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Summary. In the central nervous system, myelin sheaths are produced to 
electrically insulate axons and to increase the velocity of axonal conduction. 
They are highly complex structures, which are often destructed in neurologi
cal disorders. One possible reason for the vulnerability of myelin sheaths to 
damage became apparent from analyses of animals with altered amounts of 
otherwise normal myelin components: Due to limited redundance in function 
between different myelin proteins, dysfunction or loss of one protein may 
cause loss of function and instability of the entire myelin sheath. 

Introduction 

Destruction of myelin sheaths in the central nervous system (CNS) is a com
mon theme in many neurological disorders, with a wide range of underlying 
causes. For example, demyelination can result from CNS inflammation, where 
it is caused by T cell/macrophage infiltration, especially when this is associated 
with myelin-specific autoantibody responses (Linington et a1., 1988), or by 
pro-inflammatory mediators such as cytokines (Probert et a1., 1995; Corbin 
et al., 1996), complement (Dietzschold et al., 1995) and free radicals (Brett 
and Rumsby, 1993; Bagasra et a1., 1995). Alternatively, myelin destruction can 
be triggered by viral infections (Rodriguez, 1985; Rodriguez et a1., 1996; 
Fleming et al., 1993). Finally, it can be caused by defects of genes encoding 
structural or regulatory myelin proteins (Duncan, 1995). But why are myelin 
sheaths so extremely vulnerable? 

In the CNS, myelin sheaths are produced by oligodendrocytes to electri
cally insulate axons and thus increase the velocity of axonal conduction. They 
are comprised of multiple layers of oligodendrocytic plasma membrane, and 
contain many proteins highly specific to CNS myelin (Fig. 1). 

The important contribution of individual myelin components to myelin 
stability and function is immediately evident from a broad spectrum of natural 
mutations resulting in unstable myelin and corresponding behavioral abnor
malities (for review see Duncan, 1995). However, usage of such mutants to 
deduce the function of individual myelin components is limited by one imp or-
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Fig. 1. Myelin components in the mammalian eNS 

tant draw-back: mutated proteins could either perform new functions (gain
of-function phenotypes), could be unable to perform some of their functions 
(loss-of-function phenotypes) or could interfere with the proper performance 
of other components of the myelin sheath. 

One way to circumvent such problems is to analyze animals with altered 
amounts of otherwise normal myelin components. Occasionally, such animals 
are natural mutants (for example mice carrying the mutation shiverer, see 
below). More often, however, they had been genetically manipulated -
either by increasing the gene dosage with introduced transgenes, or by 
targeted disruption ("knock-out") of relevant gene loci. 

What did we learn from such animals about the function of individual 
myelin constituents? 

Myelin basic protein (MBP) 

Reduction, or even complete absence of MBP is seen in mice carrying the 
autosomal recessive mutations shiverer (shi) or shiverer myelin deficient 
(shim1d), respectively. In shiverer mice, a large portion of the MBP gene is 
deleted, leading to a complete absence of functional MBP products (Roach 
et al., 1983; Roach et al., 1985; Kimura et al., 1985). In shim1d , the entire MBP 
gene is duplicated, and some of its exons are inverted, resulting in antisense 
RNA for MBP transcripts and, eventually, in a significant reduction of total 
MBP production (Popko et al., 1987, 1988). MBP deficient animals can be 
easily recognized by a characteristic "shivering" which is most evident when 
they initiate voluntary movements. The eNS of these mutants is characterized 
by apparently normally differentiated oligodendrocytes, and a profound 
reduction in the amount of myelin. Only few, disproportionally thin myelin 
sheaths with an atypical ultrastructure can be detected. These sheaths lack a 
major dense line - the intracellular adhesion zone of the myelin membrane 
(Roach et al., 1983). Shi and shim1d are natural mutants of the mouse fancy. 
Their phenotype was faithfully reproduced in transgenic animals upon 
MBP reduction by antisense technology (Katsuki et al., 1988), and corrected 
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Table 1. Function of proteins and lipids in CNS myelin, as revealed by transgenic over expression or genetic 
ablation 

Component 

CNP 
Gravel et a1. (1996) 

GalC and sulfatides 
Bosio et a1. (1996) 
Coetzee et a1. (1996) 
Dupree et a1. (1998) 

MAG 
Montag et a1. (1994) 
Li et a1. (1994) 

MBP 
Katsuki et a1. (1988) 
Shine et a1. (1992) 

PLP 
Boison and Stoffel (1994) 
Boison et a1. (1995) 

PLP 
Readhead et a1. (1994) 
Kagawa et a1. (1994) 

DM-20 
Mastronardi et a1. (1993) 
Simons-Johnson et a1. (1995) 

Alteration Principal observation 

overex temporally accelerated 
MBP and PLP expression 
lack of myelin compaction 

cgt-k.o. myelin compact, but 
instable, insulator function 
of myelin sheaths lost, 
abnormal nodes 
(Dupree et aI., 1998) 

MAG-k.o. delayed onset of 
myelination; some axons 
with two or more 
sheaths (Montag et a1. 1994) 
reduced content of oligo
cyte cytoplasm at inner 
aspects of most myelin 
sheaths (Montag et a1., 
1994; Li et a1., 1994) 

MBP-red Reduction in CNS myelin 
shi presence of well 
shiml" differentiated oligodendrocytes 

myelin sheaths lack major 
dense line (Shine et aI., 1992) 

k.o. reduced myelin stability 

overex overexpression by factor >2: 
oligodendrocytes apoptotic 
and developmentally arrested 
profound lack of myelin sheaths 
Overexpression by factor <2: 
myelin degeneration 
(Kagawa et a1., 1994) 

overex reduced myelin content in CNS, 
disrupted myelin lamellae late 
onset demyelination with 
lymphocytic infiltrates 

Conclusion 

CNP regulator of 
oligodendrocyte 
maturation 

GalCisulfatides 
important for myelin 
stability and node of 
Ranvier formation 

L-MAG necessary for 
glial-axonal interactions; 
participation in 
recognition between 
oligodendrocyte 
processes and axons 

MBP necessary for 
compaction of myelin 

PLP needed for 
stabilization of 
compacted myelin 

PLP regulator of 
oligodendrocyte 
differentiation/survival; 
needed for maintaining 
myelin sheaths 

DM-20 needed for 
maintaining myelin 
sheaths 

upon introduction of wild type MBP sequences (Readhead et al., 1987; 
Kimura et al., 1989), indicating first, that the amount of MBP available 
to oligodendrocytes is a limiting factor for CNS myelin assembly, and sec
ondly, that the presence of MBP is crucial for the compaction of myelin 
(Table 1). 

Since lack of MBP had such profound consequences for myelination in the 
CNS, it was interesting to see, whether complete absence of proteolipid 
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protein (PLP) would also be deleterious to assembly or maintenance of intact 
myelin sheaths. 

Proteolipid protein (PLP) 

It was known for a long time that the mouse mutation jimpy (jp) and the 
corresponding rat mutation myelin deficient (md) affect the PLP gene, lead
ing to abnormally folded and rapidly degraded PLP (Nave et al., 1986; Boison 
and Stoffel, 1989). Animals carrying these mutations display abnormal num
bers of apoptotic oligodendrocytes, associated with activated microglia cells 
and astrocytes. The CNS of these mutants is severely dysmyelinated, and the 
few remaining myelin sheaths do not contain immunoreactive PLP (for review 
see Nave, 1995). Since jp mice and md rats had such severe changes in their 
phenotype, it was quite surprising to see that oligodendrocytes from PLP 
knock-out mice were viable and able to ensheath axons of all calibers 
with compacted myelin (Klugmann et al., 1997; Boison and Stoffel, 1994), and 
that PLP deficiency even rescued the lethal phenotype of shiverer mutants 
(Stoffel et al., 1997). It needed careful analyses by electron microscopy to 
reveal a lack of firm intermembrane bonding and a tendency of CNS PLP-i
myelin to losen up (Rosenbluth et al., 1996). These experiments clearly 
demonstrated that PLP is needed to ensure proper physical stability of 
myelin sheaths. But there was more to be learned about the function of PLP 
in the CNS. Transgenic mice (Readhead et al., 1994; Kagawa et al., 1994) 
and rats (own, unpublished results) overexpressing PLP were produced. 
These animals have two different phenotypes, depending on the degree of 
overexpressIOn. 

Expressing proteolipids above a certain threshold (i.e. expressing at 
least double the amount than normal) resulted in the death of mature, and 
a developmental arrest of remaining immature oligodendrocytes. Conse
quently, the CNS of these animals is severely dysmyelinated. Death of mature 
oligodendrocytes is almost certainly consequence of retention and accumula
tion of incorrectly folded PLP proteins in the endoplasmic reticulum - a 
condition also described in mice and rats carrying PLP missense mutations 
(Gow et al., 1994). However, the developmental arrest of immature, pre
myelinating oligodendrocytes strongly suggests that PLP has an important 
role in cellular differentiation as well, possibly by forming ion channels. This 
speculation is supported by a high similarity of proteolipids to pore-forming 
proteins (Yan et al., 1993; Kitagawa et al., 1993), although formal proof for it 
is lacking to date. 

Important information was also gained from mice and rats with lower 
levels of PLP overexpression (i.e. overexpressing PLP by factor <2). At first 
glance, these animals seemed entirely healthy and were fully competent to 
produce normal myelin sheaths. However, these sheaths were extremely sus
ceptible to degeneration and/or frank demyelination (Readhead et al., 1994; 
Kagawa et al., 1994, own unpublished results), indicating that a correct 
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stoichiometric ratio of PLP in the myelin membrane is crucial for maintain
ing myelin sheaths. 

Myelin-associated glycoprotein (MAG) 

PLP and MBP are major myelin proteins, and so it is just natural that they had 
been analyzed first. Other proteins were to follow soon, though. Mice were 
produced with a targeted deletion of the MAG gene. These animals were 
viable (Li et al., 1994; Montag et al., 1994), but showed a delay in CNS myelin 
formation (Montag et al., 1994). Moreover, their CNS myelin was abnormal: 
cytoplasmic collars of oligodendrocytes usually present in mature sheaths 
were either completely missing, or significantly reduced in numbers, and many 
axons were surrounded by 2 or more sheaths. Subsequently it could be shown, 
that MAG is also an inhibitory compontent for axonal growth in peripheral 
(Schiifer et al., 1996), but not central myelin (Bartsch et al., 1995). These 
data indicated that MAG plays a critical role in glial-axonal interactions. 
But there were two more points to consider. First, aged MAG-I- mutants 
displayed evidence of dying-back oligodendrogliopathy (Lassmann et al., 
1997) in the CNS, and of myelin degeneration in the PNS (Fruttiger et al., 
1995). Secondly, MAG exists in 2 distinct isoforms, as larger L-MAG and as 
the shorter splice variant S-MAG. To analyze the contribution of individual 
MAG isoforms to CNS and PNS pathology, a novel set of "knock-out" mice 
had to be produced, which carried dysfunctional L-MAG, and normal S
MAG. L-MAG-I- were viable, and displayed most of the CNS, but none of the 
PNS abnormalities (Fujita et al., 1998). Thus, L-MAG is responsible for the 
integrity of myelin sheaths in the CNS. Interestingly, a profund decrease in L
MAG and myelin malformations (Fujita et al., 1990; B6 et al., 1995) is also 
seen in mice carrying the mutation quaking (qk), which affects a protein 
possibly involved in RNA processing and signal transduction (Ebersole et al., 
1996). 

Galactocerebroside (Gal-C) and sulfatides 

All myelin components described so far were proteins. Also lipid compo
nents of the myelin sheath could be manipulated, by indirect means. This 
was achieved by genetically disrupting UDP-galactose cerami de galacto
syltransferase (cgt), a key enzyme for the synthesis of Gal-C and sulfatides. 
Accordingly, these glycoplipids are completely absent in cge- mice (Coetzee 
et al., 1996; Bosio et al., 1996). Although affected animals exhibit a severe 
tremor that is associated with hind limb paralysis, most of their myelin sheaths 
are remarkably intact. Nevertheless, axonal conduction velocity was signifi
cantly decreased, due to a defect in the formation of nodes of Ranvier in the 
CNS (Dupree et al., 1998). Thus, Gal-C and sulfatides are important in ensur
ing proper glial-axonal interactions. 
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Why are myelin sheaths vulnerable? 

As pointed out above, myelin sheaths are highly complex, almost crystalline 
arrangements of lipids, glycolipids and proteins. The balance of these indi
vidual elements seems so delicately tuned, that not only overt mutations, but 
even slightest increases or decreases in the amount of otherwise normal 
components perturb the entire structure (Scherer, 1997). Contrary to other 
systems, where dysfunction or loss of one protein could be compensated for 
by the action of others (Erickson, 1993; Kelso, 1994), myelin components do 
not seem to have such a "back-up". Interfering with the function of one 
indivual component - for whatever reasons - may cause a loss of function of 
the whole structure, making myelin sheaths to prime targets in many different 
neurological disorders. 
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