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The K™ channel a-subunits Kv1.1 and Kv1.2 and the cytoplas-
mic B-subunit Kvp2 were detected by immunofluorescence
microscopy and found to be colocalized at juxtaparanodes in
normal adult rat sciatic nerve. After demyelination by intraneural
injection of lysolecithin, and during remyelination, the subcel-
lular distributions of Kv1.1, Kv1.2, and Kvp2 were reorganized.
At 6 d postinjection (dpi), axons were stripped of myelin, and
K™ channels were found to be dispersed across zones that
extended into both nodal and internodal regions; a few days
later they were undetectable. By 10 dpi, remyelination was
underway, but Kv1.1 immunoreactivity was absent at newly
forming nodes of Ranvier. By 14 dpi, K™ channels were de-
tected but were in the nodal gap between Schwann cells. By 19
dpi, most new nodes had Kvi.1, Kv1.2, and Kvp2, which
precisely colocalized. However, this nodal distribution was tran-
sient. By 24 dpi, the majority of K* channels was clustered

within paranodal regions of remyelinated axons, leaving a gap
that overlapped with Na™ channel immunoreactivity. Inhibition
of Schwann cell proliferation delayed both remyelination and
the development of the K* channel distributions described.
Conduction studies indicate that neither 4-aminopyridine (4-
AP) nor tetraethylammonium alters normal nerve conduction.
However, during remyelination, 4-AP profoundly increased both
compound action potential amplitude and duration. The level of
this effect matched closely the nodal presence of these voltage-
dependent K™ channels. Our results suggest that K* channels
may have a significant effect on conduction during remyelina-
tion and that Schwann cells are important in K* channel redis-
tribution and clustering.
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The rapid conduction velocity and successful transmission of
electric signals in mammalian myelinated axons depend on the
proper spatial distribution of voltage-gated ion-selective channels.
Na * channels are clustered at nodes of Ranvier in densities that
are ~25 times that of internodal regions (Shrager, 1989). These
clusters are necessary for inward Na™ currents at nodes and
permit rapid saltatory conduction. In contrast, studies have shown
that K™ currents appear only after loosening of the myelin sheath
from the axonal membrane (Chiu and Ritchie, 1980). This result
has been interpreted to imply that K™ channels are found only in
paranodal and internodal regions and that they normally do not
contribute to the action potential. Recent immunocytochemical
evidence has confirmed that voltage-gated K™ channels are not
present at the node in mammalian myelinated nerve. Specifically,
two members of the Shaker gene subfamily, Kvl.1 and Kv1.2,
have been shown to be present at juxtaparanodal regions adjacent
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to the node of Ranvier, probably as heteromultimers (Wang et al.,
1993; Mi et al., 1995).

Disruption or removal of the myelin sheath by disease or
injury results in conduction block caused by both increased
membrane capacitance and decreased membrane resistance.
Demyelination can be repaired in the peripheral nervous sys-
tem by Schwann cell elaboration of new myelin. However,
there are several differences in remyelinated nerve fiber archi-
tecture, as compared with axons before injury or disease. The
number of myelin lamellae is decreased, and the number of
nodes per unit length increases. Regions that were formerly
internodal, with low ion channel densities, may have new nodes
of Ranvier with high densities of ion channels necessary for
saltatory conduction (Ritchie et al., 1981).

Juxtaparanodal K™ channels normally are isolated electrically
but are uncovered during demyelination, reducing excitability. It
has been shown that pharmacological compounds known to block
voltage-dependent K™ channels can improve conduction in de-
myelinated axons (Bostock et al., 1981). However, events in
remyelination may sequester paranodal K* channels and render
them resistant to drugs. Although Na™ channel distributions
subsequent to demyelination have been well characterized both
electrophysiologically (Bostock and Sears, 1978; Shrager, 1987)
and immunocytochemically (Dugandzija-Novakovic et al., 1995;
Novakovic et al., 1996), much less is known about K* channels.
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Some electrophysiological studies have examined K* currents
after demyelination (Ritchie et al., 1981) and during nerve regen-
eration (Kocsis et al.,, 1982; Ritchie, 1982). However, to our
knowledge, a precise description of the distribution of voltage-
dependent K™ channels during remyelination and their relation
to both electrophysiological recordings and neuronal function has
not been performed. We describe here the events surrounding
redistribution and clustering of the K™ channels Kv1.1 and Kv1.2,
the involvement of Schwann cells in this redistribution, and the
functional consequences of these changes.

Portions of this work have appeared in abstract form (Rasband
et al., 1996).

MATERIALS AND METHODS

Demyelination. Adult female Lewis rats were anesthetized, and the sciatic
nerve in one leg, just proximal to the sciatic notch, was exposed. The
three branches of the sciatic nerve were injected with 1-2 ul of 1%
lysolecithin in sterile Locke’s solution by using a glass micropipette
broken to a tip diameter of ~20 wm. Then the incision was closed, and
the animal was allowed to recover for 6—69 d. Some animals were
injected with both lysolecithin and mitomycin-C (400 mg/ml; Sigma, St.
Louis, MO) to block Schwann cell proliferation subsequent to demyeli-
nation. The Locke’s solution contained (in mm): NaCl 154, KCl1 5.6,
CaCl, 2, and HEPES 10, pH 7.4.

Axon preparation. On the appropriate day postinjection, the animal was
killed; the sciatic nerve was dissected immediately, desheathed, and
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Figure 1. The distribution of Kvl.1
channels in normal adult rat sciatic
nerve. a, b, A node double-labeled for
Kv1.1 (a) and MAG (b). The paranodal
localization of MAG indicates that Kv1.1
is mainly just outside of this zone. ¢, d, A
node double-labeled for Kvl.1 (¢) and
Na * channels (d). e, A merged image of
¢ and d illustrates the gaps (arrowheads)
between Kvl.1 and Na™ channel immu-
noreactivity. f, g, A cryosectioned node
double-labeled for Kv1.1 (f) and MAG
(8). h, i, A control node labeled with
preabsorbed rabbit anti-Kv1.1 (4) and
anti-MAG (7). Scale bars, 25 um.

dissociated into single fibers by treatment with collagenase (3.6 mg/ml;
Sigma) for 1 hr at room temperature (RT). Fibers were teased apart
gently and spread on coverslips that had been coated in a few spots with
Cell-Tak (Collaborative Research, Bedford, MA). After teasing, the
preparations were fixed in 4% paraformaldehyde in 0.1 M phosphate
buffer (PB), pH 7.2, for 30 min, rinsed in 0.05 m PB, pH 7.4, for 10 min,
and air-dried. Alternatively, for cryosectioned preparations, rats were
anesthetized and perfused with 4% paraformaldehyde in 0.1 M PB. The
sciatic nerve was dissected and post-fixed in 4% paraformaldehyde for 4
hr, rinsed in 0.1 M PB for 10 min, incubated overnight in 20% sucrose, and
incubated again in 30% sucrose overnight. Then the nerve was frozen in
OCT mounting medium (Miller) and cut in 30-um-thick sections. These
sections were spread on gelatin-coated slides, fixed again for 10 min in 4%
paraformaldehyde, rinsed in 0.05 M PB, and allowed to dry.
Immunofluorescence. Tissue preparations were permeabilized for 2 hr
in 0.1 M PB, pH 7.4, containing 0.3% Triton X-100 and 10% goat serum
(PBTGS). In all steps involving antibodies, the tissue preparations were
washed three times for 5 min each with PBTGS between succeeding
steps. All antibodies were diluted in PBTGS. The tissue was incubated
with the primary antibody overnight. After being washed, the secondary
antibody, a goat anti-rabbit IgG conjugated to biotin (1:800, Sigma), was
incubated with the tissue. In some experiments, goat anti-rabbit Fc-
specific Fab, fragments conjugated to biotin were used as the secondary
antibody (1:400; Accurate Chemicals, Westbury, NY). Then the tissue
was incubated with ExtrAvidin-FITC (1:200; Sigma). Double-labeling
was performed, using mouse monoclonal antibodies. These were incu-
bated with goat anti-mouse antibody conjugated with TRITC (Sigma).
The preparations were air-dried and mounted on slides with an anti-fade
mounting medium. In control experiments, primary anti-Kv1.1 antibod-



38 J. Neurosci., January 1, 1998, 18(1):36-47

Rasband et al. «+ K™ Channels during Remyelination

Figure 2. Kvl.1 distributions in demyelinated and early remyelinating axons. a, b, A node, at 6 dpi, double-labeled for Kv1.1 (@) and Na * channels (b)
has lost the restriction of Kvl.1 to the juxtaparanode. Instead, the Kvl.1 immunoreactivity has moved into nodal (arrowhead) and paranodal zones,
whereas Na ™ channels remain very focal. ¢, d, A node, at 6 dpi, double-labeled for Kvl.1 (¢) and Na™ channels (d). Kv1.1 staining is undetectable in
many demyelinated axons at this time. ¢, f, A demyelinated axon, at 7 dpi, double-labeled for Kv1.1 (¢) and MAG (f). In e, weak Kv1.1 staining was
observed adjacent to an associated cell (*). g, &, A new presumptive node, at 9 dpi, double-labeled for Kv1.1 (g) and MAG (/). Remyelinating Schwann
cells had diffuse cytoplasmic Kv1.1 staining, but no immunoreactivity was detected at the presumptive node (arrowhead). Diffuse MAG immunoreac-
tivity indicates early remyelination. Scale bars: a, b, g, h, 25 um; ¢, d, e, f, 12 pm.

ies were preincubated in excess peptide antigen before their use for
labeling.

The labeled tissue was examined on a Nikon Microphot fluorescence
microscope fitted with an SIT 68 camera (Dage-MTI, Michigan City,
IN). The camera was connected to a DSP 2000 image processor (Dage-
MTTI), which passed images to a DT3851 frame processor in a laboratory
computer. Distances were measured by a pair of digital linear gauges
with an accuracy of = 1 um (EG-255, Ono Sokki Technology, Osaka,
Japan), mounted directly to the microscope stage. Coordinates and
distances were relayed to and stored in the computer.

Primary antibodies. For Kv1.1 localization, rabbit polyclonal antibodies
were raised against the C-terminal sequence EDMNNSIAHYRQA-
NIRTG (amino acids 458—-475). Peptides were synthesized at the Beck-
man Center, Stanford University (Stanford, CA), and were coupled to
porcine thyroglobulin with glutaraldehyde. Immunization, serum collec-
tion, and purification were as described in Mi et al. (1995). For immu-
nofluorescence, the polyclonal rabbit anti-Kv1.1 antibodies were diluted
1:30 in PBTGS. For Na " channel immunolocalization, rabbit polyclonal
antibodies were raised against a highly conserved 18-amino-acid peptide
(TEEQKKYYNAMKKLGSKK) located between domains III and IV
in the vertebrate Na ™ channel a-subunit. The peptide was synthesized at
the University of Colorado Medical School institutional facility (Denver,
CO) and was conjugated to maleimide-activated keyhole-limpet hemo-
cyanin (KLH). Anti-Na* channel antibodies were purified by affinity
chromatography (ImmunoPure Ag/Ab Kit 2, Pierce, Rockford, IL) and
used at a dilution of 1:50. Anti-myelin-associated glycoprotein (anti-
MAG) monoclonal antibodies were prepared as described in Poltorak et
al. (1987). The mouse monoclonal anti-Kv1.1 antibody K20/78 (Bekele-
Arcuri et al.,, 1996) was produced from a mouse immunized with a
synthetic peptide (CEEDMNNSIAHYRQANIRTG) corresponding to
amino acids 458-476 of rat Kvl.1. The mouse monoclonal anti-Kv1.2
antibody K14/16 (Bekele-Arcuri et al., 1996; Shi et al., 1996) was pro-
duced from a mouse immunized with a glutathione S-transferase (GST)
fusion protein containing amino acids 428-499 of rat Kv1.2. K14/16
subsequently was found to bind to a synthetic peptide corresponding to
amino acids 463-480 of Kv1.2. The mouse monoclonal anti-Kvf32 anti-
body K17/70 (Bekele-Arcuri et al., 1996; Rhodes et al., 1996) was pro-
duced from a mouse immunized with a GST fusion protein containing
the entire 367 amino acid rat Kv2 polypeptide. K17/70 subsequently was
found to bind to a synthetic peptide corresponding to amino acids 1-17
of Kvp2. Hybridomas were grown in BALB/c mice for production of
ascites fluid, as previously described (Trimmer et al., 1985). Immuno-

globulins were purified by ammonium sulfate precipitation, followed by
DEAE chromatography, as described (Trimmer et al., 1985).

Electrophysiology. For conduction studies the sural branch of the sciatic
nerve was desheathed and dissociated into single fibers, as discussed
above, to maximize drug access to all nerve fibers. Dissected nerves were
sealed with Vaseline in a chamber to two pairs of platinum wire elec-
trodes for stimulation and recording (Vabnick et al., 1997). The temper-
ature was measured with a small thermistor in the chamber and held at
either RT or at 37°C. The nerve was immersed in a constantly stirred and
perfused oxygenated Locke’s solution containing 5 mm D-glucose, to
which pharmacological agents were added as desired. The stimulus was
adjusted to ~10% above the level that elicited a maximum response. The
compound action potential obtained from excitation was amplified, dig-
itized, recorded, and analyzed on a laboratory computer.

RESULTS

Normal distribution of Kv1.1

The normal Kv1.1 distribution in teased nerve fibers is shown in
Figure la. Immunoreactivity was strongest in the region in which
the diameter of the axon increased in comparison to that of the
nodal diameter; this region is called the juxtaparanode (Rosen-
bluth, 1984). This juxtaparanodal localization of Kv1.1 channels
is identical to that demonstrated by Mi et al. (1995). The intensity
of Kvl.1 staining was usually stronger near the paranode and
decreased toward the internode (Fig. la). The cytoplasmic pe-
rinuclear region of the Schwann cell also had Kv1.1 immunore-
activity (data not shown). Figure 15 shows the same nodal region
as in Fig. la, labeled for myelin-associated glycoprotein (MAG).
MAG immunofluorescence is found primarily in the terminal
loops, paranodal regions, and the periaxonal space of mature
myelinating Schwann cells (Martini and Schachner, 1986). MAG
was used as a myelin marker to aid in identifying the nodal region
and integrity of the myelin. Figure 1, ¢ and d, shows double-
labeling for Kvl.1 K" channels and Na™ channels, respectively.
Close comparison reveals clear gaps between the nodal Na™
channel staining and the juxtaparanodal Kv1.1 immunoreactivity,
regions corresponding to the paranodes. Figure 1, ¢ and d, has
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Figure 3. Kvl1.1 is found at the node of Ranvier during remyelination. a, A node, at 14 dpi, labeled for Kv1.1. b (composite), A full internode, at 14 dpi,
with Kv1.1 immunoreactivity at nodes (arrowheads) and in the perinuclear region of the Schwann cell (arrow). ¢, d, A node double-labeled for Kv1.1 (¢)
and MAG (d). e, f, Double-labeling for Kv1.1 (e¢) and Na * channels (f) indicates that the two distributions overlap at the node (arrowhead) but that
Kvl1.1 staining extends beyond the Na * channel immunoreactivity. Scale bars: a, ¢, d, 12 pwm; b, e, f, 25 pm.

been merged in Figure le to show the gaps (arrowheads) between
Kv1.1 and Na™ channel immunoreactivity.

Teased nerve fibers were advantageous because they allowed
individual axons to be followed for significant distances to verify
remyelination. Because this preparation requires some mechani-
cal manipulation, experiments were repeated on cryosectioned
nerves from perfused animals. The nerve cryosections were
double-labeled to determine the normal distributions of Kvl1.1
and MAG, and the results were compared with those from teased
fibers. Figure 1f shows a cryosectioned node of Ranvier labeled
for Kvl.1 immunoreactivity. The juxtaparanodes are labeled, and
there is a gradual decrease in the intensity toward the internode.
Figure 1g shows the paranodal regions of this node labeled for
MAG. In all essential aspects the Kvl.1 labeling patterns in
cryosectioned nerves appear to be identical to those of teased
axon preparations.

The specificity of the rabbit polyclonal Kv1.1 antibody was
determined by preincubating the antibody with its peptide antigen
and then by double-labeling control nerve fibers with the blocked
Kvl.1 antibody and anti-MAG. Figure 1, & and i, shows the
results. The preabsorbed anti-Kv1.1 in Figure 1% did not label the
juxtaparanodes or any other part of the node. Perinuclear cyto-
plasmic regions of Schwann cells were also devoid of any staining
(data not shown). The MAG immunoreactivity appeared normal
and unchanged, as seen in Figure 1i. These findings are inter-
preted to mean that anti-Kvl.1 was specific for the potassium
channel Kvl.1 and correctly defined the normal distribution.
Furthermore, a similar localization pattern was seen with both
monoclonal and polyclonal anti-Kv1.1 antibodies.

Kv1.1 in demyelinated axons

By 6 dpi of lysolecithin, most disrupted myelin had been cleared
by phagocytosis, and broad regions of demyelinated axons were
seen with spherical cells, primarily myelin-laden macrophages,
attached (Hall and Gregson, 1971). Demyelinated nerve fibers
were double-labeled for both Na™ channel and Kvl.1 immuno-
fluorescence. Na™ channel clusters at nodes of Ranvier appeared
to be preserved, and by identifying these sites within demyeli-
nated regions, it was possible to evaluate the stability of Kv1.1
domains in the axolemma. Figure 2 is representative of the results

at this stage. Figure 2a shows the Kvl1.1 distribution in a demy-
elinated zone. The corresponding Na* channel cluster is seen in
Figure 2b. Kvl.1 immunofluorescence appears to have lost the
precise localization seen in normal nerve fibers and has moved
into paranodal and nodal zones. The decreased intensity at the
site occupied by Na * channels (Fig. 24, arrowhead) suggests some
residual exclusion of Kvl.1 at the node. Figure 2, ¢ and d, shows
another node in a demyelinated region at 6 dpi, but in this
instance Kvl.1 immunoreactivity is below detectable levels. To
determine the Kvl.1 distribution immediately after demyelina-
tion, we counted and characterized former nodes (identified as
Na ™ channel clusters) in demyelinated regions as having no Kv1.1
staining (Fig. 2¢), diffuse graded Kv1.1 that extended through the
node (Fig. 2a), or paranodal Kv1.1 that did not overlap with the
nodal Na* channel immunofluorescence (data not shown). At 6
dpi, 49% of nodal regions had diffuse graded Kv1.1 staining, 40%
had no Kv1.1 staining, and 11% had paranodal Kv1.1 immuno-
fluorescence (n = 37). One day later (7 dpi) the relative number
of nodal regions without any Kv1.1 staining increased to 79%,
whereas that with diffuse Kv1.1 staining decreased to 21% (n =
24). Neither paranodal nor juxtaparanodal Kv1.1 was observed at
any nodes from demyelinated regions at this stage. Heminodes,
sites in which one side of the node was demyelinated and the
other unaffected, had preserved Na ™ channel clusters at the node
and Kvl.1 clusters in the juxtaparanode on the myelinated side
but no Kvl.1 immunoreactivity in the demyelinated zone (data
not shown). These results suggest that clusters of Kvl.l K"
channels are more labile in the axolemma than are Na™ channel
clusters and that local signals from associated Schwann cells are
necessary to preserve their aggregation.

Kv1.1 at early stages of remyelination

At 7 dpi neither demyelinated axons nor the few Schwann cells
associated with these axons were M AG-positive, but in some
cases diffuse low-level Kv1.1 staining was detected in fully demy-
elinated regions of the axon. In cases in which a cell was clearly
associated with the axon, presumably a Schwann cell just begin-
ning the process of remyelination, Kv1.1 labeling often appeared.
Figure 2e shows a demyelinated axon with an associated cell (*).
Kv1.1 staining can be seen on either side of the cell with a graded
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Figure 4. Kv1.1 channels are clustered at the paranodes by 24 d after lysolecithin injection. a, b, A node, at 24 dpi, double-labeled for Kv1.1 (a) and
MAG (b) indicates that paranodal Kv1.1 and MAG overlap (arrowheads). ¢, d, A node, at 24 dpi, double-labeled for Kv1.1 (¢) and Na* channels (d).
Kvl.1 is aggregated toward the paranodes, leaving a gap (arrowhead) that overlaps with Na * channel immunoreactivity. e (composite), A full internode,
at 32 dpi, has paranodal/juxtaparanodal Kv1l.1 immunofluorescence. Further, the perinuclear region of the Schwann cell has Kvl1.1 staining. Scale bars:

a, b, 12 pm; ¢, d, 25 pm; e, 30 wm.

intensity that increases closer to the cell. It was not possible to
determine whether this label represents channels in the axo-
lemma or a population of Kv1.1 channels in elongating cytoplas-
mic Schwann cell processes. However, because staining of the
perinuclear cytoplasm was not observed, a feature that is pro-
nounced in normal myelinating Schwann cells and actively remy-
elinating Schwann cells, the immunolabel may be axonal. Figure
2f shows that the same region has no MAG immunoreactivity.

Figure 2, g and &, shows an example of remyelination at 9 dpi.
At this stage, Schwann cells had associated with axons and had
begun to extend processes. These Schwann cells also had diffuse
Kv1.1 staining (Fig. 2g). However, the paranodes, juxtaparanodes,
and the region between Schwann cell processes, the presumptive
node (arrowhead), were conspicuously Kvl.l1-negative. Along
these processes there was evidence for MAG expression (Fig.
2h), indicating that active remyelination had begun. It has been
shown that MAG is first expressed after one and a half turns of
Schwann cell processes (Martini and Schachner, 1986).

At 10 dpi the average internodal length (defined here as the
distance between the middle of consecutive nodal gaps) in remy-
elinating zones was 147 * 48 um. At this early stage of repair no
presumptive nodal regions, of 22 sites examined, had Kv1.1 im-
munoreactivity. In contrast to the absence of Kv1.1 staining, it has
been shown previously that Na ™ channels cluster at presumptive
nodes by 10 dpi (Dugandzija-Novakovic et al., 1995).

Kv1.1 is present at the node during remyelination

Clear axonal Kv1.1 staining was seen first in remyelinating axons
at 12 d after lysolecithin injection. Surprisingly, however, at this
stage the Kvl.1 K "channels were found in the node. The number
of fibers with this distribution increased during the next several
days until it became the dominant staining pattern. At 12 dpi new
nodes of Ranvier were counted and characterized as having

either nodal Kv1.1 or no label. Nodes were included only if a full
internode, with its adjacent nodes, was well preserved and could
be followed for its entire length. This criterion allowed for a
determination of the state of remyelination, i.e., whether the fiber
was intact and undisrupted or remyelinated. Fibers ~4 um in
diameter and larger were considered remyelinated if the mea-
sured internodal distance was <350 um (Hildebrand et al., 1985).
Further, MAG staining on newly remyelinated nerve fibers ap-
peared more uniform across the surface of the myelin than in
fibers that did not undergo demyelination and subsequent remy-
elination (data not shown). These criteria allowed for identifica-
tion of remyelinated nerve fibers. Transition nodes, sites in which
one side of the node was undisrupted but the other side was
demyelinated and then subsequently remyelinated, were not in-
cluded. Of the 42 nodes that were included in the count, 8% had
nodal Kvl1.1 staining, whereas the remaining 92% had no label.
The average internodal length was 126 = 62 um. It appeared that
all myelinating Schwann cells were both M AG-positive and had
Kvl.1 immunoreactivity in perinuclear regions.

By 13 dpi the number of presumptive nodes with Kv1.1 immu-
noreactivity increased to 12%, and the remaining 88% of nodes
were without any detectable Kvl.1 (n = 42). The average inter-
nodal length was 159 = 66 um. The large uncertainty in inter-
nodal length reflects the fact that the extent of remyelination may
be highly variable.

Figure 3a shows an example of this intense nodal Kv1.1 staining
at a new node of Ranvier at 14 dpi. The Kv1.1 immunoreactivity
fills the region between the two Schwann cells and appears to be
in the axolemma. Figure 3b shows a full internode with a node at
each end (arrowheads). The right node has nodal Kv1.1 staining,
but the left is unlabeled. Further, the perinuclear region of the
Schwann cell has pronounced Kv1.1 immunoreactivity (arrow).
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Figure 5. Kvl.1 channel distributions during remyelination plotted as the fraction of new nodes observed versus days postinjection of lysolecithin. l, No
nodal, paranodal, or juxtaparanodal labeling; A, nodal immunoreactivity only; @, paranodal labeling (with a gap at the node). Error bars indicate +=SEM.

At 18 dpi three distinct nodal labeling patterns for Kv1.1 were
present in remyelinated nerve fibers, in addition to the perinu-
clear staining of Schwann cells observed at all times later than 9
dpi. These three patterns included the following: (1) a new
distribution that was paranodal with a striking gap in Kvl.1
labeling directly at the node of Ranvier (see below for description
and figure), (2) no nodal or paranodal Kvl1.1 staining (as in Fig.
2¢), and (3) immunoreactivity at nodes only (as in Fig. 3a).
Although all three of these patterns were present, only 12% had
paranodal clustering of Kvl.1, 60% of nodes were labeled uni-
formly, and 28% of nodes had no Kv1.1 labeling (n = 86). At this
time the average internodal length was 223 = 84 um. Figure 3c is
representative of the majority of new nodes at this time and shows
focal nodal Kv1.1 staining. When the Kvl1.1 staining is compared
with the MAG labeling of the same site, as shown in Figure 3d, it
is possible to see that the Kv1.1 extends between the two Schwann
cells and occupies the entire gap between areas of MAG immu-
nofluorescence. This gap corresponds to the new node and is very
narrow, only ~4 um in width. Figure 3e shows a broad region of
Kvl.1 immunofluorescence distributed between two apposing
Schwann cells. Figure 3f shows that a Na* channel cluster (ar-
rowhead) also is well defined at this time and can be found
colocalized with the K™ channels at the node. However, it is clear
from a comparison between the two channel types that the Kv1.1
staining extends beyond the focal Na* channel cluster in a much
broader distribution.

Kv1.1 clusters at paranodes

At 24 dpi, the percentage of new nodes with nodal label and of
those with no label decreased. The number of nerve fibers with
new paranodal Kv1.1 staining increased so that this became the
dominant pattern. Figure 4a is representative of this paranodal
distribution. Paranodal staining extended to the edge of the
juxtaparanodal region and in a few cases into the juxtaparanode,
where the diameter of the axon increases (see Fig. 1, a or ¢, for
comparison). The most striking feature of this labeling pattern
was the gap in Kvl.1 staining found directly at the node of
Ranvier, where Na™ channels were clustered in high density.

MAG staining, shown in Figure 4b, was continuous along the
surface of the myelin but was most intense at the paranodes. It is
important to note that the edges of MAG staining always coin-
cided with the edges of the paranodal Kv1.1 staining (arrowheads
in Fig. 4a,b, right paranode), suggesting some involvement of the
Schwann cell in clustering. Figure 4c, from another experiment,
shows that the gap in Kv1.1 staining (arrowhead) colocalizes with
the nodal Na ™ channel cluster seen in Figure 4d. Further, because
this gap is very small (~2 um), this particular example may
represent very early paranodal clustering. The average internodal
length of remyelinated nerve fibers at 24 dpi was 261 * 54 um. At
this stage 62% of nodal regions had paranodal Kvl1.1 labeling,
28% had nodal staining, and 10% of nodes had no Kv1.1 immu-
nofluorescence (n = 115).

To determine whether the Kvl1.1 potassium channel distribu-
tion in remyelinated nerve fibers continued to change until it
became exclusively juxtaparanodal again or, if it remained near
the node, in paranodal regions, we determined Kvl.1 distribu-
tions at 32, 42, and 69 dpi. Figure 4e shows a full internode from
a 32 dpi rat. Kvl.1 labeling is present in two locations: the
perinuclear region of the Schwann cell and the paranodes/jux-
taparanodes. A gap is present at both nodes, and both nodes have
similar Kv1.1 clustering. Despite the fact that these nodes had the
same general appearance, consecutive nodes did not always have
the same Kvl.1 distributions during early remyelination. The
average internodal length at 32 dpi in remyelinated rat axons was
256 = 49 um. In 71% of new nodes Kv1.1 immunofluorescence
was found in paranodal regions, 22% had uniform nodal label,
and only 7% of nodes had no Kv1.1 staining (n = 72). By 42 dpi
87% of nodal regions had paranodal distributions of Kv1.1, 13%
had nodal Kv1.1, and nodal regions devoid of Kvl.1 immunore-
activity were not seen (n = 31). At 42 dpi Kvl.1 appeared in
paranodal and into juxtaparanodal regions. However, when jux-
taparanodal Kv1.1 staining was seen, it encroached into the para-
node rather than into the internode. At 69 dpi, all nodal regions
(n = 31) from remyelinated axons had paranodal/juxtaparanodal
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Figure 6. Kvl1.1 and Kv1.2 are colocalized in most normal and remyelinated nerve fibers. a, b, Two normal nodes double-labeled for Kv1.1 (a) and Kv1.2
(b). Both nodes of Ranvier have juxtaparanodal Kv1.1, but only the top one has juxtaparanodal Kv1.2. ¢, d, At 19 dpi, double-labeling for Kv1.1 (¢) and
Kv1.2 (d) indicates that during remyelination both channel types may be present at newly forming nodes. e, f, A node, at 24 dpi, with an early gap
(arrowheads) in both Kv1.1 (e) and Kv1.2 (f) immunoreactivity. Scale bars: a, b, 25 um; c—f, 12 um.

K™ channels and were seen in distributions similar to those at 32
and 42 dpi.

Nodal Kv1.1 is transient

The data indicate that Kvl1.1 is initially absent from the nodal
region, transiently expressed at the node of Ranvier, and finally
clustered at the paranodes/juxtaparanodes. The different types of
Kvl.1 staining throughout the remyelination process and how
these patterns relate to each other are shown in Figure 5; the
figure is a summary of the quantitative data discussed above. As
the Kv1.1 distributions were counted, the internodal lengths were
measured also. The average internodal length after remyelination
reached a maximum at ~270 um, in good agreement with pre-
viously reported values after remyelination (Hildebrand et al.,
1985; Dugandzija-Novakovic et al., 1995). One interesting result
of these measurements was that the greatest changes in internodal
length and architecture of the new myelin coincided with the time
(13 through 24 dpi) when Kvl.1 distributions were most variable
and when both Na ™ and K™ channels colocalized at the node.

Kv1.2 colocalizes with Kv1i.1 in most axons

Within the Shaker Kv1l.x family of K™ channels, different subunits
may come together to form heteromultimers with functional prop-
erties intermediate between those of homomultimeric K channels
(Isacoff et al., 1990; Ruppersberg et al., 1990; Salkoff et al., 1992). In
addition to Kv1.1, Kv1.2 is present in axons of the peripheral nervous
system. Figure 6a shows two nodes, with juxtaparanodes labeled for

Kvl.1. However, in Figure 6b, the same region labeled for Kv1.2,
only one of these axons has Kv1.2 immunoreactivity. In preparations
double-labeled for both Kvl.1 and Kv1.2, we found that 85% of
juxtaparanodes had both Kvl1.1 and Kv1.2 staining that precisely
colocalized. However, in 15% of nerve fibers, only Kv1.1 immuno-
reactivity was seen (total number of nodes counted = 198). Within
a given axon the pattern of K" channel expression was constant.
Thus, consecutive nodal regions in the same fiber either had both
Kv1.1 and Kv1.2 immunoreactivity or had only Kv1.1 staining. Nodal
regions with only Kv1.2 were not seen.

The possibility that differences in K* channel expression in
neurons reflected populations of either motor or sensory nerve
fibers was investigated by double-labeling dorsal and ventral spi-
nal roots with antibodies against both Kvl.1 and Kv1.2. Dorsal
and ventral root preparations each had fibers with both Kv1.1 and
Kv1.2 immunolabeling and fibers with only Kv1.1 staining.

Kv1.1 and Kv1.2 colocalize throughout remyelination

During remyelination Kv1.1 is present at the node of Ranvier and
then finally clusters at the paranodes. Double-labeling experi-
ments were performed on nerve fibers during remyelination to
determine whether Kv1.2 colocalizes with Kv1.1 throughout this
process. Figure 6, ¢ and d, is representative of the distributions
observed at 19 dpi and shows nodal colocalization, indicating that
both Kvl1.1 (Fig. 6c) and Kv1.2 (Fig. 6d) appear in the node of
Ranvier during remyelination. Figure 6, e and f, shows early
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paranodal clustering of Kv1.1 and Kv1.2, respectively. The arrow-
head defines the nodal gap at which Na™ channels are presumed
to be clustered. At both 19 and 24 dpi all new nodes that were
immunoreactive for Kv1.1 also stained positively for Kv1.2. How-
ever, this may be attributable to the inherent difficulty of finding
clearly identifiable new nodes in remyelinated nerve fibers at this
stage. We cannot be certain that nodes with just one channel
subtype are absent during early remyelination. Indeed, at 69 dpi,
examples were found of remyelinated nerve fibers with only Kv1.1
immunofluorescence at paranodal /juxtaparanodal regions in con-
secutive nodes (data not shown).

K* channel blockers and conduction properties

The K" channel blockers tetraecthylammonium (TEA™) and
4-aminopyridine (4-AP) were used to assess K™ channel sensi-
tivity during and after remyelination. The drug TEA™* (K, for
mouse Kv1.1 = 0.3 mm and for rat Kv1.2 = 560 mm) (Grissmer et
al., 1994) blocks K™ channels from the external side of the pore
region when applied extracellularly (MacKinnon and Yellen,
1990), and 4-AP (K, for mouse Kvl.1 = 290 pum and for rat
Kv1.2 = 590 um) (Grissmer et al., 1994) blocks K* channels by
diffusing across the cell membrane and acting from inside the cell,
possibly near the binding site for the Shaker inactivation peptide
(Castle et al., 1994; Stephens et al., 1994). Compound action
potentials (CAPs) were recorded before demyelination and at 13,
19, 27, and 34 d after lysolecithin injection. In Figure 7, traces a
and a’ show representative CAPs from a normal sciatic nerve at
both RT and at 37°C. The CAP duration was reduced and
conduction velocity increased at 37°C, but there was little further
effect. Normal axons were insensitive to both 10 mm TEA™
(traces b and b') and 1 mm 4-AP (traces ¢ and ¢’). At 13 d after
lysolecithin injection most axons were at an early stage of remy-
elination. Consequently, the CAP was small and reflected the
presence of a heterogeneous population of fibers varying in the
extent of remyelination and, therefore, in conduction delays
(trace d). Conduction was very temperature-sensitive, a charac-
teristic of demyelinated axons (trace d'). TEA™* (10 mm) had no
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Figure 7. Compound action potentials
(CAPs) in control and remyelinating
13 dpi nerves. CAPs were measured
both at room temperature (R7") and at
37°C, as indicated at the left of each
row. At each temperature the traces
are shown before the addition of drug
(left) and in 10 mM tetraethylammo-
nium (TEA; center) or 1 mm
4-aminopyridine (4-A P; right). Calibra-
tion: (Control), 0.25 mV, 1 msec; (13
dpi), 0.2 mV, 1 msec in traces d, d’, e,
and ¢’ and 2 msec in f and f'.

effect on conduction properties (traces e and e’). However, on the
addition of 1 mm 4-AP, the shape of the CAP changed signifi-
cantly (traces f and f”), increasing in both the amplitude and the
duration of the CAP. The CAP remained temperature-sensitive
(trace f"). Figure 8 shows results for nerves at 19, 27, and 34 dpi.
At 19 dpi for both RT and 37°C, there was very little TEA™
sensitivity, but temperature changes resulted in significant alter-
ation of the CAP (tracesa, a’, b, and b"). On the addition of 4-AP
the duration of the CAP changed dramatically (traces ¢ and ¢');
the time scale for trace ¢ in Figure 8 is 12 times that for CAPs
in the absence of any drug. Increased temperature sensitivity
persisted (trace c¢’). At 27 dpi the nerve remained temperature-
sensitive and TEA " -insensitive (traces d, d’, e, and e'). With the
addition of 4-AP (traces f and f'), the amplitude of the negative
phase decreased. However, the duration of the CAP was not
increased significantly. By 34 dpi, the CAP closely resembled that
of normal nerves both in the presence and absence of TEA™
(traces g, g', h, and h"). However, on the addition of 4-AP only
minor deviations from the control trace appeared, suggesting
that, at this late stage of remyelination, few axons remained 4-AP
(trace i) and temperature-sensitive (trace i'). These records show
that remyelinated axons are very sensitive to 4-AP precisely at the
time when the Kv1.1 K" channels have been shown to be present
at the node of Ranvier.

Mitomycin-C delays Kv1.1 clustering at the node

The clustering of Kv1.1 appeared to be related to the degree of
remyelination. To test for an essential role of Schwann cells in the
redistribution of Kv1.1 channels, we added the mitotic inhibitor
mitomycin-C to the lysolecithin injection. The drug blocks prolif-
eration of Schwann cells and delays remyelination (Hall and
Gregson, 1974). At 18 dpi, remyelinating Schwann cells were not
present, Kv1.1 staining was not detected at heminodes (data not
shown), and focal clusters of Kv1.1 immunoreactivity could not be
found in demyelinated zones. Figure 9a shows a heminode at 24
dpi (arrowhead). The demyelinated region to the right of the
heminode has increased Kv1.1 staining in the axolemma but no
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Figure 8. Compound action potentials g
in remyelinating nerves at 19, 27, and 34
dpi. Temperature and drug conditions
are as indicated and as in Figure 7. Cal-
ibration: (19 dpi) 0.05 mV, 1 msec in a, .
a', b, and b’, 12 msec in ¢, and 3 msec in Irc.
¢'; (27 dpi), 0.5 mV, 1 msec; (34 dpi), 0.5
mV, 1 msecin g, g’, h, h’, and i’ and 2 g

msec in i.

MAG immunoreactivity (MAG not shown). In the absence of
Schwann cell association it appears that Kvl.1 is present in the
axolemma, but no precise subcellular localization of these chan-
nels occurs. Eventually, new nodes form, presumably as
mitomycin-C effects dissipate, and K™ channels appear in the
nodal gap. This pattern is present at much longer times than
normal, and even as late as 47 d after lysolecithin and
mitomycin-C injection many examples of nodal Kvl.1 staining
were found, suggesting that remyelination was delayed. Compar-
ison with Figure 5 indicates that nodal K™ channel staining ought
to be very rare by this time. Figure 9 shows nodal Kv1.1 staining
(arrowhead) from a 47 dpi mitomycin-C-injected animal. Figure
9c¢ shows the corresponding MAG immunofluorescence, with a
gap between apposing Schwann cells.

Kv1.1 and Kvf2 colocalize during remyelination

In addition to the membrane-spanning a-subunits, cytoplasmic
B-subunits may be found in association with K* channels. In
particular, the KvB2 subunit has been suggested to mediate effi-
cient cell surface expression of K* channels (Shi et al., 1996). To
investigate the possibility that KvB2 participates in Kv1.1 expres-
sion before and during remyelination in the peripheral nervous
system, we double-labeled nerve fibers with antibodies against
Kvl1.1 and KvB2. Figure 9, d and e, shows that Kv1.1 (Fig. 9d) was
found to colocalize with the cytoplasmic Kvp2 subunit (Fig. 9e).
During remyelination, at 19 dpi, Kv32 was present in the node of
Ranvier. Figure 9f shows that Kv1.1 immunoreactivity overlapped
precisely with the KvB82 immunofluorescence shown in Figure 9g.

Rasband et al. «+ K™ Channels during Remyelination

+TEA +4-AP
b o
b ¢

h' i

Furthermore, Kv32 immunofluorescence was not detected in the
perinuclear region of Schwann cells (data not shown).

DISCUSSION
Normal axons
The first voltage-clamp experiments on nodes of Ranvier, con-
ducted on amphibian axons, demonstrated the presence of
voltage-dependent Na™ and K™ channels (Dodge and Franken-
haeuser, 1958; Frankenhaeuser, 1962). The latter were sensitive
to block by TEA and were shown to be important in repolarizing
the nodal membrane after action potential conduction (Hille,
1967). In contrast, Chiu and Ritchie (1980) later showed that
voltage-dependent K* channels are absent from mammalian
nodes of Ranvier. In experiments on rabbit myelinated axons,
they measured large K™ currents only after acute treatment to
loosen the myelin from the axonal membrane. This observation
suggested that voltage-dependent K™ channels are present only
in paranodal and internodal regions. Further, these authors ar-
gued that a large K™ leakage current in mammalian nodes was
sufficient for rapid repolarization (Chiu et al., 1979). More re-
cently, immunocytochemical methods have allowed for a more
precise localization of voltage-dependent K™ channels, demon-
strating Kvl.1 and Kv1.2 clustered in juxtaparanodal regions,
probably as heteromultimeric channels (Wang et al., 1993; Mi et
al., 1995).

Using immunofluorescence, we have confirmed the localization
of Kv1.1 and Kv1.2 in juxtaparanodes of normal myelinated rat
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Figure 9. Mitomycin-C delays remyelination and K* channel clustering, and the K" channel subunit Kvp2 is colocalized with Kv1.1 in normal and
remyelinating nerve fibers. a, A demyelinated axon, at 24 dpi of mitomycin-C and lysolecithin, labeled for Kv1.1. A heminode in a (arrowhead) with the
demyelinated zone to the right has diffuse labeling of Kv1.1 in the absence of Schwann cell interaction. b, ¢, A node, at 47 dpi with mitomycin-C and
lysolecithin, illustrates Kv1.1 immunoreactivity within the nodal gap. d, e, A normal node double-labeled for Kv1.1 (d) and KvB2 (e). f, g, A node, at 19
dpi, double-labeled for Kv1.1 (f) and Kvp2 (g), showing that Kvp2 is colocalized with Kv1.1 at the node during remyelination. Scale bars: a, d, e, 25 wm;

b, c,f, g 12 pm.

nerve fibers. Further, we found that in most cases these channels
colocalized, but in 15% of the nodes examined only Kv1.1 was
present. Because consecutive nodes within individual axons had
the same labeling pattern, it appears that differing patterns of
expression between axons are controlled by neurons rather than
by Schwann cells. The functional significance of these heteroge-
neous distributions is unknown but does not appear to represent
differences between motor and sensory neurons, because both
dorsal and ventral spinal roots had Kv1.1/Kv1.2 coexpression or
only Kv1.1 staining.

Double-labeling experiments with anti-Na * channel and Kv1.1
channel antibodies have revealed that their respective subcellular
domains do not overlap but instead are very distinct and are
separated by a small gap. Using immunoelectron microscopy, Mi
et al. (1995) have shown that Kv1.1 is localized at juxtaparanodes,
and Novakovic et al. (1996) have demonstrated that clusters of
Na * channels in normal adult fibers could be detected only at the
node between adjacent Schwann cells. The gap seen in our
double-labeling experiments corresponds to the paranode, a re-
gion in which the terminal loops of Schwann cells form tight
axoglial junctions and in which the caliber of the axon is narrowed
in comparison with the internodal diameter (Rosenbluth, 1984).
The fact that neither Kv1.1 nor Na™ channels could be found in
paranodal regions suggests that both channel types may be ex-
cluded from the specialized sites in which the Schwann cell
paranodal loops come in close contact with the axon.

Demyelinated fibers

Seven days postinjection of lysolecithin represents the time when
many internodes are stripped entirely of myelin, and Schwann
cells have not yet begun remyelination. At this time Kv1.1 clusters
could not be detected at the majority of former juxtaparanodal
regions. In the remaining cases (21%) demyelinated zones had
diffuse Kv1.1 immunoreactivity that extended through the para-
node and node. By 9 dpi, the earliest stage of remyelination, Kv1.1
clusters were undetectable. These results suggest that aggregation

of these channels, in the absence of any Schwann cell interaction,
is more labile than that of Na™* channel clusters. The latter
retained their precise location for periods of at least 1 week,
although by 2 weeks Na™ channel clusters were not seen if
Schwann cell proliferation was prevented (Dugandzija-Novakovic
et al., 1995). Wiley-Livingston and Ellisman (1982) showed that
during remyelination rows of intramembranous particles ap-
peared and were associated with terminal loops of myelin during
the formation of new nodes of Ranvier. Some of these particles
may represent K" channels. Wang et al. (1995) have examined
Kv1.1 distributions in the hypomyelinating mouse strain Trembler.
They reported altered Kvl.1 distributions, with channels no
longer confined to juxtaparanodal regions and more diffuse than
in wild-type mice. Most importantly, the largest changes in K*
channel redistribution were seen in hypomyelinated regions.
These observations are consistent with the hypothesis that Kv1.1
clustering requires Schwann cell interaction for maintenance and
stabilization in specific subcellular domains.

Inhibition of Schwann cell proliferation by mitomycin-C de-
layed K* channel redistribution and clustering. At 24 dpi, demy-
elinated axons with broad zones of Kvl.1 immunoreactivity were
seen, whereas in the absence of this drug these channels were
already restricted mainly to paranodal/juxtaparanodal zones at
this time. Neuronal proteins may be essential for clustering chan-
nels (Kim et al.,, 1995), but their action alone appears to be
insufficient to direct aggregates to specific regions. Likewise,
Vabnick et al. (1996, 1997) have shown that Schwann cells are
necessary for Na* channel clustering during development and
that long-term maintenance of these clusters also requires
Schwann cell interaction. It is interesting to note that during
remyelination Na™ channel clusters first appear in two separate
bands, which then fuse to form one aggregate at the node
(Dugandzija-Novakovic et al., 1995). In contrast, K" channels are
first detected at the node and then split and cluster to paranodal
regions. In each case, aggregation seems to be directed by adher-
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Figure 10. Compound action potential amplitude and duration depend on the fraction of nodes with K* channels (A) and the consequent sensitivity

to 4-aminopyridine (4-4P).

ent Schwann cells that have become committed to myelination.
However, the clustering of these two channel types occurs in
opposite directions and at different times, suggesting unique
mechanisms.

Shi et al. (1996) have shown that Kv1.2 and Kv2 immunore-
activity colocalizes in regions adjacent to nodes of Ranvier in rat
cerebellar cortex. Further, they showed that in transfected mam-
malian cells Kvp2 associates with Kv1.2 a-subunits and acts as a
chaperone to promote N-linked glycosylation, increased stability,
and more efficient cell surface expression of Kv1.2. Because Kvp2
was found to be colocalized with K* channels at the node during
remyelination, it may have a similar function in the peripheral
nervous system. Recently, Rhodes et al. (1997) have shown colo-
calization of Kv1.1, Kv1.2, and Kv@2 at paranodal regions in the
CNS. The fact that paranodal regions in axons from both the
peripheral and CNS have similar staining patterns suggests that
these regions have similar requirements for K* channel expres-
sion and function.

We have used the K* channel blocking drugs TEA ™ and 4-AP
to investigate the physiological function of Kv1.1 and Kv1.2 under
both normal and pathological conditions. The drug TEA *, when
applied extracellularly, acts by occluding the K™ channel pore
(Hille, 1967; MacKinnon and Yellen, 1990). In contrast, 4-AP has
been shown to block mouse Kv1.1 channels by diffusing across the
membrane and acting in close proximity to the binding site for the
inactivation peptide (Stephens et al., 1994). The mechanism for
action of TEA ™ allows for an investigation of K* channel acces-
sibility during remyelination, whereas 4-AP circumvents the need
for accessibility and allows for assessment of K™ channel function
in the normal and demyelinated nerve fiber. Bostock et al. (1981)
have studied the effects of 4-AP and TEA ™ on both normal rat
spinal roots and spinal roots that were demyelinated, using diph-
theria toxin. They observed very little or no effect of 20 mm
TEA™ and 5 mMm 4-AP on CAPs from normal roots. We have
similar results for normal sciatic nerve, suggesting that Kv1.1 and
Kv1.2 K™ channels do not contribute to the repolarization of the
axon under normal conditions. Chiu and Ritchie (1981) have
speculated that juxtaparanodal K™ channels may play an impor-

tant part in stabilizing action potential discharge at the node, i.e.,
preventing reexcitation of the nodal membrane. The observation
that myelinated, regenerating axons treated with 4-AP elicit
bursting activity after a single stimulus is consistent with this idea
(Kocsis et al., 1982).

By combining electrophysiology and immunofluorescence, we
can evaluate the K™ channel distribution and its effect on func-
tion during remyelination. The sensitivity to 4-AP appears to be
dependent both on the number of nerve fibers with Kv1.1 and
Kv1.2 and on the distribution of these K* channels. Figure 10
shows that, as remyelination progressed through 19 dpi, the effect
of 1 mm 4-AP became more dramatic: both the amplitude and
duration of the CAP increased. Furthermore, there is a correla-
tion between the number of nodal regions with K™ channels and
the effect of 4-AP. The presence of K* channels at the node may
result in decreased conduction efficiency. The sensitivity to 4-AP
decreased by 27 and 34 dpi as remyelination continued. Because
4-AP is permeant and is likely to reach these channels, this
observation suggests that Kvl.1 and Kvl.2 contribute less to
conduction during later stages of remyelination because they are
sequestered increasingly under the myelin in paranodal regions.
Improved tightness of axoglial junctions may be responsible for
the decreased sensitivity to 4-AP at later stages of remyelination
(27+ dpi). Thus, after demyelination, K* channels do not alter
conduction properties solely by exposure as paranodes are dis-
rupted. Indeed, their strongest influence in reducing excitability
during remyelination occurs during their transient presence at the
node.
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