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Abstract

The central concept underlying ideas on the

pathogenesis of multiple sclerosis is that

inflammatory events cause acute injury of

axons and myclin. The phases of symptom

onset, recovery, persistence, and progression

in multiple sclerosis can be summarized as

functional impairment with intact structure

due to direct effects of inflammatory

mediators; demyelination and axonal injury

with recovery through plasticity and

remyelination; and chronic axonal loss due to

failure of enduring remyelination from loss of

trophic support for axons normally provided

by cells of the oligodendrocyte lineage. Cell

death may occur in response to a state of injury

from which protection would be anticipated

under more favourable neurobiological

conditions. Conversely, optimal growth factor

environment may save cells from otherwise

lethal events occurring at the cell membrane.

Hence, in the context of brain inflammation,

there is an inseparable interplay between

immunological and neurobiological

contributions to tissue injury.

Eye (2004) 18, 1182–1187. doi:10.1038/sj.eye.6701561

Keywords: optic nerve; multiple sclerosis;

inflammation; demyelination; axonal injury;

growth factors; remyelination

Introduction

As the symptoms are immediately apparent to

affected individuals, optic neuritis provides

special opportunities for clinical and

experimental analysis of brain inflammation.

The spectrum of inflammatory optic neuropathy

includes conditions confined to the optic nerve

and those also affecting other parts of the

central nervous system. It follows that the optic

nerve provides a general window on the

aetiology, mechanisms of symptom onset and

recovery, and pathogenesis of inflammatory

brain disease. No longer is it appropriate to

think merely in terms of demyelination as the

sole consequence of brain inflammation. Rather,

symptom onset and recovery must be

understood in terms of altered structure and

function in the entire myelinated

oligodendrocyte–axon unit.

Mitochondrial disease and the optic nerve

Genetic factors are implicated in the aetiology of

multiple sclerosis. The best characterized region

of interest is the major histocompatibility

complex encoded at chromosome 6p21.

Possession of the DR15 susceptibility allele in

individuals with optic neuritis increases the risk

of conversion to multiple sclerosis.1 This merely

reflects the relationship of optic neuritis to

multiple sclerosis. Potentially more revealing is

the identification of a multiple sclerosis-like

illness in women, presenting with bilateral

sequential optic neuropathy and later

developing symptoms consistent with

demyelination outside the visual system, in

whom there are mutations of mitochondrial

DNA (Harding’s disease).2 This immediately

suggests a genetic basis for selective

involvement of the optic nerve in demyelinating

disease. Around 45% of individuals with

pathological mutations of mitochondrial DNA

have clinical manifestations outside the visual

system.3 But mitochondrial mutations are rarely

identified with systematic screening of

unselected patients, although the yield is higher

in patients with severe visual failure

complicating demyelinating disorder of the

central nervous system. What remains

unresolved is whether the mutation of

mitochondrial DNA in Harding’s disease

directs the process of brain inflammation onto

a particular siteFconstituting selective tissue

vulnerabilityFor merely represents the

chance occurrence of relatively mild multiple

sclerosis and Leber’s hereditary optic

neuropathy.
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In neuromyelitis optica (Devic’s disease),

demyelination affects the spinal cord and optic nerve.

These sites may be affected serially and in either order.

Magnetic resonance imaging (MRI) does not typically

show lesions at other sites in the central nervous system.4

Pathologically, the affected areas show inflammation

with extensive necrosis and deposition of antibody and

complement.5 Patients may respond to plasma

exchange.6 However, the severe optic neuropathy

occurring in the context of neuromyelitis optica among

Caucasians is also not associated with mutations of

mitochondrial DNA.7 Thus, mutations of mitochondrial

DNA evidently do not easily account for the high

frequency of optic nerve involvement. However, visual

involvement in multiple sclerosis may generally be

associated with the mitochondrial K and J haplogroups,

suggesting that these serve as population markers of

autosomal genes conferring selective tissue susceptibility

to demyelinating disease.8

Clinically isolated optic neuritis

Optic neuritis is typically unilateral and transient but

may later recur in the same or the other eye. A high

proportion of affected individuals subsequently

experience recurrent episodes of demyelination affecting

different parts of the central nervous system. The risk is

further increased for those with cranial MRI

abnormalities at presentation.9 Serial clinical,

electrophysiological, and imaging observations suggest

a sequence in which inflammation leads to loss of vision

in association with impaired saltatory conduction

through the normally myelinated optic nerve. As

inflammation subsides, conduction is restored and

vision improves.10 But structural damage may persist

despite functional recovery. There is a reduction in

calibre of the optic nerve following a transient episode

of optic neuritis, indicating a loss of axonal density.11

Yet vision improves rapidly and serial studies provide

some evidence for systematic reduction in latency of the

evoked potential consistent with remyelination of

surviving axons.12

Thus, the study of optic neuritis has the potential

to illuminate the basic principles of symptom onset

and recovery, the dynamics of myelin and axonal

injury, and the switch from clinically isolated to

distributed demyelinating disease. The evidence

suggests that (at least) three separate mechanisms of

symptom onset and three related but somewhat

different explanations for recovery interact to account

for the complex pathogenesis of optic nerve and brain

inflammation.

Pathogenesis of brain inflammation

The clinical course in multiple sclerosis is initially

characterized by episodes with full recovery, later by

attacks that leave persistent deficits and, as the frequency

of new exacerbations eventually decreases, by the onset

of secondary progression. Transition between these three

stages is usually gradual and indistinct, making for many

intermediate forms of the disease. This clinical course is

the expression of focal tissue injury affecting the brain

and spinal cord and resulting from the complex interplay

of inflammation, axonal injury, demyelination,

remyelination, astrocytosis, and tissue atrophy.

The central concept underlying ideas on the

pathogenesis of multiple sclerosis is that the cascade of

inflammatory events that culminates in demyelination of

axons depends on the peripheral activation of T

lymphocytes. Activated T cells express adhesion

molecules on their surface and upregulate

complementary molecules on the luminal surface of

blood vessels, allowing them to cross the blood–brain

barrier by diapedesis. Within the central nervous system,

these T cells re-encounter specific antigen and set up an

inflammatory process that resembles delayed-type

hypersensitivity, dominated by lymphocytes and

microglia. Various immunological effector mechanisms

are initiatedFcytotoxic T-cell proliferation, antibody

production, and activation of microglia. These then act as

antigen-presenting cells, increasing the expression of

class II major histocompatibility antigens and amplifying

the local inflammatory response. They engage opsonized

myelin and oligodendrocytes, causing demyelination by

cell–cell adherence and local release of inflammatory

mediators. As a result, the myelin–oligodendroctye unit

is damaged, saltatory conduction breaks down, and the

symptoms of multiple sclerosis follow. But this is not the

whole story. The impact of axonal injury has recently

been revisited and more fully defined.

Clinical observations and related laboratory and

experimental studies show that cytokines released by

immune cells acting locally or in the systemic circulation

induce transient conduction blockFin the optic nerve

and elsewhere. In the unusual setting of monoclonal

antibody therapy targeting the CD52 antigen,

lymphocytotoxicity leads to an acute cytokine release

syndrome. This is associated with transient recurrence of

many previously experienced symptoms and signs of

multiple sclerosis. Since the onset is abrupt and severe

but subsequent recovery is complete, it seems likely that

cytokines cause acute electrical failure in pathways

previously compromised by inflammation and

demyelination. This interpretation is borne out by the

demonstration of transient blindness and loss of

conduction through the optic nerve in one patient who
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had recovered from a previous episode of optic neuritis.

The subsequent deterioration in vision and loss of

amplitude in the already delayed visual-evoked response

were each restored within 24 h. Other patients in this

series experienced specifically different losses of function

in association with cytokine release but with recovery

over the same time course.13 The experimental evidence

implicates donors of nitric oxide as the main factors

responsible for these alarming but instructive clinical

effects. Brief exposure of the exposed rat spinal cord

produces reversible conduction block in normal or

hypomyelinated axons.14 Conduction block in pathways

affected by multiple sclerosis may also be caused by a

pentapeptide (Gln-Tyr-Asn-Ala-Asp), which is able to

block sodium channels and is present at increased

concentration in cerebrospinal fluid from patients with

multiple sclerosis.15 Hence, one mechanism of symptom

onset is the direct effect of inflammatory mediators on

conduction through myelinated, and more especially

hypomyelinated, axons. It follows that, in situations

where structural damage may not have occurred,

recovery follows removal of inflammatory mediators

reversing the functional deficit affecting intact

myelinated axons.

Although axonal dysfunction is initially reversible, a

separate and lethal sequence of calcium-dependent

excitotoxic events follows more prolonged exposure to

inflammatory mediators. Electrically active axons are

especially vulnerable and show irreversible conduction

block with axonal degeneration after prolonged exposure

to nitric oxide.16 This analysis resonates with

contemporary studies of axonal pathology in multiple

sclerosis. Immunohistochemical staining for amyloid

precursor protein confirms that axonal injury occurs as

part of the acute demyelinating lesion.17 Axonal damage

in acute inflammatory plaques is shown histologically18

and radiologically through reduction in the neuronal

spectroscopic marker, N-acetyl aspartate.19 Acutely

transected axons undergo Wallerian degeneration

over the subsequent 18 months, but this seems not to

extend the lesion or shape the clinical deficit.20

This acute axonal damage mainly occurs early in

multiple sclerosis and is correlated with the degree of

inflammation.21

The circumstantial evidence suggesting that recently

demyelinated axons are vulnerable to the inflammatory

environment of acute lesions is supported by

experimental studies. Soluble factors released by

activated microglia impair mitochondrial (cytochrome

oxidase) activity of neurons in vitro.22 Although this

neuronal dysfunction is initially reversible, a separate

and lethal sequence of events follows more prolonged

exposure to microglial soluble factors. In cocultures of

rat microglia and embryonic cortical neurones,

iNOS-derived nitric oxide alone is responsible for

neuronal death from IFNg and activated microglia.

Neurones allowed to mature in vitro remain sensitive to

nitric oxide but are rescued by blocking NMDA-receptor

activation, indicating that nitric oxide elicits an

excitotoxic mechanism, most likely acting through

neuronal glutamate release. Thus, similar concentrations

of nitric oxide cause neuronal death by two distinct

mechanisms: nitric oxide acts directly upon immature

neurones but indirectly, via NMDA receptors, on more

mature neurones.23

Intravenous methylprednisolone acutely suppresses

nitric oxide release and might thereby protect neurones

from the effects of inflammation, thus reducing disability

acquired from an individual relapse. Clinical trials of

corticosteroid treatment in optic neuritis24,25 do not

support this view, nor does the demonstration of

continued atrophy in optic nerves, by MRI, after steroid

treatment.11 However, the mean duration of symptoms

before treatment was 6 days in the Optic Neuritis

Treatment Trial, by which time the threshold for recovery

from nitric oxide exposure may have been crossed

leading to irreversible axonal injury. Support for the

neuroprotective role of corticosteroids is provided by a

clinical trial showing that regular pulsed

methylprednisolone, while not influencing mechanisms

that initiate relapses in multiple sclerosis, nevertheless

reduces the consequences of each episode for axons and,

perhaps, impedes the transition to disease progression.26

However, despite these mechanisms of structural

tissue injury, function may recover even after prolonged

exposure to inflammatory mediators. One potential

mechanism is neuronal plasticity. Oligodendrocytes

normally determine the distribution and clustering of

sodium and potassium channels at nodes of Ranvier.27

Specifically, oligodendrocyte-derived soluble factors

induce clustering of the Na(v)1.2, whereas myelin is

required for clustering of the Na(v)1.6 channel.28 With

maturation, the diffuse distribution of Na(v)1.2, channels

is rationalized, being retained along the myelinated

segments but replaced by Na(v)1.6 channels at the

nodes.29 These arrangements are lost in demyelinated

axons, sodium channels again becoming distributed

along the naked axon leading to a variety of alternative

mechanisms for propagation of the nerve impulse.30

While imperfect and with a reduced safety factor for

conduction, these rearrangements do at least restore

function despite some persistent structural alterations in

axon–glial arrangements. There is also evidence that the

threat to sophisticated function from inflammatory injury

of the optic nerve leads to changes in cortical receptor

field activitiesFpresumably resulting from loss of

inhibition releasing areas of cortex to capture and modify

impulses arriving upstream of the injured optic nerve.31
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While details of the role and mechanism of opening up

these cortical receptor fields as part of the response to

optic neuritis remain speculative, the probability of

widespread neuronal and cortical plasticity as part of the

compensatory mechanism seems likely and consistent

with the evidence from functional brain imaging.

A number of clinical trials have now made the point

that the suppression of inflammation in chronic multiple

sclerosis rarely does much to limit the accumulation of

disability through sustained progression.32 One

interpretation of these observations is that axonal loss

and inflammation are entirely independent pathologies.33

The epidemiological jury is still out on whether there is a

correlation between the early inflammatory load and

subsequent clinical course. But the experimental

evidence suggests a direct relationship. Most axonal loss

is seen in secondary progressive multiple sclerosis.

Embryonic (rat) cortical neurons, cocultured with

purified oligodendrocytes at different developmental

stages, and with oligodendrocyte-conditioned medium,

show a marked increase in cell number providing

experimental evidence that myelin or glia provide

survival factors for neurones.34 Neutralizing antibodies

to IGF-1, but not other candidate trophic factors, block

this soluble survival effect of oligodendrocytes. Cells of

the oligodendrocyte lineage produce IGF-1 and

recombinant IGF-1 promotes neuronal survival under

identical conditions. Oligodendrocyte-conditioned

medium increases levels of phosphorylated Akt within

neurons. Neurons exposed to the oligodendrocyte-

conditioned medium show increased neurite and axonal

length, detected by antibodies to phosphorylated

neurofilaments, and activation of the MAPkinase/Erk

pathway. Erk inhibition reduces oligodendrocyte-

mediated enhancement of axonal length, but, unlike

inhibition of PI3 kinase, this has no effect on neuronal

survival.35 This in vitro evidence suggests that cells of the

oligodendrocyte lineage support neuronal survival by

both contact-mediated and soluble mechanisms, and that

IGF-1 contributes this effect through the PI3kinase/Akt

signalling pathway. Conversely, differentiated

oligodendrocytes increase neurofilament

phosphorylation and axonal length due to an effect of

glial cell-derived nerve growth factor (GDNF) acting

through the MAPkinase/Erk pathways. Loss of these

mechanisms may explain the chronic axonal attrition

characteristic of multiple sclerosis.

Taken together, the phases of symptom onset, recovery,

persistence, and progression in isolated and multiple

lesions are: functional impairment with intact structure

due to nitric oxide-related mechanisms; demyelination

and axonal injury with recovery from plasticity and

remyelination; and chronic axonal loss due to failure of

enduring remyelination.

The therapeutic opportunities and challenges of this

analysis are self-evident. The critical issue is the

relationship between neuronal injury and brain

inflammation. If axons degenerate solely because of the

metabolic and physiological consequences of prolonged

demyelination then therapies that reduce demyelination

should prevent disability progression. Early suppression

of inflammation is also logical if axons are transected in

acute inflammatory plaques, and degenerate chronically

through loss of trophic support from cells of the

oligodendrocyte lineage. But if axonal loss and

inflammation are fully independent processes,

immunotherapy may not be capable of influencing

progression of disability however early this is

deployed.

Experimentally, endogenous remyelination restores

conduction and function both in young and adult

nervous systems.36,37 The lesions of multiple sclerosis

contain oligodendrocyte progenitors, but these seem

unable to engage naked axons usefully.38,39 Endogenous

remyelination is limited to the acute phase of brain

inflammation during which manipulation of mechanisms

involved in receptor–ligand growth factor interactions

might envigorate these indolent progenitors and improve

remyelination. The choice and delivery of such

interventions aimed at enhancing remyelination are

problematic. Pragmatically, one option is to wait until a

therapy is available that can be given systemically and

simultaneously reaches all affected parts of the central

nervous system. The alternative is first to prove that

structure and function can be usefully restored in a single

informative lesion before tackling the secondary task of

making this intervention diffusely available in the central

nervous system. Until recently, stereotactic delivery

seemed the only possible option. However, the situation

may have changed with the demonstration of

remyelination and acute neuroprotection following

intravenous delivery of neural stem cells. Murine neural

stem cells injected intravenously into animals with

experimental allergic encephalomyelitis express the

adhesion molecules needed to adhere to and penetrate

the blood–brain barrier.40 Evidently, they successfully

seek out areas of demyelination and, once in place,

differentiate and remyelinate surviving axons, not only

achieving structural repair but also restoring

physiological conduction and motor function in affected

animals. Furthermore, remyelination protects axons from

the degeneration that otherwise follows demyelination.

These results suggest a remarkable set of attributes for

cells that have not been manipulated in vitro. While

providing hope and raising expectations, many practical,

clinical, ethical, and biological problems remain to be

overcome before remyelination can become a reality for

individual patients with multiple sclerosis.
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