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Abstract

The integrity of central and peripheral nervous system myelin is affected in numerous
lipid metabolism disorders. This vulnerability was so far mostly attributed to the
extraordinarily high level of lipid synthesis that is required for the formation of myelin,
and to the relative autonomy in lipid synthesis of myelinating glial cells because of
blood barriers shielding the nervous system from circulating lipids. Recent insights
from analysis of inherited lipid disorders, especially those with prevailing lipid
depletion, and from mouse models with glia-specific disruption of lipid metabolism
shed new light on this issue. The particular lipid composition of myelin, the transport
of lipid-associated myelin proteins, and the necessity for timely assembly of myelin
sheath all contribute to the observed vulnerability of myelin to perturbed lipid
metabolism. Furthermore, the uptake of external lipids may also play a role in the
formation of myelin membranes. In addition to an improved understanding of basic
myelin biology, these data provide a foundation for future therapeutic interventions

aiming at preserving glial cell integrity in metabolic disorders.

0T0Z ‘LT J8qWSAON UO “$-SIeelS ayosisydaesiapaiN e 610 i mmm wolj papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

i

Myelin: a giant membrane organelle with specific lipid characteristics

The rapid saltatory conduction of action potentials along axons is crucially
dependent on myelination. The myelin membrane is an extended and highly
specialized plasma membrane synthesized by myelinating glial cells:
oligodendrocytes in the central nervous system (CNS), and Schwann cells in the
peripheral nervous system (PNS) (Figure 1). The wrapping of myelin around an
axonal segment increases axonal diameter and enables clustering of axonal ion
channels at nodes of Ranvier (1). As such, myelinating glial cells shape the structural
and electrical properties of axons resulting in a 10- to 100-fold increase in nerve
conduction velocity (2, 3), and in a great reduction of axonal energy consumption (4).

One of the prominent biochemical characteristics that distinguishes myelin
from other membranes is its high lipid-to-protein ratio: lipids account for at least 70%
of the dry weight of myelin membranes (Table 1) which is also the physical basis for
its biochemical purification by sucrose gradient centrifugation (5).

The myelin membrane contains myelin-specific proteins (e.g. myelin basic
protein, myelin associated glycoprotein and proteolipid protein), but no truly myelin-
specific lipids. Nevertheless, whereas all major lipid classes are present in myelin as
in other membranes, myelin has its characteristic lipid composition. The myelin
membrane contains a high level of cholesterol of at least 26% by weight (or 52
mole%) (Table 1) (6, 7). The importance of cholesterol for myelin production and
maintenance has recently been reviewed (8). The myelin membrane is also
substantially enriched in galactolipids (31% versus 7% for liver cell plasma
membranes). Two glycosphingolipids, the monogalactosylsphingolipids cerebroside
(Gal-C) and sulfatide (SGal-C) account for 14-26% and 2-7% of myelin lipids,
respectively (9-11). When compared to hepatocyte and erythrocyte membranes,
myelin membranes also contain a higher proportion of saturated long-chain fatty
acids (Figure 2). Finally, the lipid content of myelin is also enriched in plasmalogens
(etherlipids). These glycerophospholipids, defined by a vinyl ether double bond at the
sn-1 position, account for 20% of the myelin phospholipid mass (compared to 18% in
the average human phospholipid mass). Here, 70% of the total
phosphatidylethanolamine (PE) in white matter is plasmalogen, in contrast to only 5%
in liver (12, 13). These lipid characteristics of myelin, together with the presence of
myelin-specific proteins, are likely required for myelin wrapping and/or to confer the
specific biophysical properties of myelin as an electrical “insulator’, as will be

discussed below.
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During development of the human nervous system, myelination starts in the
motor roots of the PNS (fifth fetal month) and is followed by myelination of the spinal
cord and brain (CNS). The majority of myelin is assembled during the first two years
of postnatal life (14), but myelination continues for 2-3 decades in the human
cerebral white matter (15, 16). In rodents, myelination occurs predominantly during
the first month of life (17). The magnitude of the tasks that glial cells have to
accomplish in a short period of time is easily appreciated when visualizing the
membrane expansion taking place during myelination (Figure 1). In rodents, it has
been estimated that the myelin-membrane surface area of one glial cell expands at a
rate of 5-50 x 10° ym?day, compared with the surface area of the cell soma (i.e., the
plasma membrane) of approx. 0.3 x 10° um? (18). This corresponds to an estimated
6500-fold increase in membrane surface between an immature and a fully myelinated
oligodendrocyte (19). In rodents, the expansion of the myelin membrane correlates
with substantial accumulation of cholesterol and lipids in both the developing CNS
and PNS (17, 20-22). More recently, transcriptional profiling of developing peripheral
nerves shed light on the molecular cascades involved in PNS myelin assembly (23,
24). It was observed that transcripts encoding structural myelin proteins and
enzymes involved in myelin lipid biosynthesis were expressed in a highly
synchronized and timely fashion, suggesting a strict control of a balanced and local
production of these two key components of myelin assembly. Relatively little is
known about myelin lipid turnover in vivo, but studies in mice indicate a necessity to

renew myelin lipids in adult life (25).

Myelin defects in inherited diseases affecting lipid metabolism

The lipid-rich composition of myelin is likely to contribute to the frequent
occurrence of myelin defects in lipid metabolism disorders, with myelin defects
varying from hypomyelination (decreased myelin production), dysmyelination
(abnormally formed myelin) to demyelination (degenerative loss of myelin). Inherited
forms of these diseases are particularly informative and provide direct insight into the
underlying molecular mechanisms. These involve defects in metabolism of all myelin
enriched lipids: cholesterol, glycosphingolipid and long chain fatty acids (Table 2). In
several of these disorders the defects are caused by lipotoxicity, a result of the
accumulation of various metabolic precursors involved in lipid biosynthesis to levels
that are toxic to the myelinating glial cells or at least interfere with normal myelin
membrane structure (reviewed in (26-28). Here, we will particularly discuss the
disorders in which myelin defects are more likely caused by a primary defect in

myelinating glia that causes reduced levels of myelin-enriched lipids, and are
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therefore more informative as to the contribution of these lipids to the synthesis and
function of myelin under normal and pathological conditions (see section ‘Why are

myelinating glial cells particularly vulnerable for lipid metabolism disorders?’).

Cholesterol disorders:

At least three different cholesterol related disorders cause defects in myelin
(Table 2), Of these, Cerebrotendinous xanthomatosis (CTX) and Tangier disease
(TD) lead to accumulation of 7a-hydroxy-4-cholesten-3-one and cholestanol (in CTX)
and cholesterolesters (in TD), which are likely to underlie the myelin pathology ((29-
32), Figure 3). Myelin defects due to reduced cholesterol levels are possibly found in
Smith-Lemli-Opitz syndrome (SLOS), which is caused by mutations in the gene
encoding sterol delta-7-reductase (DHCRY7), the enzyme catalyzing the last step of
cholesterol biosynthesis. This results in the elevation of the cholesterol precursors 7-
dehydro-cholesterol (7-DHC) and 8-dehydro-cholesterol (8-DHC) and in cholesterol
deficiency in all tissues (33-35). Patients with SLOS have multiple malformations,
cognitive impairment, and behavioral deficits. CNS defects in white matter
abnormalities are common, often involving corpus callosum absence or hypoplasia
(36-42), and reported to involve absence of myelin (42) and demyelination (43), but
detailed analysis of myelin structure have not yet been described. The relative
contribution of either cholesterol depletion or 7-DHC and 8-DHC accumulation in
white matter abnormalities is currently unclear. Interestingly, dietary cholesterol
supplementation has become the standard therapy for SLOS and was reported to
partially improve the neurological status and white matter lipid abnormalities in some
patients (36, 44-46). Remarkably, PNS myelin defects are rarely reported for SLOS.
The reason for this is currently unclear, but dietary lipid supplementation has also
been reported to improve a case of SLOS-associated demyelinating polyneuropathy
(47).

Mouse models of cholesterol disorders

Multiple mouse models of SLOS recapitulate morphological and biochemical
aspects of the neuropathology of SLOS patients (48-50). While ventricular dilatation
and partial agenesis of corpus callosum was observed in one of these models (50),
the status of myelination was so far not analyzed in DHCR7 mutant animals. The
importance of local cholesterol biosynthesis in myelinating glial cells was however
addressed by conditional inactivation of squalene synthase (SQS; gene symbol fdftl)
specifically in oligodendrocytes and Schwann cells of fdft"™"*/cnp1**® mice (51, 52)

in which expression of cre was under control of the 2":3'-cyclic nucleotide 3'-
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phosphodiesterase (cnp) promoter. In the CNS, SQS inactivation led to substantial
hypomyelination and reduced motor performance in 20 days old SQS conditional
mutants. The discrepancy between the robust hypomyelination observed in SQS
mouse mutants and the mild myelin defects observed in human SLOS is unclear, but
may be related to the low amounts of cholesterol that are still produced in some
forms of SLOS (33) and/or to the position of the defects in disruption of the
cholesterol biosynthesis pathway which is more upstream in SQS mouse mutants.
While the amount of myelin in SQS conditional mutants was decreased, its
ultrastructure, lipid and protein composition were not affected, suggesting a tight
control mechanism matching the amount of myelin proteins produced by glial cells to
the available cholesterol. Interestingly, both hypomyelination and motor deficits
improved over time. These observations suggest that cell autonomous synthesis of
cholesterol in oligodendrocytes is crucial for normal onset and progression of
myelination. Cholesterol biosynthesis deficient oligodendrocytes are, however, able
to take up some cholesterol from their surrounding for limited myelin formation (51).
The exact mechanism of this horizontal cholesterol transfer remains to be clarified. In
the PNS, the inactivation of cholesterol biosynthesis in Schwann cells also led to
substantial hypomyelination as detected by morphometric analysis of sciatic nerves
from fdft"™"*/cnp1*/*™® animals. Similar to oligodendrocytes, also Schwann cells are
able to take up extracellular cholesterol since many axons in peripheral nerves from
fdft"™*/cnp1*®® animals are ensheathed by (albeit thin) myelin. These data have
been corroborated by in vitro experiments showing that extracellular cholesterol
increased myelination in both wild type and mutant Schwann cells (52). Interestingly,
detailed ultrastructural and biochemical analysis of mutant myelin revealed
substantial increase in the amount of noncompact myelin, probably as a
consequence of defective myelin protein transport

from the endoplasmic reticulum to the myelin sheath (see below). These data,
together with a synchronized downregulation of the mRNA expression for multiple
myelin proteins, suggest that in addition to its role as a major structural component of

myelin, cholesterol plays a crucial role in coordinating myelin membrane assembly.

Glycosphingolipid disorders:

Most of the myelin defects in glycosphingolipid disorders are due to
accumulation of glycosphingolipids or their precursors (Table 2). Metachromatic
leukodystrophy (ML), Krabbe disease (KD), and Niemann-Pick disease type A (NPD)
lead to the accumulation of respectively sulfatides, galactocerebrosides (and

sphingosine), and sphingomyelin ((53-56) Figure 4). The accumulation of these lipids
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in myelinating glial cells leads predominantly to cytotoxicity and demyelination.
Myelin defects present in dysmyelinating leukodystrophy and spastic paraparesis
with or without dystonia (DLSP) (57, 58) which is caused by a mutation in the gene
encoding fatty acid 2-hydroxylase (FA2H) are however probably a consequence of
reduced glycosphingolipid levels. The 2-hydroxylation of sphingolipid N-acyl chains
catalyzed by the FA2H occurs during de novo ceramide synthesis. In accordance
with the high level of FA2H in mammalian central and peripheral nervous systems,
both galactosylceramides and sulfatides contain high proportion (up to 50%) of 2-
hydroxy fatty acids (59). Surprisingly, the FA2H mutations result in demyelination of
the CNS, while PNS myelin abnormalities are not found, suggesting there is a

second fatty acid 2-hydroxylating activity in human Schwann cells (57).

Mouse models of glycosphingolipid disorders:

FA2H deficient mouse mutants lack 2-hydroxylated sphingolipids (HFA-GalC
and HFA-sulfatide) as evaluated by thin-layer chromatography and MALDI-TOF
mass spectrometry (60). The absence of 2-hydroxylated sphingolipids in mice does
not cause any detectable myelin changes up to adulthood. However, myelin
decompaction was detected in aged (18 months) brain and was even more severe in
peripheral nerve samples where signs of myelin degeneration (e.g. decompaction
and myelin loss) were observed clearly suggesting a role of HFAs in long-term myelin
stability. The presence of this discrete phenotype, or its late onset, suggests the
possibility that other models of glycosphingolipid disorders, including a mouse model
of Gaucher disease (61) or a knockout mouse for sphingomyelin synthase 2 (62),
may have ultrastructural myelin changes that so far have not been detected.

The role of the most abundant galactosphingholipids in myelin was analyzed
in mouse models disrupting either sulfatide biosynthesis alone (cerebroside
sulfotransferase (CST) knockout mice) or disrupting both galactocerebroside and
sulfatide biosynthesis (UDP-galactose:ceramide galactosyltransferase (CGT)
knockout mice, Figure 4). Characterization of CST-deficient mice revealed that
sulfatide plays a crucial role in maintenance of myelin structure and organization of
node and paranode (63, 64). Interestingly, while apparently normal myelin can be
assembled in CST mutant animals, the myelin structure is disturbed with age, as
reflected by uncompacted myelin sheaths in the CNS, and nodal and paranodal
abnormalities in both the CNS and PNS. The defective sulfatide biosynthesis also
leads to axonal changes, as demonstrated by the loss of large axons in the CNS and
the presence of axonal protrusions in the PNS. In comparison, CGT mutant animals,

which are unable to synthesize both galactocerebroside and sulfatide, have a similar
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but more marked myelin phenotype since myelin abnormalities (including
uncompacted areas and redundant myelin profiles) are already present at P10 and
evolve to substantial demyelination at P43 (65). Both CGT” and CST’ animals
develop similar nodal phenotype characterized by disorganized paranodal loops and
enlarged nodal gap. (63). Since the CGT" animals accumulate hydroxyl fatty acid
(HFA) Glc-Cer (which is normally absent) in their myelin, it was suggested that HFA-
Glc-Cer could compensate partially for the absence of galactolipids in these animals.
However, inactivation of UDP-glucose ceramide glucosyltransferase (Ugcg) which
prevented accumulation of HFA-Glc-Cer did not led to any aggravation of myelin
phenotype in double knockout Ugcg"™™* Cnp/Cre; CGT" mice (66). This data
therefore suggest that glial cells are able to assemble myelin in the absence of

glycolipids.

Fatty acid and plasmalogen disorders

Several disorders in fatty acid metabolism are associated with defects in
myelin that are mostly caused by the accumulation of lipids (Table 2, Figure 5). In
Sjogren-Larsson syndrome (SLS) mutations in fatty aldehyde dehydrogenase result
in the accumulation of long chain fatty alcohols (67), leading to CNS white matter
abnormalities that are related to dysmyelination and hypomyelination (68, 69). Lipid
accumulation is also found in peroxisome disorders, such as Refsum disease (RD,
(70)), adrenoleukodystrophy (ALD, 53) and peroxisome biogenesis disorders (PBD,
(71)). In RD, mutation of phytanoyl-CoA hydroxylase leads to the accumulation of
phytanic acid, a plant-derived fatty acid that is normally degraded by alpha-oxidation
in peroxisomes. Accumulation of phytanic acid causes demyelination, especially in
the PNS. ALD is caused by mutation of the ABCD1 protein which functions as a
transporter for the uptake of very long chain fatty acids (VLCFA) in peroxisomes.
Since VLCFA are metabolized in peroxisomes via B-oxidation, myelinating glial cells
in ALD-patients accumulate VLCFA, which causes dysmyelination but also
inflammatory-induced demyelination. The latter may be caused by the failure to
degrade arachidonic-acid derived eicosanoids (72, 73). Peroxisome biogenesis
disorders of Zellweger syndrome occur when any one of 12 peroxins involved in the
import of peroxisomal proteins is mutated (for a recent review, see (74). The
consequent partial or complete peroxisome dysfunction results in defective a- and p-
oxidation, subsequent accumulation of fatty acids, leading to myelin defects as also
seen in ALD or RD. In addition, myelin defects due to reduced lipid levels are found

in Zellweger syndrome as well, since the peroxisomal anabolic lipid pathway involved
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in ether lipid synthesis is disrupted (Figure 5) resulting in plasmalogen deficiency

and consequent mild hypomyelination and dysmyelination, especially in the CNS.

Mouse models of fatty acid disorders:

As shown in Figure 2, myelin is specifically enriched in saturated VLCFAs
(C22:0-C24:0). Mice carrying a deletion of ceramide synthase 2 (CERSZ2), an
enzyme that is mostly involved in synthesis of ceramides with VLCFAs, show myelin
with ceramide species that no longer have VLCFAs (>= C22) but instead are
enriched in short chain fatty acids (75). These changes where accompanied by
progressive loss of CNS and PNS myelin levels from early adulthood on and
dysmyelination predominantly in the PNS. It remains to be determined whether
myelinating glial cells are the primary cause, but these data are indicative of the
involvement of VLCFA in maintenance of the myelin membrane (75).

Several mouse models have been generated for different peroxisomal
disorders. Many of those recapitulate the main pathological or biochemical defects
observed in patients, most often associated with lipotoxicity caused by accumulation
of metabolic intermediates, like VLCFA in RD and in X-ALD (76-81). It should be
noted that saturated VLCFA, which are enriched in myelin (Figure 2), rely fully on
peroxisomes for B-oxidation, which could underlie the vulnerability of myelin for
VLCFA accumulation in these disorders. Peroxisome biogenesis disorders have
been modeled by inactivating different Pex genes (Pex2, Pex5, Pex13), which
resulted in an early postnatal death of affected animals preventing myelin analysis
(78-81). Mice carrying an oligodendrocyte specific deletion of Pex 5 (CNPcre-Pex5
(82)) assembled normal myelin, but surprisingly developed within a few months
axonal defects followed by inflammatory demyelination. The observation that the
PEX5-deficient oligodendrocytes are not able to maintain axonal integrity, even in the
absence of obvious demyelination, indicates a role of oligodendrocyte peroxisome-
associated lipid metabolism in axonal support. In addition, the remarkable
inflammatory demyelination observed in CNPcre-Pex5 mice suggest a role for
abnormal lipid metabolism in inflammation (82), as also observed in human X-ALD
disease (72, 83, 84). Interestingly, polyunsaturated VLCFA, such as arachidonic acid,
are substrates for the synthesis of eicosanoids, which are lipid inflammatory
mediators (85, 86). Peroxisomes play a major role in the degradation of eicosanoids
(72, 87, 88). The fact that the VLCFA in myelin are saturated and not unsaturated
might reduce the risk of generating too high levels of lipid inflammatory mediators.
Together these data suggest that peroxisomes in myelinating glial cells are likely to

be important for protection against lipid induced inflammation, by degrading VLCFA
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and eicosanoids. The observations on CNP-cre-PEX5 mice furthermore indicate that
peroxisome-associated lipid metabolism is not required in oligodendrocytes for
myelin membrane synthesis per se. However, mice in which Pex5 is lacking in all
neural cells (Nestin-cre PEX5 mice; (80)) do show dysmyelination, indicating that in
CNP-cre-PEX5 mice oligodendrocytes may take up peroxisome-derived lipids from

other neural cells and utilize these lipids for myelin membrane synthesis.

Mouse models of plasmalogen disorders:

The Pex2, Pex5 or Pex13 knockout mouse models of peroxisome biogenesis
disorder have reduced nervous system plasmalogen levels (78-81), but how this
contributes to myelin lipid defects is difficult to establish, due to the contribution of the
other defects in peroxisome lipid metabolism (Figure 5). The Pex7 (77) and
dihydroxyacetone phosphate acyl transferase (89) knockout mice were generated as
mouse models of rhizomeluic chondrodysplasia (RCDP) type 1 and 2, respectively,
both peroxisomal disorders that are characterized by a shortage of ether lipids and
delays in myelination (80). In Pex7 knockout mice, a small reduction in CNS myelin
protein levels was observed, and PNS nerves showed thinning of the myelin sheath
and a reduced motor nerve conduction velocity (76). In the knockout mouse for
DHAPAT, a peroxisomal enzyme essential for plasmalogen synthesis, reduced CNS
myelination was observed together with abnormal paranodal structure and reduced
corpus callosum conduction velocity (90). Together, these studies suggest a
structural role of plasmalogens in myelin membrane, although ultrastructural studies
remain necessary to unravel the precise role of plasmalogens in myelination.
Furthermore, plasmalogens are described to function as a sink of poly unsaturated
fatty acids (PUFA) (91) and as such proposed to have a protective role against the
effects of PUFA accumulation as seen in peroxisome disorders (92). Indeed,
Pex7:Abcd1 knockout mice show an increase in VLCFA accumulation and

inflammatory demyelination (76).

General lipogenesis disorders

Several myelin disorders are caused by defects in early steps in the synthesis
of lipids (Table 2, Figure 6). Pyruvate carboxylase deficiency (PCD (93, 94)) is
caused by a mutation in pyruvate carboxylase, an enzyme required for the synthesis
of oxaloacetate of pyruvate in the tricarboxylic acid (TCA) cycle, which is found in
glial cells, predominantly astrocytes (95-97). Several biochemical pathways rely on
the TCA cycle, such as biosynthesis of fatty acids, non-essential amino acids and

gluconeogenesis. Consequently, PCD patients show CNS hypomyelination, while

10
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PNS myelin defects have not been described. Canavan disease (CD (98)) is caused
by a mutation in aspartoacylase (ASPA), an enzyme that in the rodent nervous
system was shown to be predominantly expressed in oligodendrocytes (99) and is
involved in the deacetylation of the nervous system specific metabolite N-
acetylaspartic acid (NAA), thus generating free acetate in the brain. Patients affected
by CD show accumulation of neuronal NAA and reduced levels of acetate in
oligodendrocytes, the latter is generally thought to limit fatty acid and membrane lipid
synthesis and to underlie the spongiform myelin degeneration, while leaving neurons
intact (100, 101).

Mouse models of general lipid disorders:

Two mouse models of CD, in which ASPA is deleted, show myelin
vacuolization similar to human Canavan patients (102, 103), and reduced brain levels
for acetate, myelin lipids and myelin proteins (104, 105). Labeling studies have
shown that NAA is a major source of acetate for lipid synthesis during brain
development and that neuronal-derived NAA supplies acetyl groups for myelin lipid
synthesis (106, 107). Its quantitative significance of for myelin synthesis is not
completely clear also because in most cell types, the enzyme ATP-citrate lyase
provides the acetyl groups for fatty acid synthesis. (104) suggested that the lowering
of acetate in ASPA knockout mice is sufficient to decrease myelin synthesis.
However, ultrastructural analysis of myelin during development remains to be done in
order to determine the precise consequence of ASPA deficiency on myelin formation.
Recently, it was shown that defective survival and differentiation of immature
oligodendrocytes may as well be implicated in CD (108). Also, importantly, the toxic
effects of NAA in myelin vacuolization should not be neglected (109).

The role of glial lipid synthesis in myelination was recently studied by
Verheijen et al (110). It was shown that the acute phase of myelin lipid synthesis is
regulated by sterol regulatory element-binding protein (SREBP) cleavage activating
protein (SCAP), an activator of SREBPs. POcre-SCAP mice, which carry a Schwann
cell specific deletion of SCAP, showed congenital hypomyelination, and had a loss of
SREBP-mediated gene expression involved in cholesterol and fatty acids synthesis.
Interestingly, SCAP mutant Schwann cells were able to slowly synthesize myelin, in
an external lipid-dependent fashion, resulting in myelin membrane defects that were
associated with abnormal lipid composition. Saturated VLCFAs (C22:0 and C24:0)
were found to be reduced in myelin membranes, while poly-unsaturated fatty acids
(C18:2, C22:6, C24:2, C25:2 and C26:2) were increased. The reduced saturation

level of long chain fatty acids resulted in an increase in disorder of acyl groups in the
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myelin lipid bilayer, which may lead to altered packaging of proteins in the membrane
(111) and consequent ultrastructural myelin abnormalities. These observations also
showed that glial cells are able to take up lipids from the extracellular environment
and utilize these for myelin membrane synthesis, which is in line with the observation
of Saher et al on CNPcre-SQS mice in which cholesterol deficient myelinating glial

cells are able to slowly synthesize myelin (51, 52).

Why are myelinating glial cells particularly vulnerable for lipid metabolism

disorders?

The unique lipid composition of myelin critically contributes to its function

Much of the vulnerability of myelin for lipid defects is caused by the fact that
myelin membrane assembly requires an extraordinary amount of lipids, especially for
the lipids that are enriched in myelin: galactolipids, cholesterol, plasmalogens and
fatty acids. As described above, for each of these lipid classes, human myelin
disorders have been described in which the pathophysiology is related to lipotoxicity
as a result of the accumulation of metabolic precursors for myelin lipids. The
vulnerability of myelin for lipid disorders could however also relate to biochemical
properties of each lipid class for functioning of the myelin membrane.

Cholesterol is one of the most important regulators of lipid organization in the
membrane. The hydroxyl group of cholesterol interacts with the polar head group of
other lipids, while the rigid body of cholesterol is situated along side the fatty acid
tails of lipids in the membrane and can help to order these tails. The increased lateral
ordering of lipids that is caused by cholesterol consequently affects the biophysical
properties of the membrane, by decreasing fluidity and reducing the permeability of
polar molecules, like ions for example (112-115). By contrast, too much ordering is
detrimental because this could slow down the diffusion of membrane proteins and
decrease the bending capacity of the membrane (112, 114, 116, 117). Furthermore,
some membrane proteins bind tightly to cholesterol as discussed below. Together,
this gives cholesterol the capacity to regulate membrane fluidity and to stabilize and
seal the membrane, all functions that seem critical for the insulating function of the
myelin membrane (8).

Glycosphingolipids consist of a ceramide backbone, formed by a long-chain

fatty acyl residue linked by its amide bond to a long-chain sphingosine base that
binds the functional group galactosyl or sulfatide. They pack tightly and have the
remarkable property that their fluid/solid phase transition temperature is above body

temperature, so that glycolipids have a solid ‘gel’ phase at body temperature (118-
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120). Accordingly, CGT knockout mice, that lack glycosphingolipids, have increased
myelin membrane fluidity and therefore increased ion permeability which may disrupt
saltatory conduction (121). In addition to this, the anionic glycol group may provide
an electronic shielding on the outside of the myelin membrane, and thereby
contribute to the electric isolation by the myelin membrane and thus nerve
conduction velocity. Interestingly, glycosphingolipids are solubilised by cholesterol
(122), and both lipids are predominantly present in the outer leaflet of the myelin
membrane. Asymmetric distribution of lipids between two bilayers leaflets contributes
to curving of membranes (122). This suggests a role of glycosphingolipids and
cholesterol in regulating fluidity and curving of myelin membranes, which could be
particularly relevant for the paranodal loops structure. In line with this is the nodal
phenotype of galactolipids-lacking CGT and CST knockout mice (63).

Plasmalogens are a sub-class of ether phospholipids, which are glycerol-
derived compounds that carry an ether-linked carbohydrate chain on the first carbon
of glycerol as opposed to ester-linked fatty acid chain in classical phospholipid
contain a vinyl group next to the ether bond. The particular role of plasmalogens in
membranes has not been elucidated, but they are thought to play a role in membrane
fusion processes and membrane dynamics. They increase membrane fluidity, by
lowering the transition of phospholipid mixtures from a lamellar to a liquid crystalline
phase, and stimulate the formation of non-bilayer lipid structures when present in
high concentration (123). Accordingly, plasmalogens could be involved in myelin
membrane formation or maintenance by potentiating membrane dynamics (124).

The brain is enriched in long poly unsaturated fatty acids (PUFA), like DHA
(c22:6) (125). However, this enrichment is not manifested in myelin, which instead
contains high levels of saturated VLCFA, and has a particularly high C18:1/C18:2

ratio (see Figure 2). Because of its high degree of saturation, phospholipids

containing these fatty acids may decrease membrane fluidity, and give a higher
degree of fatty acid ordering in the membrane, which prevents intercalation of polar
molecules into the lipids. Together with the extra long length of the acyl chains, this
will provide a thick permeability barrier for ions and as such contributes to electric
insulation of the axon.

Considering their structural role in the membrane, we view that many of the
lipids that are enriched in myelin play a role in its axon-insulating property: the
electric shielding in the outer leaflet by glycolipids, the thick and ordered bilayer
made by the long and saturated FA, and the further sealing of the outer leaflet by
cholesterol. It should be noted that the specific myelin lipid composition is also likely

to be related to proper packing of the myelin membrane. Changes in lipid
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composition affect lipid-protein interactions causing an altered packing of proteins in
the membrane (111). For instance, proteins and lipids may work synergistically to
provide proper structure to myelin membranes (126). In line with this, interference
with endogenous Schwann cells lipid metabolism in POcre-SCAP mutant mice
increases the unsaturation level of fatty acids in myelin and is accompanied by
ultrastructural defects in myelin membrane packing (110).

Together, these data suggest that lipids may control insulation of the axon
and proper structure of the myelin membrane (Figure 7). Both of these aspects are
clearly affected in many lipid metabolic disorders, but it remains to be determined
whether small functional defects on nerve function in certain cases are caused by
more subtle changes in myelin lipid composition that affect axonal insulation. It is
furthermore tempting to speculate that myelinating glial cells may control nerve

conduction velocity by regulation of its myelin lipid content.

Timely myelination requires extraordinary high level of lipid synthesis together with
uptake of extracellular lipids

Much of the vulnerability of myelin for lipid defects is caused by the fact that
myelin membrane assembly requires an extraordinary amount of lipids. The
observations on CNPcre-SQS ko mice (51, 52) and POcre-SCAP ko mice (110) have
led to two important conclusions: 1) myelinating glial cells are synthesizing most of
the lipids themselves, but 2) myelinating glial cells are still able to synthesize myelin
when endogenous lipid synthesis has been shut down, albeit at a very low level. This
indicates that these cells have the capacity to take up lipids from the extracellular
environment.. Accordingly, transcription analysis in rodents showed that lipoprotein
receptors are expressed by oligodendrocytes (127) and that expression of the LDLR
gene in the PNS is elevated with myelination (24) although the LDLR gene was found
not to be required for PNS remyelination (128). Which lipoprotein receptors are
involved in the uptake of lipids and exactly where on the glial cell they can be found
to support membrane growth (Figure 1) is currently unclear. The exact contribution
of extracellular lipid supply for myelin membrane synthesis under normal conditions
remains to be determined, but is likely to be small (Figure 7). Defects in glial lipid

synthesis will therefore consequently lead to defective myelin membrane synthesis.

Myelin lipids regulate the transport and localization of myelin proteins
In addition to the above mentioned synchronized expression of transcripts
encoding structural myelin proteins and enzymes involved in myelin lipid

biosynthesis, recent data suggest that glial lipid levels regulate myelin protein
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trafficking and thus also myelin assembly (52)(129). In oligodendrocytes, proteolipid
protein (PLP) associates with lipid rafts before exiting the Golgi apparatus,
suggesting that myelin lipid and proteins assemble in the Golgi complex, the
cholesterol- and galactosylceramide-rich lipid rafts were shown to be required for
proper sorting of PLP to myelin (129). In line with this, certain mutations in PLP
perturb interactions with cholesterol and lipid rafts, which may contribute to
dysmyelination as found in spastic paraplegia (130). Similarly, disrupted Schwann
cell cholesterol biosynthesis led to partial mislocalization of myelin protein PO,
resulting in non-compaction of the myelin membrane and hypomyelination (52).
Additional cell culture experiments demonstrated that this defect could be restored by
cholesterol supplementation, and showed the critical role of the myelin protein PO
cholesterol recognition/interaction amino acid consensus (CRAC) motif for its correct
trafficking from endoplasmic reticulum to the myelin compartment. Furthermore,
elevation of extracellular cholesterol or lipoproteins levels was demonstrated to
increase myelination by Schwann cells in vitro (52, 110). Together, these data
suggest that lipids may control myelin protein trafficking and thereby assembly and
compaction of the myelin membrane (Figure 7). This lipid-mediated control
mechanism of myelin protein sorting is like to be deregulated in lipid metabolic
disorders, but whether and how it is used by myelinating glial cells to control myelin

membrane synthesis under healthy conditions remains to be determined.

Lipids regulate differentiation of myelinating glial cells

The regulatory role of lipids in differentiation of myelinating glial cells was
demonstrated in oligodendrocytes and in Schwann cells. Both the cell culture
experiments and the data from CGT and CST knockout animals revealed an
increased number of terminally differentiated oligodendrocytes (OL) in the absence of
galactosphingolipids (131, 132). Based on these results two putative regulatory
mechanisms involving galactosphingolipids were suggested: either they could play a
direct role in cell adhesion necessary for correct timing of OL differentiation or they
can have an indirect role affecting signaling proteins present in plasma membrane
thus disturbing OL differentiation (132). In the PNS, phosphatidic acid (PA) was
shown to affect Schwann cell differentiation (133). Demyelination in Lpin1 mutant
mice was suggested to be mediated by increased levels of PA. Subsequent cell
culture experiments demonstrated that PA induces Schwann cell demyelination via
activation of the MEK-Erk pathway revealing its role in glial cell fate determination
(133) (Figure 7).
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Myelin lipids as determinants for nerve fiber function

The process of myelination represents an interesting paradigm to study the
metabolism and transport of lipids. Myelination by rodent glial cells is, both in vivo
and in vitro, finalized within one to two weeks interval. Since during this period a
myelinating glial cell needs to expand its membrane up to 6500 times, one can
consider these cells as “lipid producing factories”. For instance, transcriptional
analysis of myelinating glial cells clearly revealed that the most co-regulated group of
genes expressed during the period of myelination are lipid biosynthesis related
transcripts (23, 24).

Lipids as markers for myelin membrane integrity and function

Much of the structure and function of myelin is dependent on its lipid content.
Lipids may therefore be used as markers for myelin membrane integrity and
associated nerve fiber function. The C18:1/C18:2 ratio is a well described marker for
the progression of myelination of the PNS (7) and the CNS (134). In addition, a high
level of PUFA in PNS myelin suggests a strong contribution of exogenous lipids in
building of the myelin membrane (110). High cholesterol levels are required for the
formation of compact myelin (with high PQ0), with low cholesterol levels resulting in
increased amounts of non-compact myelin (with MAG) (52). This suggests that the
cholesterol content of myelin is indicative for its compaction status. Dedifferentiation
of myelinating Schwann cells in the Lpin1 mutant appeared to be mediated by high
PA levels (133). This suggests that high PA levels are indicative for an active anti-
myelination program, although it remains to be determined whether PA is also
instrumental in regulating (de)differentiation in other paradigms, e.g. during

development or injury.

Myelin lipids provide direct support to axonal function; an hypothesis

A possible role of myelinating glial cells in trophic support of underlying axons
was recently suggested (135). Previous data demonstrated that inactivation of
peroxisomal biogenesis factor 5 (Pex5) led to generation of animals with disrupted
peroxisomal function in oligodendrocytes and Schwann cells (see above, (82)).
Interestingly, while the affected animals were able to assemble normal myelin, they
developed progressive axonal loss followed by demyelination. Based on these data it
was suggested that the observed axonal loss could be, at least partially, a
consequence of disrupted glial p-oxidation normally executed in peroxisomes,
leading to diminished capacity to metabolically support the underlying axons (73). A

similar hypothesis suggesting the role of lipids in “energy-on-demand” supply for
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active axons was proposed based on expression analysis of genes encoding proteins
involved in lipid metabolism in the adult peripheral nerve (24, 136). While further
clarification of the involvement of lipids in axonal support is still needed, it was shown
that the expression of sterol response binding protein 1c (Srebp1c), which is the key
transcriptional regulator of storage lipid metabolism, is affected in Schwann cells of a
rodent model of diabetic peripheral neuropathy (137). Together therefore these data
suggest that local glial lipid metabolism plays a crucial role not only in myelination but

also in glial support of underlying axons.

Implications for therapeutic interventions that target lipid metabolism

A working strategy against lipotoxicity would be to use drugs that inhibit lipid
accumulation. For instance, pharmacological targeting of the cholesterol pathway, by
statins-induced inhibition of HMG-CoA reductase, is used in CTX to inhibit the
accumulation of cholestan (138). Importantly, statins are widely used for the
treatment of hypercholesterolemia, and some statins, e.g. Lovastatin and
Simvastatin, are able to cross the blood-brain barrier (139). Remarkably, statins can
ameliorate remyelination in an animal model of MS (Paintlia et al.2005, 2008;
Stanislaus et al., 2002; Youssef et al., 2002), possibly via augmenting survival and
differentiation of oligodendrocyte progenitors, and therefore have been tested in MS
trials (Sena et al., 2003; Vollmer et al., 2004). However, statins induce the formation
of abnormal myelin-like membrane sheets in primary oligodendrocytes in vitro, due to
impairment of cholesterol-dependent myelin protein transport (140), which indicates a
risk of the use of statins for myelin membrane integrity. In addition, statins are
reported to increase the risk of developing peripheral neuropathy (141), although
there is some controversy concerning the exact amplitude of this risk, which
furthermore appeared to be reversible, and will need further study (142, 143). The
major contribution of endogenous lipid metabolism by myelinating glial cells implies
that inhibition of glial lipid metabolism, especially during the active period of
myelination, may underlie the development of demyelinating neuropathy, and as
such warrants for care in the use of lipid-lowering drugs especially during late
pregnancies and early postnatal development.

Extracellular supply of lipids may be a working strategy for treatment of lipid
deficit in myelinating glial cells. Observations on mice with lipid-deficient glial cells
show that myelinating glial cells are able to take up lipids from the extracellular
environment (51, 52, 144). This is however complicated by the blood-nerve barrier
and the blood-brain-barrier that shield respectively the PNS and CNS from lipids in

the circulation (145, 146). Therefore, the nervous system is classically viewed as
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being largely autonomous in lipid metabolism. Despite this dogma, dietary
approaches to rescue lipid deficits are used in several lipid disorders to treat myelin
defects. In SLO, cholesterol supplementation leads to good biochemical and physical
changes in non-neuronal tissues (147). Changes in neuronal tissues are limited, also
because of the inability to reverse developmental defects, although striking
behavioral improvements involving both CNS and PNS functioning were found (44,
45, 148). In a rodent model for Canavan disease, glyceryltriacetate (GTA)
supplementation was recently reported to improve motor performance and myelin
lipid content (149). In Zellweger patients, alkyl-glycerol supplementation to rescue
plasmalogen deficiency has been performed with only little success (150), which may
be related to the other peroxisomal defects that are not related to plasmalogen
deficiency in these patients. Interesting, in Pex7 knockout mice, a model for RCDP
type1, alkyl-glycerol supplementation improves PNS plasmalogen levels and nerve
function (P. Brites, personal communication).

The above-described changes may not involve lipid uptake by the nervous
system, but instead be an indirect consequences of lipid supplementation. For
instance, lipid metabolism in Schwann cells is under influence of the nutritional status
of mice through a mechanism probably involving insulin signaling (137). However,
recent studies have also shed light on novel mechanisms of cholesterol exchange
between the CNS and circulating lipoproteins under certain physiological or
pathological conditions. Saito et al (151) recently showed that deletion of SQS in
neural stem cells led to neuronal cell death, however not of progenitor cells at the
subventricular zone that protected themselves against cholesterol deprivation by
promoting angiogenesis and consequently raising their lipoprotein cholesterol supply
from the circulation or neural tube. Furthermore, it was reported that specific loss of
brain ABCA1, which is required for efflux of cellular cholesterol, not only gave the
expected reduction in brain cholesterol, but remarkably, also had an apparently
compensatory increase in the specific uptake of esterified cholesterol from plasma
HDL particles into the CNS (152). The observed increase in HDL receptor SR-B1 in
brain capillaries of these mice, together with the recent finding that lipoprotein
receptors in brain capillary cells can be used for targeting of compounds across the
blood-brain-barrier (153), indicates that the shielding of the CNS for circulating lipids
may not be as strict as thought for a long time. This is certainly the case for
circulating unsaturated fatty acids. For instance, PNS myelin in POcre-SCAP mutant
mice contains more polyunsaturated fatty acids, and have higher C18:2 levels, which
is consistent with an increased uptake of essential fatty acids from external sources

(154). Consistent with this, circulating fatty acids are incorporated in adult myelin
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(155, 156). Taken together, in the situation of local hypolipidemia induced by
pathological conditions like genetic lipid disorders, myelinating glial cells may be able
to obtain lipids derived from the circulation or from other nervous system

compartments, albeit at a very low level.

As summarized in this review, our knowledge about the role of lipids in myelin
biology increased substantially from the analysis of inherited myelin disorders with
defective lipid metabolism and their related mouse models. These new data point to
a far more complex role of lipids in myelinating glial cells than solely being building
blocks for the myelin membrane (Figure 7). Lipid metabolism is important for glial
cell development and function: lipids affect glial cell differentiation, are involved in
myelin protein trafficking and myelin compaction, and may potentially contribute to
mature myelinating glial cell support of enwrapped axons. Importantly, these new
data also show that despite the requirement of timely local glial lipid synthesis for
normal myelination, myelinating glial cells are able to take up lipids from the
surrounding environment. Together, these insights may contribute to the
development of therapeutic approaches aiming at the preservation of myelin under

pathological conditions that affect lipid metabolism.
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Legends

Figure 1

Ultrastructural comparison of the membranes of a promyelinating versus a
mature myelinating glial cell. Electron micrographs of normal mouse sciatic nerves
showing (A) promyelin figure at postnatal day 0 (PO) and (B) adult myelinated fiber
(P100). The inner lip (also called inner mesaxon) of the myelinating glial cell, which
turns around the axon to form the membranous spiral of myelin, is depicted with an
asterisk (*). [Scale bar, 0.5 ym]. Sciatic nerve isolation and electron microscopy were

done as described in (110).

Figure 2

Fatty acid composition of myelin compared to other membranes. Depicted is the
amount of fatty acid in mole percentage of total amount of fatty acids. Bold numbered
and gray numbered lipids depict, respectively, strongly higher or lower levels of these
fatty acids in myelin compared to hepatocytes or erythrocyte membranes. Myelin
membrane of mouse sciatic nerve were isolated as described in (110, 157). Mouse
erythrocyte membranes and hepatocyte phospholipids were isolated and analyzed
according to (110, 157). It should be noted that under the isolation conditions used,
amide bond in sphingolipids are relatively stable. Hence, the very long chain fatty
acids found in myelin, are not reflecting the high level of galactosphingolipids in
myelin, but more likely to result from a particular fatty acyl composition of the
glycerophospholipids (PC, PE, PI, PS) . In addition, with the detection method used,
the bar representing 18:1 fatty acids does not include 18:1 alcohol of plasmalogens,
which nevertheless was previously detected to be very low in PNS myelin in mouse
(110)

Figure 3

Human inherited and mouse experimental defects in the cholesterol
biosynthesis pathway that cause myelin disorders. Full line arrows depict a direct
link between two steps, dashed line arrows imply intermediate steps that are not
shown. Dark grey ovals show the positions of human disease genes; light gray oval
show the position of mutated genes in experimental mouse models. Sqs: squalene
synthase; DHCRY: sterol delta-7-reductase; SLOS: Smith-Lemli-Opitz syndrome;
CYP27A1: sterol 27-hydroxylase; CTX: Cerebrotendinous xanthomatosis; ABC1:
ATP-binding cassette transporter A1; TD: Tangier disease.
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Figure 4

Human inherited and mouse experimental defects in the glycosphingolipids
synthesis pathway that cause myelin disorders. Full line arrows depict direct link
between two steps, dashed line arrow implies intermediate steps that are not shown.
Dark grey ovals show positions of human diseases; light gray ovals show the position
of mutated genes in experimental mouse models. ARSA: arylsulfatase A; ML:
Metachromatic leukodystrophy; Cst: cerebroside sulfotransferase; GALC:
galactosylceramidase; KD: Krabbe disease; Cgt: UDP-galactose:ceramide
galactosyltransferase; Ugcg: UDP-glucose ceramide glucosyltransferase; SMPD1:
sphingomyelin phosphodiesterase-1; NPD: Niemann-Pick disease type A; FA2H:
fatty acid 2-hydroxylase; DLSP: Dysmyelinating leukodystrophy and spastic
paraparesis with or without dystonia; Gal-Cer: galactocerebroside; Glc-Cer:

glucocerebroside; 2-OH FA: 2-hydroxy fatty acids; FA: fatty acids.

Figure 5

Human inherited and mouse experimental defects in fatty acids and
plasmalogen metabolism that cause myelin disorders. Full line arrows depict
direct link between two steps, dashed line arrow implies intermediate steps that are
not shown. Dashed line rectangles represent various lipid metabolic pathways in the
peroxisome. Dark grey ovals show positions of human disease genes; light gray
ovals show the position of mutated genes in experimental mouse models. Dhapat:
dihydroxyacetone phosphate acyltransferase; PHYH: phytanoyl-CoA hydroxylase;
RD: Refsum disease; PEX1-12: peroxins; PBD: peroxisome biogenesis disorders;
ALDH3AZ2: fatty aldehyde dehydrogenase; SLS: Sjogren-Larsson syndrome; ABCD1:
ATP-binding cassette transporter D1; ALD: adrenoleukodystrophy; VLCFA: very

long-chain fatty acids.

Figure 6

Human inherited and mouse experimental defects in general lipid metabolism
that cause myelin disorders. Full line arrows depict direct link between two steps,
dashed line arrows implies intermediate steps that are not shown. Dashed line circle
represents the citric acid cycle in mitochondria. Dark grey ovals show positions of
human disease genes; light gray ovals show the position of mutated genes in an
experimental mouse model. PC: pyruvate carboxylase; PCD: Pyruvate carboxylase
deficiency; ASPA: aspartoacetylase; CD: Canavan disease; NAA: N-acetylaspartic
acid; FA: fatty acids.
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Figure 7

Schematic diagram of the various roles of lipids in myelinating glial cells.

Gray ovals show the processes that are affected by lipid metabolism and involved in
myelin fiber function. High lipid levels, which are required for synthesis of a full myelin
membrane, are ensured by both the endogenous synthesis of lipids as by the uptake
of lipids from the extracellular environment. Lipids influence myelin lipid differentiation
and trafficking of myelin proteins to the myelin membrane. The unique lipid
composition of the myelin membrane is required for proper myelin membrane
wrapping (compaction) and electrostatic isolation of the axon from extracellular
environment, thereby promoting saltatory conduction and conduction velocity.
Question marks show processes with a potential effect on myelin fiber function: the
influence of lipid-specific diets on myelin lipid dependent processes, and the possible

role of myelin lipids in metabolic support of the axon. See text for further explanation.

Table 1. Approximate lipid composition of the myelin membrane
Myelin membrane ' Liver cell
plasma membrane 2

Lipid content 71% 34%
(dry weight)
Lipid class
Cholesterol 26% 17%
Phospholipids

PE 16% 7%

PS 6% 4%

PC 12% 24%

Pl 1% 4

SM 3% 20%
Glycolipids 31% 7%
Other lipids 5% 17%

! from Norton and Poduslo 1973 (6): myelin of adult rat brain. Comparable lipid amounts are present in
myelin of rodent peripheral nerve, with the exception of much higher SM levels (10-35%) (7) .

2 from Dod and Gray, 1968 (158): plasma membrane of adult rat liver. The category ‘other lipids’
contains free fatty acids, triglycerides and cholesterol esters, which could be indicative for contamination
by other membranes. Comparable lipid amounts were found by Ray et al., 1968 (159)
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Presumed incidence

General clinical

Myelin defect

Disease OMIM# Inheritance | or Mutated gene Function Onset Remarks
number of patients features
CNS PNS
microclephalél - absence or
mental retardation ;
Autosomal hypotonia mostly within the first month ngolfsla;ﬁcgum
Smith-Lemli-Opitz syndrome 270400 recessive 1-2:40,000 sterol delta-7-reductase cholesterol metabolism micrognathia of life (early lethality is ++ + detgcted
polydactyly common) - reduced NCV
ambiguous genitalia in PNS (rare)
cleft palate
- diffuse or focal
tendon xanthomas cerebral and
mental retardation cerebellar white
Autosomal
Cerebrotendinous xanthomatosis 213700 recessive 1:50,000 (160) sterol 27-hydroxylase cholesterol metabolism cerebellar ataxia variable (6 to 60 years) ++ ++ matter disease
spasticity detected
cataracts - reduced NCV
in PNS
- PNS
yellow-orange tonsils diagnostics:
Tangier disease 205400 Autoso_mal ~100 patients (161) ATP-binding cassette transporter A1 cholesterol transport splenomegaly variable (2 to 67 years) +++ neuromuscular
recessive hepatomegaly symptoms,
peripheral neuropathy mostly normal
NCV
spasticit - hyperintensities
Dysmyelinating leukodystrophy Autosomal Zit diﬁigulties in parietal and
and spastic paraparesis with or 612443 . 5 families (58) fatty acid 2-hydroxylase sphingolipid metabolism g . 4 to 11 years + occipital white
A ) recessive dystonia
without dystonia e . matter were
cognitive decline detected
ataxia
muscle weakness - hyperintensities
Autosomal optic atrophy variable (late infantile to detected in white
Metachromatic leukodystrophy 250100 . 0.6-2,5:100,000 (162, arylsulfatase A sphingolipid metabolism mental deterioration +++ +++ matter
recessive . adult onset)

163) white matter - reduced NCV
abnormalities in PNS
peripheral neuropathy
develop_mental variable, but 90% within first - diffuse cerebral

Krabbe disease 245200 | Autosomal | 4.460 000 alactosylceramidase sphingolipid metabolism | hyperritabilt 6 months of life (in this case |, |, | airophy detected
recessive U 9 4 phingolip sgipzures Y the lethality before the age - reduced NCV
) of 2 years is common) in PNS
optic atrophy
cherry-red maculae

0.5-1:100,000 (general hepe:"mega'y | -

. . i Autosomal population) hi lin phosphodi 1 hingolinid boli i lomas K Ieafr]yl_onietf(ln arr:cy) f3 . + - reduced NCV
Niemann-Pick disease type A 257200 recessive 3:100,000 (Ashkenazi sphingomyelin phosphodiesterase- sphingolipid metabolism muscle weakness etl alt_y efore the age o in PNS
psychomotor retardation years is common

Jews) (164)
large vacuolated foam
cells
spasticity

Autosomal 0.6:100.000 mental retardation neurologic symptoms - hyperintensities
Sjogren-Larsson syndrome 270200 . o fatty aldehyde dehydrogenase fatty acid metabolism macular degeneration usually develop within 2 ++ detected in white
recessive in Sweden ((165)

short stature
enamel hypoplasia

years after birth

matter
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Peroxisome biogenesis disorder 214100 A . IO . K ) " ) ort +++ + impairment of
recessive in USA (166) peroxin 1 to 12 plasmalogen synthesis seizures year is common myelination
hyporeflexia/areflexia Y
detected
hepatomegaly
retinitis pigmentosa -r\:v hite matter
. Autosomal . . peripheral neuropathy changes
Refsum disease 266500 A unknown phytanoyl-CoA hydroxylase fatty acid metabolism ; .- + ++ detected
recessive cerebellar ataxia majority 20 to 30 years duced NCV
deafness - recuce
in PNS
adrenal insufficiency
neurodegeneration .
) - . ) blindness - White matter
Adrenoleukodystrophy 300100 X-linked 1:42,000 (167) ATP-binding cassette transporter D1 fatty acid metabolism hearing loss 7 to 20 years +++ + changes
spastic paraplegia detected
paraparesis
atonia of neck muscles
generally rare hypotonia - white matter
Canavan disease 271900 g:;tgsssoiyeal 1:13,000 in aspartoacylase lipogenesis seizures (2 dtaoa?hrcvoitwi:sﬁrst decade) +++ changes
Ashkenazi Jews (168) blindness detected
severe mental defect
hepatomegaly . ) ) - white matter
Pyruvate carboxylase deficiency 266150 Autoso_mal 1:250,000 (169) pyruvate carboxylase gene lipogenesis mental retardation . _Onset at birth or in early +++ changes
recessive psychomotor retardation infancy detected

lactic acidemia

"Information provided is based on OMIM database (www.ncbi.nim.nih.gov/omim/), additional references on presumed incidence, and references on myelin defects as provided in the text.
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