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We herein demonstrate that Kv3.1b subunits are present at nodes of Ranvier in the CNS of both rats and mice. Kv3.1b colocalizes with
voltage-gated Na � channels in a subset of nodes in the spinal cord, particularly those of large myelinated axons. Kv3.1b is abundantly
expressed in the gray matter of the spinal cord, but does not colocalize with Na� channels in initial segments. In the PNS, few nodes are
Kv3.1b-positive. During the development of the CNS, Kv3.1b clustering at nodes occurs later than that of Na� channels, but precedes the
juxtaparanodal clustering of Kv1.2. Moreover, in myelin-deficient rats, which have severe CNS dysmyelination, node-like clusters of
Kv3.1b and Na � channels are observed even in regions devoid of oligodendrocytes. Ankyrin G coimmunoprecipitates Kv3.1b in vivo,
indicating that these two proteins may interact in the CNS at nodes. 4-Aminopyridine, a K� channel blocker, broadened the compound
action potential recorded from adult rat optic nerve and spinal cord, but not from the sciatic nerve. These effects were also observed in
Kv3.1-deficient mice. In conclusion, Kv3.1b is the first K� channel subunit to be identified in CNS nodes; but Kv3.1b does not account for
the effects of 4-aminopyridine on central myelinated tracts.
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Introduction
The distribution of ion channels in the axonal membrane of
mammalian myelinated fibers is sharply defined (Arroyo and
Scherer, 2000; Peles and Salzer, 2000; Rasband and Shrager,
2000). In both the CNS and the PNS, voltage-gated Na� (Nav)
channels are concentrated at nodes of Ranvier, whereas Kv1.1
and Kv1.2 K� channels are concentrated in the juxtaparanodal
regions, separated from Nav channels by paranodal septate-like
junctions. The localization of these ion channels is maintained by
specific interactions with the axonal cytoskeleton. The anchoring
of Nav channels requires their interaction with ankyrin G (Jen-
kins and Bennett, 2001, 2002), but does not require paranodal
septate-like junctions (Bhat et al., 2001; Boyle et al., 2001; Mathis
et al., 2001; Arroyo et al., 2002). By contrast, the juxtaparanodal
localization of the Kv1.1/1.2 depends on the integrity of paran-
odal septate-like junctions (Dupree et al., 1999; Bhat et al., 2001;
Boyle et al., 2001; Arroyo et al., 2002; Honke et al., 2002; Marcus
et al., 2002).

Multiple K� currents have been recorded in myelinated PNS
axons, called I-, F-, and S-type currents. The I-type current has
characteristics similar to those mediated by Kv1.1 and Kv1.2 (Sa-
fronov et al., 1993; Reid et al., 1999), including sensitivity to the
K� channel blocker 4-aminopyridine (4-AP). The sequestration
of Kv1.1 and Kv1.2 under the myelin sheaths in developing

nerves correlates with the diminishing effects of 4-AP (Vabnick et
al., 1999). In adults, 4-AP has weak effects on myelinated fibers
(Kocsis et al., 1983), leading only to the appearance of re-
excitation in sensory fibers (Eng et al., 1988). In agreement with
the idea that Kv1.1 and Kv1.2 are the 4-AP-sensitive channels of
PNS myelinated fibers, the absence of Kv1.1 also results in abnor-
mal re-excitation of adult myelinated axons (Zhou et al., 1998,
1999).

In contrast to the PNS, 4-AP broadens the action potential
(AP) of myelinated fibers in the mature CNS, suggesting that
some K� subunits may be localized in nodes, and are involved in
repolarization (Gordon et al., 1988; Devaux et al., 2002). Kv1.1
and Kv1.2 are unlikely to mediate these effects of 4-AP, because
they are sequestered under the myelin sheath as in the PNS (Ras-
band et al., 1999b). Although nodal Kv subunits have not been
described, F-type currents have some pharmacological and elec-
trophysiological similarities with members of the Shaw family
(Rettig et al., 1992), especially Kv3.1 and Kv3.2. We investigated
this issue, and herein describe that Kv3.1b subunits are present at
many CNS nodes. The nodal clustering of Kv3.1b occurs later
than that of the Nav channels during development, but precedes
the clustering of Kv1.2 in the juxtaparanode. Node-like clusters
of Kv3.1b were seen in myelin-deficient (md) rats, which have
severe CNS dysmyelination, indicating that the maintenance of
Kv3.1b clusters does not require septate-like junctions. Kv3.1b
coimmunoprecipitated with ankyrin G in brain membranes, sug-
gesting a direct or indirect interaction between these proteins.
Because 4-AP broadened the compound action potential (CAPs)
of the optic nerve in both normal and Kv3.1-deficient mice to the
same extent, Kv3.1b alone did not seem to mediate the effect of
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4-AP. We conclude that Kv3.1b is a novel component of CNS
nodes.

Materials and Methods
Animals. Postnatal day 21 (P21) male md rats (which have obvious
tremor and gait difficulties) and their wild-type (WT) male littermates
were obtained from a colony at the University of Pennsylvania. Three-
month-old Kv3.1-deficient mice (mixed genetic background 129/Sv �
C57BL/6) were obtained from a colony at the University of Texas South-
western Medical Center (Ho et al., 1997).

Immunostaining. 129/Sv mice or Wistar rats were overdosed with pen-
tobarbital and decapitated with a guillotine. The spinal cords and optic
nerves were removed, embedded in OCT, and frozen. Cryostat sections
(5–10 �m) were cut, thaw mounted on SuperFrost Plus glass slides (Fish-
er Scientific, Pittsburgh, PA) and stored at �20°C. The sciatic nerves
were placed in ice-cold PBS and teased into small bundles on SuperFrost
Plus glass slides, dried overnight at room temperature (RT), and stored at
�20°C. Sections and teased fibers were permeabilized by immersion in
�20°C acetone for 10 min, blocked at RT for at least 1 hr in 5% fish skin
gelatin containing 0.5% Triton X-100 in PBS, and incubated overnight at
4°C with the primary antibodies diluted in blocking solution. Rabbit
antisera against Kv3.1b or Kv3.2 (#APC-014, diluted 1:100; Alomone
Labs, Jerusalem, Israel), and mouse monoclonal antibodies raised against
Kv1.2 (diluted 1:100; Upstate Biotechnology, Lake Placid, NY), MAG
(513, diluted 1:100; Boehringer Mannheim, Indianapolis, IN), and Pan-
Nav channels (diluted 1:50; Sigma, St. Louis, MO) were used. After incu-
bating with the primary antibodies, the slides were washed, incubated
with the appropriate fluorescein- and rhodamine-conjugated donkey
cross-affinity-purified secondary antibodies (diluted 1:100; Jackson Im-
munoResearch, West Grove, PA), and mounted on glass slides with
Vectashield (Vector Laboratories, Burlingame, CA). The slides were ex-
amined by epifluorescence with the appropriate filters on a Leica DMR
light microscope and photographed with a Hamamatsu (Tokyo, Japan)
digital camera, followed by image manipulation with Adobe Photoshop
(Adobe Systems, San Jose, CA). For the quantitative study, transverse
sections of thoracic spinal cord from two mice were immunolabeled for
Kv3.1b and PanNav channel. The diameters of every node stained with
PanNav channel antibody were measured using the software Image-Pro
Plus (Media Cybernetics, Silver Spring, MD), and each node was scored
as Kv3.1b-positive or Kv3.1b-negative. Nodes were binned according to
their diameter; measurements are represented as means � SD.

The specificity of Kv3.1b antisera was demonstrated using a preab-
sorption experiment. One microgram of antiserum was mixed with 5 �g
of its cognate peptide, and was incubated for 1 hr at RT according to the
manufacturer’s instructions. Then slides of mouse spinal cord were la-
beled with both PanNav channels and “blocked” Kv3.1b antisera. Total
disappearance of the labeling for Kv3.1b was observed (data not shown).

Coimmunoprecipitation and immunoblotting. Brain and spinal cord
membrane were prepared by a modification of the method of Hartshorne
and Catterall (1984). The brains and spinal cords from adult 129/Sv mice
or Wistar rats were minced, homogenized in ice-cold 0.32 M sucrose, 5
mM Tris/HCl, pH 7.4, plus protease inhibitors (2 mM EDTA, 0.5 mM

amidinophenylmethanesulfonyl fluoride, 1 �g/ml of aprotinin, pepsta-
tin A and leupeptin), and centrifuged at 750 � g for 10 min. Supernatants
(S1) were sedimented at 17,000 � g for 60 min. The pellet (P2) was lysed
in 1 mM EDTA, 5 mM Tris/HCl, pH 8.2, plus protease inhibitors, homog-
enized, and sedimented at 27,000 � g for 40 min. The pellet (P3), a brain
membrane preparation, was solubilized in 1.25% Triton X-100, 0.1 mM

KCl, 10 mM Tris/HCl, pH 7.4, plus protease inhibitors, stored on ice for
15 min and centrifuged at 27,000 � g for 60 min. The supernatant (S4)
was incubated with the primary antibody overnight at 4°C in the pres-
ence of 0.1% BSA. Two hundred micrograms of protein were incubated
with 13.3 �l of rabbit antisera against Kv3.1b or Kv3.2, with 4 �l of mouse
monoclonal antibodies raised against Kv1.2, or with 4 �l of affinity-
purified rabbit antiserum against ankyrin G. Extracts were incubated
with 30 �l of protein G–agarose (Invitrogen, Carlsbad, CA) during 30
min at 4°C. After washing three times with 0.1% Triton X-100, 1% BSA,
0.1 mM KCl, 10 mM Tris/HCl, pH 7.4, and protease inhibitors, the bound
proteins were released by boiling in 20 �l of SDS sample buffer for 2 min.

The released proteins were separated in a 5% SDS-PAGE gel, then elec-
trotransferred to polyvinylidene difluoride (PVDF) membranes. After
blocking with 5% nonfat milk in PBS for 1 hr, membranes were incu-
bated with a rabbit antiserum against Kv3.1b (1:500), Kv3.2 (1:500), or
ankyrin G (1/1000) at 4°C overnight. After several rinses, the PVDF

Figure 1. Localization of Kv3.1b in the adult mouse spinal cord. Transverse sections of un-
fixed thoracic spinal cord were double labeled with a rabbit Kv3.1b antiserum [tetramethylrho-
damine isothiocyanate (TRITC)] and a “pan” monoclonal antibody (FITC) against Nav channels
(panNav ). In the lateral (A, B) and ventral (C, D) columns of the spinal cord, the majority of the
nodes were double labeled, but in the dorsal column (dc) and especially in the corticospinal tract
(cst) (E, F ), only a subset of nodes were Kv3.1b-positive. Note the intense staining for Kv3.1b in
the dorsal horn (dh) and ventral horn (vh) of the spinal cord. In Kv3.1-deficient (�/�) mouse,
no labeling was observed for Kv3.1b (the ventral column is shown) (G, H ). Scale bar, 20 �m.
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membrane was incubated with horseradish peroxidase-conjugated don-
key anti-rabbit secondary antibody (1:5000; Jackson ImmunoResearch),
washed several times, and the signal was revealed using ECL Plus (Am-
ersham Biosciences, Arlington Heights, IL) according to the manufactur-
er’s instructions. For immunoblots of brain and spinal cord, tissues were
prepared as described above, and the P3 pellet was solubilized in SDS
sample buffer and heated for 2 min at 90°C. For optic and sciatic nerves,
tissues were diced into small pieces, and heated in SDS sample buffer for
4 min at 90°C, and insoluble material was removed by centrifugation at
10,000 rpm for 10 min. For each tissue, 100 �g of protein was loaded on
7.5% SDS-PAGE, and proteins were treated as described above. Protein
concentrations were determined using a Bio-Rad (Hercules, CA) kit.

Comparison of the cytoplasmic binding sites for ankyrin G of several
proteins to the cytoplasmic domain of Kv3.1b. The homology of sequences
between Kv3.1b and the consensus binding sites for ankyrin G found in
several L1 CAM family members, �-Na �, K �-ATPase, and CD44 were

determined using BLAST searches for the
following sequences: ESDDSLVDYGEGG-
EGQFNEDGSFIGQY for L1 CAM (Zhang et
al., 1998a), NGGNGTVEDRKPSEL for CD44
(Bourguignon et al., 1998), and SYYQE-
AKSSKIMESFKNMVPQQALV for �-Na�,K�-
ATPase (Zhang et al., 1998b). No homologies
were found between these sequences and that of
Kv3.1b.

Electrophysiology. Wistar rats, 129/Sv mice,
or Kv3.1-deficient mice were overdosed with
pentobarbital and decapitated with a guillotine.
The optic nerves, a 2 cm length of the proximal
sciatic nerve (from the fusion of the L4 and L5
roots to the sciatic notch) or a 3 cm length of
cervical spinal cord were quickly dissected out
and transferred into artificial CSF (ACSF). Sci-
atic nerves were desheathed to maximize drug
access, and cervical spinal cords were he-
misected and the ventral funiculus was dis-
sected out. All these tissues were incubated in
ACSF for a 60 min equilibrium period before
recording, and were kept at 37°C during the
experiment, oxygenated in a 95% O2 and 5%
CO2 atmosphere, and perfused at a flow rate of
1–2 ml/min with ACSF. For optic nerve record-
ing, the nerve was drawn into two suction
ACSF-filled glass electrodes. CAPs were evoked
by applying a supramaximal stimulus (40 �sec
duration) at the distal nerve end and were re-
corded from the second electrode at the proxi-
mal end. For sciatic nerves and spinal cord, the
tissues were mounted in a three-compartment
recording chamber, where the proximal and
distal ends of the nerve are isolated by petro-
leum jelly. The distal end was stimulated by a
supramaximal stimulation (10 �sec duration)
through two electrodes isolated with petroleum
jelly and recording were performed the same
way from the proximal end. The signals were
amplified, digitized at 500 Hz, and stored on a
hard disk. The effects of 4-AP (Sigma) were
measured 30 – 45 min after its application, once
the effects had reached a steady state. For re-
cruitment analysis, nerves were stimulated at
increasing intensity, and the amplitude of the
CAPs was measured and plotted as a function of
the stimulation intensity. For the refractory pe-
riod analysis, two successive stimuli were ap-
plied at different intervals. The amplitude of the
second CAPs was then measured and plotted as
a function of the delay between the two stimuli.
The ACSF contained the following (in mM): 126
NaCl, 3 KCl, 2 CaCl2, 2 MgSO4, 1.25 NaH2PO4,

26 NaHCO3, and 10 dextrose, pH 7.4 –7.5.

Results
Kv3.1b is localized to the nodes of Ranvier in the CNS
The Kv3.1 gene gives rise to two distinct channel subunits, Kv3.1a
and Kv3.1b, by alternative splicing (Luneau et al., 1991). Their
predicted protein sequences diverge only at their C terminals. We
focused on Kv3.1b because it is far more abundant than Kv3.1a in
the adult rat brain (Perney et al., 1992; Gan and Kaczmarek,
1998). Our preliminary investigations revealed that cryosections
of unfixed spinal cord have stronger Kv3.1b staining than do
tissues fixed with either 4% paraformaldehyde or Zamboni’s fix-
ative, and that the gray matter was strongly stained. To localize
the nodes of Ranvier, we stained transverse sections of unfixed

Figure 2. Kv3.1b labeling in adult mouse spinal cord, optic nerve, and DRG. Longitudinal sections of the ventral column (A–C)
and dorsal horn (G–I) of the spinal cord, as well as optic nerve (D–F) and DRG ( J–L), double-labeled with a rabbit Kv3.1b
antiserum (TRITC) and a monoclonal antibody (FITC) against Nav channels (panNav ) are shown. In A–C, Kv3.1b is colocalized
exclusively with Nav channels in the nodes (double arrowheads). The inset shows a node in a transverse section. In D–F, few nodes
were Kv3.1b-positive. In G–I, Kv3.1b appears to be expressed, at least in part, in the somatic membrane of neurons, but was not
colocalized with Nav channels in the initial segments (arrows). In J–L, many somata expressed Nav channels, but few expressed
Kv3.1b. Arrows indicate initial segments. Scale bars: (in C) A–C, 20 �m; (in F ) D–F, 20 �m; (in I ) G–I, 20 �m; (in L) J–L, 20 �m;
(in C, inset) A–C, insets, 5 �m.
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adult mouse spinal cord with a rabbit an-
tiserum against Kv3.1b or Kv3.2 and a
mouse monoclonal antibody that recog-
nizes a sequence common to all Nav chan-
nel � subunits. Weak Kv3.2 staining was
seen in the spinal cord gray matter, but not
in the white matter (data not shown). As
shown in Figure 1A–F, numerous nodes
were labeled for Kv3.1b in all white matter
tracts, but the proportion of Kv3.1b-
positive nodes differed (Fig. 2A). In the
lateral column (Fig. 1A,B) and the ventral
funiculus (Fig. 1C,D), nearly all nodes
were colabeled for Nav and Kv3.1b chan-
nels. In contrast, in the corticospinal tract
(Fig. 1E,F), relatively fewer nodes were la-
beled for Kv3.1b. When observed at high
magnification, Kv3.1b and Nav channels
staining appeared circular, confirming
that they were expressed at nodes (Fig.
3A–C, insets). Moreover, in longitudinal
sections, Kv3.1b staining precisely
matched that of Nav channels (Fig. 3A–C,
double arrowheads). The staining for
Kv3.1b was specific because it was abol-
ished by preincubating the antiserum with
the peptide (data not shown). Further-
more, no Kv3.1b staining was found in Kv3.1-deficient mice (Fig.
1G,H), which lack both Kv3.1a and Kv3.1b isoforms (Ozaita et
al., 2002).

We suspected that the reason for the variation in nodal stain-
ing was the variation in the composition of axons in different
tracts. In particular, the size of myelinated axons appeared to
correlate with Kv3.1b nodal staining. The CST contains many
small myelinated axons (Hildebrand, 1972; Murray and Blake-
more, 1980; Chung and Coggeshall, 1987), whereas the ventral
and lateral funiculi contain many large myelinated axons. To
address this issue, we immunostained sections of mouse and rat
optic nerves, which mainly contain small myelinated fibers
(Matheson, 1970), and found that 14% of the nodes were labeled
for Kv3.1b. The nodes that were stained appeared to have a larger
diameter than the unlabeled nodes (Fig. 3D–F). To confirm that
Kv3.1b expression is related to the diameter of the fibers, a quan-
titative study was performed, and the number of nodes and
Kv3.1b-positive nodes relative to the diameter range of the nodes
was measured. We found that almost every node with a diameter
�1.8 mm was Kv3.1b-positive, whereas 54 to 93% of the nodes
having a diameter �1.8 mm were Kv3.1b-positive (Fig. 2B).
These data support a relationship between the axonal diameter
and the nodal localization of Kv3.1b. However, because small
nodes in the ventral funiculus are more often Kv3.1b-positive
than those in the dorsal funiculus (Fig. 3C,D), it appears that
other factors also influence the expression of Kv3.1b.

Because nodes and initial segments both have ankyrin G and
Nav channels, we determined whether Kv3.1b was expressed in
initial axonal segments by labeling longitudinal sections of the
spinal cord as well as sections of dorsal root ganglia. Although the
gray matter was intensely labeled (likely corresponding to surface
staining of somata and presynaptic terminals) (Sekirnjak et al.,
1997), initial segments were not stained (Fig. 3G–I). The sensory
neurons in the dorsal ganglia, in contrast, had little Kv3.1b stain-
ing; this may be related to the absence of synapses on their cell

bodies (Fig. 3J–L). As in the spinal cord, the initial segments of
sensory neurons were Kv3.1b-negative.

Localization of Kv3.1b and Kv3.2 in the PNS
We examined the localization of Kv3.1b and Kv3.2 in teased fi-
bers from adult mouse sciatic nerves. PNS nodes were Kv3.2-
negative (data not shown), and only 23% of the nodes expressed
Kv3.1b (Fig. 4A,B); the labeling even in these nodes was less
intense than that in the CNS. When it was possible to follow
single fibers, we observed that all of the nodes were either stained
or unstained, suggesting that Kv3.1b was expressed in a specific
subset of fibers, perhaps related to their function. To elucidate
this point, we stained teased fibers from both the dorsal and the

Figure 3. Relationship between Kv3.1b expression and nodal diameter in the dorsal and ventral funiculus of adult mouse
spinal cord. The number of nodes and Kv3.1b-positive nodes are represented in function of the nodal diameter range for the dorsal
( C) and ventral ( D) funiculus. In B, the percentage of Kv3.1b-positive nodes in the whole spinal cord are represented in the
function of the nodal diameter range. Note that almost all large nodes (�1.8 �m) are Kv3.1b-positive, whereas 7– 46% of the
small nodes (�1.8 �m) are Kv3.1b-negative, and that Kv3.1b is more represented in small nodes of the ventral funiculus than in
the dorsal funiculus. Data were obtained from two mice and are represented as means � SD; n � 1394.

Figure 4. Few PNS nodes express Kv3.1b. Unfixed teased fibers from adult mouse sciatic
nerve were double labeled with a rabbit Kv3.1b antiserum (TRITC, A) and a monoclonal antibody
against Nav channels (FITC, B). One Kv3.1b-positive node is indicated (double arrowheads); two
other nodes are Kv3.1b-negative. Scale bar, 10 �m.
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ventral roots, but found Kv3.1-positive nodes in both small-
and large-diameter fibers of the dorsal and ventral roots (data
not shown). We also examined the development of Kv3.1b
expression in the dorsal and ventral roots. At P4 and P8, no
nodal staining was observed; some clusters were observed at
P12, and many more at P15 and P21 (data not shown). These
observations exclude the possibility that PNS nodes lose ex-
pression of Kv3.1 during development. Thus, the functional
significance of Kv3.1b-positive PNS nodes remains to be
established.

Because motor and sensory neurons have myelinated fibers
with both CNS and PNS myelin, we examined sections of the
ventral root entry zone, the transition zone between CNS and
PNS myelin for motor fibers. Sections colabeled for Kv3.1b and
Kv1.2 show that Kv3.1b-positive nodes are found in the spinal
cord but not in the roots, whereas Kv1.2-positive juxtaparanodes
were found in both places (Fig. 5A–C). Thus, the strong nodal
labeling of Kv3.1b in motor axons appears to depend on some
aspect of the CNS environment, presumably related to either
oligodendrocytes or astrocytes.

Developmental expression of Kv3.1b
Ankyrin G is the first molecular component that becomes local-
ized in developing CNS nodes; Nav channels, L1, neurofascin and
�IV-spectrin are recruited later (Jenkins and Bennett, 2001). To
determine when Kv3.1b becomes localized to nodes, we immu-
nostained transverse sections of the thoracic spinal cord from rats

Figure 5. Differential localization of Kv3.1b and Kv1.2 in CNS axons. These are images of
longitudinal sections of the ventral column (vc) of unfixed lumbar spinal cord from adult mice.
In the spinal cord, the narrow band of nodal Kv3.1b staining (TRITC; A) is flanked by two broader
regions of juxtaparanodal Kv1.2 staining (FITC; B). C, Merge. Note the relative lack of labeling for
Kv3.1b in the PNS nodes (double arrowheads) of the ventral rootlet (vr). Scale bar, 10 �m.

Figure 6. Delayed appearance of Kv3.1b at CNS nodes. These are images shown as negatives
(the nodes are dark) of transverse sections of unfixed thoracic spinal cord from P4 (A, B); P8 (C,
D), P12 (E, F ), and P21 (G, H ) rats. The ventral column (vc) is shown, as well as the ventral horn
(vh) in A–F. At P4, Nav channels but not Kv3.1b channels were clustered. Kv3.1b clusters were
present by P8, and their number, as well as that of Nav channels, increased from P4 to P21. At
P21, nodes were labeled for both Nav channels and Kv3.1b. Scale bars: (in B) A, B, 20 �m; (in H )
B–H, 20 �m.

Devaux et al. • Kv3.1 in Rat Myelinated Fibers J. Neurosci., June 1, 2003 • 23(11):4509 – 4518 • 4513



at P4, P8, P12, and P21. At P4, there were clusters of Nav channels
in the ventral and lateral columns (Fig. 6B), but no Kv3.1b stain-
ing in the white matter or even the gray matter (Fig. 6A). At P8,
there was weak Kv3.1b staining in the gray matter, and clusters of
Kv3.1b in a minority of nodes in the ventral column (Fig. 6C,D).
In longitudinal sections of the ventral column, Kv3.1b seemed to
be selectively localized to “mature” nodes (short nodes rather
than in elongated ones; Rasband et al., 1999a). At P12, the num-
ber, as well as the staining intensity of Kv3.1b-positive nodes
increased markedly (Fig. 6E,F), and in longitudinal sections,
Kv3.1b clusters appeared mostly in short, mature-appearing
nodes (Fig. 7A). At P21, the distribution of Kv3.1b-positive nodes
(Fig. 6G,H) appeared similar to that in adult rats.

We considered the possibility that Kv3.1b might cluster con-
comitantly with Kv1.1/Kv1.2 subunits. Kv1.1 and Kv1.2 are the
last channels to be segregated in developing CNS (Rasband et al.,
1999b), at approximately P8 in the spinal cord (Wang et al.,
1995), and their clustering in the juxtaparanodal region depends

on the formation of normal myelin sheaths, especially intact
septate-like junctions (Baba et al., 1999; Mathis et al., 2001; Ar-
royo et al., 2002). Longitudinal sections through the ventral col-
umns of lumbar spinal cords of P4, P8, P12, P15, and P21 rats
were double labeled for Kv3.1b and Kv1.2. No staining for Kv1.2
was observed at P4 in the spinal cord, and few clusters of Kv1.2
were observed at P8 (data not shown). At P12, most Kv3.1b-
positive nodes had no associated Kv1.2 staining (Fig. 7A). At P15,
the proportion of Kv3.1b-positive nodes associated with Kv1.2
staining increased, and by P21 all Kv3.1b-positive nodes were
flanked by juxtaparanodal Kv1.2 staining (Fig. 7B,C). Together,
these results show that ion channel clustering in myelinated fibers
follow the order: Nav channels, then Kv3.1b subunits, then Kv1.2
subunits.

Does nodal clustering of Kv3.1b depend on myelination?
To answer this question, we studied the localization of Kv3.1b in
md rats, which typically die at approximately P21 from severe
dysmyelination associated with oligodendrocyte cell death (Grin-
span et al., 1998). Even at this age, few axons are myelinated in the
spinal cord; axonal segments are ensheathed by few wraps of
oligodendrocyte processes, which can be detected by their ex-
pression of MAG, or are totally devoid of ensheathment
(Dentinger et al., 1982; Rosenbluth, 1987; Arroyo et al., 2002).
Nevertheless, their spinal cords contain normal numbers of
node-like clusters of Nav channels and ankyrin G, even in regions
devoid of oligodendrocytes (Arroyo et al., 2002). As shown in
Figure 8, Kv3.1b and Nav channels were colocalized in the spinal
cord of P21 md rats (A–C) and their age-matched WT littermates
(D–F). Double labeling for MAG demonstrated that some node-
like clusters of Kv3.1b were flanked by MAG-ensheathed seg-
ments, but many were found in unensheathed axonal segments
(Fig. 8G). In contrast, the localization of the Kv1.2 subunits was
highly altered in md rats: Kv1.2 subunits abutted the node-like
clusters of Kv3.1b (Fig. 8H) instead of being concentrated in the
juxtaparanodal regions as in WT rats (Fig. 8 I). These results show
that node-like clusters of Kv3.1b behave similarly to clusters of
Nav channels in md rats (Arroyo et al., 2002): both are formed
during development and maintained at least temporarily even in
the absence of myelin sheaths.

Kv3.1b is associated with ankyrin G in brain membranes
The colocalization of Kv3.1b, Nav channels, and ankyrin G in
CNS nodes suggested that Kv3.1b may interact directly or indi-
rectly with ankyrin G. The nodal isoforms of ankyrin G interact
with several nodal proteins such as Nav channel � and � subunits,
neurofascin, and neural-glial-related CAM (NrCAM) (Malhotra
et al., 2000; Bennett and Chen, 2001). To determine the level of
expression of Kv3.1b and Kv3.2 in the brain, spinal cord, optic
nerve, and sciatic nerve, we performed a Western blot analysis of
these tissues (Fig. 9). Rat brain and spinal cord expressed more
Kv3.1b than did optic nerve; Kv3.1b could not be detected in rat
sciatic nerve; the above data are in keeping with the finding that
CNS nodes have more robust Kv3.1b expression than do PNS
nodes. The anti-Kv3.1b antiserum recognized a diffuse band of
�85–105 kDa, significantly greater than the 66 kDa expected for
the Kv3.1b polypeptide obtained by translation of the Kv3.1b
cDNA (Luneau et al., 1991), but in good agreement with the
results of Weiser et al. (1995) on rat brain membranes. This band
is almost certainly Kv3.1b, because it is absent in brain mem-
branes from Kv3.1b-deficient mice (Fig. 9A). Kv3.2 was also de-
tected in brain membranes, and to a lesser extent in the spinal
cord, with a molecular weight range of 75–100 kDa (Fig. 9B).

Figure 7. Kv3.1b appears before Kv1.2 in CNS myelinated fibers. These are longitudinal
sections of the ventral column of unfixed rat ventral lumbar spinal cords at P12 ( A), P15 ( B), and
P21 ( C). At P12 and P15, nodal Kv3.1b staining was often not associated with juxtaparanodal
Kv1.2 staining, whereas at P21 most nodes were flanked by juxtaparanodal Kv1.2 labeling.
Scale bars, 10 �m.
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However, Kv3.2 was not detected in optic and sciatic nerves, in
agreement with the immunostaining. We did not detect alter-
ations in Kv3.2 staining in Kv3.1-deficient mouse spinal cord or
brain; in particular, nodes were not Kv3.2-positive (data not
shown). In addition, we did not detect any alterations in the
labeling for contactin, Caspr, Kv1.1, ankyrin G or Nav channels
(data not shown), suggesting that the absence of Kv3.1 does not
alter the organization of these axonal proteins in myelinated
fibers.

Because subunits of the voltage-dependent K� channels can
form heteromeric channels with members of their own family
(Kv1, Kv2, Kv3, and Kv4), we immunoprecipitated Kv3.2 to de-
termine whether Kv3.1b and Kv3.2 subunits could interact.
When Kv3.2 was precipitated, it pulled down more Kv3.1b in
brain than in the spinal cord (Fig. 9C), in keeping with the relative
lack of Kv3.2 in the spinal cord. These results indicate that
Kv3.1bcould specifically form heteromeric channels with Kv3.2
in the CNS, but if they do, it is not at nodes.

To determine whether ankyrin G interacts with Kv3.1b, CNS
membranes were incubated with antisera against ankyrin G or
Kv3.1b, and the immunoprecipitates were probed for the same
proteins. We used immunoprecipitates for Kv3.2 as a positive
control and immunoprecipitates for Kv1.2 as a negative control.
When ankyrin G was precipitated from brain membranes, it

pulled down Kv3.1b (Fig. 9D). However,
Kv3.1b did not pull down high-molecular-
weight isoforms of ankyrin G, but pulled
down an isoform of ankyrin G of �97 kDa
(Fig. 9E). Neither Kv3.2 nor Kv1.2 coim-
munoprecipitated this isoform of ankyrin
G (Fig. 9E). Because ankyrin G is sensitive
to proteolysis (Davis and Bennett, 1984),
this isoform could correspond to a degra-
dation product of the high-molecular-
weight nodal isoforms of ankyrin G. Alter-
natively, this result could indicate that an
isoform of ankyrin G that is not localized
to nodes interacts with Kv3.1b, because
both ankyrin G and Kv3.1b are present in
gray matter.

Does Kv3.1b participate with AP
repolarization in CNS nodes?
To answer this question, we tested the ef-
fects of 4-AP, a potent blocker of Kv3.1b
(Grissmer et al., 1994), on the CAPs re-
corded from sciatic nerve, spinal cord ven-
tral funiculus, and optic nerve of adult
rats. 4-AP slightly increased the duration
of the CAPs of sciatic nerves (Fig. 10A),
but broadened the CAPs recorded from
the spinal cord ventral funiculus and optic
nerve (Fig. 10A). The lack of effect of 4-AP
in the PNS could be attributable to the
weak expression of Kv3.1b in sciatic nerve,
but 4-AP affected the optic nerve, in which
few nodes were Kv3.1b-positive. To re-
solve this discrepancy, we recorded CAPs
from the optic nerves of Kv3.1-deficient
and age-matched WT mice. CAPs re-
corded from WT and Kv3.1-deficient mice
had similar onsets, peaks, and duration
(Fig. 10B). The recruitment and refractory

period of the fibers were also similar (data not shown). Moreover,
4-AP broadened the CAPs from both the WT and the mutant
mice (Fig. 10B). These results suggest that the effects of 4-AP in
the optic nerve axons are not mediated by Kv3.1; another nodal
K� channel subunit could mediate these effects.

Discussion
Kv3.1b is a nodal K � channel
Kv3.1b is the first K� channel subunit to be identified in CNS
nodes. Its heterogeneous expression in large nodes more than
small nodes is reminiscent of the expression of Nav1.6 in distinct
populations of CNS nodes (Arroyo et al., 2002). For example, in
the corticospinal tract of the spinal cord, Kv3.1b and Nav1.6 are
absent from the majority of the nodes, which are mainly immu-
nopositive for Nav1.2. These findings indicate that functionally
distinct myelinated fibers may possess distinct ion channels at the
nodes. Perhaps Kv3.1b repolarizes the AP of a population of CNS
axons, akin to its apparent role in generating high-frequency re-
sponses in several neuronal populations (Rudy et al., 1999; Rudy
and McBain, 2001).

The strong effect of 4-AP on the optic nerve of Kv3.1-deficient
mice suggests that other K� channel subunits may be present in
the nodal membrane. Because K� channels are composed of four
subunits that can form homomeric or heteromeric channels with

Figure 8. Node-like clusters of Kv3.1b in md rats. Longitudinal sections through the ventral funiculus of unfixed lumbar spinal
cord from P21 md rats and their WT male littermates were double labeled with a rabbit Kv3.1b antiserum (TRITC) and a mono-
clonal antibody (FITC) against Nav channels (pan Nav ; A–F ), MAG ( G), or Kv1.2 (H, I ). In A–F, note that in both md and WT rats,
node-like clusters Kv3.1b colocalized with Nav channels (double arrows). In G, note that many node-like clusters of Kv3.1b
(arrowheads) were found in regions devoid of MAG-positive oligodendrocyte processes. The asterisks mark oligodendrocyte
nuclei. In H, I, note that the localization of Kv1.2 (arrows) was altered in md rats, abutting the node-like clusters of Kv3.1b (double
arrows). Scale bars: (in C) A–C, 10 �m; (in F ) D–F, 10 �m; G, 10 �m; H, 10 �m; I, 10 �m.
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members of their own family, we consid-
ered the possibility that another Kv3 sub-
unit, Kv3.2, was present at CNS nodes.
Kv3.2 was a good candidate because it has
the same electrophysiological characteris-
tics as Kv3.1, and it can form heteromeric
channels with Kv3.1 (Hernandez-Pineda
et al., 1999). Our data demonstrate that
this subunit is not present at nodes. How-
ever, Kv3.3 is another possibility, because
it is coexpressed with Kv3.1b in several
neuronal populations (Weiser et al.,
1994). This possibility could explain the
absence of major tremors in Kv3.1-null
mice (Ho et al., 1997; Sanchez et al., 2000)
and the important effect of 4-AP in the
optic nerve, because the Kv3.3 subunit
could palliate the absence of Kv3.1 in the
nodes. Whether Kv3.3 is found at nodes,
with or without Kv3.1b, remains to be
determined.

In the PNS, few nodes were Kv3.1b-
positive, in keeping with the low density of
I and F currents in PNS nodes (Safronov et
al., 1993). Because 4-AP has weak effects
on the sciatic nerve CAP it seems unlikely
that another subunit of the Kv3 family is
present at PNS nodes.

Mechanisms of clustering of Kv3.1b
Our immunoprecipitation results indicate
that nodal ankyrin G isoforms may inter-
act directly or indirectly with Kv3.1b. Sev-
eral other proteins that are localized to
nodes have been shown to interact directly with ankyrin G (neu-
rofascin, NrCAM, and Nav channel � and � subunits) (Bennett
and Chen, 2001; Bouzidi et al., 2002; Malhotra et al., 2002). How-
ever, the ankyrin-binding sequence of L1 CAM family members
(Zhang et al., 1998a), CD44 (Bourguignon et al., 1998), and
�-Na�,K�-ATPase (Zhang et al., 1998b) did not reveal any ob-
vious similarities to Kv3.1b (see Materials and Methods). Thus,
the mechanism regulating the localization of Kv3.1b at CNS
nodes remains to be determined. To our knowledge, no scaffold-
ing protein has been described for Kv3.1 in any cell type.

The absence of Kv3.1b from initial segments and many small
nodes is unexplained. No other protein has been shown to be
expressed in nodes but not in initial segments because ankyrin G,
neurofascin, NrCAM, Nav channel � subunits, and �IV-spectrin
are all present in nodes and initial segments (Davis et al., 1996;
Komada and Soriano, 2002). However, if the function of Kv3.1b
is to repolarize the axon, this subunit may not be required in the
initial segment.

Why Kv3.1b is more highly expressed in CNS than in PNS
nodes is of interest, because this was apparent even on the same
population of motor axons in the ventral root entry zone. We
suspect that there are molecular interactions at CNS nodes that
account for this discrepancy. Tenascin-R is a good candidate be-
cause it is an extracellular matrix molecule secreted by oligoden-
drocytes that is found at CNS nodes (for review, see Pesheva and
Probstmeier, 2000). Contactin, a cell adhesion molecule, is yet
another possibility, because it is present in adult CNS nodes and
it associates with Nav channels and increases their functional ex-
pression in vitro (Kazarinova-Noyes et al., 2001).

The organization of K � channels in md rats
The nodal localization of Kv3.1b was maintained in md rats. In
these rats, a mutant proteolipid protein kills oligodendrocytes as
they mature (Grinspan et al., 1998). Node-like clusters of Nav

channels form adjacent to incompletely formed paranodes and
persist at least temporarily after oligodendrocyte death (Arroyo et
al., 2002). These results are in keeping with the idea that a com-
mon molecular mechanism regulates the clustering of Nav sub-
units and Kv3.1b, even in dysmyelinating diseases. In dysmyeli-
nating/demyelinating diseases, the safety factor for AP
propagation is reduced because of the leakage of current through
the denuded parts of the axon. The activation of Kv3.1b may
reduce this safety factor further by decreasing the density of nodal
currents that propagate. Thus, it is possible that Kv3.1b might
interfere with conduction in demyelinated axons and that its
blockade may favor the propagation of the AP. Therefore, our
results open new perspectives for the treatment of demyelinating
diseases.
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