations between Kvl subunit expression
and these DRG markers (Table 1). For example, we found that
92% of Kvl.1-containing cells also expressed Kv1.2, and that
large-diameter cells usually expressed Kv1.1, Kv1.2, and Kv32.1
(e.g., Fig. 1, contra), most likely as heteromultimeric channels as
in rat brain (8), sciatic nerve (9), and spinal cord (21). In

Rasband et al.

contrast, in those cells where NaChs were abundantly expressed,
Kvl.1 and Kv1.2 subunits were rarely detected (2% and 11%,
respectively; Figs. 1, contra, and 34), whereas 88% of these
pan-Nach-labeled neurons expressed Kv1.4 (Figs. 1, contra, and
3B). In support of these conclusions, triple-staining experiments
showed that Kvl.1 (red) and Kv1.2 (blue) were usually found
within the same cells (purple, Fig. 3E, arrow), and that Kv1.4
(green) was usually found in neurons not expressing Kvl.1 or
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Fig. 2. Immunofluorescence staining of rat DRG and histograms showing

diameters of cells labeled with ion channel-specific antibodies. (Scale bars,
100 um.)

Kv1.2. Because other Kvl subunits were not detected in these
small-diameter DRG neurons, these cells may assemble ho-
motetrameric Kvl.4 channel complexes. However, in a small
subset of cells Kv1.4 could form heteromultimeric complexes
with Kv1.1 and Kv1.2 (arrowhead). Interestingly, in some of the
largest-diameter DRG neurons Kv1.1 was observed in the
absence of other Kvl subunits, despite the fact that Kvl.1
homotetramers are usually not efficiently expressed on the cell
surface (26).

Subcellular Localization of Kv1 Subunits in Axons of Sensory Neurons.
To address the potential function of these Kvl channels in
sensory signal transduction, we determined the subcellular lo-
cation of Kv subunits in sensory axons. Kv1.1, Kv1.2, and Kv32.1
colocalize at juxtaparanodal zones adjacent to nodes of Ranvier
in myelinated axons in both peripheral and central nervous
systems (7, 9, 19, 27). In dorsal spinal roots, whereas 67% (n =
256) of observed juxtaparanodes had only Kv1.1 and Kv1.2 (Fig.
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Fig. 3. Double- (A-D) and triple-labeling (E) of ion channels in DRG
cryosections. (A) Kv1.2 (green) and pan-NaCh (red). Anti-pan-NaCh anti-
bodies intensely labeled small-diameter cells (arrowheads), and weakly
stained a few large-diameter cells that had overlapping Kv1.2 immunore-
activity (yellow). (B) Kv1.4 (green) and pan-NaCh (red). Most staining
colocalized in small-diameter cells (arrowheads, yellow), but some larger-
diameter cells were also labeled. (C) VR-1 (green) and pan-NaCh (red).
Staining usually colocalized (arrowhead), but distinct subpopulations ex-
isted with either only VR-1 (arrow) or pan-NaCh (asterisk) immunoreactiv-
ity. (D) Nav1.8 (green) and pan-NacCh (red); overlap is yellow. (E) Kv1.1 (red),
Kv1.2 (blue), and Kv1.4 (green). Most medium- and large-diameter cells had
Kv1.1 and Kv1.2 staining that colocalized (arrow, violet). Some cells had
immunoreactivity for all three subunits (arrowhead, white). A subpopula-
tion of large diameter cells had primarily Kv1.1 immunoreactivity (asterisk,
red). (Scale bars, 100 um.)

44, arrows), 29% were triple-labeled for Kv1.1/Kv1.2/Kv1.4
(Fig. 44, arrowheads), and 4% were labeled for Kv1.1 and Kv1.4,
but not Kvl.2 (not shown). Fig. 4B shows one such node of
Ranvier (arrow) with nodal NaChs (green) and juxtaparanodal
Kv1.4 (red). Juxtaparanodes containing only Kv1.1, Kv1.2, or
Kv1.4 alone, or with Kv1.2 and Kv1.4, were not observed. In
contrast to sensory fibers associated with DRG, the majority of
juxtaparanodal Kv channels in motor ventral roots stained for
Kvl.1 and Kv1.2 (Fig. 4C, arrows), and triple-labeling showed
that Kv1.4 was not detected at the vast majority of juxtaparan-
odes (not shown). When ventral roots were double-labeled by
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Fig. 4. Subcellular localization of Kv1 subunits in dorsal roots (A), ventral
roots (C), Sciatic nerve (B), and unmyelinated axons in rat bladder (D-F). (A)
Kv1.1 (red), Kv1.2 (blue), and Kv1.4 (green). Most juxtaparanodes had Kv1.1
and Kv1.2 (arrows), but some had all three Kv1 subunits colocalized (arrow-
heads). (B) Kv1.4 (red) and NaChs (green). Unmyelinated axons have a high
density of Kv1.4 subunits (arrowhead). (C) Juxtaparanodes in ventral roots
double-labeled with Kv1.4 and Kv1.2 (arrowheads, yellow) or Kv1.2 (arrows,
red). (D-F) CGRP (green) and VR-1 (E), Kv1.4 (F), or Kv1.2 (G). (Scale bars,
10 um.)

using antibodies against Kv1.2 and Kv1.4, only a small fraction
(25/208 = 12%) of the observed juxtaparanodes had detectable
Kv1.4. Importantly, this staining was detected only in the small-
est-caliber axons with thin myelin sheaths (Fig. 4C, arrowheads),
and Kv1.4 was never detected at juxtaparanodes from large-
diameter ventral root fibers. Thus, when Kv1.4 is detected in
myelinated axons, it is usually associated with sensory fibers.

Immunolabeling of unmyelinated axons was observed in rat
sciatic nerve sections (Fig. 4B, arrowhead) and in rat bladder
[many bladder afferents are C-fiber nociceptors (28, 29)]. Stain-
ing of the latter with antibodies against VR-1 (red) and CGRP
(green), another marker of nociceptors, labeled bundles of
suburothelial unmyelinated axons (Fig. 4D; overlap is yellow).
CGRP and Kv1.4 immunoreactivity also overlapped in bladder
afferents (Fig. 4E, yellow), whereas Kv1.2 staining was not
detected in CGRP-labeled bladder axons (Fig. 4F). Thus, Kv1.4
channels are located in unmyelinated nociceptive axons in
bladder and sciatic nerve, ideally positioned to modulate axonal
conduction.
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Discussion

Kv Channel Expression in Nerve Injury. Changes in ion channel
expression, localization, or biophysical properties may underlie
the onset of neuropathic pain following nerve injury, axotomy,
or chronic inflammation. Application of hyperalgesic agents
increases tetrodotoxin-resistant Na™ currents in nociceptors (30)
and axotomy results in up-regulation of Navl.3 and down-
regulation of Navl.8 and Nav1.9 (30, 31). In contrast, Navl.8
antisense treatment following nerve and tissue injury signifi-
cantly attenuated hyperalgesia, suggesting a prominent role for
this NaCh in certain models of chronic pain (32). We have shown
that Kv channels are down-regulated dramatically in one model
of neuropathic pain, which should result in a hyperexcitable
state. Indeed, chronic bladder inflammation leads to a signifi-
cant reduction in the A-type currents and nociceptor hyperex-
citability (33).

Kv Channels in Large-Diameter DRG Neurons. Large-diameter DRG
neurons (42-52 um in diameter) express a prominent DTX-
sensitive sustained or delayed rectifier-type Kv current (13)
whose kinetic and pharmacological properties are consistent
with high-level expression of Kv1.1/Kv1.2/Kv2.1 in similar-size
DRG neurons, and in large-caliber myelinated axons. Large-
diameter cutaneous afferent DRG neurons identified by in vivo
retrograde labeling exhibited three distinct DTX-sensitive Kv
currents, two sustained or slowly inactivating delayed rectifier-
type currents, and a rapidly inactivating A-type current (16).
The sustained current most probably corresponds to Kv1.1/
Kv1.2/KvB2.1 channels seen in juxtaparanodes of many myelin-
ated axons (9, 20). The slowly and rapidly inactivating Kv
currents likely correspond to different heteromeric combina-
tions of Kvl.1/Kv1.2/Kv1.4/Kvp2.1 and Kv1.1/Kv1.4/Kvp2.1.
These combinations are expressed less frequently in large-
diameter cells and at juxtaparanodes of some myelinated dorsal
root axons representing the first description of juxtaparanodal
Kvl.4 (8, 9).

Kv Channels in Small-Diameter DRG Neurons. Most Kv1.4-positive
cells do not detectably express other Kv1 subunits, suggesting
that Kv1.4 may form homotetrameric Kv channels in these
cells. Small-diameter (18-30 wm) DRG neurons predomi-
nantly express a DTX-insensitive transient or A-type K*
current whose properties correspond well with those expected
for homotetrameric Kv1.4 channels, and 53% of these small-
diameter cells are capsaicin-sensitive (13), a value nearly
identical to that calculated from Table 1 for pan-Nach-labeled
cells expressing both Kv1.4 and VR-1. Three transient Kv
currents have been described in small diameter DRG neurons,
two of which were found in neurons sensitive to capsaicin (34).
Moreover, bladder nociceptive afferents express, in addition to
TTX-insensitive NaChs and capsaicin receptors, a Kvl.4-like
rapidly inactivating A-type current that contributes to the
suppression of neuronal excitability (15). Chronic bladder
inflammation increases the excitability of C fiber bladder
afferent neurons through suppression of these A-type Kv
channels (33), which together with data presented here suggest
that Kvl.4 is a major determinant of C fiber excitability. It
should be noted that Kv4.2 subunits also form DTX-insensitive
A-type currents, and Kv4.2 plays an important role in deter-
mining the excitability of superior cervical ganglion cells (35).
However, Kv4.2 is generally dendritic, whereas Kv1.4 is axonal
(10, 12, 36). It should also be noted that although mice lack-
ing Kv1.1 expression exhibit hyperalgesia (37), our data sug-
gest that this may be due to central rather than peripheral
effects.

That homotetrameric Kv1.4 channels may contribute directly
to regulating conduction in C fibers is of particular importance
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when considering pharmacological treatment of pain. An alter-
native to reducing nociceptor excitability through blockade of
action potential depolarization, as with NaCh antagonists, may
lie in enhancing or prolonging activity of Kv1.4. This might be
accomplished by interfering with the “ball and chain” N-type
inactivation that among Kv1 subunits is unique to Kv1.4. More-
over, neuronal homotetrameric Kv1.4 channels are unusual,
because in most other neurons Kv1.4 exists primarily in hetero-
multimeric complexes (8, 11, 38, 39). Thus, an agonist specific for
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