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Abstract

The aim of this project was to investigate the molecular defects associated with
. Charcot-Marie-Tooth disease and Pelizaeus-Merzbacher disease.

- Charcot-Marie-Tooth (CMT) disease is the most common inherited peripheral

' neuropathy with an estimated population frequency of 1:2500. The disease

displays genetic, clinical, and pathological heterogeneity, and is classified into

a number of distinct sub-types. The most prevalent form is CMT1A which is

commonly associated with a duplication of chromosome 17p11.2. The PMP-22 ;
gene was reported to be mutated in a mouse model of CMT disease called
Trembler. The PMP-22 gene maps within the duplicated region on chromosome

17p11.2 and there have been four reports of PMP-22 mutations in patients:
described as CMTI that did not carry the duplication. A separate form called
CMT1B is associated with mutations of the Po gene on chromosome 1q22-23.

CMTIl or Dejerine-Sottas disease has been described as an autosomal

recessive condition that displays a more severe phenotype than the previous"
forms, but is .caused by mutations of either PMP-22 or Po.

Patients with CMT disease who did not carry the CMTIA duplication have been
screened in this study for mutations in PMP-22 or Po. In addition, 50% of
another myelin protein gene called PMP-2 has been screened. Three PMP-22
and a single Po gene mutation have been identified in CMTIII patients and no
point mutation was identified in CMTI patients that did not carry the CMTIA
duplication. In each case no other mutation within the same gene was identified,
thereby suggesting dominant transmission of the disease which is in
disagreement with the earlier proposal of autosomal recessive inheritance in
CMTIII. However, it remains a possibility that these patients have developed the
disease through the recessive inheritance of mutations in two diferent genes.
The results demonstrate that in most cases, point mutations of PMP-22 cause
CMTIII or severe CMTIA.

CMT type Il has been linked to a locus on chromosome 1 distinct from CMT1A

. and CMT1B. Linkage analysis in two CMTII families with three markers, showed

an absence of close linkage to this locus, thereby demonstrating further genetic
heterogeneity associated with CMT disease.

Pelizaeus-Merzbacher (PMD) disease is a rare neurodegenerative disorder
involving abnormal myelination of the central nervous system. The disease is
. caused by mutation of the PLP gene on the X-chromosome, but no PLP defect
has been identified in many X-linked patients. The possibility that the same type
- of disease mechanism as that causing the CMTIA duplication was investigated,
and a gene dosage effect of the PLP gene due to a sub-microscopic duplication
of chromosome Xq22 was found in two unrelated boys with PMD, and their
unaffected carrier mothers. The duplicated region spans at least 120kb and the
level of increased dosage is greater in one boy with a more severe phenotype.:
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1.1 Myelin

1.1.1 Structure and Organisation of Myelin

Myelin is generated by two types of specialised glial cells, oligodendrocytes in
the central nervous system (CNS), and Schwann cells in the peripheral nervous
system (PNS). These two cell types originate from different cell lineages with
oligodendrocytes being derived from progenitors of the neural tube, whilst
Schwann cells as well as other cells of the PNS are of ectodermal origin and
migrate from the neural crest.

Both oligodendrocytes and Schwann cells make up only a subset of different cell
types that are found in either the PNS or CNS. Studies in vitro suggest that
oligodendrocytes are derived from O2-A cells which also give rise to non-
myelinating type-2 astrocytes in the CNS, and that oligodendrocyte differentiation
is influenced by growth factors such as PDGF (Noble et al.1988) and bFGF
(Hardy et al.1993). There is no direct evidence for this in vivo, but studies in
mouse CNS indicate the presence of cell types that have the morphological
characteristics of both astrocytes and oligodendrocytes in the developing spinal
cord. This strongly suggests that oligodendrocytes within the developing CNS
arise along the same pathway which leads to astroglial differentiation (Choi,
1986). An analogous situation occurs in the PNS where both myelinating and

non-myelinating Schwann cells are found.

The myelination process initiates in both the PNS and CNS with the synthesis of
a large sheet of plasma membrane which is spirally wrapped around the axon
and then tightly compacted. The innermost layers of the myelin sheath have
been shown to be contiguous with the plasma membrane of the myelin forming
cell (Webster et al.1973). When viewed in cross-section by electron microscopy,
the compacted myelin sheath appears as a regular array of rings of plasma
membrane bilayers (Fig 1.1). At each turn of the sheath two membrane surface

appositions occur, one between the intracellular cytoplasmic membrane surfaces
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and the other between the extracellular membrane surfaces. The cytoplasmic
surface meeting is called the major dense line of myelin, whilst the extracellular
surface alignment is called the intraperiod line (Fig 1.1). The myelin structure has
been likened to a rolled up sleeping-bag in which the cytoplasmic surfaces or
major dense line corresponds to the inside of the bag, and the extracellular
surfaces or the intraperiod line is analogous to the outside of the bag (Lemke,
1992).

The distance between one major dense line and the next (similarly for the
intraperiod line), defines one turn of the myelin sheath. X-ray diffraction studies
have indicated that this distance is 170A in the CNS and 150A in the PNS.
Taking into account that a single plasma membrane bilayer has been measured
at around 50A, it is evident that fully compacted myelin contains very little
cytoplasm or extracellular space. In addition, the plasma membrane has been
extensively modified in both lipid and protein content, with myelin proteins
undergoing extensive post-translational modifications (Poduslo, 1981), and
furthermore the myelin sheath may differ from region to region throughout the

nervous system.

The overall composition of the myelin sheath is fundamentally the same in the
CNS and the PNS, but there are differences relating to the structure and
organisation between the two forms. These differences occur as a result of the
different glial cell types that generate the sheath. Schwann cells appear to be
evolutionary older than oligodendrocytes. Elasmobranch fishes, such as sharks,
are the lowest vertebrate genus in which a form of myelin is found. The cells that
myelinate both the CNS and PNS resemble Schwann cells by the proteins that
they express (Kirschner et al. 1989). More recently in evolutionary terms, this
primitive form of myelination and the cells that perform it, have become
segregated to the PNS and are replaced in the CNS by oligodendrocyte
myelination. One critical difference between the way Schwann cells and
oligodendrocytes myelinate is that Schwann cells myelinate a single axon,

whereas oligodendrocytes can generate myelin sheaths around fifty or more
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different axons. This fifty-fold reduction in cell number is perhaps a reflection of
the space saving that allows for the development of a more complex nervous
system as a result of increased numbers of axons.

A number of other differences exist between PNS and CNS myelin. A transverse
section through a myelinated nerve in the PNS and CNS (Fig 1.1) highlights the
presence of a basal lamina layer around both axon and the Schwann cell, which
is absent in the CNS. The basal lamina layer has been shown to be critical for
myelination in the PNS (Bunge et al.1986), but not for the initiation of myelin
protein synthesis (Moya et al.1980). The position of the myelinated axon in the
CNS lies outside the glial cell body, whereas the axon in the PNS is surrounded
by glial cell cytoplasm and the nodes of Ranvier are essentially naked in the
PNS, whilst cell processes from type 2 astrocyte cells wrap around the node in
the CNS (Raine et al.1984).

1.1.2 Myelination

The molecular mechanisms controlling migration of oligodendrocyte and
Schwann cell precursors, recognition of axons, coordinate synthesis of myelin,
and regulation of myelin protein genes are largely unknown. In most lab animals,
PNS and CNS myelination is mostly complete by 3-4 weeks of age. Some
species eg guinea pigs, possess abundant CNS and PNS myelination at birth,
which contributes to their relative maturity as newborns. PNS myelination
precedes CNS in all cases by several days (Raine et al.1984). CNS myelination
in rats appears to begin after postnatal day 5 when oligodendrocytes become
fully mature (Omlin et al.1986).

Studies of human CNS myelination in autopsied individuals revealed that it
begins in the fetal period and continues into adulthood with some regions of the
brain not being completed until the fourth decade. The most dramatic changes
however occur within the first two postnatal years and it is apparent that the
sequence and rate of myelination in different regions is related to the functional

21



significance of the neurones in that part of the CNS.

Peripheral myelination in the rat begins prenatally. The rat sciatic nerve projects
into the hind limb from embryonic day E13-14 onwards, and is fully mature by the
fourth postnatal week (Fitzgerald et al.1991). As bundles of peripheral nerve
axons emerge from the CNS, they are followed by migrating pre-myelinating
Schwann cells, which then segregate large and small axons until a 1:1 ratio of

Schwann cell to axon exists (Owens et al.1989).

Schwann cell proliferation and expression of myelin protein gene expression is
induced by axonal contact (Salzer et al.1980). The precise signals remain
unknown since some contacted axons remain unmyelinated. It has been
proposed that the diameter of the axon determines whether myelination is
switched on or not,since axons with a diameter of less than 1uM are generally
unmyelinated.

In contrast, oligodendrocytes are not dependent on continual axonal contact to
initiate CNS myelination. There are likely to be some axonal-contact dependent
signals that influence differentiation of the oligodendrocyte lineage, but their
presence has yet to demonstrated. Oligodendrocyte maturation and myelin loose
folds were formed in vitro in the absence of neuronal cell bodies and axons
(Omlin et al.1986). Axons modulate myelin protein mRNA levels during CNS
myelination in vivo (Kidd et al.1990), but the expression of myelin proteins by
oligodendrocytes grown in culture in the absence of neurones closely resembles

the timing of expression seen in vivo (Zeller et al.1985; Dubois-Dalcq et al.1986).

A number of models describing the process by which the myelin sheath is
wrapped around the axon were proposed. These included the migration of
myelinating cells around the axon with myelin being deposited behind the cell,
or rotation of the axon itself within the myelin sheath as it was formed (Lemke,
1992). Studies have indicated that neither of these proposals is correct. Instead

the wrapping process is mediated by a growing front of the myelin membrane
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that undergoes elaborate movement around the axon driven by rapid membrane
biosynthesis (Fig 1.2). After one turn of the sheath, the 'growing tip' tucks under
the first layer of sheath that has been laid down. Repeated wrapping is achieved
through the continuous tight association of the growing inner layer of the
membrane around the axon, rather than through the migration of the Schwann
cell body about the axon (Webster, 1971). This model of myelination is
supported by studies of the Schwann cell nucleus by time lapse photography
which indicated that the nucleus does circumnavigate the axon, but at far fewer
times than the number of layers of sheath that are deposited (Bunge et al.1989).

The initial tucking under process prevents the myelination process resulting in
the encapsulation of both the axon and the myelinating cell. This initial process
probably results from the action of strictly localised adhesion molecules that
mediate preferential association of the growing myelin sheath either with the
axonal surface or the innermost surface of the first layer of myelin.

The timing of myelin compaction in both the PNS and CNS is dependent on the
incorporation of specific proteins. In the CNS, compaction rapidly increases at
around postnatal day 10 in the rat CNS, which is coincident with the expression
of myelin basic protein and possibly proteolipid protein (Tennekoon et al.1977).
The compaction occurs by removal of cytoplasm forming the major dense line,
followed by the close attachment of the outer surfaces of the membrane forming
the intraperiod line (Baas et al.1993).

Remyelination following nerve injury takes place within 1-2 weeks in the PNS, but
occurs only rarely in the CNS and is a much slower process. Transection of a
myelinated peripheral nerve results in the degeneration of axons distal to the
stump. Loss of axonal contact results in a severe reduction of myelin gene
expression in Schwann cells distal to the stump, and a re-emergence of gene
expression of early pre-myelinating cell markers such as the nerve adhesion
protein N-CAM and nerve growth factor (NGF) receptor. Schwann cells continue

to express pre-myelinating genes until they are directly contacted by regenerated
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axons.

Axons that have undergone remyelination are characterised by short internode
distances and a thin myelin sheath around a large diameter axon. This
appearance persists for a number of months while the sheath is fully repaired to
its initial thickness. The diameter of axons that have undergone remyelination are
reduced.

1.1.3 Nerve Conduction Along Myelinated Axons

An electrical impulse is conducted along all nerve fibres by the sequential
depolarisation of the axon membrane, the axolemma, through its temporary
permeability to sodium ions. This ion then carries a momentary strong current
into the newly excited region of the nerve axon which spreads longitudinally
(along the length of the axon) within the axon and then leaks out across the
membrane to complete the circuit of current flow (Fig 1.3). In completing the
circuit, the current has to flow out across unexcited portions of the membrane
which is essentially impermeable to sodium ions. Instead the outward current is
carried primarily by potassium ions and this flow causes the partial depolarisation
of the membrane ahead of the nerve impulse. This partial depolarisation in turn
increases the sodium conductance of that region, thereby initiating a
regenerative process that produces an action potential along the axon.

The velocity of action potential propagation is determined in part by the distance
that the current flow spreads along the axon at any instant. This distance
depends on the length constant which is determined by the relationship of the
longitudinal (r,) (along the axon) and transverse (r,,) (across the membrane)

resistances encountered by the current flowing along the axon, and is derived by

the equation;

A=V(rr+r,) where A= length constant and

r,= external longitudinal resistance
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Fig 1.3 Nerve impulse conduction along the
axon. A. The spread of local current floving
across the membrane accompanies
propagation of the nerve impulse along the
axon.

B. Saltatory conduction in a myelinated axon,
showing the action potential jumps from node to
node, with the longitudinal spread of curent
between nodes. The outflow of potasium ions
depolarises the membrane ahead of the irflux
of sodium ons.
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The transverse resistance is inversely proportional to the radius of the axon,
whereas the longitudinal resistance is inversely proportional to the square of the
axon radius, so it follows that A is increased by either increasing r,,, or decreasing
r.
In invertebrate species the problem of achieving faster conduction velocities is
solved by increasing axonal diameter and thereby reducing internal longitudinal
resistance (r;). However, in vertebrate systems where the complexity of nerve
conduction requires large numbers of rapidly conducting axons to be restricted
to relatively confined areas, an alternative means has evolved through the
insulation of axons with myelin. The myelin sheath greatly increases the
transverse resistance (r,,) and thereby the length constant along the length of the

myelinated axon and during the propagation of a nerve impuise .

The multilayered sheath is interrupted at regular intervals by the nodes of
Ranvier where the axolemma is exposed to the extracellular fluid, which has a
relatively low resistance. As a result of the high insulating properties of the myelin
membrane, few ions move across the axonal plasma membrane, and the circuit
flow ahead of the action potential is restricted to nodes of Ranvier which contain
an abundance of voltage dependent sodium channels that are required for

impulse conduction and which are absent from internodal regions along the axon.

The action potential at one node electronically depolarises the membrane at the
next node, and thus the action potential does not propagate with continuity along
the axon membrane as it does in non-myelinated nerve fibres. Instead it is
propagated only at the small areas of the membrane exposed at the nodes of
Ranvier. The current jumps from node to node through a series of discontinuous
action potentials and this is known as saltatory conduction. The velocity of signal
transmission is greatly enhanced as the spread of local circuit current occurs
rapidly over internodal distances.

Following demyelination, nerve conduction is initially blocked because of
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insufficient numbers of sodium channels in the axolemma. Conduction returns
after a few days, probably as a result of recruiting new sodium channels in the
axolemma. Remyelination results in a shift from continuous to saltatory
conduction, and the sodium channels are redistributed to the nodes of Ranvier
(Ritchie, 1984). The reduction in the axonal diameter and internodal length of the
regenerating fibre that accompanies remyelination, results in an approximate
25% reduction in nerve conduction velocities that is observed for long periods
(Ritchie, 1984). Such an effect on axon diameter has been proposed to be the
cause of small diameter fibres in recurrent human demyelinating neuropathies
(Wolswijk et al.1989).

1.1.4 Protein Composition of Myelin

The composition of the myelin sheath in both the PNS and CNS is about 30%
protein and 70% lipid ( including cholesterol, galactolipids and phospholipids). A
number of myelin specific genes that encode proteins found in both the CNS
and the PNS have been identified. A small number of proteins are found in both
the PNS and the CNS, but the overall protein composition is different between
the two types of myelin. These proteins play roles in the myelination process and
in maintaining the structure of myelin. Diversity of function of a single protein is
often highlighted by the identification of more than one isoform which undergo

post-translational modifications such as phosphorylation and glycosylation.

The major group of myelin proteins that are the most abundant, consists of
Peripheral Myelin Protein Zero (Po), Proteolipid protein (PLP), Peripheral Myelin
Protein-22 (PMP-22), Myelin Basic protein (MBP) and Connexin-32 (Cx-32) (Fig
1.4). The minor group of proteins which are not as abundant that have been
identified include Myelin-associated Glycoprotein (MAG), Peripheral Myelin
Protein 2 (PMP-2) and Myelin/Oligodendrocyte protein (MOG).
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Fig 1.4 Schematic diagram showing the positions of the main myelin proteins of the PNS and CNS in relation to the intraperiod and
major dense lines (after Roa 1994). The proteins missing from the figure include PMP-2 which is located in the cell cytoplasm, and MOG
which is a transmembrane protein with two transmembrane domains that has its N- and C-termini in the extracellular compartment.



1.1.4.1 Structural proteins in the PNS

The PNS myelin proteins that have been identified so far include Po, PMP-22,
MBP, MAG, Cx-32 and PMP-2.

Po

Po is an integral membrane glycoprotein of 30kD. It is the major structural protein
of the PNS where it is estimated to make up more than 50% of the protein
content (Greenfield et al.1973). Expression of Po has been detected at the
earliest stages of myelination (Trapp et al.1981), and it is completely restricted
to myelin-forming Schwann cells and not detected in either non-myelinating
Schwann cells or the CNS (Messing et al.1992). The Po protein structure is
predicted to consist of a single transmembrane domain (Lemke et al. 1985,
Sakamoto et al.1987) with a very basic intracellular domain, and a glycosylated
extracellular domain that contains an immunoglobulin related structure (Salzer
et al.1987). Other members of the Ig-like superfamily, such as N-CAM, have
adhesion roles, and the function of Po has been proposed to involve similar

protein-protein interactions (Lemke, 1988).

The orientation of the protein in the myelin membrane places this extracellular
domain at the intraperiod line of the myelin sheath and the cytoplasmic domain
at the major dense line (Lemke et al.1988). Loss of Po function in cultured rat
Schwann cells resulted in the formation of loose folds of uncompacted myelin
(Owens et al.1991a). Furthermore, transgenic mice that were homozygous for
a null mutation of Po, revealed a role for Po in the compaction of myelin layers
through the formation of hydrophilic interactions that are mediated by the

immunoglobulin-like extracellular domain of Po (Giese et al.1992).

MBP

MBP has been isolated as a number of different isoforms in mice (Newman et
al.1987) and humans (Roth et al.1987) ranging from 14-21.5kD, that are
expressed by both Schwann cells in the PNS and oligodendrocytes in the CNS.
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The protein makes up around 5-15% of PNS protein (Benjamins 1978) and it
has been demonstrated that MBP is a cytoplasmic protein that is located at the
major dense line (Martenson, 1980). It has been proposed that MBPs may play
a role in myelin compaction (Readhead et al.1987). The MBP gene has been
mapped to chromosome 18 in both mice (Roach et al.1985; Sidman et al.1985))
and humans (Saxe et al.1985; Sparkes et al.1987) and the different forms of the
protein have shown to be generated by alternative splicing of the seven exons
of the MBP gene (de Ferra et al.1985; Takahashi et al.1985). There is evidence
of developmental regulation along with region specific expression of the different
MBP isoforms in mice (Carson et al.1983), rat (Agrawal et al.1986) and humans
(Kronquist et al.1987; Roth et al.1987).

MBP makes up 30% of CNS protein (Benjamins et al.1978). MBP expression
has been detected at the final stages of oligodendrocyte maturation just prior to

the initiation of myelination.

MAG

MAG is an integral membrane protein that is heavily glycosylated, and is
expressed at low levels by both myelinating Schwann cells and oligodendrocytes.
The structure and location of the protein in the membrane resembles that of
known adhesion molecules such as N-CAM (Cunningham et al.1987). Two
isoforms of MAG have been identified, which in the PNS are restricted to
uncompacted regions of the myelin sheath such as the inner and outermost most
layers, and to cytoplasmic channels called Schmidt-Lanterman incisures that
spiral from the glial cell body to the innermost layer of the sheath (Trapp et
al.1982).

Expression of MAG has been detected at the very earliest stages of peripheral
myelination, prior to the appearance of any of the major myelin proteins (Owens
et al.1989). MAG is thought to mediate the axon-glial cell adhesion events that

precede myelination, possibly by maintaining the spacing between the axon and
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periaxonal membrane and thereby facilitating the myelin induction signals that
are triggered by axonal contact (Trapp 1990).

In vitro experiments in which MAG function was knocked-out in mice, resulted in
a PNS defect involving the failure of the Schwann cells to associate with axons
ina 1:1 manner (Owens et al.1991b). It has also been proposed that MAG aids
the initial 'tucking-under' process after the first layer of myelin is wrapped around
the axon (Lemke, 1992). However, the importance of MAG function has been
guestioned by the finding of only subtle changes in myelin structure in null mutant
transgenic mice (Li et al. 1994; Montag et al.1994). In one of these studies, an
increase in N-CAM expression was detected suggesting the presence of
compensatory mechanisms in the absence of MAG (Montag et al. 1994).

In the CNS, MAG is located exclusively in the periaxonal membrane that directly
surrounds the axon. It has been reported that MAG inhibits nerve regeneration
following injury in the CNS (Mukhopadhyay et al.1994).

The MAG gene has been mapped to mouse chromosome 7 (Sutcliffe, 1987), and
human chromosome 19 (Barton et al.1987).

CX-32

Cx-32 is a widely expressed protein that has only recently been identified in the
PNS (Bergoffen et al.1993a). It is a member of a family of related protein
subunits that form gap junctions. Gap junctions are aqueous channels that are
thought to play a role in cell differentiation pathways by allowing the passage of
ions and small molecules between cells (Bennet, 1994). Oligodendrocytes are
known to form gap junctions between themselves and with astrocytes, and
following the identification of Cx-32, it has been suggested that gap junctions are
formed between Schwann cells (Bergoffen et al.1993a). The gap junction
structure consists of six Cx-32 monomer subunits which form a hexaemeric ring
structure.
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PMP-22

PMP-22 is a transmembrane protein that is expressed in Schwann cells and is
present in all myelin sheaths of the PNS (Snipes et al.1992). Expression in the
CNS has been detected at a very low level, but it is thought that PMP-22 plays
no significant role in the CNS (Snipes et al.1992). The protein was first identified
as a growth arrest protein called GAS-3A in mice (Manfioletti et al.1990). It has
also been called SR13 (Welcher et al.1991) and PASII (Kitamura et al.1976) in
rats. The protein has a similar predicted structure to PLP with four
transmembrane domains, and it has been suggested that PMP-22 and PLP have
analogous roles in the PNS and CNS (Snipes et al.1992). The protein is located
at the major dense line , but it probably projects into the major dense line and the
intraperiod line (Snipes et al.1992). Recent work has identified two alternative
PMP-22 transcripts and it has been suggested that PMP-22 plays a role in
myelination in the PNS, and has a separate function not related to myelination
(Bosse et al.1994; Suter et al.1994) (see Discussion).

PMP-2

PMP-2 is a small myelin-specific cytoplasmic protein of 14kD that makes up 1-
2% of PNS protein (Uyemura et al.1977). The protein is located on the
cytoplasmic face of compact myelin (Trapp et al.1984) and expression has been
detected before MBP in peripheral nerves (Hahn et al.1987). PMP-2 has a basic
amino acid sequence that shows homology to fatty acid binding and transport
proteins expressed by adipocytes and muscle cells. PMP-2 is thought to facilitate
the exponential increase in plasma membrane biosynthesis associated with peak
periods of myelination (Brophy 1976). PMP-2 is detected at low levels in
oligodendrocytes (Trapp et al.1983).

1.1.4.2 Structural proteins of the CNS

The major proteins of CNS myelin are PLP and MBP. Less abundant proteins
include DM20, MAG and MOG.
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PLP

PLP is the major myelin protein in the CNS. It is an integral membrane protein
of 30kD with a predicted protein structure consisting of four transmembrane
domains (Popot et al.1991). It has been suggested that PLP is involved in the
formation of the intraperiod line during the final compaction of CNS myelin
(Duncan, 1990). A less abundant CNS protein called DM20 has been shown to
be an allelic variant of PLP (Nave et al.1987) (see 1.3.2). DM-20 expression has
been detected during mouse embryogenesis and appears to have a function
during the development of oligodendrocyte progenitors. DM-20 but not PLP
transcripts were detected at embryogenesis (E) day 11 which is long before
oligodendrocytes or their direct progenitor cells (O2A cells) appear (lkenaka et
al.1992).

Expression of PLP has been detected at postnatal day 3 in mice which
represents an early stage of myelination, but the peak level of expression has
been recorded at 2-4 weeks which coincides with the completion of the myelin
sheath (Gardinier et al.1986). Thus the PLP gene would appear to mediate a
dual function in the formation of CNS myelin.

MOG

MOG is a minor component of CNS myelin that is expressed late in development
as demonstrated by immunocytochemistry (Brunner et al.1989) and in situ
hybridisation (Pham-Dinh et al.1993b). The protein has been shown to be located
at the surface of myelinating oligodendrocytes and external lamellae of myelin
sheaths and may be involved with the completion and maintenance of the myelin
sheath (Amiguet et al.1992; Birling et al.1993). The MOG gene has been
localised to human chromosome 6 (Pham-Dinh et al. 1993b).

1.1.5 Myelin Protein Defects in Neurological Mutant Animals

A mouse phenotype called shiverer, shi (Doolittle et al.1977), that involves
tremor leading to frequent convulsions and premature death between 50-100
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