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Summary

Voltage-gated K+ channels are localized to juxtapara-
nodal regions of myelinated axons. To begin to under-
stand the role of normal compact myelin in this local-
ization, we examined mKv1.1 and mKv1.2 expression
in the dysmyelinating mouse mutants shiverer and
Trembler. In neonatal wild-type and shiverer mice, the
focal localization of both proteins in axon fiber tracts is
similar, suggesting that cues other than mature myelin
can direct initial K+ channel localization in shiverer
mutants. In contrast, K+ channel localization is altered
in hypomyelinated axonal fiber tracts of adult mutants,
suggesting that abnormal myelination leads to chan-
nel redistribution. In shiverer adult, K+ channel ex-
pression is up-regulated in both axons and glia, as
revealed by immunocytochemistry, RNase protection,
and in situ hybridization studies. This up-regulation of
K+ channels in hypomyelinated axon tracts may re-
flect a compensatory reorganization of ionic currents,
allowing impulse conduction to occur in these dysmy-
elinating mouse mutants.

Introduction

Electrophysiological studies have identified a variety of
voltage-gated K* currents in mammalian myelinated ax-
ons, where they are presumed to play a role in repolarizing
the axons after an action potential (Waxman and Ritchie,
1985; Black et al., 1991; Hille, 1992). K* currents are found
to be differentially distributed along myelinated axons.
Slowly activating voltage-gated K* currents are recorded
in the axonal membrane at the node of Ranvier, whereas
rapidly activating, 4-aminopyridine (4-AP)-sensitive K*
currents are recorded in the paranodal and internodal re-
gions of acutely demyelinated axons (Chiu et al., 1979,
Brismar, 1980; Chiu and Ritchie, 1981; Roper and Schwarz,
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1989). Two voltage-gated K* channel proteins, mKv1.1
and mKv1.2, may contribute to these K* currents, since
both have been shown by immunocytochemistry at the
electron microscopic level to be highly concentrated at
the juxtaparanodal region of myelinated axons (Wang et
al., 1993, 1994; Mi et al., 1995).

In comparison to acutely demyeiinated axons, chroni-
cally dysmyelinated axons show changes in the density
and distribution of ionic currents (Bostock et al., 1981;
Schwarz et al., 1991). Neither the mechanism(s) nor the
molecular identities of the channels involved in these
changes are known. In this report, we use immunological
and molecular probes specific to mKv1.1 and mKv1.2 to
ask, at the molecular level, whether genetic lesions caus-
ing chronic dysmyelination result in a spatial reorgani-
zation of specific K* channels normally expressed in my-
elinated axon tracts, and whether this reorganization is
accompanied by a change in K* channel gene expression.

Two mouse mutants, shiverer (shi) and Trembler (Tr),
provide genetic models to study the effects of chronic dys-
myelination. shi mice inherit a deletion of 5 exons in the
myelin basic protein (MBP) gene (Roach et al., 1985; Moli-
neaux et al., 1986). Homozygous shi mice show severe
hypomyelination in the CNS and slight hypomyelination in
the PNS (Bird et al., 1978; Privat et al., 1979; Rosenbluth,
1980a, 1980b). Myelin sheathes from the shi CNS are thin
or absent from many large-caliber axons. Where myelin
does occur, it is reduced in amount and variable in com-
pactness. Moreover, lamellae frequently do not com-
pletely encircle the axons but terminate as loop-like struc-
tures within or around the axonal circumference. Axoglial
junctions characteristic of the type found in paranodal re-
gions are present in greater than normal numbers and
occur in aberrant locations. In spite of these lesions, shi
mice survive to adulthood, suggesting that nerve conduc-
tion is retained. In shi mutants, Na* channels are elevated
in large-caliber myelinated fiber tracts (Noebels et al.,
1991; Westenbroek et al., 1992). In Tr mice, a substitution
of glycine by aspartic acid in the peripheral myelin protein
(PMP22) causes the autosomal dominant trembling phe-
notype (Suter et al., 1992). Tr mutants have normal central
myelin but severe hypomyelination of peripheral axons.
To our knowledge, ion channel expression has not been
studied previously in Tr mice.

Results

K* Channel Distribution Is Altered in CNS Fiber Tracts
of shiverer Mice

Immunocytochemistry with antibodies to mKv1.1 (a-Kv1.1)
and mKv1.2 (a-Kv1.2) showed that the distribution of both
proteins was significantly altered and elevated in shi hypo-
myelinated fiber tracts, including cerebellar (Figures 1a
and 1b; mKv1.2 is shown) and subcortical white matter,
internal capsule, corpus callosum (Figures te~1h; mKv1.1
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Figure 1. Indirect Peroxidase Staining of mKv1.t and mKv1.2 Proteins in Different Regions of Wild-Type and shi Mouse Brains

(a and b) a-Kv1.2 staining in wild-type (a) and shi (b) cerebellum. A picture of slightly longer exposure of a wild-type section was chosen to avoid
underestimation of the difference in the fiber tract regions as compared with that of the shi mouse. Striking differences in staining are seen in the
shi corpus medullare (arrow).

(¢ and d) a-Kv1.2 staining in wild-type (c) and shi (d) olfactory bulb. Note the change in staining pattern in the axon tracts (arrows) likely to arise
from tufted (not shown) and mitral (M) cells. Ip, inner plexiform layer.

(e and f) a-Kv1.1 staining in the corpus callosum (CC), internal capsule (Icp), and corticofugal fiber tracts (boxed) in wild-type (e) and shi (f) mice.
All mutant fiber tracts show increased staining.

(g and h) Higher magnification of corticofugal fiber staining in regions similar to those boxed in {e) and (f). The border of a major fiber bundle is
indicated by large arrows. The pattern of staining within the bundle changes from paired punctate staining (g, small arrows) to more fibrous staining

in the shi mouse (h).
Bars, 200 um (a, b, e, and f), 40 um (c and d), 20 um (g and h).

is shown), anterior commissure (data not shown), and
brain stem (Figures 2a and 2b; mKv1.1). In each of these
fiber tracts, the paired punctate staining pattern character-
istic of juxtaparanodally localized mKv1.1 and mKv1.2 in
wild-type mice changed to intense, diffuse staining in shi
mice (Figures 1g, 1h, 2a, and 2b). Similar staining patterns
were observed with shi mice in two different genetic back-
grounds, C57BL/6J (Figure 1) and C3HeB (Figures 2-8).
While K* channel staining increases in shi axon tracts, no
significant change was observed in the channel-specific
distribution or amount of staining in neuronal somata of
shi brain as compared with wild-type brain (Figure 1; also
see Wang et al., 1994). These data suggest that the cell-
specific expression patterns of K* channels are retained
in shi mutants, although channel localization is altered in
dysmyelinated fiber tracts.

K+ Channel Redistribution in Fiber Tracts of Tr Mice
To test whether the change of staining in hypomyelinated
fibers is due specifically to the lack of MBP, we examined
the K* channel distribution in peripheral nerve fibers of Tr
mice. In contrast to the dramatic change of staining pattern
in the shi mice (compare Figures 2a and 2b), no significant
change was observed in the a-Kv1.1 and a-Kv1.2 staining
pattern in Tr brain stem fiber tracts (Figure 2c; mKv1.1),
In the peripheral sciatic nerve, myelinated axons in shi
mice showed only a slight increase in internodal staining
and occasional elongated juxtaparanodal profiles (com-
pare Figures 2d and 2e), consistent with reports of minor
morphological abnormalities in shi peripheral myelin (Ro-
senbluth, 1980a). In the hypomyelinated Tr sciatic nerve,
more diffuse staining was seen for either channel than in
shi sciatic nerve (Figure 2f; mKv1.1). In each mutant strain,
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Figure 2. Fluorescence Immunocytochemistry of mKv1.1 in Ventral Fiber Tracts of the Brain Stem and Sciatic Nerve of Wild-Type and shi Mice
All sections were stained in parallel, and images were collected using the same aperture and gain in the confocal microscope in order to compare
the relative levels of staining.
(a—¢) a-Kv1.1 staining of brain stem in +/+ (a), shilshi (b), and Tr/+ (c) mice. The shi fiber tracts show a diffuse staining pattern.
(d-f) Double staining with a-Kv1.1 (green) and a-CNP (red) in sciatic nerve of +/+(d), shilshi (e), and Tr/+ (f) mice. Note the occasional mildly
elongated internodal staining for mKv1.1 in shi axons in contrast to the more diffuse distribution in 7r sciatic nerve. Bar, 10 um.

the major changes in K* channel redistribution were con-
fined to regions of hypomyelination. These results suggest
that normal myelination, rather than the specific absence
of either MBP or PMP22, contributes to the juxtaparanodal
localization of mKv1.1 and mKv1.2 proteins seen in normal
animals.

Cellular Localization of K* Channels

To determine whether the aberrant increase in staining
within the mutant fiber tracts originates in axons or glia,
we examined the localization of K* channels in shi and Tr
fiber tracts, both by confocal microscopy and by three-
dimensiona! fluorescence imaging using a Deltavision
Wide-Field Deconvolution microscope. Brain stem sec-
tions were double stained with a-Kv1.1 and an antibody
specific to the 2',3-cyclic nucleotide 3'-phosphodiesterase
(CNP) (Figure 3). CNP staining identifies both cytoplasm
and myelin membranes of oligodendrocytes and Schwann
cells. CNP can be used as a glial marker in both shi and
Tr mice because its expression is unaffected in shi aduit
and reduced to about 65% of normal in Tr PNS (reviewed
by Sprinkle, 1989). In wild-type mice at high magnification
using a confocal microscope, the intense a-mKv1.1 stain-
ing did not overlap with the glial a-CNP staining (compare
Figures 3a, 3b, and 3c). In sections from shi mice, a-Kv1.1
staining occurred at distinct levels of intensity (Figure 3e).
The faint, more diffuse a-mKv1.1 staining was generally
higher in shi mice than in the wild type (Figure 3e versus
Figure 3b, boxed regions). This faint a-mKv1.1 staining
colocalized with a-CNP staining, giving rise to a yellowish
tint in the superimposed image (Figure 3f, boxed regions).

In contrast to the faint a-mKv1.1 staining in regions of
glia, the intense staining seen in Figure 3 appears to be
associated with axons. To confirm that K* channel proteins
are redistributed in axons of hypomyelinated fiber tracts
in the mutants, we used a Deltavision SA3 Wide-Field De-
convolution microscope to obtain high magnification and
high resolution images (Figure 4). We studied the localiza-
tion of K* channels in serial 0.2 um optical sections taken
from 20 um histochemical sections of Tr sciatic nerve and
shi brain stem and spinal cord. In Tr mice, the K* channel
staining is associated with axolemma and within axons in
several optical sections progressing through a section of
sciatic nerve (Figure 4). Note the extensive longitudinal
distribution of K* channel staining along the axon. Similar
axonal K* channel redistribution is also observed in the
brain stem and spinal cord sections of shi mice (data not
shown).

Collectively, these results demonstrate that K* channel
distribution and expression are altered in both axons and
glia of hypomyelinated fiber tracts.

K+ Channel RNA Increases in Both Neurons

and Glia of shiverer Mice

To determine whether K* channel redistribution reflects
up-regulation of gene expression, RNase protection assays
were performed, comparing the steady-state levels of
mKv1.1 and mKv1.2 RNA in the shi brain to those in the
wild-type brain. For each experiment, total RNA was iso-
lated from gross dissection of separate brain regions,
pooled from three shi and three wild-type mice. The rela-
tive ratios of mKv1.1 or mKv1.2 to that of 18S ribosomal
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Figure 3. Double Fluorescence Immunocytochemistry of mKv1.1 and a-CNP in Ventral Tracts of Brain Stem
(a—-c) Wild-type staining with a-CNP (a; red) and a-Kv1.1 (b; green), and images from (a) and (b) superimposed (c). No a-Kv1.1 staining is seen

in the region of glia (boxed regions).

(d~f) shi mouse stained with a-CNP (d) and a-Kv1.1 (¢), and images from (d) and (e) superimposed (f). Note that two ievels of intensity are seen
in {8): intense staining in axons and faint staining overlying glia (boxed regions).

Bar, 5 um.

RNA were calculated by Phospholmager quantitation of
protected fragments. Three independent experiments were
performed. Consistent 2- to 4-fold increases were ob-
served in each experiment for each K* channel RNA in
three separate brain regions (Figure 5; Table 1).

We performed in situ hybridization studies on brains
from both shi and wild-type animals in order to resolve at
the cellular level the source of these changes in expres-
sion. Striking increases were observed in autoradio-
graphic signal density for mKv1.1 and mKv1.2 RNAin fiber
tracts (Figure 6). In particular, a significant increase in
mKv1.1 signal was noted in the corpus callosum, anterior
commissure, internal capsule, and corpus medullare of shi
mice (Figures 6a, 6b, 6g, and 6h). Similar, though smaller,
increases in mKv1.2 expression were seen in the same
fiber tracts (Figures 6¢ and 6d). No change was observed
for mKv3.1 (Figures 6e and 6f). Integrated optical density
(IOD) from the autoradiograms in several fiber tracts and
neuronal regions was analyzed for the expression level
of mKv1.1 and mKv1.2 RNA. The aggregate data show
that mKv1.1 RNA increased about 3-fold in shi fiber tracts,
while mKv1.2 increased about 1.5-fold (Table 2).

Analysis of emulsion-dipped slides showed that in-
creases in both cell number and expression per cell within
the hypomyelinated fiber tract contribute to the observed
increase in K* channel expression by IOD measurement.
In each section, we analyzed all the celis in the corpus
callosum that were 1 mm from the midiine. Counting the
number of hematoxylin-stained nuclei revealed a mean
1.5-fold increase in the density of nuclei in shi over wild-
type mice. The number of silver grains per cell in the cor-
pus callosum in 9 pairs of sections of shi and wild-type
mice were determined using the MCID system (see Experi-

mental Procedures; Figures 6i and 6j). Binned according
to the number of silver grains per cell, a greater percentage
of cells with high expression of mKv1.1 was found in shi
mice. The maximum expression level was also increased
from 8 grains/cell in the wild type to 11 grains/cell in shi
mutant (Figure 6k and 61). We conclude from these studies
that expression levels of both mKv1.1 and mKv1.2 in-
creased in shi glial cells. For mKv1.2, the increase may
be accounted for by an increase in glial cell number in the
fiber tracts. For mKv1.1, expression increased on a per
cell basis.

To evaluate changes in K* channel RNA levels in neu-
rons, the expression of mKv1.1 and mKv1.2 was analyzed
in neurons of the deep cerebellar nuclei at two different
parasagittal planes, medial and lateral. These nuclei were
chosen because individual cells in the nuclei are well iso-
lated and easily distinguishable and because the expres-
sion of mKv1.1 and mKv1.2 is relatively high and homoge-
nous (Figure 7). These bilateral symmetric nuclei receive
input from Purkinje cells and project to other brain regions
along myelinated brain stem fiber tracts. Although the rela-
tive increases varied between subnuclei, an average >1.5-
fold increase in the number of silver grains was found for
both mKv1.1 and mKv1.2 (Figure 7e). These data corrobo-
rate our observations of increased K* channel proteins in
shi axons by immunocytochemistry.

Changes in Axon K+ Channel Distribution

during Development

To determine whether normal compact myelin is required
for channel localization in axon fiber tracts during early
postnatal development, cervical and lumbar regions of
wild-type and homozygous shi spinal cords were stained
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Figure 4. Double Fluorescence Immunocytochemistry of a-mKv1.1 and a-CNP in Sciatic Nerve of Tr Mice

Images were obtained using a Deltavision Wide-field Deconvolution microscope and show representative sections selected from a series of 32
optical sections. The thickness of each optical section is 0.2 um. Sections are 0.4 um apart from each other. Note the a-mKv1.1 staining within

several axons. Arrowheads highlight one axon shown in (b) and (c).

using a-Kv1.1 and a-Kv1.2 at postnatal day 2 (P2) and
various ages to aduit. Although cell somata were heavily
stained by a-Kv1.1, no immunoreactivity was detected in
either dorsal or ventral white matter at P2. A similar pattern
was observed at P6. At P8, faint paired punctate staining
was observed in a few fibers in both genotypes (data not
shown). At P13, paired punctate staining was clearly dis-
cernible in both wild-type and shi spinal cord (Figures Ba
and 8b; mKv1.2). At P17, however, clear differences in
the level of staining along the axon tracts became apparent
between wild-type and shi spinal cord (Figures 8c and 8d;
mKv1.2). The density of juxtaparanodal profiles continued
to increase in wild-type spinal cord through P63 (Figure
8e; mKv1.2), while in the shi spinal cord, high levels of

more diffuse staining and patches of intense staining were
observed (Figure 8f; mKv1.2 is shown). These experi-
ments show that mKv1.1 and mKv1.2 are localized simi-
larly in shi and wild-type axon tracts during early postnatal
development, even though shi mice never develop normal
compact myelin.

Discussion

Results from our studies on shi and Tr mice suggest that
hypomyelination alters K* channel localization and gene
expression, independently of the specific genetic lesion
that causes dysmyelination. Further support for this con-
clusion is provided by a similar finding in the jimpy mouse,
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Figure 5. RNase Protection Assay on Total RNA Prepared from Wild-
Type and shi Homozygous Mouse Brains

For each mouse strain, brains were dissected into the following re-
gions: cerebral hemispheres (F), Pons and medulla (H), and cerebel-
lum (C). In each set of assays that protected one of the K* channel
mRNAs (mKv1.1 or mKv1.2), loading was monitored by diluting an
aliquot of the sample by 10~ and protecting a 340 bp fragment of 18S
rRNA.

Table 1. K* Channel Gene Expression Measured by RNase
Protection

Wwild Type shi shilWild Type

mKv1.1

Forebrain 0.267 0.838 40 £ 1.0

Hindbrain 0.406 1.725 37 +08

Cerebellum 0.658 2.086 27 x 04
miKvt.2

Forebrain 0.252 0.346 16 = 0.2

Hindbrain 0.317 Q.722 21+ 03

Cerebellum 0.280 0.646 2203

Values (left two columns) from one K* channel expression assay repre-
sent ratios determined by dividing the signal intensity of the protected
K* channel RNA fragment by that determined for 18S in the corre-
sponding lane. In the right column, values from three independent
sets of assays (each on a pool of RNA from three brains) are averaged

and presented as the ratio of K* channel gene expression in shilwild -

type.

a severe hypomyelinating mutant that has a mutation in
the sex-linked proteolipid protein gene. Most of the oligo-
dendrocytes in these mice die and do not generate myelin
sheath. Consistent with the role of compact myelin in K*
channel localization, in hemizygous or homozygous jimpy
mice, the K* channel distribution is dispersed along axon
fiber tracts (H. W. and B. L T., unpublished data).

Elevated K* Channel Expression in Neurons

and Axons

When expressed in Xenopus oocytes or in transformed
mammalian cells, both mKvi.1 and mKv1.2 give rise to
rapidly activating, voltage-gated K* currents that are
blocked by relatively low concentrations of 4-AP (Werk-
man et al., 1992; Bosma et al., 1993; Hopkins et al., 1994).
K* currents with similar properties are present in axons
(Waxman and Ritchie, 1985). immediately after acute de-
myelination, action potential conduction is blocked, pre-
sumably owing to the abundance of these K* channels
(previously covered by myelin) relative to the low density
of Na* channels in the internode (Shrager, 1989). In this
situation, decreasing K* currents with the K* channel
blocker 4-AP promote conduction (Bostock et al., 1981;
Waxman and Wood, 1984, Targ and Kocsis, 1985), sug-
gesting that the relative strength of K* and Na* currents
is a primary determinant of successful action potential
propagation. In clinical trials, patients with mulitiple sclero-
sis have shown improvement in their symptoms when
treated with 4-AP (Stefoski et al., 1987; Bever, 1994).
Blocking the paranodal K* channels in demyelinated ax-
ons with 4-AP can also lead to repetitive firing following
a single impulse (Bowe et al., 1985; Baker et al., 1987).
Together, these experiments on dysmyelinated axons
suggest that the level of axonal K* currents critically influ-
ences proper action potential conduction.

We show here by quantitative in situ hybridization that
levels of mKv1.1 and mKv1.2 mRNA increase in deep cer-
ebellar nuclei of shi mutants. Furthermore, immunocyto-
chemical studies reveal an increase and redistribution of
mKv1.1 and mKv1.2 in shi axons. In shi mice, type Il Na*
channel density has been demonstrated to be increased
in axon tracts (Westenbroek et al., 1992). Assuming that
at least part of the increase in Na* channel expression
occurs in axons, the up-regulation of mKv1.1 and mKv1.2
in shi mice may provide a more favorable electrophysiolog-
ical balance between Na* and K* currents, an adaptive
mechanism for impulse conduction. in support of this hy-
pothesis, the sites of elevated expression of K* channels
are found to coincide with the sites of Na* channel increase
in many large-caliber fiber tracts.

Elevated K* Channel Expression in Glia

Electrophysiological studies have shown that rapidly acti-
vating, sustained K* currents existin mature glia, including
oligodendrocytes and Schwann celis (Barres, 1991; Chiu,
1991). The molecular identities of the K* channels ex-
pressed in Schwann cells have recently been investigated.
Northern blot analysis of rat sciatic nerve has shown that
transcripts for Kv1.1 and Kv1.2 incréase from Pt to P15
and then decline modestly (Chiu et al., 1994). Kv1.1 pro-
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tein is detected in the perinuclear, intracellular compart-
ment, while mKv1.5 is present in Schwann cell membrane
at the node of Ranvier and in bands that run along the
outer surface of the myelin (Mi et al., 1995). To our knowl-
edge, the molecular identities of K* channels in oligoden-
drocytes in vivo have not been reported.

Our in situ hybridization and immunocytochemistry data
suggest that K* channel expression is chronically up-
regulated in glia of shi mice, and that the RNA level of
mKv1.1 is increased on a per cell basis. It is possible that
in the absence of MBP shi glia retain a less differentiated
state of channel expression, correlating with their failure
to form uniformly compacted myelin (Rosenbiuth, 1980b).
Alternatively, oligodendrocytes in shi mice may be re-
placed at a higher than normal rate, and mKv1.1 expres-
sion may be up-regulated to support glial cell proliferation
(Chiu and Wilson, 1989; Wilson and Chiu, 1990). Finally,
K* channels may be up-regulated in glia to support in-
creased K* transfer and buffering, secondary to increased

Figure 6. In Situ Hybridization of K* Channels
in Wild-Type and shi Brain

(a~h) Photographs from autoradiograms. Para-
sagittal sections were labeled with mKv1.1 anti-
sense probe (aand b), mKv1.2 antisense probe
(c and d), or mKv3.1 antisense probe (e and f).
In corpus callosum (arrows) and fornix-fimbria
(arrowheads), a clear increase is seen for
mKv1.1; asmall change is seen for mKv1.2; no
change is seen for mKv3.1. Coronal sections (g
and h) were labeled with mKv1.1 and show the
changes in corpus callosum (arrows).

(iand j) Corpus callosum under dark-field illumi-
nation. Notice the bright, clustered silver
grains. Arrowheads indicate the margin of the
fiber tract. Bar, 100 pm (i and j).

(k and i) Cellular mKv1.1 expression in the cor-
pus callosum. Cells were binned according the
number of silver grains in the corpus callosum
of wild-type (k) and shi (I) mice. Data show aver-
ages from 9 sections in three animals of each
genotype. Note the greater percentage of cells
that have higher expression in the shi mouse,
as well as the change in the maximum number
of silver grains per cell.

01 2 3 4567 891001
grains

neuronal activity and K* efflux in the adjacent axons (Bar-
res, 1991; Chiu, 1991). At present, we cannot distinguish
among these or other possibilities.

Table 2. Ratio of K* Channe!l mRNA Expression in shi and Wild-Type
Mice

mKv1.1 mKv1.2
Corpus callosum 3.90 = 0.23 1.40 + 0.02
Fornix-fimbria 3.30 = 0.11 1.52 + 0.06
Internal capsule 2.26 = 0.04 1.43 = 0.13
Hippocampus 1.09 = 0.03 1.09 + 0.04
Cortex 1.09 = 0.07 1.15 = 0.08
Olfactory bulb - 1.14 = 0.05

Data are ratios of mRNA expression in various brain regions of shi
mice, determined by in situ hybridization, to that of wild-type mice,
measured by 10D readings from in situ hybridization autoradiograms.
Values are the average of ratios from 9 pairs of sections from three
pairs of animals.
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Figure 7. Dark-Field Image of in Situ Hybridiza-
tion of mKv1.1 and mKv1.2 in Deep Cerebellar
Nuclei Shows Increased Level of Neuronal Ex-
pression

(a) mKv1.1 in wild-type C3H brain.

(b) mKv1.1 in shi brain.

(c) mKv1.2 in wild-type C3H brain.

(d) mKv1.2 in shi brain. Bar, 20 um.

(e) The number of silver grains per cell in two
parasagittal planes of the deep cerebellar nu-
clei, lateral (L) and medial (M). Results are aver-
ages of 9 pairs of sections from three groups
of animals. The difference between shi and
wild-type C3H mice is statistically significant
by Student's ttestatp = .05 (*)orp <.04(* ™).

Figure 8. Developmental Changes in the Distri-
bution of mKv1.2 Proteins in Ventral Fiber
Tracts of Lumbar Spinal Cord during Develop-
ment in Wild-Type and shi Mice

(a and b) At P13, both wild-type (left) and shi
(right) mice show paired punctate staining.

(c and d) At P17, the paired punctate staining
profiles are increased in wild type (left). The
staining is more diffuse in the shi mouse (right).
(e and f} In the young adult mouse (63 days),
the paired punctate staining is more distinct
in wild type, while a more diffuse pattern of
staining is seen in shi axon fiber tracts.

Bar, 5 um.
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lon Channel Regulation in Fiber Tracts
during Development
In early postnatal mouse spinal cord, scattered myelin-
ensheathed axons are visible at P2 in ventral columns of
cervical segments, become abundant by P5, and continue
to increase in number and diameter through 2 months of
age (Choi, 1986). We observed paired, punctate juxtapara-
nodai K* channel profiles in both wild-type and shi mutants
from P8 through P14. This observation suggests that the
signals required for initiat localization of K* channels are
present in shi mice, which never develop normal compact
myelin. These signals may include axonal membrane spe-
cializations that are present in both wild-type and shi mice
(Wiley-Livigston and Ellisman, 1980; Rosenbluth, 1981;
Rosenbluth, 1988). Alternatively, neuron-glia contact may
play an important role in K* channel localization, as has
been demonstrated for clustering of Na* channels during
remyelination in vivo (Dugandzija-Novakovic et al., 1995).
After P14, mKv1i.1 and mKv1.2 protein staining in-
creases and becomes more diffuse in shi fiber tracts. This
failure to maintain K* channel localization in shi aduits may
be due to altered structural or trophic interactions between
glia and neurons. Alternatively, increases in Na* channel
number and maturity observed during postnatal weeks
2-3in normal rat brain development (Gordon et al., 1987;
Scheinman et al., 1989) may cause electrical hyperactivity
in hypomyelinated axons, inducing K* channel expres-
sion. Reciprocally, demyelination studies in adults argue
that relatively overabundant K* channels may suppress
electrogenesis (Bostock et al., 1981; Waxman and Wood,
1984; Targ and Kocsis, 1985), perhaps inducing Na* chan-
nel up-regulation. Further studies are needed to determine
the relative contributions of glia and intrinsic neuronal reg-
ulation of ion channels in response to dysmyelination.
in summary, changes in glial and neuronal K* channel
expression observed in shiand Tr mice may provide infor-
mation relevant to diseases of dysmyelination. Identical
point mutations are found in the PMP22 gene in human
patients with the peripheral neuropathy, Charcot—Marie—
Tooth type 1A, and in one Tr allele, Tr' (Valentijn et al.,
1992). In addition, shi mutants provide a model for some of
the effects of multiple sclerosis. Increases in Na* channel
expression occur in shi CNS fiber tracts (Noebels et al.,
1991; Westenbroek et al., 1992); similar increases in Na*
channel expression are observed in patients with multiple
sclerosis at sites of lesion (Moll et al., 1991). Although the
molecular mechanisms that establish and maintain the
juxtaparanodal localization of K* channels in myelinated
axons are not known, changes in ion channel regulation
similar to those observed in shi and Tr mutants may occur
in human diseases where normal myelination is disrupted.

Experimental Procedures

Mice

Mutant C57BL/6J-shilshi mice were maimtained at the Baylor College
of Medicine. Breeding pairs of C3HeB-+/shi and C57BL/6J-+/Tr mice
were obtained from Jackson Laboratory and maintained at the Seattle
Verteran's Administration medical center by mating confirmed hetero-
zygotes. shi homozygotes and Tr heterozygotes were identified by
their phenotypes. For developmental studies, shi homozygotes were
obtained by mating homozygotes.

Immunocytochemistry

Antibodies recognizing mKv1.1 and mKv1.2, a-Kv1.1 and a-Kv1.2,
respectively, were purified using an immunoaffinity—immunoabsorp-
tion procedure as described (Wang et al., 1993). For peroxidase-based
staining, frozen sections (35 um) from three wild-type (C57BL/6J-+/+)
and three shi (C57BL/6J-shilshi) mice were cut on a sliding microtome.
Free-floating sections were processed for immunocytochemistry using
the indirect peroxidase anti-peroxidase technique (Sternberger, 1979)
with slight modifications as described (Wang et al., 1994).

For fluorescence staining, three C3HeB-+/+ and three C3HeB-shi/
shi mice or three C57BL/6J-+/+ and three C57BL/6J-Tr/+ mice were
analyzed for each experiment; 20 pm cryostat sections were used.
Fixation and immunocytochemistry were done according to Stern-
berger (1979) with modifications as described (Wang et al., 1993).
Double staining with either a-Kv1.1 or a-Kv1.2 in combination with
u-CNP (Boehringer) was performed by coincubation with «-CNP and
a-Kv1.1 or a-Kv1.2 followed by simultaneous incubation with 10 ug/
ml fluorescein isothiocyanate-conjugated goat anti-rabbit IgG and 10
ug/ml Texas red-conjugated goat anti-mouse IgG (Molecular Probes).
Images were collected on a Bio-Rad MRC 600 scanning laser confocal
microscope and printed using the Tektronix Phaser 11 SD dye sublima-
tion system.

Alternatively, sections were examined using a Deltavision SA3
Wide-field Deconvolution microscope (Applied Precision, Inc, Mercer
Istand, WA) at the Fred Hutchinson Cancer Research Center (Seattle,
WA). This system uses fluorescence microscopy, computationally ana-
lyzing the Fourier transform of the point spread function to provide a
high resolution image (Agard et al., 1989). Using our Nikon 60 x 1.4
NA objective, the minimum resolution measured is 0.117 pm in x and
y axes, the z axis being defined by the thickness of the optical sections.
At least three 20 pm thick histochemical sections from each of Tr sciatic
nerve, shi spinal cord, shi brain stem, and corresponding regions of
control C3HeB mouse were serially sectioned using Deltavision optics
at 0.2 uym.

RNase Protection Assay

Brains from 9-week-old shi (C3HeB-shi/shi) and wild-type (C3HeB-+/+)
mice were dissected prior to homogenization in guanidinium isothiocy-
anate and RNA isolation. Sequences specific to mKv1.1, mKv1.2, and
ribosomal 18S were protected from digestion by RNase A and T1
(Ausubel, 1992). In each assay, RNA loading was monitored by diluting
an aliquot of the sample to be assayed by 107* and protecting a 340
bp fragment of 18S rRNA. This dilution has been shown previously
in this laboratory (unpublished data) to be within the linear range of the
assay. Gels were analyzed by Phosphorlmager (Molecular Dynamics),
and the density of protected fragments was quantified at the Fred
Hutchinson Cancer Research Center.

In Situ Hybridization

Brains of three young adult (9-week-old) wild-type (C3HeB-+/+) and
shi (C3HeB-shilshi) mice were cut on a cryostat to 20 um, mounted
onto 3-aminopropy/itriethoxysilane-treated slides, air dried, processed,
hybridized, and washed after hybridization as described (Wang et al .
1994). Slides were dipped in Kodak NTB-2 emulsion (diluted 1:1 in 600
mMNH.OAC), stored at 4°C for 8 days, developed, and counterstained
with hematoxylin blue.

The antisense cRNA probe (riboprobe) for mKv1.1 was transcribed
with T7 RNA polymerase from a plasmid that contains 248 bp of
mKv1.1 sequence corresponding to 40 bp of 5’ untransiated region
and 212 bp from the amino-terminal coding region. The antisense
cRNA probe for mKv1.2 was transcribed with T3 BRNA polymerase
from a plasmid containing 615 bp of 3" untranslated region and 10 bp
of the carboxyt terminus of mKv1.2. The antisense cRNA probe for
mKv3.1 is transcribed with T3 RNA polymerase from a plasmid that
contains 189 bp of the third exon. These probes correspond to se-
quences in the nonconserved region among the K' channels. Sense
riboprobe controls for each riboprobe detected no signals (data not
shown).

Image Analysis of Brain Sections after In Situ Hybridization
10D Reading from Autoradiogram

For each analysis of IOD from corpus callosum, internal capsule, for-
nix-fimbria, neocortex, hippocampus (CA3), and olfactory bulb {(mitral
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cell layer), three shi and three parental mice were analyzed. Brain
sections from shi and wild-type mice were paired anatomically (Paxinos
and Watson, 1986). Slides from both genotypes were processed simul-
taneously. Autoradiograms with moderate exposure were chosen for
analysis using a MicroComputer Imaging Device (MCID, Imaging Re-
search, Inc., Ontario, Canada). The IOD was calibrated using optical
standards. images of brain sections from autoradiograms were col-
lected using a 50 mm lens with a 36 mm extension tube. The IOD was
determined in multiple small circular areas within several anatomically
distinct brain regions. Values from the circular sample areas were then
averaged to give a measure of channel expression in each region.
These values were used to determine a mean ratio between shi and
wild-type mice for each of the 9 pairs of matched sections. The ratios
from 9 pairs of sections were averaged.

Grain/Cell Count

K* channel expression was measured on a per cell basis in two brain
regions: the corpus callosum and medial and lateral aspects of the
deep cerebeliar nuclei. Anatomically matched sections from brains of
three shi and three wild-type mice were analyzed; 3 sections were
analyzed in each mouse, giving a total of 9 sections per region per
genotype.

Sections were analyzed under light- and dark-field microscopy. The
number of grains per cell was estimated by MCID. Labeled cells were
identified under light-field microscopy using a 40 x objective and out-
lined. Silver grains were counted over individual cells.
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