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T
he best known demyelinating diseases in clinical
practice are multiple sclerosis (MS) and the
demyelinating neuropathies, but axons can also be

demyelinated by a variety of other immunological, viral,
metabolic and traumatic insults. In recent years a great
deal has been learned about the response of the axon to
demyelination, particularly in response to an inflammato-
ry insult, and this knowledge has led not only to a deeper
understanding of how symptoms can arise in demyelinat-
ed axons, but also to the possibility of treatment to limit
the disability resulting from demyelination and the asso-
ciated damage to the axon itself.  Thus, injury to myelin is
followed by electrophysiological adaptation of the axonal
membrane which can restore electrical conduction, but
which may itself contribute to symptoms and make the
axon vulnerable to degeneration.

Conduction block
The myelin sheath forms an insulating layer which
decreases membrane capacitance and increases mem-
brane resistance, allowing secure and rapid propagation
of the action potential from one node of Ranvier to
another. Acutely demyelinated internodes leak current,
and conduction can be blocked because the nodal sodi-
um current may be insufficient to depolarise the denud-
ed axolemma. In clinically eloquent pathways this will
lead to disability, for example during relapses of MS1 or in
demyelinating neuropathies. There is also evidence to
suggest that products of inflammation interact adversely
with axonal function and contribute to conduction
block, and of particular importance may be nitric oxide,
which has been shown to block conduction at concentra-
tions comparable to those thought to occur in acute MS
lesions2 (see Figure 1).

Restoration of conduction
Conduction can recover as inflammation subsides, and
inflammatory mediators such as nitric oxide are gradual-
ly depleted.  Demyelination is also followed by a number
of changes in the density and distribution of membrane
channels which further help to restore conduction. In
central axons the Nav1.6 channels, normally aggregated at
the nodes of Ranvier, are redistributed in a diffuse pattern
along the axon,3 and this can enable the action potential to

propagate across the demyelinated internode. Many
demyelinated axons also acquire a diffuse distribution of
the Nav1.2 channel subtype, which is usually seen in pre-
myelinated axons during development3 (see Figure 2).
Nav1.2 populated axons seem to be resistant to injury, but
may be more liable to conduction failure and ectopic
activity. Finally, it is known that the N-type voltage-gated
calcium channel can be expressed abnormally along the
demyelinated axolemma in MS,4 and this may play a role
in axonal injury. 

Remyelination is another factor which aids the recovery
of conduction. A nodal like clustering of sodium chan-
nels, along with other paranodal and juxtaparanodal pro-
teins, is seen in a proportion of demyelinated axons and
this may be a prerequisite for remyelination to occur.5 It is
believed that oligodendrocyte contact could be responsi-
ble for triggering these changes in central axons. New cen-
tral myelin internodes are shorter and thinner than nor-
mal, but conduction is restored nonetheless.6

Furthermore, remyelinated nodes have the normal Nav1.6
aggregations, favouring the restoration of secure
con,duction.7 In MS, remyelination is seen particularly in
younger patients early in the course of the illness, and the
reasons why remyelination fails and is not a more ubiqui-
tous process remain unclear.

Although these recovery mechanisms can restore con-
duction, it usually remains insecure, and leaves the
demyelinated axon vulnerable to a temporary conduction
block in certain circumstances, which include: 
• Small rises in body temperature. These shorten the

action potential by speeding the kinetics of sodium
channels, hence reducing the current available to
depolarise the axonal membrane to its firing threshold. 

• Sustained electrical activity, which loads the axon with
sodium and hyperpolarises its membrane away from
the firing threshold through increased activity of the
electrogenic Na/K ATPase pump.8

• Sodium channel blocking agents such as lidocaine can
induce an iatrogenic conduction block by reducing the
excitatory nodal current.9

The clinical consequence of these events is a temporary
worsening of pre-existing disability with raised ambient
temperatures or with activity, although silent lesions may
also be unmasked.
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Figure 1: This figure shows a
series of averaged compound
action potentials propagating
through an experimental
demyelinating lesion in the
spinal cord and recorded at two
minute intervals. The injection of
a nitric oxide donor into the
lesion temporarily blocks
conduction of a proportion of
nerves, and this occurs in a dose
dependent manner, with a
second, lower dose of the donor
producing a smaller degree of
conduction block. Reprinted
from reference 2.
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Ectopic activity
Positive symptoms such as paraesthesiae, tonic
spasms and paroxysmal ataxia or pain can
sometimes occur because of ectopic impulse
activity arising from demyelinated internodes.10

The depolarisations generating these discharges
may sometimes be due to the slow inward sodi-
um currents which arise from the adaptive
changes to the demyelinated axonal membrane
discussed earlier, or else to abnormal accumula-
tion of extracellular potassium, which can lead
to the axonal potassium currents reversing
direction and becoming excitatory. Well over a
hundred thousand extra action potentials can
be generated from a single axon per hour.10

Mechanosensitive discharges may also occur in
these axons, manifesting in MS most common-
ly as Lhermitte’s phenomenon and visual
phosphenes. 

Axonal degeneration
In addition to acute and paroxysmal symptoms,
demyelination leads to progressive disability.
Disability may arise partly from a failure of the
recovery mechanisms of remyelination and
membrane adaptation, but there is a growing
body of evidence that indicates that the inflam-
matory response can damage axons directly,
and that chronically demyelinated axons are
particularly vulnerable to degeneration. 

In experimental models of inflammation,
axons can degenerate when exposed to nitric
oxide, particularly if they are electrically
active.11 Nitric oxide is known to be present in
the plaques of MS, and may injure axons
through a number of actions, among them an
inhibition of mitochondrial respiration result-
ing in energy failure, a loss of ionic homeosta-
sis, and a consequent intracellular accumula-
tion of sodium ions. In models of ischaemia,
axons loaded with sodium are at risk of degen-
eration because of the secondary influx of cal-
cium ions through the reverse function of the
membrane Na+/Ca2+ exchanger (NCX),12,13

and a similar mechanism may operate in the
presence of nitric oxide, where axonal degener-
ation can be blocked by inhibition of sodium
channels or of the NCX.14

Like the NCX, the sodi-
um/glutamate transporter is
also driven, in part, by the
sodium gradient, though in
this instance both sodium
and glutamate are imported
together in exchange for
potassium. When the sodi-
um gradient is reversed, so
too is the direction of the
exchange, resulting in a net
release of glutamate and an
increase in its extracellular
concentration. In animal
models glutamate-mediated
white matter injury is
thought to be mediated by 1)
by α-amino-3-hydroxy-5-
methyl-4-isoxazolerpopionic
acid (AMPA) receptors15, and
2) via increased axonal
expression of metabotropic
glutamate receptors,16 both
favouring intracellular calci-
um accumulation. AMPA antagonists have
been shown to reduce axonal damage and dis-
ability in EAE.17

Neuroprotection with sodium channel
blockers
Based on the possibility that intracellular sodi-
um accumulation can damage axons, the neu-
roprotective potential of drugs which block
voltage gated sodium channels has been exam-
ined in various animal models. In experimental
allergic encephalitis (EAE), the rodent model of
MS, several sodium channel blockers have been
shown to prevent axonal loss and to reduce dis-
ability.18 This work has led to a phase II clinical
trial of neuroprotection with lamotrigine in
people with secondary progressive MS at the
Institute of Neurology in London. The result of
this trial should be available in early 2009.

Other possible neuroprotective agents
Cannabinoids have also been identified as pos-
sible neuroprotective agents. By acting on the
CB1 receptor an endogenous cannabinoid

compound, 2 arachidonyl glycerol, is thought
to modulate glutamate release and thereby
reduce the impact of glutamate induced toxici-
ty. Evidence from EAE and knockout mouse
models supports this hypothesis19 and a clinical
trial of neuroprotection with cannabinoids in
progressive MS is currently under way in the
UK.

Some calcium channel blockers, adminis-
tered with or shortly after induction of EAE,
improve clinical recovery after relapse and may
also limit axonal degeneration.20 It is possible
that calcium channels may also be future tar-
gets for neuroprotection.

Imaging demyelination
Magnetic resonance imaging (MRI) is widely
used in the diagnosis of MS. However, the T2-
weighted high signal white matter lesion load
correlates only modestly with disability.21 It is
now thought that not all of these T2 high signal
lesions represent areas of demyelination.22

Newer, quantitative MRI techniques may be
more specific for demyelination. Of note is the
magnetization transfer ratio (MTR). This tech-
nique exploits the transfer of energy from pro-
tons bound to large molecules, such as those
found in myelin or axons, to free protons in
surrounding water. The higher the MTR, the
greater the number of large molecules present
in a tissue. Recent studies in MS23 and EAE24

have indicated that low MTR may be more spe-
cific for demyelination than other techniques,
while studies in other central demyelinating
disorders, such as adrenoleucodystrophy, sug-
gest that it may also be more sensitive.25

Conclusion
Acute inflammatory demyelination gives rise to
disability from conduction block. As the
inflammation resolves and recovery processes
set in, the level of disability may improve.
However, because conduction remains inse-
cure, the axon is still vulnerable to temporary
conduction block, giving rise to brief exacerba-
tions of disability. Positive symptoms can also
occur as a consequence of ectopic impulse
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Figure 2: Immunostaining of post-mortem white matter from controls and MS
patients.  Nodes of Ranvier are indicated by immunostaining of paranodal
contactin-associated protein (Caspr, green). Nav1.6 (left, red) is aggregated at nodes
in control CNS and MS normal appearing white matter (NAWM). In contrast a
diffuse distribution along the demyelinated axon is seen within plaque tissue (E).
Nav1.2 (right, red) is found only in plaque tissue where it is distributed in a diffuse
pattern (F).  Reprinted from reference 3.

Figure 3: Ways in which
inflammatory demyelination
can give rise to acute,
chronic, intermittent and
progressive clinical
manifestations.
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activity due to changes in sodium and potassi-
um currents.

With time a proportion of axons undergo
remyelination, and this, together with adaptive
changes in the expression and distribution of
sodium and other membrane channels, may
help to restore conduction. However these same
adaptive changes may favour the accumulation
of intracellular sodium and calcium ions and,
as a consequence, promote gradual axonal
degeneration and hence lead to progressive dis-
ability.  It may be possible to slow down the
progression of axonal degeneration using sodi-
um channel blockers, and a phase II placebo-
controlled trial of lamotrigine is currently
under way to test this hypothesis.
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