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KCNQ2 Is a Nodal K� Channel
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Mutations in the gene encoding the K � channel KCNQ2 cause neonatal epilepsy and myokymia, indicating that KCNQ2 regulates the
excitability of CNS neurons and motor axons, respectively. We show here that KCNQ2 channels are functional components of axon initial
segments and nodes of Ranvier, colocalizing with ankyrin-G and voltage-dependent Na� channels throughout the CNS and PNS. Reti-
gabine, which opens KCNQ channels, diminishes axonal excitability. Linopirdine, which blocks KCNQ channels, prolongs the repolar-
ization of the action potential in neonatal nerves. The clustering of KCNQ2 at nodes and initial segments lags that of ankyrin-G during
development, and both ankyrin-G and KCNQ2 can be coimmunoprecipitated in the brain. KCNQ3 is also a component of some initial
segments and nodes in the brain. The diminished activity of mutant KCNQ2 channels accounts for neonatal epilepsy and myokymia; the
cellular locus of these effects may be axonal initial segments and nodes.
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Introduction
Voltage-gated sodium channels (Nav) mediate saltatory conduc-
tion of action potentials (APs) between the nodes of Ranvier. At
nodes, these channels are clustered at high densities to the spec-
trin cytoskeleton by the adaptor protein, ankyrin-G (Arroyo and
Scherer, 2000; Peles and Salzer, 2000; Rasband and Trimmer,
2001). The same molecular interactions are also found at axon
initial segments, where neuronal action potentials are generated.
Nodes also contain K� channels. Three distinct K� conduc-
tances have been recorded by patch clamping of mammalian
nodes, the most prominent of which is a slowly activating cur-
rent, Ks (Roper and Schwarz, 1989; Safronov et al., 1993). In
mammals, Kv3.1b may generate the fast nodal current, Kf2 (Cor-
rette et al., 1991; Devaux et al., 2003), but the channel responsible
for Ks had not been identified.

We were intrigued by the report that a KCNQ2 mutation
(R207W) causes myokymia (Dedek et al., 2001). Myokymia
(Greek “myo,” muscle, plus “kyma,” wave) is an involuntary,
repetitive muscle contraction that gives the appearance of rip-
pling waves moving below the surface of the skin (Newsom-
Davis, 1997; Vincent, 2000). Repetitive APs generated at ectopic
locations in myelinated motor axons result in the repetitive ac-
tivity of motor units, thereby causing myokymia and neuromyo-
tonia, a highly related disorder (Gutmann et al., 2001).
Myokymia–neuromyotonia occurs in various disorders, includ-

ing episodic ataxia type-1, which is caused by dominant muta-
tions in KCNA1, the gene that encodes Kv1.1 (Browne et al., 1994;
Eunson et al., 2000). In addition, autoantibodies against Kv1.1
and Kv1.2 have been found in sera of many individuals with
acquired neuromyotonia (Shillito et al., 1995). Thus, the abnor-
mal function of Kv1.1 and Kv1.2 channels of myelinated motor
axons causes inherited and acquired myokymia–neuromytonia.

KCNQ2 belongs to a family with five members, all of which
have a membrane topology characteristic of the voltage-
dependent K� channel superfamily but possess large novel intra-
cellular N and C termini (Robbins, 2001). Of these members,
only KCNQ3 is known to coassemble with KCNQ2 to form het-
eromeric channels (Jentsch, 2000). KCNQ2 and KCNQ3 are co-
localized in several neuronal populations (Wang et al., 1998;
Cooper et al., 2000, 2001) and underlie the M-current (IM) of
sympathetic ganglia and hippocampal pyramidal cells (Wang et
al., 1998; Shah et al., 2002). The IM is modulated by metabotropic
receptors via G-proteins, a classic example of vertebrate neuro-
modulation (Wang et al., 1998). Mutations in either KCNQ2 or
KCNQ3 cause benign familial neonatal convulsions (BFNCs),
suggesting that disruption of the IM causes excessive neuronal
excitability (Castaldo et al., 2002).

Why does the R207W KCNQ2 mutation cause myokymia?
This mutation eliminates a charged residue in the S4 voltage
sensor, and in Xenopus oocytes, the voltage dependence of acti-
vation is shifted toward depolarized potentials and the activation
kinetics are markedly slowed (Dedek et al., 2001). These changes
are qualitatively similar to those resulting from some Kv1.1 mu-
tants that cause myotonia (Zerr et al., 1998; Eunson et al., 2000).
Kv1.1 is localized in the juxtaparanodal axonal membrane (Wang
et al., 1993; Mi et al., 1995), a specialized region of myelinated
axons (Scherer and Arroyo, 2002). Juxtaparanodal Kv1.1 chan-
nels form tetramers with the highly related Kv1.2 (Hopkins et al.,
1994; Mi et al., 1995). Although M-channels have not been de-
scribed in myelinated axons, the myokymic phenotype strongly
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suggested that KCNQ2 (and potentially KCNQ3) might be
present. We have investigated this issue and herein report our
results.

Materials and Methods
Generation of anti-KCNQ3N antisera. A 22 amino acid peptide sequence
(AGDEERKVGLAPGDVEQVTLAL), corresponding to amino acids
36 –57 from the N-terminal region of KCNQ3 (KCNQ3N), was selected
for its high immunogenicity using MacVector software. BLAST database
searches showed that the sequence was unique to KCNQ3 and fully con-
served between mouse, rat, and human (Schroeder et al., 1998) (Gen-
Bank AAC36723, NP690887). The peptide was conjugated to keyhole
limpet hemocyanin via a cysteine residue added at the C terminus of the
peptide during synthesis. Two guinea pigs were immunized, and sera
were collected (Animal Pharmacology Services, Healdsburg, CA). After
screening experiments identified immunopositive sera, the antisera were
purified against the peptide immunogen immobilized on 1 ml columns
prepared using SulfoLink (Pierce, Rockford, IL). We used one of these
affinity-purified antisera in all of the experiments reported here. The
specificity of this antiserum was demonstrated by immunoblotting of cell
lysates from human embryonic kidney cells transfected with KCNQ2 or
KCNQ3 cDNA. No cross-reactivity with KCNQ2 was observed (data not
shown).

Immunohistochemistry. Rats and mice were killed according to Univer-
sity of Pennsylvania Institutional Care and Use Committee guidelines.
The sciatic nerves, spinal cords, and brains were embedded in OCT and
frozen in acetone cooled with dry ice. Some animals were fixed by tran-
scardial perfusion with 4% paraformaldehyde in 0.1 M phosphate buffer
(PB), pH 7.4, and the dissected tissues were fixed for 30 min, cryopro-
tected with infiltration in 20% sucrose PB overnight, and embedded in
OCT. Cryostat sections (5–10 �m thick) were thaw-mounted on Super-
Frost Plus glass slides (Fisher Scientific, Pittsburgh, PA) and stored at
�20°C. Teased nerve fibers were prepared from both fixed and unfixed
adult rat sciatic nerves, dried on glass slides overnight at room tempera-
ture, and stored at �20°C. Sections and teased fibers were permeabilized
by immersion in �20°C acetone for 10 min, blocked at room tempera-
ture for 1 hr with 5% fish skin gelatin (0.5% Triton X-100) in PBS, and
incubated overnight at 4°C with various combinations of primary anti-
bodies: a rabbit antisera against a peptide [KCNQ2N, diluted 1:200
(Cooper et al., 2001)] or a fusion protein [n-Q2, 1:1000 (Roche et al.,
2002)] to the N-terminal region of KCNQ2, a guinea pig antiserum
against the N-terminal region of KCNQ3 [KCNQ3N, 1:100 (Cooper et
al., 2000, 2001)]; mouse monoclonal antibodies against NMDAR1 (1:
1000; Chemicon, Temecula, CA), Kv1.2 (1:50; Alomone Laboratories,
Jerusalem, Israel), ankyrin-G [1:500 (Jenkins and Bennett, 2001; Jenkins
et al., 2001)], or PanNav channels (1:50; Sigma, St. Louis, MO); rat
monoclonal antibody against E-cadherin (1:50; Zymed, San Francisco,
CA), or the heavy chain of neurofilament [NF-H, 1:10 (Lee et al., 1982,
1987)]. The slides were then washed several times and incubated with the
appropriate fluorescein- and rhodamine-conjugated donkey cross-
affinity-purified secondary antibodies (1:100; Jackson ImmunoResearch
Laboratories, West Grove, PA). Slides were mounted with Vectashield
(Vector Laboratories, Burlingame, CA), examined by epifluorescence
with tetramethylrhodamine isothiocyanate and FITC optics on a Leica
DMR light microscope, and photographed with a cooled Hamamatsu
camera. Confocal microscopy was performed with a Leica TCS laser
scanning confocal microscope.

Immunostainings obtained with the rabbit antisera against a peptide
(KCNQ2N) (Cooper et al., 2001) or a fusion protein (n-Q2, 1:1000)
(Roche et al., 2002) were identical in sciatic nerve, spinal cord, and brain.
Only the results obtained with the rabbit antisera against the peptide
(KCNQ2N) are shown here.

Immunoblots and immunoprecipitation. Cell lysates were prepared
from HeLa cells that stably expressed mouse KCNQ2 or rat KCNQ3, as
described previously (Wen and Levitan, 2002). Membranes were pre-
pared from frozen brain, spinal cord, sciatic nerve, and muscle from
Wistar rats (10 –12 weeks old) following a modified procedure of Hart-
shorne and Catterall (1984). Tissues were homogenized in ice-cold 0.32

M sucrose, 5 mM Tris-Cl, pH 7.4, containing protease inhibitors [2 mM

EDTA, 1 �g/ml leupeptin and aprotinin, and 0.5 mM phenylmethylsul-
fonyl fluoride (Sigma)], and the homogenates were centrifuged for 10
min at 750 � g. The supernatants were sedimented for 60 min at
17,000 � g, and the resulting pellets were resuspended in 1 mM EDTA, 5
mM TRIS, pH 8.2, plus protease inhibitors, homogenized, and placed on
ice for 30 min. The lysate membranes were then centrifuged 40 min at
27,000 � g, and the pellet (P3) was resuspended in 150 mM NaCl, 25 mM

Tris, pH 7.4, plus protease inhibitors and stored at �80°C. Protein con-
centration was determined using the Bio-Rad kit (Bio-Rad, Hercules,
CA). From each sample 100 �g of protein were loaded on a 5% SDS-
PAGE gel and then transferred onto a polyvinylidene difluoride mem-
brane. Membranes were blocked for 1 hr with 5% powdered skim milk–
0.5% Tween 20 in PBS and incubated with KCNQ2N (1:500) or the
guinea pig affinity-purified antiserum against KCNQ3 (1:500). After sev-
eral washes the blots were incubated in peroxidase-coupled secondary
antibodies against rabbit or guinea pig (1:2000; Jackson ImmunoRe-
search) for 1 hr at room temperature, washed several times, and revealed
using ECL plus (Amersham Biosciences, Arlington Heights, IL).

The P3 pellet (described above) was solubilized in 1.25% Triton
X-100, 0.1 mM KCl, 10 mM Tris-HCl, pH 7.4, plus protein inhibitors,
stored on ice for 15 min, and then centrifuged at 27,000 � g for 60 min.
The protein concentration of the supernatant (S4) was determined, and
200 �g of protein was incubated overnight with the primary antibody in
the presence of 0.1% BSA. The following antisera were used: rabbit anti-
serum against ankyrin-G (Jenkins and Bennett, 2001; Jenkins et al., 2001)
or KCNQ2 (KCNQ2N) and the guinea pig antiserum against KCNQ3
(KCNQ3N). Each sample was then incubated for 30 min at 4°C with 30
�l of protein-G–agarose beads (Invitrogen, Carlsbad, CA). After washing
three times with 0.1% Triton X-100, 1% BSA plus protease inhibitors,
bound proteins were released by boiling in 20 �l of SDS sample buffer for
2 min at 90°C. The released proteins were transferred to a 5% SDS-PAGE
gel and processed as described above for immunoblotting.

Electrophysiology. The sciatic nerve or optic nerves were quickly dis-
sected out from Wistar rats and transferred into artificial CSF (ACSF)
that contained (in mM): 126 NaCl, 3 KCl, 2 CaCl2, 2 MgSO4, 1.25
NaH2PO4, 26 NaHCO3, and 10 dextrose, pH 7.4 –7.5. Sciatic nerves were
cut into 2 cm segments and desheathed to maximize the access to drugs.
During the experiment, the nerves were kept in ACSF at 37°C in a 95%
O2–5% CO2 atmosphere perfused at a flow rate of 1–2 ml/min. For optic
nerves, suction electrodes were used for recording of compound action
potentials (CAPs) (Devaux et al., 2002). For sciatic nerves, a three-
compartment recording chamber was used; the distal end was stimulated
supramaximally (40 �sec duration) through two electrodes isolated with
Vaseline, and recordings were performed at the proximal end. Signals
were amplified, digitized at 500 Hz, and stored on a hard disk. The effects
of linopirdine (Sigma; solubilized in 50% ethanol) and retigabine
(Wyeth, Philadelphia, PA; solubilized in DMSO) were measured 30 – 45
min after application once they had reached a steady state. For pretreat-
ment experiments, nerves were incubated in linopirdine (20 �M) for 40
min and then retigabine was applied (in addition to linopirdine). For
recruitment analysis, the CAP amplitude was measured and plotted as a
function of the stimulation intensity. For the refractory period analysis,
two successive stimuli were applied at different intervals. The amplitude
of the highest peak of the second CAP was measured and plotted as a
function of the delay between the two stimuli.

Results
KCNQZ is a functional nodal K � channel in peripheral nerve
Using isoform-specific antibodies against N-terminal sequences
of KCNQ2 and KCNQ3, we immunolabeled fixed and unfixed
teased fibers and sections of adult rat sciatic nerve (Fig. 1). There
was intense KCNQ2 and KCNQ3 staining in unfixed nerves;
staining was weaker or even absent in fixed nerves. Two different
antisera localized KCNQ2 to narrow (�1 �m) bands that were
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regularly spaced along the length of my-
elinated axons (Fig. 1A–C). We directly
demonstrated that these bands were nodes
of Ranvier; KCNQ2 staining showed com-
plete concordance with other known
nodal makers: Nav channel � subunits
(PanNav) (Fig. 1C) and ankyrin-G (data
not shown). To demonstrate that KCNQ2
was localized to the axonal membrane, we
double-labeled teased fibers for KCNQ2
and neurofilament-heavy, a marker of the
cytosolic compartment, and used laser
scanning confocal microscopy to obtain
0.5-�m-thick optical sections. We ob-
served that KCNQ2 labeling closely ap-
posed the neurofilament labeling in the
nodal region, demonstrating that the la-
beling was membrane associated (Fig. 1B).
All PNS nodes appeared to contain
KCNQ2, not only in the sciatic nerve but
also in the dorsal and ventral roots and
intramuscular nerves (data not shown).
Finally, nodal KCNQ2 and juxtaparanodal
Kv1.2 staining did not overlap (Fig. 1D),
demonstrating that these two kinds of K�

channels have distinct localizations in my-
elinated axons.

Double labeling for KCNQ3 and
KCNQ2 directly demonstrated that these
two subunits were not colocalized (Fig.
1A). KCNQ3 immunoreactivity was
found in paranodes, in Schmidt-
Lanterman incisures, and in the outer me-
saxon of myelin sheaths, colocalizing with
E-cadherin (Fig. 1F), an adhesion mole-
cule previously shown in these same struc-
tures (Fannon et al., 1995). Thus, in con-
trast to KCNQ2, KCNQ3 is expressed by
Schwann cells and localized to non-
compact myelin. Double-labeling for
KCNQ3 and Kv1.2 showed that the “juxta-
incisural” staining of axonal Kv1.2 (Ar-
royo et al., 1999) complemented the inci-
sural staining of KCNQ3 in myelin sheaths
(Fig. 1E).

The above data suggested that KCNQ2
forms a nodal K� channel. To investigate
the role of KCNQ channels in modulating
the excitability of myelinated axons, we
studied the effects of compounds that affect KCNQ channels on
3-month-old rat sciatic nerves. Linopirdine (100 �M), a selective
KCNQ channel blocker (Wang et al., 1998), had no significant
effects on either the kinetics or the amplitude of the CAP (Fig.
1G) or on the refractory period of the nerves (data not shown).
Retigabine (20 �M), a compound that shifts the threshold of ac-
tivation of KCNQ2–5 channels to more negative potentials
(Rundfeldt and Netzer, 2000), delayed the time-to-peak of the
CAP from 0.27 � 0.02 to 0.34 � 0.01 msec (n � 4; p � 0.05) and
increased its duration from 3.2 � 0.3 to 4.8 � 0.4 msec (n � 4;
p � 0.01) (Fig. 1H). Both of these effects were abolished by li-
nopirdine (20 �M) (Fig. 1 I) or TEA (10 mM; data not shown).
These data, taken together, indicate that functional KCNQ chan-
nels are present at PNS nodes.

KCNQ2 is localized to CNS nodes and initial segments
Although spinal cord neurons, including motoneurons, express
KCNQ2 mRNA (Dedek et al., 2001), KCNQ2 has not been re-
ported in CNS nodes (Wang et al., 1998; Cooper et al., 2000, 2001).
We therefore immunolabeled sections of unfixed rat spinal cord for
KCNQ2, using Nav and ankyrin-G antibodies to mark the locations
of nodes. As in peripheral nerve, nodes were KCNQ2 positive (Fig.
2B,C), and KCNQ2 nodal staining did not overlap with Kv1.2 jux-
taparanodal staining (Fig. 2D). Finally, we detected KCNQ2 in ini-
tial segments throughout the gray matter, colocalized with Nav or
ankyrin-G (Fig. 2B, insets). Motoneuron cell bodies themselves, the
largest neurons (10–30 �m in diameter) in the ventral horn, were
diffusely KCNQ2 positive, but their initial segments were intensely
labeled (Fig. 2A).

Figure 1. KCNQ2 is localized to PNS nodes of Ranvier. These are images of unfixed teased fibers from adult rat sciatic nerves
immunolabeled for KCNQ2 ( A–D) or KCNQ3 (A, E, F ) and Nav channels � subunits (PanNav ) ( C), Kv1.2 (D, E), or E-cadherin ( F).
KCNQ2 and KCNQ3 are distinctly localized ( A). A single optical section obtained by confocal microscopy shows that KNCQ2 (red) is
localized to the axonal membrane, as shown by comparison to NF-H staining (B, green). KCNQ2 is colocalized with Nav channels at
nodes of Ranvier ( C), whereas KCNQ3 (A, E, F ) is localized at incisures (green double arrows) and outer mesaxons (green arrows),
where it is colocalized with E-cadherin ( F). Kv1.2 is localized to the axonal membrane at juxtaparanodes (D, green double
arrowheads), “juxta-mesaxons” (aligned with the glial inner mesaxon) (E, red arrows), and the “juxta-incisures” (aligned with the
inner aspect of incisures) (E, red double arrows), locations that are distinct from those of KCNQ2 and KCNQ3. G–I, Compound action
potential recorded from 3-month-old rat sciatic nerves. Linopirdine (100 �M) did not change the shape of the CAP recorded from
adults ( G). By contrast, retigabine (20 �M) delayed the onset of the CAP ( H ); these effects were blocked by pretreating the nerves
with linopirdine (20 �M) (I ). Scale bars: B, 5 �m; A, C–F, 10 �m.
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Distribution of KCNQ3 in spinal cord
To determine whether KCNQ3 colocalized with KCNQ2, we
double- or triple-labeled unfixed spinal cord sections for KCNQ3
and KCNQ2, as well as for Kv1.2, Kv3.1b, and ankyrin-G. The
entire gray matter had robust but diffuse KCNQ3 staining, but it
was distinct from that of Kv1.2, Kv3.1b (data not shown), and
KCNQ2; KCNQ3 and KCNQ2 staining showed little overlap. No
KCNQ3 labeling was seen in neuronal cell bodies or initial seg-
ments, including those of motoneurons (Fig. 3A). White matter
contained KCNQ3-positive strands that were in GFAP-positive
cells (Fig. 3D), indicating that astrocytes express KCNQ3. In
white matter, we could detect KCNQ3 staining in many but not
all nodes (Fig. 3B). Nodal KCNQ3 staining was not apparent in
gray matter, which contains an even higher density of nodes (Ar-
royo et al., 2001). Both the smaller sizes of nodes and the higher
level of KCNQ3 staining in gray matter may contribute to the
difficulty in detecting KCNQ3-positive nodes. In white matter,
some KCNQ3 node-like clusters appeared to overlap with
tenascin-R (Fig. 3C), a marker of nodal astrocytic processes
(ffrench-Constant et al., 1986; Bartsch et al., 1992; Arroyo et al.,
2001). Whether the KCNQ3 immunoreactivity detected at spinal
cord nodes is neuronal or associated with the apposed mem-
branes of the astrocytic end feet is beyond the resolution afforded
by light microscopy. Finally, we also noted KNCQ3 labeling of
the pial membrane, capillaries (see Fig. 5B, asterisk), and ependy-

mal cells; in each of these cell types, KCNQ3 immunoreactivity
was highly clustered at cell borders (data not shown).

Ankyrin-G clustering precedes that of KCNQ2
Ankyrin-G is the first component that becomes clustered at
nodes and initial segments during development (Jenkins and
Bennett, 2001, 2002). To evaluate KCNQ2 in this context, we
examined immunolabeled sections of unfixed rat spinal cord at
intervals of postnatal development. At postnatal day (P) 4, 26% of
ankyrin-G nodal clusters in presumptive white matter tracts were
KCNQ2 positive (n � 84) (Fig. 4A); none of the ankyrin-G-
positive initial segments in gray matter were KCNQ2 positive
(Fig. 4A, insets). At P8, both the number and the density of
ankyrin-G-positive nodes were higher, and 68% were KCNQ2
positive (n � 393) (Fig. 4B); many initial segments were also
KCNQ2 positive (Fig. 4B, insets). At P12 and P15, the percentage
of KCNQ2-positive nodes increased to 81% (n � 382) and 91%
(n � 263) (Fig. 4C), respectively. Thus, KCNQ2 clustering at
nodes and initial segments, like Nav, occurs after that of
ankyrin-G. To determine whether KCNQ2 is retained at nodes
after demyelination, we double-labeled sections of P21 myelin-

Figure 2. KCNQ2 is localized to CNS nodes and initial segments. These are images of sections
of unfixed rat spinal cord, immunolabeled for KCNQ2 and NMDAR1 ( A), ankyrin-G ( B), Nav ( C),
or Kv1.2 ( D); the merged image in A was also stained with the nuclear counterstain 4�,6�-
diamidino-2-phenylindole. KCNQ2 labeling is concentrated in an initial segment (arrowhead) of
an NMDAR1-positive motoneuron found in the ventral horn of spinal cord ( A). KCNQ2 is colo-
calized with both ankyrin-G ( B) and Nav ( C) at nodes in the white matter and also at initial
segments (B, C, insets are from motoneurons). By contrast, Kv1.2 is confined to the juxtapara-
nodes and does not colocalize with KCNQ2 ( D). Scale bars: (including insets) 10 �m.

Figure 3. Distribution of KCNQ3 in the spinal cord. These are images of sections of unfixed rat
spinal cord, immunostained as indicated. A, KCNQ3 staining surrounds the soma of a motoneu-
ron in the ventral horn of the spinal cord but does not label the soma itself or the initial segment
(arrowhead). B, Longitudinal section of the white matter stained for KCNQ3 (green) and KCNQ2
(red). Some KCNQ2-positive nodes are also KCNQ3 positive (arrowheads), whereas others are
KCNQ3 negative (asterisks). Insets show transverse sections of both KCNQ3-positive (bottom)
and KCNQ3-negative (top) nodes. C, Transverse section of the white matter stained for KCNQ3,
ankyrin-G, and tenascin-R. KCNQ3 and tenascin-R appear to surround ankyrin-G-positive nodes.
D, Transverse section of the white matter stained for KCNQ3 and GFAP, showing partially over-
lapping immunoreactivity in astrocytes (arrows). Scale bars: B, C, 5 �m; A, D, 10 �m.
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deficient rat spinal cord. In these mutants, clusters of ankyrin-G
and Nav channels initially form adjacent to ensheathed axonal
segments and persist even after oligodendrocyte death (Arroyo et
al., 2002). Similarly, KCNQ2 colocalized with Nav in node-like
clusters (Fig. 4D). Thus, the axoglial contact is not essential to
maintain node-like KCNQ2 clusters.

Distribution of KCNQ2 and KCNQ3 in brain
Previous studies did not note KCNQ2 in nodes or initial seg-
ments of hippocampal and cortical neurons (Wang et al., 1998;
Cooper et al., 2000, 2001), although Nav and ankyrin-G are
known to be present there (Komada and Soriano, 2002). To in-
vestigate this issue, we double- and triple-labeled horizontal sec-
tions of unfixed mouse brain for KCNQ2, KCNQ3, and
ankyrin-G. In CA3 (Fig. 5A), CA1 (Fig. 5C), and the polymorphic
layer of the dentate gyrus (data not shown), most ankyrin-G-
positive initial segments were KCNQ2 positive. As reported pre-
viously (Wang et al., 1998; Cooper et al., 2001), KCNQ2 labeling
was seen in the somatodendritic compartment of pyramidal cells
but was more intense in the axons of the mossy fibers layer (Fig.
5A, B). In our material, however, the most pronounced KCNQ2
staining was in initial segments, although this differed strikingly
between brain regions. Many initial segments were strongly
KCNQ2 positive in the brainstem, striatum, and neocortex (Fig.
5D), particularly layer 3, whereas those in the cerebellum (Pur-
kinje cells) and olfactory bulb typically had little or no KCNQ2
staining (data not shown). This variation was reliably and repro-
ducibly observed, even in the same section. The proportion of

nodal KCNQ2 also appeared to vary in different brain regions,
raising the possibility that the neurons that have KCNQ2 in their
initial segments also have KCNQ2 in their nodes.

Unlike spinal cord, many initial segments of pyramidal neu-
rons in CA3 (Fig. 5B), CA1 (Fig. 5C), and temporal neocortex
(Fig. 5D), as well as striatum (data not shown), were both
KCNQ2 and KCNQ3 positive. KCNQ3 labeling was typically
weaker than that of KCNQ2, and some KCNQ2-positive initial
segments were KCNQ3 negative (even in regions with the highest
proportion of KCNQ2 labeling). All KCNQ3-positive initial seg-
ments were also KCNQ2 positive. These results, taken together,
suggest that a subset of neurons express KCNQ3 in their initial
segments, always in association with KCNQ2, which in turn is
present in most but not all initial segments.

KCNQ2 and KCNQ3 are present in the myelinated tracts
To confirm the presence of KCNQ2 and KCNQ3 in myelinated
tracts, we prepared immunoblots of membranes from rat sciatic
nerve, spinal cord, and brain. HeLa cells that expressed mouse
KCNQ2 or rat KCNQ3 were used as positive controls and molec-
ular weight indicators for KCNQ2 and KCNQ3; skeletal muscle
membranes were used as a negative control. Bands correspond-
ing to KCNQ2 (Fig. 6A) and KCNQ3 (Fig. 6B) were detected in
transfected HeLa cells as well as in brain and spinal cord mem-
branes. KCNQ3 was also detected in sciatic nerve (Fig. 6B). The
failure to detect KCNQ2 was expected because the nodal mem-
brane is a tiny fraction of this membrane preparation, and we
have not been able to detect other nodal components in immu-
noblots of peripheral nerve (data not shown). Bands correspond-
ing to KCNQ2 and KCNQ3 could be immunoprecipitated from
optic nerve membranes (a purely central myelinated tract), con-
firming that KCNQ2 and KCNQ3 are expressed in myelinated
tracts (Fig. 6C). Hippocampal membranes were used as positive
control (Wang et al., 1998; Cooper et al., 2000, 2001).

Nodal Nav channels are linked to the spectrin cytoskeleton by
ankyrin-G (Jenkins and Bennett, 2001, 2002). To determine
whether KCNQ2 interacts with ankyrin-G, we performed coim-
munoprecipitation experiments of solubilized rat brain mem-
branes. An ankyrin-G antiserum immunoprecipitated numerous
ankyrin-G isoforms (Fig. 6D) and also KCNQ2 (Fig. 6E, aster-
isk). The KCNQ2 antiserum immunoprecipitated KCNQ2 (Fig.
6E) and also a �97 kDa ankyrin-G isoform; this band was also
seen in the ankyrin-G-immunoprecipitated lane (Fig. 6D, arrow-
head). Ankyrin-G isoforms were not immunoprecipitated by an-
tisera against KCNQ3 (Fig. 6D) or Kv1.2 (data not shown). These
results suggest that KCNQ2 interacts with ankyrin-G, either di-
rectly or indirectly.

Differential effects of KCNQ modulators on CNS axons
during development
To determine whether CNS nodes have functional KCNQ chan-
nels, we tested the effects of linopirdine and retigabine on
3-month-old rat optic nerve in which nearly every (ankyrin-G
positive) node was strongly KCNQ2 positive (Fig. 7A), whereas a
few were weakly KCNQ3 positive (Fig. 7B). The CAP has a tripha-
sic shape because of the presence of three populations of myelin-
ated axons. Linopirdine (100 �M) did not affect the shape of the
CAP (Fig. 7C) or its refractory period (Fig. 7G). Retigabine (20
�M) delayed the onset of all three phases of the CAP (Fig. 7D) and
significantly increased its duration, from 4.9 � 0.5 to 11.7 � 2.9
msec (n � 5; p � 0.01). These effects were maximal at 20 �M and
were abolished by linopirdine (20 �M) (Fig. 7E). Thus, CNS
nodes appear to have functional KCNQ channels.

Figure 4. Localization of KCNQ2 in the developing rat spinal cord. These are images of un-
fixed longitudinal sections of spinal cord from P4 ( A), P8 ( B), and P15 ( C) rats, as well as P21
myelin-deficient rats ( D), double labeled for KCNQ2 (red) and ankyrin-G or Nav (green). At P4
( A), few nodes (arrowheads) and no initial segments (insets) are KCNQ2 positive. At P8 ( B),
many nodes (arrowheads) and initial segments (insets) are KCNQ2 positive. At P15 ( C), nearly
all nodes and initial segments are KCNQ2 positive. In the spinal cord white matter of P21
myelin-deficient rats ( D), where axons are undergoing demyelination because of oligodendro-
cytes cell death, KCNQ2 remained colocalized with Nav in node-like clusters. Scale bar: (includ-
ing insets) 10 �m.
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Mutations in KCNQ2 and KCNQ3 cause seizures during the
first months of life, a period of robust CNS myelination (Rorke
and Riggs, 1969). To investigate the possibility that the effects of
KCNQ channels might be more robust before myelination, we
examined the effects of linopirdine on the rat optic nerve at sev-
eral developmental stages (P5, P11, P17, and 3 months). In this
preparation, myelination starts at approximately P8 and is com-
plete by P40 (Devaux et al., 2002). As shown previously (Devaux
et al., 2002), the CAP recorded at P5 is slow and monophasic; an
additional faster phase first appears around P11, corresponding
to the first myelinated fibers (Fig. 7F, arrowhead); the CAP be-
comes triphasic and faster as myelination proceeds (Fig. 7F). At
P5 and P11, linopirdine (100 �M) increased the duration and
amplitude of the CAP (Fig. 7F), resulting in an increased refrac-
tory period (Fig. 7G). At P17 and later, linopirdine had little effect
on the CAP amplitude (except for increasing the late hyperpolar-
ization) and no effect on the refractory period (Fig. 7F,G). Sim-
ilar results have been observed previously with TEA (Devaux et
al., 2002), suggesting that TEA and linopirdine may block the
same channels. In accord with this possibility, pretreating neona-
tal optic nerves with linopirdine completely occluded the effects
of TEA (10 mM; data not shown). These results suggest that
KCNQ channels have a more prominent role in axons before
myelination.

Discussion
KCNQ2 is localized at nodes and initial segments
Unlike previous studies (Wang et al., 1998; Cooper et al., 2000,
2001), we found KCNQ2 and KCNQ3 in nodes and initial seg-
ments. We used similar methods and even some of the same
antisera against KCNQ2 and KCNQ3, but we did not fix the

tissue with aldehydes. Previous reports typically fixed specimens
for many hours. Furthermore, Triton improved the detection of
KCNQ2 and KCNQ3 at initial segments and nodes (data not
shown), suggesting that they may be relatively Triton insoluble
and tethered to the cytoskeleton, as described for L1 (Winckler et
al., 1999). Given our findings, the cellular localization of KCNQ2
and KCNQ3 in other brain regions should be reinvestigated on
unfixed sections, as should the localization of KCNQ5, which is
widely expressed in the CNS and can coassemble with KCNQ3
(Shah et al., 2002; Yus-Najera et al., 2003). KCNQ2 and KCNQ3
may have an important role in initial segments, because they can
be modulated by metabotropic receptors via G-proteins (Sely-
anko et al., 2000; Shapiro et al., 2000). Thus, the activity gener-
ated in initial segments could be regulated by modulatory neuro-
transmitters secreted at axo-axonic synapses (Conradi, 1969).

Most nodal proteins (Na� channel � and � subunits, �IV
spectrin, neurofascin, and Nr-CAM) interact with ankyrin-G
(Bennett and Chen, 2001; Bouzidi et al., 2002; Malhotra et al.,
2002) and are recruited after ankyrin-G in nodes and initial seg-
ments during development (Jenkins and Bennett, 2001, 2002), as
observed for KCNQ2. These proteins fail to cluster in Purkinje
cell initial segments in ankyrin-G-null cerebella (Zhou et al.,
1998). Because Purkinje cell initial segments express little
KCNQ2, ankyrin-G-null Purkinje cells were not informative in
this regard (data not shown). The isoform of ankyrin-G that
interacts with KCNQ2 appears identical to the one that interacts
with Kv3.1b, a CNS nodal K� channel (Devaux et al., 2003). This
�97 kDa isoform is much smaller than the established nodal
isoforms (270 and 480 kDa) (Kordeli et al., 1995). In addition to
the possibility that it is a novel nodal isoform, it could be a non-

Figure 5. Colocalization of KCNQ2 and KCNQ3 in initial segments of cortex. These are images of horizontal sections of unfixed mouse brain immunolabeled for KCNQ2, KCNQ3, and ankyrin-G; DAPI
was used as a nuclear counterstain in A and B. In the CA3 region of the hippocampus, many initial segments in the stratum pyramidale (sp), as well as the mossy fibers of the stratum lucidum (sl),
are strongly KCNQ2 positive ( A). The stratum radiatum (sr) and stratum oriens (so) are indicated. KCNQ3 was found with KCNQ2 in the initial segments of some pyramidal cells in CA3 but also in the
mossy fibers ( B). KCNQ3 colocalized with both ankyrin-G and KCNQ2 in the initial segment of neurons from the CA1 ( C) and temporal neocortex ( D). The asterisk in B marks a KCNQ3-positive blood
vessel. Scale bars, 20 �m.
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nodal isoform or a protease degradation product. Thus, it re-
mains to be determined whether KCNQ2 and ankyrin-G interact
directly or indirectly. Because our KCNQ2 antisera recognize all
of the described KCNQ2 splice variants (Cooper et al., 2001; Pan
et al., 2001; Smith et al., 2001), we cannot evaluate the possibility
that different isoforms interact with distinct anchoring proteins
that dictate their localization in axonal versus somatodendritic
compartments.

KCNQ2 and Ks

A slowly activating, voltage-dependent K� current, Ks, has long
been described in vertebrate nodes (Dubois, 1981; Roper and
Schwarz, 1989; Corrette et al., 1991; Safronov et al., 1993). The
characteristics of its activation and pharmacology are similar to
those of KCNQ2: slow kinetics of activation and deactivation, no
inactivation, and blockage by TEA but not by 4-aminopyridine
(4-AP). The similarities between Ks and IM were noted soon after
these currents were first recorded (Dubois, 1983), and KCNQ
channels are the only known K� channels with these character-
istics (for review, see Coetzee et al., 1999).

The effects of linopirdine and retigabine on axonal conduc-
tion favor the idea that axons have functional KCNQ channels.
The slowing in conduction velocity observed after retigabine may
be accounted for by a decrease in nodal membrane resistance.
Indeed, at the concentration used here, retigabine shifts the
threshold of activation of the IM recorded in rat sympathetic
neurons and in cells expressing KCNQ2, KCNQ3, or KCNQ4
(Tatulian et al., 2001) but not of Kv1, Kv2, Kv3, or ether-a-go go
(eag) channels (Rundfeldt, 1999; Rundfeldt and Netzer, 2000).
Linopirdine antagonized these effects at a concentration that
completely blocks KCNQ channels but only partially affects other
K� channels; the IC50 on Kv1.2, Kv4.3, and eag channels is three-
to fourfold higher than the concentration that we used (Wang et

Figure 6. Immunoblots and immunoprecipitations. A, B, Immunoblot analysis. Membrane
proteins (100 �g) from rat muscle, sciatic nerve, spinal cord, and brain, and HeLa cell lysates (10
�g) were separated by electrophoresis and immunoblotted for KCNQ2 ( A) or KCNQ3 ( B). Bands
corresponding to the molecular mass of KCNQ2 and KCNQ3 expressed in HeLa cells (�97 kDa) were
detected in both spinal cord and brain. KCNQ3, but not KCNQ2, was detected in sciatic nerve mem-
brane. C, Immunoprecipitations of KCNQ2 and KCNQ3. Rat optic nerve and hippocampal membranes
(200 �g) were immunoprecipitated for KCNQ2 and KCNQ3 and then immunoblotted with KCNQ2 or
KCNQ3antisera.KCNQ2andKCNQ3weredetectedinbothsamples.MWmarkersareshownontheleft
(in kilodaltons). D, E, Coimmunoprecipitations of KCNQ2 and ankyrin-G. Rat spinal cord membranes
(200 �g) were immunoprecipitated for KCNQ2 or ankyrin-G and then immunoblotted for ankyrin-G
( D) and KCNQ2 ( E). A �97 kDa isoform of ankyrin-G was pulled down by the KCNQ2. The ankyrin-G
antiserum pulled down multiple ankyrin-G isoforms, including the �97 kDa isoform. KCNQ2 (aster-
isk) was immunoprecipitated by both the ankyrin-G and the KCNQ2 antisera. MW markers are shown
ontheleft(inkilodaltons). InE, theimmunoblotforKCNQ2isshownfortwofilmexposuretimes:3min
(3�) and 10 min (10�).

Figure 7. KCNQ2 modulates the excitability of premyelinated fibers. A, B, Images of horizon-
tal sections of unfixed rat optic nerve immunolabeled for ankyrin-G and KCNQ2 ( A) or KCNQ3
( B). Virtually all ankyrin-G nodes are strongly KCNQ2 positive, but a few are weakly positive for
KCNQ3. Scale bar, 10 �m. C, E, CAPs recorded from 3-month-old rat optic nerves. Linopirdine
(100 �M) did not affect the CAP (n � 5) ( C), but retigabine (20 �M) delayed the onset of the
CAP (n � 5) ( D). The effects of retigabine were blocked by pretreating the nerves with linopir-
dine (20 �M; n � 4) ( E). F, G, CAPs recorded from P5, P11, P17, and 3-month-old rat optic
nerves. Linopirdine (100 �M) increased the duration ( F) and refractory period ( G) of the CAP at
both P5 (n � 2) and P11 (n � 4) but not at P17 (n � 2) or 3 months (n � 5). For the refractory
period, two stimuli are applied, and the amplitude of the highest peak of the second evoked CAP
is measured.
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al., 1998). Furthermore, linopirdine but not dendrotoxin-I or
4-AP (Devaux et al., 2002) mimics the effects of TEA on neonatal
nerves. The above data, taken together, suggest that KCNQ2 me-
diates the Ks. Although Ks activates at more hyperpolarized volt-
ages and with a less steep voltage dependence than that of
KCNQ2, a similar discrepancy exists between the hair cell cur-
rent, Kn, and KCNQ4, the subunit that is thought to underlie it
(Kharkovets et al., 2000).

How do KCNQ2 mutations cause BFNC and myokymia?
The R207W mutation has markedly slowed and shifted activation
kinetics and has a dominant-negative effect on wild-type KCNQ2
(Dedek et al., 2001). This mutation may decrease the K� conduc-
tance at nodes and thereby depolarize the membrane potential
and cause spontaneous firing in myelinated axons. Although nei-
ther TEA nor linopirdine induces spontaneous firing in nerve
fibers, clinical evidence demonstrates that myokymia is likely
generated in the intramuscular aspect of motor axons (Auger et
al., 1984; Dedek et al., 2001). In KCNA1-null mice, the last node
of Ranvier (at the neuromuscular junction) appears more prone
to produce spontaneous APs and underlie myokymia (Zhou et
al., 1999). Kv1.1 and Kv1.2 may also compensate for the blockade
of KCNQ2, because spontaneous APs have been observed in
mammalian PNS myelinated fibers only after treatment with
both TEA (which blocks KCNQ channels) and 4-AP (which
blocks Kv1 channels) (Bergmann et al., 1968; Eng et al., 1988;
Zhou et al., 1999).

The effects of linopirdine before myelination raise the possi-
bility that unmyelinated or premyelinating axons play a key role
in the origin of seizures in BFNC. If unmyelinated axons express
KCNQ2 and KCNQ3, then KCNQ2 and KCNQ3 mutants with
reduced channel activity might cause excessive firing that leads to
seizures. Kv1.1 and Kv1.2 channels provide an important prece-
dent for this suggestion, because these channels prevent the gen-
eration of repetitive firing after the AP in neonatal PNS myelin-
ated nerve (Vabnick et al., 1999). Seizures also occur in patients
with mutations in KCNA1 (Browne et al., 1994; Zuberi et al.,
1999) and KCNA1-null mice (Smart et al., 1998). These similar-
ities imply that axonal defects may be the cause of some kinds of
epilepsy. Just as spontaneous firing in motor axons can lead to
myokymia in the PNS, in the CNS it could lead to seizures.
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