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PELIZAEUS-MERZBACHER DISEASE 

AND THE ALLELIC DISORDER X-LINKED 

SPASTIC PARAPLEGIA TYPE 2 SPAN 

A BROAD CLINICAL SPECTRUM

Friedrich Pelizaeus provided the first clinical picture of the
disease and managed to correctly identify the X-linked
mode of inheritance of this disorder by including a quota-
tion from the affected family “that the disease is passed on
by the mother but does not hurt her.”1 This observation on
the sparing of the carrier mother, like many others made on
families with Pelizaeus-Merzbacher disease over the sub-
sequent century, was subject to revision. That a fraction of
female carriers express features of the disease and, coun-

terintuitively, that families with the least severe type of
Pelizaeus-Merzbacher disease are most likely to have these
afflicted carrier mothers illustrates the opportunities
afforded by families with Pelizaeus-Merzbacher disease for
examining oligodendrocyte behavior and function. Twenty-
five years later, Ludwig Merzbacher followed up on the
original family examined by Pelizaeus and discovered a
widespread loss of myelin in the cortical white matter.2 The
12 affected male subjects in this family displayed a high
degree of similarity in symptoms, another feature chal-
lenged as additional families with Pelizaeus-Merzbacher
disease were studied that presented within-family variabil-
ity suggestive of segregating modifier genes. Merzbacher’s
exhaustive description of what was subsequently categorized
as the classic form of Pelizaeus-Merzbacher disease (OMIM
312080) begins postnatally. Initially, the disease manifests
itself by aimless, wandering eye movements, followed by nys-
tagmus. Infants fail to develop normal head control and
display tremors or shaking movements of the head. The
disease is slowly progressive, with additional signs includ-
ing bradylalia, scanning speech, ataxia, and intention tremor
of the upper limbs, spastic contractions of the lower limbs,
athetotic movements, and mild dementia.1,2 Death ensues in
the second decade.

A more severe disorder (the connatal form of Pelizaeus-
Merzbacher disease), in which the nearly complete absence
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of myelin sheaths is accompanied by a profound loss of
myelin-forming oligodendrocytes, was reported by Seitel-
berger.3 Seitelberger correctly identified the connatal and
classic forms of Pelizaeus-Merzbacher disease as leukodys-
trophies, that is, conditions in which the absence of myelin
is primary. Whether this lack of myelin arises from a failure
of synthesis or maintenance is not always clear in the different
forms of Pelizaeus-Merzbacher disease. Although originally
described as a “demyelinating” (destruction of myelin) dis-
order, the pathology of the connatal form of Pelizaeus-
Merzbacher disease resembles that of a “dysmyelinating”
(inability to form normal myelin) disease.4 Zeman and cowork-
ers hypothesized that the defect in Pelizaeus-Merzbacher
disease resided in the proteolipid protein (also known as
lipophilin or Folch-Lees protein) component of myelin.4 A
quarter century later, this hypothesis was verified by the
sequencing of mutations in the PLP gene of several patients
with the connatal or classic form of the disease.5–7

Long before mutation analysis pinpointed the cause of
Pelizaeus-Merzbacher disease, the wide-ranging phenotypic
variation in this disorder frustrated classification efforts.4,8,9

A discovery by Boespflug-Tanguy and colleagues magni-
fied the disease spectrum of Pelizaeus-Merzbacher dis-
ease.10 Clinically distinct from Pelizaeus-Merzbacher disease,
X-linked spastic paraplegia type 2 was also found to arise
from mutations in the PLP gene.11 The observations leading
to this surprising finding included the following: (1) linkage
of spastic paraplegia type 2 to the chromosome Xq22 region
where Pelizaeus-Merzbacher disease also mapped; (2) com-
monalities in the clinical presentation of Pelizaeus-
Merzbacher disease and the complicated form of spastic
paraplegia type 2, namely spasticity, nystagmus, cerebellar
ataxia, and a pyramidal syndrome; (3) detection of
hypomyelination in a patient with spastic paraplegia type
2; and (4) collection of several families with Pelizaeus-
Merzbacher disease in which a family member was diag-
nosed with the rare spastic paraplegia disorder.12 The
X-linked form of spastic paraplegia type 2 exists as either
a “complicated” form or a milder “pure” one in which the
clinical phenotype is confined to lower limb spasticity. The

detection of families in which Pelizaeus-Merzbacher disease
and spastic paraplegia type 2 coexist emphasizes the broad
clinical continuum of these disorders, all of which share a
phenotype of spasticity and hypomyelination.13–16

The severity and clinical course of Pelizaeus-Merzbacher
disease and spastic paraplegia type 2 vary widely, as illus-
trated in Table 1. Despite the variability arising from different
mutations at the PLP locus and variable expressivity within
a family, three features are consistently encountered: (1)
spasticity, (2) a diffuse myelin loss on magnetic resonance
images (MRIs), and (3) absence of male-to-male transmis-
sion. Although not observed in the pure form of spastic
paraplegia type 2 or in PLP null mutations, nystagmus is a
prominent feature of Pelizaeus-Merzbacher disease and
spastic paraplegia type 2, one that is particularly helpful in
the differential diagnosis of this disorder. None of the other
leukodystrophies (eg, metachromatic leukodystrophy,
adrenoleukodystrophy, Krabbe’s disease, Cockayne’s syn-
drome, and Canavan’s disease) present with nystagmus.
These other leukodystrophies can also be discounted by
analyses of lysosomal/peroxisomal proteins and MRIs dis-
playing a regional loss of myelin, as opposed to the gener-
ally diffuse character of myelin loss in Pelizaeus-Merzbacher
disease. Patients with Pelizaeus-Merzbacher disease with a
null mutation have the additional feature of mild demyeli-
nating peripheral neuropathy, in which conduction veloci-
ties are detectably slower.17,18 Axonal damage was also
evident in these patients,19 consistent with alterations in
axonal morphology originally reported by Merzbacher.2

Decreased N-acetylaspartate in some patients with PLP

mutations is also in accordance with a diagnosis of neu-
roaxonal injury.19,20

The diagnosis of Pelizaeus-Merzbacher disease/spastic
paraplegia type 2 can be made by applying a combination
of criteria (Table 2). The characteristic set of neurologic signs
includes nystagmus, spastic paraparesis, and limb ataxia.
Neurologic symptoms vary widely among the different
forms of Pelizaeus-Merzbacher disease and spastic para-
plegia type 2, as illustrated in Table 2. MRI analysis reveals
diffusely increased signal intensity within the central white
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Table 1. Clinical Spectrum of PLP Mutations 

Most Severe Phenotype Least Severe Phenotype

Spastic Paraplegia Type 2

Phenotype Connatal PMD Classic PMD Complicated Pure

Age of onset Neonatal Year 1 Year 1–5 Year 1–5
Age of death Childhood to 3rd decade 3rd–7th decade Normal Normal
Nystagmus Present Present Often present Absent
Hypotonia Present Initially present Absent Absent
Ataxia Present Titubation Present Absent
Spasticity Severe Spastic quadriparesis Spastic gait Spastic gait
Other neurologic signs Stridor Dystonia Spastic urinary bladder Spastic urinary bladder

Pharyngeal weakness Athetosis
Seizures

Cognition Impaired Impaired Normal Normal
Ambulation Absent Partial Present Present
Speech Absent Present Present Normal

PMD = Pelizaeus-Merzbacher disease.
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matter of the cerebral hemispheres, cerebellum, and brain
stem.21,22 Owing to the ongoing synthesis of myelination
during postnatal development, hypomyelinated white mat-
ter can be difficult to detect until a child reaches 2 years of
age. Brain structure is largely normal, although the volume
of white matter, including that of the corpus callosum, can
be reduced. Less pronounced MRI changes are evident in
patients with the milder spastic paraplegia type 2 phenotype,
and areas of normal myelin intermingle with hypomyelinated
regions.23,24 The family history of the disease is consistent
with an X-linked recessive pattern of inheritance. In the
great majority of cases with positive neurologic symptoms,
imaging results, and family history, the diagnosis can be
unequivocally established with molecular genetic testing to
identify a PLP gene duplication or a PLP gene mutation.

MUTATIONS OF THE MYELIN PLP GENE 

CAUSE PELIZAEUS-MERZBACHER DISEASE 

AND SPASTIC PARAPLEGIA TYPE 2

Proteolipid protein is an exceptionally well-conserved pro-
tein as mammals encode nearly identical proteolipid proteins
and no amino-acid polymorphisms exist in the human PLP

gene. PLP gene structure is similarly highly preserved among
vertebrates, with an ancestral PLP gene found in inverte-
brates.25 Proteolipid protein is encoded by a single gene
composed of seven exons located on the X chromosome
(chromosome Xq22.2).26–29 The third exon contains an inter-
nal donor splice site that is used to generate transcripts
encoding the smaller (20 kDa) DM20 isoform. DM20 lacks
a portion of the intracellular loop that contains two acyla-
tion sites, an absence that may account for the altered con-
formation and physical properties observed for DM2030–32 and
the inability of DM20 to compensate for a loss of proteolipid
protein in myelin.25,33 The intriguing hypothesis that prote-
olipid protein acts as a sensor in transmitting information
across the lipid bilayer34 was validated by the discovery

that proteolipid protein, but not DM20, interacts with �v-inte-
grin as part of a signaling complex.35 Apart from oligoden-
drocytes, the PLP gene is transcriptionally active in the
nervous system in olfactory ensheathing cells,36 satellite
cells,37 and Schwann cells,18,38,39 in which the predominant
isoform expressed is DM20.40 Schwann cell expression of
proteolipid protein and DM20 is an order of magnitude
lower than that observed in oligodendrocytes, and most of
the proteins produced are not normally incorporated into
the myelin sheath.18,41

Duplications Predominate in Patients With Pelizaeus-

Merzbacher Disease and Spastic Paraplegia Type 2  

As predicted by the conserved nature of the PLP gene, all
types of mutations at the PLP locus have a discernible impact
in humans. Duplications are most frequently encountered,
representing 60 to 70% of cases,42–45 as depicted in Figure 1.
PLP duplications occur typically in tandem, involving a large
genomic segment that includes neighboring genes.42,46–48

Striking variation in the size of the duplicated segment exists
between different families with Pelizaeus-Merzbacher dis-
ease.46,47 Moreover, occasionally the duplicated copy translo-
cates to another region of the X chromosome.46,49 Together,
the large range in both size and position of the duplicated
proteolipid protein segment contributes to the nonuniform
phenotypes between families with PLP duplications. Dif-
ferent sets of genes will be duplicated and therefore over-
expressed in different patients with Pelizaeus-Merzbacher
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Table 2. Diagnostic Criteria and Screening Centers for 

Pelizaeus-Merzbacher Disease and Spastic Paraplegia Type 2

Neurologic signs:  Nystagmus, spastic paraparesis, limb ataxia
Family history:  X-linked recessive pattern of inheritance
MRI:  Diffuse central nervous system abnormalities 

of myelin
Genetic screening:  PLP1 gene duplication, deletion, 

or point mutation

US Clinical Centers for Mutation Screening at the PLP Locus

Alfred I. duPont Hospital for Children, Wilmington, DE
Main contact: Grace Hobson, PhD (ghobson@nemours.org)
Tel:  302-651-6829
Fax:  302-651-6881
Methodology:  DNA sequencing

Baylor College of Medicine, Houston, TX
Kleberg Cytogenetics Laboratory
Tel:  713-798-6555 or 800-411-4363
Fax:  713-798-3157
Methodology:  FISH

FISH = fluorescent in situ hybridization to detect PLP duplications, a test that is
recommended as the first screen for PLP mutations.

Figure 1. Genotype-phenotype correlations and frequencies of different
mutations in Pelizaeus-Merzbacher disease (PMD) and spastic para-
plegia type (SPG2). Point mutations exist in each category of Pelizaeus-
Merzbacher disease and spastic paraplegia type 2, but the severity of
the mutation is directly correlated with the level of conservation of the
amino acid.55 The relative severity of the disease is indicated by the
arrowhead. Although duplications typically present as the classic
form of Pelizaeus-Merzbacher disease and deletions or nulls as the min-
imally affected spastic paraplegia type 2, individual mutations in each
of these categories can be associated with more or less severe phe-
notypes, as indicated by the arrows. An updated list of mutations in
the PLP gene is provided by Dr James Garbern at <http://www.med.
wayne.edu/Neurology/ClinicalPrograms/Pelizaeus-Merzbacher/
plp.html>. FISH = fluorescent in situ hybridization.
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disease and spastic paraplegia type 2, and another set of
genes, those that are interrupted at the breakpoints, will be
selectively inactivated in different patients with Pelizaeus-
Merzbacher disease and spastic paraplegia type 2. Although
gene disruption is likely to yield a discernible phenotype, very
few genes are sensitive to dosage effects. In the segments
of the X chromosome duplicated in patients with Pelizaeus-
Merzbacher disease, PLP is apparently the sole gene for
which changes in copy number spawn phenotypic aberra-
tions. The majority of patients with duplications present
with the classic form of Pelizaeus-Merzbacher disease,
although heterogeneity in the clinical course is evident
among patients with duplications.44,46,47 Patients with a milder
spastic paraparesis have been described (see Figure 1). The
more severe connatal form of Pelizaeus-Merzbacher dis-
ease has also been documented in patients who appear to
harbor three copies of the PLP gene.46,50

Mutations That Eliminate Proteolipid Protein 

Are Rare in Patients With Pelizaeus-Merzbacher 

Disease and Spastic Paraplegia Type 2

Loss-of-function mutations (absence of proteolipid protein)
arise from either deletions of the PLP locus or point muta-
tions that eliminate proteolipid protein synthesis. Unlike
duplications, deletions of PLP occur rarely and involve
much smaller segments.10,51–53 Probably the deletion of larger
sections of the X chromosome, which would comprise the
majority of reciprocal recombination events arising from
duplications of proteolipid protein, would cause lethality or
infertility. In addition to the loss-of-function mutations aris-
ing from deletion events, two point mutations in the PLP cod-
ing region at the initiation codon54 or the second codon18 are
null for proteolipid protein expression. Unlike the PLP dele-
tions characterized to date, these null point mutations allow
for a direct examination of PLP loss without complicating
considerations from deletion of those genes neighboring
PLP, namely, the ras superfamily member RAB9L and the
thymosin � family member TMSNB.52 Although only a hand-
ful of patients with the null phenotype have been identified,
emerging features of the clinical course point to a Pelizaeus-
Merzbacher disease and spastic paraplegia type 2 form of
intermediate severity. Onset is within the first 5 years and
features ataxia and mild spastic quadriparesis, with periph-
eral neuropathy as a distinguishing trait of this form.19

Patients are ambulatory and speech is present but diminishes
after adolescence. Life span extends to the fifth to seventh
decade.    

Point mutations in the most highly conserved domains
of proteolipid protein create the most severe phenotype. One
fifth of patients with Pelizaeus-Merzbacher disease have
point mutations (single base changes or small deletions or
insertions) at the PLP locus that alter the amino-acid
sequence of the proteolipid and DM20 proteins. Approxi-
mately 100 distinct missense, nonsense, frameshift, and
splicing mutations, all of which produce abnormal prote-
olipid DM20 proteins, have been identified (for an up-to-date
accounting, refer to <http://www.med.wayne.edu/Neurol-

ogy/ClinicalPrograms/Pelizaeus-Merzbacher/plp.html>).
From comparing the genotype and phenotype of 33 families
with PLP point mutations, Boespflug-Tanguy and colleagues
found that changes within the most evolutionarily con-
served sites are generally associated with the most severe
disease.10,54 Substitutions of less conserved amino acids,
together with protein truncations, null mutations, and muta-
tions within the PLP1-specific region (amino acids 116–150),
produce a milder phenotype. Although mutations are dis-
tributed throughout the proteolipid protein/DM20 coding
sequence, mutational “hot spots” exist at the PLP locus. The
entire external loop has an excessive number of mutations
as half of the missense mutations occur within this loop. The
susceptibility of this region hints at conformational cues that
could be important in proteolipid protein/DM20’s mainte-
nance of the intraperiod line in compact myelin. 

Additional Screening Efforts Are Required 

for Splice Site and Regulatory Mutations 

Of the handful of splice site mutations uncovered in patients
with Pelizaeus-Merzbacher disease, of most interest are the
splicing mutations that are not located at the strictly con-
served positions in the donor and acceptor splice sites,
including a deletion of 19 bp within intron 3 and 26 bp in
intron 5.55–57 This atypical splicing mutation predicts that even
more splicing mutations might be found in patients with
Pelizaeus-Merzbacher disease and spastic paraplegia type
2, mutations that have eluded detection because sequenc-
ing efforts usually concentrate on coding regions and
intron/exon junctions. Only one potential regulatory muta-
tion, at position �34 of the PLP gene, has been reported in
a family with Pelizaeus-Merzbacher disease.58 Because 10 to
20% of patients with Pelizaeus-Merzbacher disease and
spastic paraplegia type 2 lack an identifiable mutation at the
PLP locus (duplication, deletion, or point mutation in the
coding region or splice sites), a significant proportion of
Pelizaeus-Merzbacher disease and spastic paraplegia type
2 could be attributable to mutations in the promoter region
or cis regulatory elements of the PLP gene (see Figure 1).
Another possibility is the existence of a nearby gene that,
when mutated, can also give rise to a proteolipid protein-
like Pelizaeus-Merzbacher disease phenotype, as suggested
by Cambi and coworkers for families with an X-linked pure
spastic paraplegia that map to the PLP region yet do not have
identifiable mutations in the PLP gene.15,23,57

Because duplication of the PLP region is the most com-
mon cause of Pelizaeus-Merzbacher disease, screening for PLP

gene duplications is the most efficient initial genetic screen-
ing test for diagnosing Pelizaeus-Merzbacher disease. Both
interphase fluorescent in situ hybridization and quantitative
polymerase chain reaction (PCR) have been used to detect
PLP duplications,42,47,56,59 and a combination of these methods
is optimal for both identifying small duplications and dis-
closing the cytogenetic location of the duplicated segment.
If neither interphase fluorescent in situ hybridization nor
quantitative PCR reveals a PLP duplication, direct sequence
analysis of the PLP gene should be performed. Contact infor-
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mation for the Pelizaeus-Merzbacher disease and spastic
paraplegia type 2 screening centers is provided in Table 2.

DIFFERENT PATHOGENETIC MECHANISMS

ACCOUNT FOR THE VARIABLE EXPRESSIVITY 

OF PROTEOLIPID PROTEIN MUTATIONS 

IN PELIZAEUS-MERZBACHER DISEASE 

AND SPASTIC PARAPLEGIA TYPE 2

PLP and proteolipid protein function to maintain the struc-
ture of central nervous system myelin and are best described
in superlatives: PLP is one of the most highly conserved
genes, and proteolipid protein is the most abundant protein
in central nervous system myelin and one of nature’s most
hydrophobic proteins. Each of these traits figures in the
pathogenesis of mutations in the PLP gene. Proteolipid pro-
tein is synthesized in the rough endoplasmic reticulum as
a tetraspan intrinsic membrane protein oriented with both
termini on the cytoplasmic face32,60 and is subsequently
transported through the Golgi complex, where other myelin
lipid constituents, such as cholesterol and galactocerebro-
side, associate with proteolipid protein in “rafts.”61 Raft for-
mation is one of the initial stages of myelin assembly and
is followed by the vesicular transport of proteolipid protein
to the myelin membrane. Six fatty acid chains are post-
translationally attached to each proteolipid protein mole-
cule,62 and those fatty acids covalently linked to the
intracellular loop of proteolipid protein have been pro-
posed to mediate the association of proteolipid protein
with the adjacent lipid leaflet in compact myelin.33

A block at any stage of synthesis and assembly of pro-
teolipid into myelin sheaths can have detrimental conse-
quences to oligodendrocytes. An examination of the
extensive collection of mutations in the PLP gene reveals
that individual mutations can exert their influence at different
checkpoints. These stopping points at various stages of
proteolipid protein biosynthesis are illustrated in Figure 2,
and the pathogenetic mechanisms associated with each
block are described below. The three mechanisms of patho-
genesis are not mutually exclusive. For example, a mis-
sense mutation resulting in a malfolded proteolipid protein
or DM20 could waken the cell to the need to monitor abnor-
mally folded proteins (pathogenetic mechanism I). If the
mutation retards but does not prevent trafficking, the mutant
protein can subsequently pose additional problems to oligo-
dendrocytes on assembly into myelin as the abnormal
protein could be unable to function properly in myelin main-
tenance. Apart from the pathogenetic mechanisms described
below, additional diversity of phenotypic expression in
Pelizaeus-Merzbacher disease and spastic paraplegia type
2 could be attributable to modifier genes that mitigate or
aggravate the phenotype within a family.

Pathogenetic Mechanism I: Activation 

of the Unfolded Protein Response by 

Abnormal Proteolipid and DM20 Proteins

Gow and Lazzarini originally proposed that the spectrum of
clinical severity in patients with different PLP coding region

mutations can be accounted for by differential effects of
individual mutations on the folding and intracellular traf-
ficking of the proteolipid and DM20 proteins.34 Coding region
mutations that curtail the folding and transport to the cell sur-
face of both proteolipid protein and DM20 are associated with
the most severe Pelizaeus-Merzbacher disease phenotypes,
including oligodendrocyte cell death, whereas mutations
that minimally impede proteolipid protein or DM20 transport
or selectively impair transport of proteolipid protein but not
DM20 produce a less severe Pelizaeus-Merzbacher disease
phenotype that is not associated with oligodendrocyte cell
death.34,63 Accumulation of misfolded DM20 or proteolipid pro-
tein 1 in the rough endoplasmic reticulum of oligodendrocytes
triggers the unfolded protein response, a network of genes
that are induced in response to unfolded proteins and serve
to regulate expression of molecular chaperones, transcription
factors, caspases, and other genes relevant to rough endo-
plasmic reticulum trafficking.64 Two transcription factors of
the unfolded protein response network, CCAAT/enhacer-
binding protein (CEBP) homologous transcription factor
(CHOP) (CEBP-homologous protein) and activated tran-
scription factor 3 (ATF3), as well as several rough endo-
plasmic reticulum–resident molecular chaperones, are
overexpressed in oligodendrocytes synthesizing mutant pro-
teolipid and DM20 proteins. Not all components of the
unfolded protein response network are induced to the same
extent by different mutations, and therein lies the basis for
a graded response tailored to individual mutations.64 The
absence of CHOP aggravates the condition of rumpshaker

(rsh) mice, which harbor an I186T mutation that results in
a mild disease phenotype in humans.13 Thus, CHOP figures
prominently in the pathogenesis of Pelizaeus-Merzbacher
disease. CHOP, together with the other genes induced dur-
ing the unfolded protein response in oligodendrocytes, might
partially protect oligodendrocytes from the toxic effects of
misfolded DM20 and proteolipid protein. Why numerous pro-
teolipid protein missense mutations activate CHOP and other
unfolded protein response genes still elicit cell death is best
understood in quantitative terms. Small amounts of incorrectly
folded proteins fail to activate the unfolded protein response
pathway. But as the most abundant myelin protein, proteolipid
protein is produced on a monumental scale, and large amounts
of any misfolded proteins invariably swing the unfolded pro-
tein response to an apoptotic one. 

Pathogenetic Mechanism II: Disruption of 

the Secretory Pathway by Excessive Amounts 

of Normal Proteolipid and DM20 Proteins

Overexpression of proteolipid and DM20 proteins occurs in
patients with duplications of the PLP gene. Excessive
amounts of normal proteolipid proteins accumulate in the
late endosome and lysosomal compartments of rodent cells
overexpressing proteolipid protein.65 Because proteolipid
protein typically associates with cholesterol and other lipids
to form myelin “rafts” during trafficking through the Golgi
complex,61 the shunting of excess proteolipid protein into
the endosomal or lysosomal compartment effectively drains
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myelin lipids from the Golgi complex.65 Consequently, the
transport and assembly of myelin constituents are altered
in cells overexpressing proteolipid protein and DM20. Thus,
whereas abnormal proteolipid proteins trigger a protein
misfolding response in the rough endoplasmic reticulum,
excessive proteolipid proteins create an imbalance in myelin
constituents that adversely affects the subsequent stage of
nascent myelin assembly in the Golgi network. The myelin
produced in such cells contains normal proteolipid and
DM20 proteins but can be structurally flawed from deranged
ratios of myelin lipid and protein constituents.

Pathogenetic Mechanism III: 

Breakdown in Myelin Maintenance When 

Proteolipid and DM20 Proteins Are Absent

Loss of function occurs in patients with a deletion of the PLP

gene10,51,52 or with point mutations at the beginning of the cod-
ing region that preclude translation.18,54 These patients have
less severe forms of the disease, with the PLP deletions giv-
ing rise to either a complicated form of spastic paraplegia
type 2 or a mild form of Pelizaeus-Merzbacher disease.52 In
mice lacking proteolipid protein, oligodendrocytes develop
normally and manage to assemble a myelin sheath, yet

Figure 2. Pathogenesis of Pelizaeus-Merzbacher disease and spastic paraplegia type 2. The diversity of phenotypic expression in Pelizaeus-
Merzbacher disease and spastic paraplegia type 2 is attributable in part to three distinct pathogenetic mechanisms. In the unfolded protein response,
many point mutations create abnormally folded proteolipid proteins (PLP) in the rough endoplasmic reticulum, which triggers the unfolded
protein response pathway.64 In severe cases, the cellular responses culminate in cell death and the consequent absence of myelin. In less severe
cases, oligodendrocytes survive, but their myelin contains abnormal proteolipid proteins, which might not be able to link adjacent myelin bilay-
ers (as proposed by Stoffel and coworkers33 and illustrated for the normal proteolipid proteins in mechanism II). In impaired raft assembly, over-
expression of normal proteins from a duplication of the PLP gene, which occurs in the great majority of patients with Pelizaeus-Merzbacher
disease and spastic paraplegia type 2, disrupts a subsequent stage of myelin biosynthesis in the Golgi complex. Excess proteolipid proteins,
together with lipids such as cholesterol and galactocerebroside that normally associate with proteolipid protein rafts in the Golgi complex, can
be found in lysosomal and endosomal vesicles.65 The sequestration of particular lipids can alter the composition of rafts destined for myelin
assembly. Consequently, despite the presence of normal proteolipid protein, the assembled sheaths could be unbalanced in other myelin con-
stituents. In the third mechanism, structurally defective myelin, deletions of the PLP gene, or null point mutations give rise to myelin sheaths
lacking proteolipid protein. These loss-of-function mutations are unable to maintain compact myelin and to promote interactions with axons.19

The six fatty acids attached to proteolipid protein are depicted by the zigzag lines, and the segment of the proteolipid protein that is missing
in DM20, which contains two acylation sites, is a lighter shade.
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defects in the intraperiod line of these sheaths translate into
reduced conduction velocities and impaired motor coordi-
nation.66–70 In addition, null mutations are associated with
axonal pathology.19,20 In toto, these pathologic changes doc-
ument an absolute requirement for proteolipid protein both
to maintain the structure of compact myelin and to main-
tain axonal integrity and function. Thus, the absence of
proteolipid protein would neither trigger the unfolded pro-
tein response nor derail myelin assembly but would instead
negatively affect maintenance of the myelin sheath.

PARADOXICAL EXPRESSION OF DISEASE 

IN HETEROZYGOUS FEMALE SUBJECTS 

Females heterozygous for a PLP gene mutation typically do
not display neurologic symptoms. Surprisingly, families
with very mildly affected male subjects tend to have female
“carriers” with late-onset clinical manifestations of Pelizaeus-
Merzbacher disease and spastic paraplegia type 2.16,71,72 One
other class of female subjects with signs of Pelizaeus-
Merzbacher disease and spastic paraplegia type 2 has been
described. Female subjects with a duplication of the PLP

gene have infrequently presented as index cases, but, in these
cases, the relatively mild Pelizaeus-Merzbacher disease and
spastic paraplegia occur with an early onset, and sustained
clinical improvement has been noted over time.73 Transient
neurologic symptoms during childhood have likewise been
observed in rare cases of female heterozygotes with missense
PLP mutations that result in a severe form of the disease in
male members of the family.74

What pathogenesis underlies the expression of a mutant
X-linked gene in female subjects? The X chromosome is sub-
ject to random inactivation, so female subjects heterozygous
for a PLP mutation theoretically express the mutant gene
in half of the oligodendrocyte population. Skewed X inac-
tivation can arise stochastically or can appear secondarily
as a result of selective survival of one cell population. The
latter scenario appears to apply to those PLP mutations that
cause moderate to severe Pelizaeus-Merzbacher disease in
affected male subjects.75 The most severe PLP mutations trig-
ger not only the unfolded protein response but also one of
the apoptotic pathways. Presumably, in female carriers, the
oligodendrocyte population expressing the PLP mutation
undergoes cell death during the major build-up of myelin and
is gradually replaced by normal oligodendrocytes. Such a
phenomenon has been documented in the canine model of
Pelizaeus-Merzbacher disease, in which female heterozygotes
have neurologic abnormalities early in life but by adult-
hood are neurologically asymptomatic, have a normal com-
plement of oligodendrocytes, and express very little mutant
PLP messenger ribonucleic acid.76 The transient neurologic
abnormalities detected in some female children who are car-
riers of severe PLP mutation74 therefore represent the
“catch-up” phase during which the normal oligodendrocyte
population fills the void left by apoptotic cells.

Skewed X-inactivation or selective survival does not fig-
ure in the pathogenesis of the mild PLP mutations. Although

oligodendrocytes expressing mild PLP mutations can elicit
an unfolded protein response, that response does not lead
to cell death. Consequently, two populations of oligoden-
drocytes will coexist in the central nervous system of these
female subjects, one that churns out normal myelin and
the other manufacturing a flawed product. Over time, the
structurally unstable myelin, which cannot be readily dis-
placed by the normal population of oligodendrocytes,
becomes functionally inadequate. Paradoxically then, female
carriers who are heterozygous for the less severe PLP muta-
tions are more likely to experience neurologic difficulties
as adults than are female carriers who are heterozygous for
the more severe PLP alleles.72–74

PROSPECTUS

Noteworthy advances on the Pelizaeus-Merzbacher disease
and spastic paraplegia type 2 front over the past decade
include (1) the enhanced screening capabilities for PLP

mutations, (2) the formation of a Pelizaeus-Merzbacher dis-
ease foundation, and (3) progress in the development of cel-
lular therapies for treating neurologic disorders. Screening
for mutations in the PLP gene is available from three cen-
ters in the United States (see Table 2) and is definitive in
approximately 80% of cases. Prenatal diagnosis of duplica-
tions by fluorescent in situ hybridization or point muta-
tions by DNA sequencing is also possible.48,59,77 The
Pelizaeus-Merzbacher Disease Foundation promotes aware-
ness of the disorder, links families with clinicians and
researchers, and helps to fund research initiatives. Driven
by a core group of families with Pelizaeus-Merzbacher dis-
ease, the foundation maintains an active Web site
(<http://www.pmdfoundation.org/>). Strategies for treat-
ment of Pelizaeus-Merzbacher disease and spastic para-
plegia type 2 must be guided by our understanding of the
pathogenesis of the disease. The fact that defective oligo-
dendrocytes are replaced by normal oligodendrocytes in het-
erozygous female subjects76 highlights the potential for
transplanted oligodendrocyte precursors to correct
Pelizaeus-Merzbacher disease. Indeed, most of the progress
in glial cell transplantation has occurred in animal models
of Pelizaeus-Merzbacher disease,78–80 and the results are
therefore directly relevant to future clinical trials with
patients with Pelizaeus-Merzbacher disease. Although
promising in terms of the extent to which transplanted cells
produce myelin, cellular therapy still needs optimization to
reverse clinical deficits. Also, transplantation could yield the
maximal benefit when initiated shortly after birth. The
future convergence of several events, namely the rapid
diagnosis of the disease (made possible by an awareness of
the disease within the pediatric and neurologic communi-
ties and the availability of screening centers), the active par-
ticipation of families with Pelizaeus-Merzbacher disease
(through the Pelizaeus-Merzbacher Disease Foundation)
and further breakthroughs in transplantation research
should propel treatment strategies for Pelizaeus-Merzbacher
disease.

622 Journal of Child Neurology / Volume 18, Number 9, September 2003

 at Bobst Library, New York University on May 15, 2015jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/


Pelizaeus-Merzbacher Disease and Spastic Paraplegia Type 2 / Hudson 623

References

1. Pelizaeus F: Über eine eigenthümliche Form spastischer Läh-
mung mit Cerebralerschinungen auf hereditärer Grundlage (Mul-
tiple Sklerose). Arch Psychiatr Nervenkr 1885;16:698–710.

2. Merzbacher L: Eine eigenarige familiär-hereditare Erkrankungs-
form (Aplasia axialis extra-corticalis congenita). Z Ges Neurol

Psych 1910;3:1–138.

3. Seitelberger F: Die Pelizaeus-Merzbachersche Krankheit. Klini-
schanatomische Untersuchungen zum Problem ihrer Stellung
unter den diffusen Sklerosen. Wien Z Nervenheilk 1954;9:228–289.

4. Zeman W, DeMyer W, Falls HF: Pelizaeus-Merzbacher disease: A
study in nosology. J Neuropathol Exp Neurol 1964;23:334–354.

5. Gencic S, Abuelo D, Ambler M, Hudson LD: Pelizaeus-Merzbacher
disease: An X-linked neurologic disorder of myelin metabolism
with a novel mutation in the gene encoding proteolipid protein.
Am J Hum Genet 1989;45:435–442.

6. Hudson LD, Puckett C, Berndt J, et al: Mutation of the prote-
olipid protein gene PLP in a human X chromosome-linked myelin
disorder. Proc Natl Acad Sci U S A 1989;86:8128–8131.

7. Trofatter JA, Dlouhy SR, DeMyer W, et al:Pelizaeus-Merzbacher
disease: Tight linkage to proteolipid protein gene exon variant. Proc

Natl Acad Sci U S A 1989;86:9427–9430.

8. Seitelberger F: Pelizaeus-Merzbacher disease, in Vinken PJ, Bruyn
GW (eds): Handbook of Clinical Neurology, vol 10. Amsterdam,
North Holland Publishing, 1970, 150–220.

9. Boulloche J, Aicardi J: Pelizaeus-Merzbacher disease: Clinical
and nosological study. J Child Neurol 1986;1:233–239.

10. Boespflug-Tanguy O, Giraud G, Mimault C, et al: Heterogeneous
rearrangements of the PLP genomic region in Pelizaeus-
Merzbacher disease: Genotype-phenotype correlation in 41
patients. Am J Hum Genet 1999;65:360–369.

11. Saugier-Veber P, Munnich A, Bonneau D, et al: X-linked spastic para-
plegia and Pelizaeus-Merzbacher disease are allelic disorders at
the proteolipid protein locus. Nat Genet 1994;6:257–262.

12. Nave KA, Boespflug-Tanguy O: X-linked developmental defects of
myelination: From mouse mutants to human genetic diseases. Neu-

roscientist 1996;2:33–43.

13. Kobayashi H, Hoffman EP, Marks HG: The rumpshaker mutation
in spastic paraplegia. Nat Genet 1994;7:351–352.

14. Osaka H, Kawanishi C, Inoue K, et al: Novel nonsense proteolipid
protein gene mutation as a cause of X-linked spastic paraplegia
in twin males. Biochem Biophys Res Commun 1995;215:835–841.

15. Cambi F, Tang XM, Cordray P, et al: Refined genetic mapping and
proteolipid protein mutation analysis in X-linked pure hereditary
spastic paraplegia. Neurology 1996;46:1112–1117.

16. Bond C, Si X, Crisp M, et al: Family with Pelizaeus-Merzbacher
disease/X-linked spastic paraplegia and a nonsense mutation in
exon 6 of the proteolipid protein gene. Am J Med Genet 1997;71:
357–360.

17. Garbern JY, Cambi F, Lewis R, et al: Peripheral neuropathy caused
by proteolipid protein gene mutations. Ann N Y Acad Sci 1999;883:
351–365.

18. Garbern JY, Cambi F, Tang XM, et al: Proteolipid protein is nec-
essary in peripheral as well as central myelin. Neuron 1997;
19:205–218.

19. Garbern JY, Yool DA, Moore GJ, et al: Patients lacking the major
CNS myelin protein, proteolipid protein 1, develop length-depen-
dent axonal degeneration in the absence of demyelination and
inflammation. Brain 2002;125(Pt 3):551–561.

20. Bonavita S, Schiffman R, Moore DF, et al: Evidence for neuroax-
onal injury in patients with proteolipid protein gene mutations.
Neurology 2001;56:785–788.

21. Ono J, Harada K, Sakurai K, et al: MR diffusion imaging in
Pelizaeus-Merzbacher disease. Brain Dev 1994;16:219–223.

22. Nezu A, Kimura S, Takeshita S, et al: An MRI and MRS study of
Pelizaeus-Merzbacher disease. Pediatr Neurol 1998;18:334–337.

23. Cambi F, Tartaglino L, Lublin F, McCarren D: X-Linked pure
familial spastic paraparesis: Characterization of a large kindred
with magnetic-resonance-imaging studies. Arch Neurol 1995;
52:665–669.

24. Hodes ME, Zimmerman AW, Aydanian A, et al: Different mutations
in the same codon of the proteolipid protein gene, PLP, may help
in correlating genotype with phenotype in Pelizaeus-Merzbacher
disease/X-linked spastic paraplegia (PMD/SPG2). Am J Med Genet

1999;82:132–139.

25. Stecca B, Southwood CM, Gragerov A, et al: The evolution of
lipophilin genes from invertebrates to tetrapods: DM20 cannot
replace proteolipid protein in CNS myelin. J Neurosci 2000;20:
4002–4010.

26. Stoffel W, Hillen H, Giersiefen H: Structure and molecular arrange-
ment of proteolipid protein of central nervous system myelin. Proc

Natl Acad Sci U S A 1984;81:5012–5016.

27. Diehl HJ, Schaich M, Budzinski RM, Stoffel W: Individual exons
encode the integral membrane domains of human myelin prote-
olipid protein [published erratum appears in Proc Natl Acad Sci

U S A 1991;86:617–618]. Proc Natl Acad Sci U S A 1986;83:
9807–9811.

28. Macklin WB, Campagnoni CW, Deininger PL, Gardinier MV: Struc-
ture and expression of the mouse myelin proteolipid protein
gene. J Neurosci Res 1987;18:383–394.

29. Ikenaka K, Furuichi T, Iwasaki Y, et al: Myelin proteolipid protein
gene structure and its regulation of expression in normal and jumpy
mutant mice. J Mol Biol 1988;199:587–596.

30. Helynck G, Luu B, Nussbaum JL, et al: Brain proteolipids. Isola-
tion, purification and effect on ionic permeability of membranes.
Eur J Biochem 1983;133:689–695.

31. Skalidis G, Trifilieff E, Luu B: Selective extraction of the DM-20
brain proteolipid. J Neurochem 1986;46:297–299.

32. Gow A, Gragerov A, Gard A, et al: Conservation of topology, but
not conformation, of the proteolipid proteins of the myelin sheath.
J Neurosci 1997;17:181–189.

33. Sporkel O, Uschkureit T, Bussow H, Stoffel W: Oligodendrocytes
expressing exclusively the DM20 isoform of the proteolipid pro-
tein gene: Myelination and development. Glia 2002;37:19–30.

34. Gow A, Lazzarini RA: A cellular mechanism governing the sever-
ity of Pelizaeus-Merzbacher disease. Nat Genet 1996;13:422–428.

35. Gudz TI, Schneider TE, Haas TA, Macklin WB: Myelin proteolipid
protein forms a complex with integrins and may participate in inte-
grin receptor signaling in oligodendrocytes. J Neurosci 2002;22:
7398–7407.

36. Dickinson PJ, Griffiths IR, Barrie JM, et al: Expression of the
DM-20 isoform of the PLP gene in olfactory nerve ensheathing cells:
Evidence from developmental studies. J Neurocytol 1997;26:
181–189.

37. Griffiths IR, Dickinson P, Montague P: Expression of the proteo-
lipid protein gene in glial cells of the post-natal peripheral nervous
system of rodents. Neuropathol Appl Neurobiol 1995;21:97–110.

38. Puckett C, Hudson L, Ono K, et al: Myelin-specific proteolipid pro-
tein is expressed in myelinating Schwann cells but is not incor-
porated into myelin sheaths. J Neurosci Res 1987;18:511–518.

39. Griffiths IR, Mitchell LS, McPhilemy K, et al: Expression of myelin
protein genes in Schwann cells. J Neurocytol 1989;18:345–352.

40. Pham-Dinh D, Birling MC, Roussel G, et al: Proteolipid DM-20 pre-
dominates over PLP in peripheral nervous system. Neuroreport

1991;2:89–92.

41. Anderson TJ, Montague P, Nadon N, et al: Modification of Schwann
cell phenotype with Plp transgenes: Evidence that the PLP and
DM20 isoproteins are targeted to different cellular domains. J Neu-

rosci Res 1997;50:13–22.

42. Inoue K, Osaka H, Sugiyama N, et al: A duplicated PLP gene caus-
ing Pelizaeus-Merzbacher disease detected by comparative mul-
tiplex PCR. Am J Hum Genet 1996;59:32–39.

 at Bobst Library, New York University on May 15, 2015jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/


624 Journal of Child Neurology / Volume 18, Number 9, September 2003

43. Wang PJ, Hwu WL, Lee WT, et al: Duplication of proteolipid pro-
tein gene: A possible major cause of Pelizaeus-Merzbacher disease.
Pediatr Neurol 1997;17:125–128.

44. Sistermans EA, de Coo RF, de Wijs IJ, van Oost BA: Duplication
of the proteolipid protein gene is the major cause of Pelizaeus-
Merzbacher disease. Neurology 1998;50:1749–1754.

45. Mimault C, Giraud G, Courtois V, et al: Proteolipoprotein gene
analysis in 82 patients with sporadic Pelizaeus-Merzbacher dis-
ease: Duplications, the major cause of the disease, originate more
frequently in male germ cells, but point mutations do not. The Clin-
ical European Network on Brain Dysmyelinating Disease. Am J

Hum Genet 1999;65:360–369.

46. Woodward K, Kendall E, Vetrie D, Malcolm S: Pelizaeus-
Merzbacher disease: Identification of Xq22 proteolipid-protein
duplications and characterization of breakpoints by interphase
FISH. Am J Hum Genet 1998;63:207–217.

47. Inoue K, Osaka H, Imaizumi K, et al: Proteolipid protein gene 
duplications causing Pelizaeus-Merzbacher disease: Molecular
mechanism and phenotypic manifestations. Ann Neurol 1999;
45:624–632.

48. Inoue K, Kanai M, Tanabe Y, et al: Prenatal interphase FISH diag-
nosis of PLP1 duplication associated with Pelizaeus-Merzbacher
disease. Prenat Diagn 2001;21:1133–1136.

49. Hodes ME, Woodward K, Spinner NB, et al: Additional copies of
the proteolipid protein gene causing Pelizaeus-Merzbacher disease
arise by separate integration into the X chromosome. Am J Hum

Genet 2000;67:14–22.

50. Harding B, Ellis D, Malcolm S: A case of Pelizaeus-Merzbacher dis-
ease showing increased dosage of the proteolipid protein gene.
Neuropathol Appl Neurobiol 1995;21:111–115.

51. Raskind WH, Williams CA, Hudson LD, et al: Complete deletion
of the proteolipid protein gene (PLP) in a family with X-linked
Pelizaeus-Merzbacher disease. Am J Hum Genet 1991;49:
1355–1360.

52. Inoue K, Osaka H, Thurston VC, et al: Genomic rearrangements
resulting in PLP1 deletion occur by nonhomologous end joining
and cause different dysmyelinating phenotypes in males and
females. Am J Hum Genet 2002;71:838–853.

53. Inoue K, Lupski JR: Molecular mechanisms for genomic disorders.
Annu Rev Genom Hum Genet 2002;3:199–242.

54. Sistermans EA, de Wijs IJ, de Coo RFM, et al: A (G-to-A) muta-
tion in the initiation codon of the proteolipid protein gene caus-
ing a relatively mild form of Pelizaeus-Merzbacher disease in a
Dutch family. Hum Genet 1996;97:337–339.

55. Cailloux F, Gauthier-Barichard F, Mimault C, et al: Genotype-phe-
notype correlation in inherited brain myelination defects due to
proteolipid protein gene mutations. Eur J Hum Genet 2000;
8:837–845.

56. Hobson GM, Davis AP, Stowell NC, et al: Mutations in noncoding
regions of the proteolipid protein gene in Pelizaeus-Merzbacher
disease. Neurology 2000;55:1089–1096.

57. Starling A, Rocco P, Cambi F, et al: Further evidence for a fourth
gene causing X-linked pure spastic paraplegia. Am J Med Genet

2002;111:152–156.

58. Kawanishi C, Sugiyama N, Osaka H, et al: Pelizaeus-Merzbacher
disease: A novel mutation in the 5�-untranslated region of the
proteolipid protein gene. Hum Mutat 1996;7:355–357.

59. Regis S, Filocamo M, Mazzotti R, et al: Prenatal diagnosis of
Pelizaeus-Merzbacher disease: Detection of proteolipid protein
gene duplication by quantitative fluorescent multiplex PCR. Pre-

nat Diagn 2001;21:668–671.

60. Wahle S, Stoffel W: Cotranslational integration of myelin prote-
olipid protein (PLP) into the membrane of endoplasmic reticulum:
Analysis of topology by glycosylation scanning and protease
domain protection assay. Glia 1998;24:226–235.

61. Simons M, Kramer EM, Thiele C, et al: Assembly of myelin by asso-
ciation of proteolipid protein with cholesterol- and galactosyl-
ceramide-rich membrane domains. J Cell Biol 2000;151:143–154.

62. Weimbs T, Stoffel W: Proteolipid protein (PLP) of CNS myelin: Posi-
tions of free, disulfide-bonded, and fatty acid thioester-linked
cysteine residues and implications for the membrane topology of
PLP. Biochemistry 1992;31:12289–12296.

63. Gow A, Southwood CM, Lazzarini RA: Disrupted proteolipid pro-
tein trafficking results in oligodendrocyte apoptosis in an animal
model of Pelizaeus-Merzbacher disease. J Cell Biol 1998;140:
925–934.

64. Southwood CM, Garbern J, Jiang W, Gow A: The unfolded protein
response modulates disease severity in Pelizaeus-Merzbacher
disease. Neuron 2002;36:585–596.

65. Simons M, Kramer EM, Macchi P, et al: Overexpression of the
myelin proteolipid protein leads to accumulation of cholesterol
and proteolipid protein in endosomes/lysosomes: Implications
for Pelizaeus-Merzbacher disease. J Cell Biol 2002;157: 327–336.

66. Boison D, Stoffel W: Disruption of the compacted myelin sheath
of axons of the central nervous system in proteolipid protein-defi-
cient mice. Proc Natl Acad Sci U S A 1994;91:11709–11713.

67. Boison D, Bussow H, D’Urso D, et al: Adhesive properties of pro-
teolipid protein are responsible for the compaction of CNS myelin
sheaths. J Neurosci 1995;15:5502–5513.

68. Rosenbluth J, Stoffel W, Schiff R: Myelin structure in proteolipid
protein (PLP)-null mouse spinal cord. J Comp Neurol 1996;
371:336–344.

69. Klugmann M, Schwab MH, Pühlhofer A, et al: Assembly of CNS
myelin in the absence of proteolipid protein. Neuron 1997;18:59–70.

70. Yool D, Klugmann M, Barrie JA, et al: Observations on the struc-
ture of myelin lacking the major proteolipid protein. Neuropathol

Appl Neurobiol 2002;28:75–78.

71. Hodes ME, Blank CA, Pratt VM, et al: Nonsense mutation in exon
3 of the proteolipid protein gene (PLP) in a family with an unusual
form of Pelizaeus-Merzbacher disease. Am J Med Genet 1997;69:
121–125.

72. Sivakumar K, Sambuughin N, Selenge B, et al: Novel exon 3B pro-
teolipid protein gene mutation causing late-onset spastic paraplegia
type 2 with variable penetrance in female family members. Ann

Neurol 1999;45:680–683.

73. Inoue K, Tanaka H, Scaglia F, et al: Compensating for central ner-
vous system dysmyelination: Females with a proteolipid protein
gene duplication and sustained clinical improvement. Ann Neu-

rol 2001;50:747–754.

74. Hodes ME, DeMyer WE, Pratt VM, et al: Girl with signs of Pelizaeus-
Merzbacher disease heterozygous for a mutation in exon 2 of the
proteolipid protein gene. Am J Med Genet 1995;55:397–401.

75. Woodward K, Kirtland K, Dlouhy S, et al: X inactivation pheno-
type in carriers of Pelizaeus-Merzbacher disease:  Skewed in car-
riers of a duplication and random in carriers of point mutations.
Eur J Hum Genet 2000;8:449–454.

76. Cuddon PA, Lipsitz D, Duncan ID: Myelin mosaicism and brain plas-
ticity in heterozygous females of a canine X-linked trait. Ann

Neurol 1998;44:771–779.

77. Garbern J, Hobson G: Prenatal diagnosis of Pelizaeus-Merzbacher
disease. Prenat Diagn 2002;22:1033–1035.

78. Duncan ID, Grever WE, Zhang SC: Repair of myelin disease:
Strategies and progress in animal models. Mol Med Today

1997;3:554–561.

79. Brustle O, Jones KN, Learish RD, et al: Embryonic stem cell-
derived glial precursors: A source of myelinating transplants.
Science 1999;285:754–756.

80. Zhang SC, Duncan ID: Remyelination and restoration of axonal
function by glial cell transplantation. Prog Brain Res 2000;127:
515–533.

 at Bobst Library, New York University on May 15, 2015jcn.sagepub.comDownloaded from 

http://jcn.sagepub.com/

