Stephen G. Waxman, MD, PhD

NEUROLOGICAL REVIEW

SECTION EDITOR: DAVID E. PLEASURE, MD

Ion Channels and Neuronal Dysfunction
in Multiple Sclerosis

hat causes the signs and symptoms of multiple sclerosis (MS)? It is almost axi-
omatic to regard MS as a demyelinating disorder in which axonal conduction
block, caused by loss of myelin, produces clinical deficits. In addition, during
the past few years, increased attention has focused on axonal degeneration in
MS. The available evidence suggests that demyelination provides a structural correlate for relapsing-
remitting disease while axonal degeneration, which may be associated with atrophy of the brain
and spinal cord, produces nonremitting deficits.

Neurons, of course, are the ultimate
mediators of nervous system function and
arbiters of neurologic status. Do surviv-
ing neurons in MS, nonatrophic and with
intact axons, exhibit abnormalities at the
molecular level, more subtle than axonal
degeneration or neuronal atrophy? If so,
are these abnormalities inconsequential
molecular oddities or do they contribute
to neuronal injury or perturb neuronal
function? Among the molecules that make
up neurons, ion channels are especially
critical because they endow these cells with
their signaling capabilities. Thus far, most
studies on neuronal ion channels in de-
myelinating diseases have focused on their
adaptive roles; restoration of impulse con-
duction can occur in chronically demy-
elinated axons as a result of the insertion
of increased densities of sodium chan-
nels within the bared axon membrane.
Emerging evidence, however, is also be-
ginning to suggest that ion channels within
neurons can be involved in maladaptive
changes in MS.

Experimental studies in animal mod-
els of MS and molecular analysis of au-
topsy specimens from humans with MS
have begun to raise the possibility that, in
addition to demyelination and axonal de-
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generation, 2 distinct modes of dysregu-
lated ion channel expression can injure neu-
rons or interfere with neuronal signaling in
MS. One abnormal mode of ion channel ex-
pression suggested by Kornek et al' is the
ectopic distribution of calcium channels,
which they suggest are up-regulated within
the axon membrane in experimental aller-
gic encephalomyelitis (EAE) and in MS.
They used immunocytochemical meth-
ods to examine the distribution of the oy
pore-forming subunit of the N-type voltage-
gated calcium channel. Consistent with ear-
lier reports, they observed a pattern of stain-
ing in the normal brain, which suggested
the presence of substantial numbers of a5
subunits in presynaptic axon terminals
(where they participate in synaptic trans-
mission), but they observed only low lev-
els of a;p within the plasma membrane of
myelinated axons within normal white mat-
ter. In EAE and MS, they observed a dif-
ferent distribution of a5 immunoreactiv-
ity, which was present at higher levels in
axons and axonal spheroids within demy-
elinating lesions, in a pattern similar to that
of B-amyloid precursor protein (APP), a
marker of acute axonal injury and possi-
bly of impaired axonal transport. They in-
terpret these results as indicating that o
subunits (which in the normal brain are car-
ried within axons by axoplasmic trans-
port en route to the presynaptic terminal)
are inserted into the demyelinated axon
membrane in EAE and MS.
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Figure 1. Na,1.8 sodium channel is aberrantly expressed in cerebellar
Purkinje cells in patients with multiple sclerosis (MS). In situ hybridization
demonstrates Na,1.8 messenger RNA in Purkinje cells from patients

with MS (A and C) but not in controls without neurologic disease (E).

The inset shows Purkinje cells at higher magnification. Immunocytochemical
analysis with Na,1.8-specific antibodies demonstrates Na,1.8 protein within
Purkinje cells in patients with MS (B, D) but not in controls (F). The arrowhead
indicates unlabeled Purkinje cell. This figure was modified with permission from
Black et al.”

Since the expression of o, was studied only at the
protein level (and not at the messenger RNA [mRNA]
or functional level), further studies are needed to con-
firm and extend these results. Nonetheless, it is worth
considering the consequences of abnormal calcium chan-
nel deployment in demyelinated axons. Kornek et al' pro-
pose that increased intracellular calcium levels due to ac-
tivity of voltage-gated calcium channels may activate
calcium-dependent proteases (calpains) that can de-
grade important axonal proteins,* thus contributing to
axonal injury. Action potentials traveling along the axon
or depolarization triggered by an initial insult, such as
inflammation, could act to activate these channels. Con-
sistent with the hypothesis that calcium channel activ-
ity can contribute to axonal injury, it has been shown
that the blockade of calcium channels (including sub-
type-specific blockade of N-type calcium channels*) can
protect a subpopulation of myelinated axons from
axotomy-induced and anoxia-induced degeneration.*”

A second type of molecular abnormality, termed tran-
scriptional channelopathy, has been described in cerebellar
Purkinje neurons and may perturb the ability of these cells
to encode information in animal models of MS and in hu-
mans with MS.%7 The timing of action potentials and the
occurrence of complex bursts of action potentials within
Purkinje cells are critical for the proper functioning of the
cerebellum in motor control and motor learning.#'° It is
well established that these aspects of Purkinje cell signal-
ing depend in large part on current flowing through so-
dium channels."'? It is also now known that there are 10
different genes encoding molecularly distinct sodium chan-
nel subtypes, all sharing a common overall structural mo-
tif but with different amino acid sequences that endow them

with different voltage-dependences and kinetic proper-
ties.”® Purkinje cell firing patterns are perturbed in mouse
mutants in which sodium channel expression is altered by
knockout of specific sodium channel genes,'* and these
changes are responsible for cerebellar ataxia in these mu-
tants.”” To determine whether different subtypes of so-
dium channels are expressed in Purkinje cells in demy-
elinating disorders, Black et al® first studied the taiep rat, a
mutant in which myelin is formed normally but subse-
quently degenerates owing to an abnormality of oligoden-
drocytes. Using in situ hybridization and immunocyto-
chemistry with subtype-specific antibodies, they examined
expression of the Na,1.8 sodium channel, which is nor-
mally present only in spinal sensory neurons and trigemi-
nal neurons (and is not detectable within the normal brain);
earlier studies had shown that the expression of Na,1.8
within spinal sensory neurons changes following axonal
transection and in association with inflammation. Consis-
tent with the selective expression of Na, 1.8 in primary sen-
sory neurons, Na,1.8 was not detected in control brains.
However, there was enhanced expression of Na,1.8 mRNA
and of Na, 1.8 sodium channel protein within Purkinje cells
following loss of myelin within the brains of taiep rats.

A more recent study examined the expression of the
Na,1.8 channel in the brains of mice with chronic relaps-
ing EAE and in postmortem brain tissue from patients with
secondary progressive MS who had a history of cerebellar
deficits.” As expected, Na,1.8 mRNA was not detectable
within the cerebellum of control mice or humans without
neurologic disease. In contrast, Na,1.8 mRNA was clearly
present within Purkinje cells of mice with chronic-
relapsing EAE and in humans with MS (Figure 1A, C, and
E). Translation of the mRNA had occurred, since Na,1.8
protein was also present (Figure 1B, D, and F). Taken to-
gether, these observations in 2 animal models of MS, and
in humans with MS, show that the Na,1.8 gene (which is
normally inactive in the cerebellum) is aberrantly acti-
vated in Purkinje neurons, producing the Na,1.8 sodium
channel protein, which is not normally present in these cells.

Is the expression of Na,1.8 in Purkinje cells func-
tionally important? That s, are the Na,1.8 channels func-
tional and, if so, does their presence within Purkinje cells
matter in terms of cerebellar activity? Because Na,1.8 chan-
nels display a unique physiological signature character-
ized by depolarized voltage-dependence of inactivation,
slow development of inactivation, and rapid recovery from
inactivation,'®!” the expression of these channels in neu-
rons that normally do not produce them would be pre-
dicted to perturb the firing patterns of these cells. Experi-
mental support for the idea that Na, 1.8 channels can affect
neuronal firing patterns has been provided by observa-
tions on 2 model systems. Studies on transgenic mice dem-
onstrate that identical stimuli produce different patterns
of action potentials in dorsal root ganglion cells (the cells
in which Na,1.8 is normally expressed), depending on
whether Na,1.8 channels are present or not; cells express-
ing Na,1.8 generate larger action potentials and, when de-
polarized, produce pacemaker-like repetitive trains of im-
pulses that are not seen in cells lacking Na,1.8."® More
recent studies have begun to extend this type of analysis
to Purkinje cells, which under normal circumstances tend
to generate complex, stereotyped bursts consisting of mul-
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Figure 2. A-D, Expression of Na,1.8 sodium channels perturbs signalling in cultured Purkinje cells. These current-clamp recordings illustrate action potential
activity in a control rat Purkinje cell (A, B) and in a Purkinje cell in which Na,1.8 sodium channels were biolistically expressed (C, D). Normal Purkinje cells
spontaneously generate bursts of action potentials superimposed on a plateau depolarization (A). Following expression of Na,1.8 sodium channels, these bursts
are replaced by single action potentials (C). In response to a depolarizing stimulus (120 pA, 1 second), Purkinje cells expressing Na,1.8 produce sustained trains

of action potentials (D) that are not seen in normal cells (B).

tiple action potentials superimposed on a plateau depo-
larization.'* Figure 2 shows the effects of Na,1.8 chan-
nels on Purkinje cells in vitro, which are similar to the
effects observed in dorsal root ganglion cells.’® When Na, 1.8
sodium channels are experimentally expressed within Pur-
kinje cells, the firing pattern changes markedly; Purkinje
cells that express Na, 1.8 produce larger action potentials
compared with the responses in Purkinje cells that lack
Na,1.8, and the secondary, tertiary, and subsequent ac-
tion potentials that contribute to the bursts tend to be
eliminated so that bursts are replaced by single-action
potentials (Figure 2A and C). The responses evoked by
depolarizing stimuli are also different: Purkinje cells ex-
pressing Na,1.8 produce pacemaker-like trains of large-
amplitude action potentials that are not seen in normal
cells (Figure 2B and D). Thus, similar to dorsal root gan-
glion cells, Purkinje cells in vitro produce substantially dif-
ferent patterns of activity as a result of the expression of
Na,1.8.

Since biopsy of cerebellar tissue is not commonly per-
formed in MS, it will not be easy to establish whether these
physiologic changes occur in humans with MS. Clinical
observations, however, provide some support for this sug-
gestion. The not uncommon clinical observation of pa-
tients with MS having cerebellar deficits on examination

but without apparent cerebellar lesions in neuroimaging
studies is consistent with the hypothesis that molecular
changes that are too subtle to be detected by currently avail-
able imaging techniques can lead to dysfunction within
the cerebellum. In addition, paroxysmal ataxia has been
well described in MS.**° The temporal profile of the sud-
den and brief attacks and the therapeutic response to car-
bamazepine are not easily explained by demyelination or
axonal degeneration. However, the similarity of these at-
tacks to the paroxysmal episodes that occur in the epi-
sodic ataxias, which are associated with inherited chan-
nelopathies, is consistent with the hypothesis that they are
the result of a channelopathy.

Although more research will be needed to fully de-
fine the extent and to understand the causes and physi-
ologic consequences of molecular changes within neu-
rons in MS, the available information on ion channels may
present some new molecular targets and some new thera-
peutic opportunities. For example, if N-type calcium chan-
nels are involved in the degeneration of axons in MS, phar-
macologic blockade of these channels might be expected
to ameliorate, at least partially, the loss of axons. This hy-
pothesis could be readily examined in animal models.

Participation of Na,1.8 sodium channels in the pro-
duction of cerebellar deficits in humans with MS, if con-
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firmed by additional experiments, may also provide a new
therapeutic target. In principle, blockade of Na,1.8 chan-
nels would be expected to restore normal electrogenesis
in Purkinje cells, thus improving cerebellar function.
Na,1.8-specific channel blocking drugs are not yet avail-
able, but this may change since the deployment of Na,1.8
channels within nociceptive spinal sensory neurons has
made Na,1.8 an attractive molecular target.” When
Na,1.8-specific blocking drugs are developed, a next step
will be to examine the effect of these drugs in animal mod-
els of MS, such as EAE.

Finally, are the transcription or deployment of other
subtypes of calcium or sodium channels or channels se-
lective for other ions altered in MS, and in how many types
of neurons does this occur? There is some evidence for
abnormal expression of the Na,1.2 sodium channel*? and
of potassium channels® in dysmyelinated axons in ani-
mal models. Axons and glial cells are intimately related
in myelinated fibers, and both soluble factor-mediated
and contact-mediated signaling from myelinating glial cells
appear to modulate ion channel expression in axons.***
Thus, we may learn about other neuronal channels and
receptors that are misexpressed in the demyelinating dis-
eases. Far from being molecular oddities, these changes
in the deployment of ion channels may be clinically im-
portant; although they do not detract from the impor-
tance of demyelination or axonal loss, they may suggest
new molecular mechanisms and novel strategies for treat-
ing patients with MS and related disorders.

Accepted for publication March 6, 2002.

Corresponding author and reprints: Stephen G. Wax-
man, MD, PhD, Department of Neurology LCI 707, Yale
School of Medicine, 333 Cedar St, New Haven, CT 06510.
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