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Abstract 

Campagnoni and Mack/in 

The cellular and molecular aspects of myelin protein metabolism have recently been among the most inten- 
sively studied in neurobiology. Myelination is a developmentally regulated process involving the coordina- 
tion of expression of genes encoding both myelin proteins and the enzymes involved in myelin lipid metabo- 
lism. In the central nervous system, the oligodendrocyte plasma membrane elaborates prodigious amounts of 
myelin over a relatively short developmental period. During development, myelin undergoes characteristic 
biochemical changes, presumably correlated with the morphological changes during its maturation from 
loosely-whorled bilayers to the thick multilamellar structure typical of the adult membrane. 

Genes encoding four myelin proteins have been isola ted, and each of these specifies families of polypeptide 
isoforms synthesized from mRNAs derived through alternative splicing of the primary gene transcripts. In 
most cases, the production of the alternatively spliced transcripts is developmentally regulated, leading to the 
observed protein compositional changes in myelin. The chromosomal Iocalizations of several of the myelin 
protein genes have been mapped in mice and humans, and abnormalities in two separate genes appear to be 
the genetic defects in the murine dysmyelinating mutants, shiverer and fimpy. Insertion of a normal myelin 
basic protein gene into the shiverer genome appears to correct many of the clinical and cell biological abnor- 
malities associated with the defect. Most of the dysmyelinating mutants, including those in which the genetic 
defect is established, appear to exhibit pleiotropy with respect to the expression of other myelin genes. 

Post-translational events also appear to be important in myelin assembly and metabolism. The major 
myelin proteins are synthesized at different subcellular locations and follow different routes of assembly into 
the membrane. Prevention of certain post-translational modifications of some myelin proteins can result in 
the disruption of myelin structure, reminiscent of naturally occurring myelin disorders. Studies on the expres- 
sion of myelin genes in tissue culture have shown the importance of epigenetic factors (e.g., hormones, growth 
factors, and cell-cell interactions) in modulating myelin protein gene expression. Thus, myelinogenesis has 
proven to be very useful system in which to examine cellular and molecular mechanisms regulating the activ- 
ity of a nervous system-specific process. 

Index Entries: Myelin; protein; gene expression; post4ransitional events; isoforms; in whole brain, 
developmental changes. 

Nomenclature 

bp 
cDNA 
CNP 

CNS 
DM20 
GC 
GM4 
MAG 

Base pair(s) MBP 
Complementary DNA nt 
2',3'-cyclic nucleotide 3'- PAGE 

phosphodiesterase PLP 
Central nervous system PNS 
25 kdalton myelin proteolipid protein RIA 
Galactosyl Ceramide SCD 
Sialosylgalactosylceramide SDS 
Myelin associated glycoprotein T 3 

Myelin basic protein 
Nucleotide(s) 
Polyacrylamide gel electrophoresis 
(30 kdalton myelin) proteolipid protein 
Peripheral nervous system 
Radioimmunoassay 
Subacute combined degeneration 
Sodium dodecyl sulfate 
Triiodothyronine 
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Introduction 

Myelin and its components have been the 
subject of extensive study for the past several 
decades; thus, the physical  chemical, and bio- 
logical properties of the major myelin proteins 
are well known. It is not surprising, therefore, 
that the myelin protein genes and their expres- 
sion have been among the first to be studied 
intensively by cellular and molecular neurobi- 
ologists. Since several excellent reviews on the 
structure and metabolism of myelin and its 
components have appeared recently (see Mor- 
ell, 1984; Norton, 1984) this review will focus 
primarily on molecular and cellular aspects of 
the expression of myelin protein genes in vivo 
and in vitro in the central nervous system. 

Myelination is a major event in the develop- 
ment of the nervous system. In the CNS of rats 
and mice it occurs postnatally and follows, in a 
concerted fashion, a period of rapid prolifera- 
tion of oligodendroglial cells. Myelin and/or  
its components can be detected in the spinal 
cord of humans during the second trimester of 
gestation (Niebroj-Dobosz et al., 1980; Kron- 
quist et al., 1987) and, in rat and mouse brain, 
within a few days after birth (Sternberger, 
1984). Myelination generally proceeds from 
the top of the spinal cord and the base of the 
brain toward the frontal areas of the brain. 

In the central nervous system, myelin 
appears to be a specialized extrusion of the oli- 
godendroglial cell plasma membrane, which 
wraps around axonal segments (Peters et al., 
1970). Unlike the peripheral nervous system 
where there is close proximity of the Schwann 
cell and the myelin sheath that it produces, the 
oligodendrocyte in the CNS may be some 
distance from the myelin sheath that it elabor- 
ates, connected only by a slender cytoplasmic 
process. A single oligodendrocyte may mye- 
linate multiple axons at varying distances from 
the cell body, and these axons may be part of 
different fiber tracts (Sternberger et al., 1978a). 

The major myelin proteins, representing 70- 
80% of the protein content of the membrane, 
fall into two classes--the basic proteins and the 
proteolipid proteins. Both of these classes con- 
sist of multiple polypeptide chains derived 
through altenative splicing of a single gene. No 
systematic method has been adopted yet for 
naming the isoforms of the two classes, in part 
because their actual structural and genetic rela- 
tionships to each other have been determined 
only recently. 

The myelin basic protein (MBP) is composed 
of at least six isofonns in mice (deFerra et al., 
1985; Newman et al., 1987a,b) and four iso- 
forms in humans (Kamholz et al., 1986; Roth et 
al., 1986, 1987)~ These have come to be referred 
to by their apparent molecular weights on SDS- 
polyacrylamide gels or by their masses ob- 
tained through protein or cDNA sequencing 
studies (e.g., 14, 17, 18.5,20,  and 21.5 kdalton 
MBP). Other names such as SBP or Bf (for the 
14 kdalton MBP), LBP or B (for the 18.5 kdal- 
ton), prelarge (for the 21.5 kdalton MBP) and 
presmall (for the 17 kdalton MBP) also appear 
in the literature. In view of what is now known 
about the structure and metabolism of these 
proteins, these latter designations seem some- 
what inappropriate. 

The two isoforms of the proteolipid protein 
are generally referred to as the myelin proteo- 
lipid protein (PLP) [mol mass = 30 kdalton] 
and the DM20 protein [mol mass = 25 kdalton]. 
The structural relationship between these pro- 
teins has been established only recently 
through cDNA analysis, clearing up some con- 
fusion about the relationship of these proteo- 
lipids to each other. Other, lower molecular 
weight, proteolipid proteins, apparently re- 
lated to the major myelin PLP, have been ob- 
served in proteolipid preparations isolated 
from brain (Chan and Lees, 1974; Macklin et al., 
1983, 1984; Lepage et al., 1986) and synthesized 
in vitro with brain mRNAs (Sorg et al., 1986). 
Their structural relationship to the myelin 
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PLPs only now is beginning to emerge, but has 
not been exactly defined yet (Lepage et al., 
1986)o 

No function other than a structural role has 
been attributed to these two major classes of 
myelin proteins~ Both have unusual chemical 
and physical properties. The proteolipids are 
integral membrane proteins, constituting 
about 50% of the total protein content of myelin 
(Eng et aL, 1968). They are extremely hydro- 
phobic and aggregate relatively easily under a 
variety of experimental manipulations (Agra- 
wal and Hartman, 1980; Lees, 1982). The PLP 
undergoes post-translational fatty acylation 
such that it contains approximately 2-4% by 
weight fatty acid covalently attached to the 
apoprotein, which further contributes to its hy- 
drophobicity. 

The myelin basic proteins are hydrophilic, 
extrinsic membrane proteins with isoelectric 
points greater than 10.6, making them even 
more basic than the histones. They have been 
localized, immunohistochemically, to the ma- 
jor dense line of myelin that is formed by appo- 
sition of the cytoplasmic surfaces of the extru- 
ded oligodendroglial plasma cell membrane 
during myelinogenesis. Unlike the proteolip- 
ids, which are believed to be transmembrane 
proteins traversing the unit bilayer, the myelin 
basic proteins appear to remain associated 
with the cytoplasmic side of the unit bilayer. 
The MBPs undergo a number of post-trans- 
lational modifications, including N-terminal 
acetylation, phosphorylation, and methylation. 
The physiological significance of these post- 
translational modifications is not at all clear at 
the present time. 

A number of other proteins and enzymes are 
found to be associated with myelin, making up 
the remainder of the 20-30% of its protein con- 
tent (Lees and Sapirstein, 1983). All of these 
appear to be of higher molecular weight and 
lower concentration in myelin than the proteo- 
lipid and basic proteins. Establishing that 
these minor proteins were, in fact, components 
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of myelin was a complex process; but two of 
these proteins that are of particular relevance 
to this review are the myelin-associated glyco- 
protein (MAG) and 2':3'-cyclic nucleotide 3'- 
phosphodiesterase (CNP). 

MAG is the major glycoprotein associated 
with CNS myelin, constituting approximately 
1% of the total myelin protein (Quarles, 1979). 
The fully glycosylated MAG has an apparent 
mol mass of about 100 kdalton on SDS gels, 
approximately 30% of which is carbohydrate 
(Quarles et al., 1983). The polypeptide portion 
of MAG consists of two isoforms with apparent 
mol masses of 72 and 67 kdalton (Frail and 
Braun, 1984), although their actual masses, de- 
termined recently from sequence analysis of 
the cDNAs encoding them were 69.3 and 64.2 
kdalton (Salzer et al., 1987). For purposes of 
consistency with the literature, however, they 
will be referred to as the 72 and 67 kdalton 
MAG polypeptides in this review. A signifi- 
cant portion of the MAG in myelin is exposed 
to the extracellular surface of the unit bilayer 
(Poduslo et al., 1976) and it shares a carbohy- 
drate determinant with a number of molecules 
proposed to mediate cell-cell interactions in 
the nervous system such as N-CAM, L1, J1, and 
ependymins (Salzer et al., 1987; Kruse et al., 
1984, 1985; McGarry et al., 1983; Shashoua et 
al., 1986; Holley and Yu, 1987). The physiologi- 
cal role of MAG in myelin is not clear, but it has 
been proposed to be involved in the association 
of the myelin membrane with the axon (Quar- 
les, 1983, 1984). Immunohistochemical local- 
ization data from several groups are consistent 
with this hypothesis (Martini and Schachner, 
1986; Sternberger et al., 1979; Trapp and Quar- 
les, 1982; Trapp et al., 1984), and recent se- 
quence data show that MAG is related in struc- 
ture to ceil adhesion molecules (Salzer et al., 
1987). This interpretation has been challenged, 
however, based on contradictory findings that 
suggest that MAG is localized primarily within 
the myelin lamallae rather than in the periaxo- 
nal regions (Webster et at., 1983). 
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CNP [E.C. 3.1.4.37] catalyzes the hydrolysis 
of several 2',3'-cyclic nucleoside monophos- 
phates. The activity of the enzyme is very high 
in the central nervous system where it has been 
shown to be a myelin-associated enzyme (Kuri- 
hara and Tsukada, 1967, 1968; Olafson et al., 
1969). The purified enzyme consists of two pol- 
ypeptide chains (Drummond, 1979; Sprinkle et 
al., 1980a), which appear to comprise a signifi- 
cant portion of the "Wolfgram protein" fraction 
of myel in  (Drummond and Dean, 1980; 
Sprinkle et al., 1980b), a loosely defined, heter- 
ogeneous group of high molecular weight pro- 
teins, originally obtained by fractionation of 
myelin (Wolfgram, 1966). These two Wolfgram 
polypeptides have been shown to share identi- 
cal molecular, chemical, and immunological 
characteristics with the enzyme (see Lees and 
Sapirstein, 1983). 

In summary, all the well-studied myelin pro- 
teins appear to exist in at least two molecular 
isoforms which, in turn, have been shown to be 
the translation products of separate mRNAs 
probably derived through alternative splicing 
mechanisms. 

Myelin Protein Gene Expression 
in the Developing Brain 

Summarizing the studies performed to date 
on the expression of the myelin protein genes in 
the developing CNS is difficult because rarely 
have more than two or three proteins been ex- 
amined at a given time. This is, in part, because 
of the fact that the immunological and re- 
combinant DNA probes for all the myelin pro- 
teins either had not been developed yet or they 
were not available to a laboratory at the time 
the study was performed. Also, fundamental 
information, such as the numbers and struc- 
tures of the myelin protein isoforms, has be- 
come available only recently and might not 
have been known at the time the study was e x e -  
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cured. This particularly true for the myelin 
basic proteins where the multiplicity and 
structures of the isoforms were only estab- 
lished through cDNA analysis; and very likely 
the same will be true for the proteolipid pro- 
reins. For example, in the early 1970s it was 
thought that humans contained only one MBP 
isoform and that species belonging to the sub- 
orders Myomorpha and Sciuromorpha (e.g., rats 
and mice) contained two myelin basic protein 
isoforms. We now know that humans contain 
at least four MBP isoforms and that mice con- 
tain at least six. One reason why it has taken so 
long to determine the numbers of MBP iso- 
forms is that their numbers and proportions 
differ significantly from species to species, 
from one region of the CNS to another, and 
from age to age with development. Since most 
of the isoforms are of lower molecular weight 
than the 18.5 kdalton MBP it was difficult to 
rule out the possibility that a band on a poly- 
acrylamide gel was not a degradation product. 
In addition, the quality of the separation of 
myelin proteins in the early SDS polyacryla- 
mide gel systems was often not as good as in 
later studies and closely migrating bands were 
overlooked. In the case of the myelin proteo- 
lipid proteins, because of the intractability of 
these highly hydrophobic proteins, it was un- 
clear for some time whether the DM20 protein 
was a conformational isomer of the PLP or 
whether PLP and DM20 were, possibly, differ- 
ent multimeric aggregates of a common sub- 
unit. Only very recently, with the determina- 
tion of the amino acid sequences of the two 
proteins through cDNA analysis, has it been 
possible to determine unambiguously that the 
two forms are structurally related and the pro- 
ducts of the same gene. Thus, many of the 
findings related to expression of myelin pro- 
tein genes are incomplete in view of current 
knowledge. Nonetheless, general patterns 
have emerged with respect to the relative ex- 
pression of the major classes of myelin proteins 
and of the various myelin protein isoforms. 
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Developmental Changes 
in Isolated Myelin 

Prior to the s~dies  of Smith and her cowork- 
ers in the late 1960s demonstrating that myelin 
components within the membrane turned over 
at measurable rates (Smith, 1968), myelin was 
considered to be an essentially inert mere-- 
brahe. About the same time, interest grew in 
developmental changes in myelin protein com- 
position, and work from a number of laborato- 
ries proved that the composition of the myelin 
changed with age in a predictable fashion (for a 
review, see  Norton and Cammer, 1984). With 
development, myelin isolated from the brains 
of rats and mice became increasingly enriched 
in the major myelin proteins relative to the 
higher molecular weight polypeptideso In ad- 
dition, it has been consistently noted that the 
14:18.5 kdalton MBP ratio increased considera- 
bly with age (Einstein et at., 1970; Morell et al., 
1972; Adams and Osborne, 1973; Magno-Sum- 
billa and Campagnoni, 1977). No clear consen- 
sus has emerged with respect to changes in the 
ratios of proteolipids to basic proteins with de- 
velopment (Banik et al., 1974; Morell et al., 
1972; Magno-Sumbil la  and Campagnoni ,  
1977). Although the proportion of the high 
molecular weight proteins has been observed 
to decrease with age, the levels of MAG and 
Wolfgram proteins/rag total myelin protein 
have been reported to remain constant from 
14-60 d (Druse et al., 1974) and 10-300 d, re- 
spectively (Morell et al., 1972). 

Developmental Changes 
in Whole Brain 

In addition to myelin protein compositional 
changes occurring within the membrane as a 
function of age, studies on the developmental 
expression of myelin proteins in whole brain 
have largely fallen into two categories: (a) 
those measuring changes in the proteins either 
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through enzymatic activity, biochemical isola- 
tion of the protein, or immunoblot analysis; 
and (b) those measuring synthesis of the mye- 
lin proteins in vivo and in vitro (i.e., cell-free 
synthesis) or by titering the mRNAs with 
cDNA probes. Clearly, all these measurements 
yield important information generally related 
to expression of the myelin protein genes, but 
individual techniques measure different as- 
pects of "expression." 

Enzyme activity measurements and esti- 
mates of the levels of individual myelin pro- 
teins by biochemical purification or from im- 
munoblot analysis measure accumulation of 
these proteins, not rates of synthesis. Estimates 
of the levels of myelin proteins at different ages 
reflect, primarily, their accumulation during 
development. Whereas there is a tendency to 
consider mRNA levels as a measure of the ca- 
pacity of the cell to synthesize the proteins, in 
fact, the specific mRNAs measured by dot blot 
and Northern blot analysis may not all be 
translatable. An additional complication can 
result if the cDNA probe hybridizes with a re- 
lated, but not identical, transcript derived, for 
example, by alternative splicing mechanisms. 
Indirect estimates of mRNA levels by cell-free 
translation may be complicated by differences 
in translational efficiencies in the mRNAs. 
Thus, these caveats should be kept in mind in 
attempting to compare studies on the develop- 
mental "expression" of myelin proteins. 

A number of workers have attempted to de- 
fine the patterns of myelin protein gene expres- 
sion in the developing brains from several spe- 
cies. There has been considerable interest in 
the temporal expression of the individual mye- 
lin proteins with respect to each other. The 
data from several laboratories indicate that 
maximal developmental expression of MBP oc- 
curs 16-20 d postnatally in mice as determined 
by in vivo synthesis measurements (Campag- 
noni et al., 1978), by translation of brain 
mRNAs in cell-free systems (Carson et al., 
1983; Roth et al., 1985), and by dot blot and 
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Northern blot analysis (Miskimins and Yu, 
1986; Roth et al., 1985; Sorg et al., 1987; Zeller et 
al., 1984; Gardinier et al., 1986)o 

In a study comparing CNP activity and lev- 
els of MBP as determined by radioimmunoas- 
say, Sprinkle et al. (1978), reported a direct cor- 
respondence between the levels of the enzyme 
and MBP over development, suggesting identi- 
cal developmental profiles in the rat. In the 
developing chick brain, the appearance of CNP 
enzyme activity appeared to lag behind MBP 
and PLP protein accumulation on immuno- 
blots (Macklin and Weill, 1985). In the develop- 
ing mouse brain, Monge et al., (1986) reported 
the immunohistochemical detection of Wolf- 
gram proteins (including CNP) 4 d prior to the 
appearance of MBP. This group also has per- 
formed a study using cDNA probes for CNP 
and observed mRNA for the protein during 
embryonic development  in the rat brain 
(Kanfer et al., submitted). Their studies show 
that there is variability in the temporal expres- 
sion of mRNAs for MBP, PLP, and CNP among 
brain regions. In their studies, however, most 
regions had peaks of mRNA levels for CNP at 
about 15 d and for MBP at 18 d. 

In vivo synthesis studies indicate that the 
developmental profile of PLP synthesis peaks a 
few days later than that of MBP synthesis in the 
mouse brain, i.e., 21 or 22 d for PLP vs 18 d for 
MBP (Campagnoni  and Hunkeler, 1980). 
These findings were confirmed by Northern 
and slot blot analysis of potysomaI mRNA with 
cDNA probes. However, nuclear PLP and MBP 
RNA levels were both maximal at 18 d, sug- 
gesting the possibility that there may not be a 
perfect correlation between the transcriptional 
activity of the PLP gene in the nucleus and the 
synthesis of PLP in the cytoplasm. The slight 
difference in timing of expression of PLP and 
MBP has been noted in the developing mouse 
brain by immunocy tochemica l  methods 
(Monge et al., 1986), in the developing chick 
brain by immunoblot analysis (Macklin and 
Weill, 1985), in the developing human spinal 
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cord by immunobtot and Northern blot analy- 
sis (Kronquist et al., 1987), and in many regions 
of the developing rat brain by Northern and 
dot blot analysis (Kanfer et al., submitted). In 
the developing rat optic nerve, Tennekoon et 
al. (1977) observed that the rapid developmen- 
tal increase in RLA-detectable MBP preceded 
the increase in chloroform-methanol soluble 
proteolipids by several days. In a recent study 
of rat whole brain homogenates during devel- 
opment, MBP and PLP were found to appear 
concomitantly on immunobtots (Macklin et al., 
1983, 1984). 

Expression of MAG has been examined in 
number of ways~ In early work, MAG was 
detected by in vivo fucose labeling, isolation of 
myelin, and separation of the proteins by SDS- 
PAGE. Using this approach, Matthieu et al., 
(1974) were able to detect a fucose labeled gly- 
coprotein in isolated myelin as early as myelin 
could be isolated from the immature rat and 
mouse brain (7-9 d). The mouse MAG mRNA 
has been detected by in vitro translation at 10 d 
(Frail and Braun, 1984) and rat MAG mRNA 
has been detected on Northern blots at the 
same age (Sutcliffe et al., 1983) or a few days 
earlier (Lai et al., 1987), although Salzer et al., 
(1987) reported that they were only able to 
detect the rat MAG mRNA in significant 
concentrations at 14 d. The concentration of 
MAG mRNA appears to increase in the brains 
of both species until about 25-27 d after which 
it declines (Frail and Braun, 1984; Matthieu et 
al., 1986; Salzer et al., 1987; Sutcliffe et al., 1983). 
In the developing human fetal spinal cord, 
immunodetectable MAG of the appropriate 
molecular size was not detected until 31 wk 
after conception (Marton and Stefansson, 
1984), at least 13 wk after PLP and 15-17 wk 
after MBP can be detected on immunoblots 
(Kronquist et al., 1987). Thus, in spite of the 
popular  notion that MAG may play an 
important role in the early interaction between 
the growing myelin sheath and the axon, the 
developmental data suggest that the protein is 
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not expressed earlier than the major myelin 
proteins (MBP and PLP), and that the develop- 
mental peak of its synthesis is somewhat later 
than that of MBP. 

In summary, the in vivo data suggest that in 
most species PLP is expressed slightly later 
than MBP by 1 or 2 d, MAG is expressed no ear- 
Her than MBP and probably later, and CNP 
mRNA is evident in rat brain before MBP 
mRNA whereas in the chick brain its enzy- 
matic activity appears after MBP polypeptides. 
The lack of agreement among the various stud- 
ies with respect to the temporal expression of 
these proteins may be resulting from a number 
of factors. Some of it may be because of dif- 
ferences in the species and/or  brain regions 
examined. There is some evidence that differ- 
ences may exist in the ratios of myelin protein 
polypeptides from one region of the nervous 
system to another (Morell et al., 1973; Newman 
et al., 1987b; Lees and Paxman, 1974) and it is 
possible that there may be regional variation in 
the timing of the expression of the myelin pro- 
tein genes as suggested by the work of Kanfer 
et al., (submitted). 

Investigators have used different criteria to 
define the order of expression of myelin pro- 
teins. Some workers have attempted to rely on 
the earliest age at which a protein could be de- 
tected to determine its order of expression. 
However, differences in the sensitivities of 
antibodies, or the specific activities of cDNA 
probes could lead to misleading results. An- 
other complication is the recent finding that al- 
ternative splicing mechanisms may generate 
related but not identical mRNAs containing 
common sequences but encoding other pro- 
teins (Breibart et al., 1987). Thus, early detec- 
tion of mRNAs hybridizing to myelin protein 
cDNAs may be detecting structurally-related, 
but not identical, mRNAs. The same problems 
exist with antibodies that might react with re- 
lated but separate proteins. 

In order to determine the temporal expres- 
sion of myelin proteins, other workers have 
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compared the developmental curves of the dif- 
ferent myelin proteins. In such studies, if the 
overall developmental curve of a protein gen- 
erally lagged behind that of another protein, 
then its expression was considered to be de- 
layed even if the first protein appeared to be 
present in slightly higher levlels at the earliest 
age examined. Clearly, all methods of analysis 
have a degree of uncertainty and it may be dif- 
ficult to establish with absolute certainty the 
order of expression of those myelin protein 
components expressed within a day or two of 
each other. It is important to bear this in mind 
when interpreting the results. 

Developmental Expression 
of Myelin Protein Isoforms 
Studies performed almost a decade ago on 

the in vivo synthesis of the MBPs indicated that 
the developmental increase in the 14/18.5 
kdalton MBP ratio in myelin was reflected in 
the relative rates of synthesis of the two pro- 
teins (Campagnoni et al., 1978). Thus, these 
and the studies on developmental alterations 
in the protein patterns of isolated myelin estab- 
lished some time ago that there was a form of 
developmental regulation over the expression 
of the MBP gene, although its nature and com- 
plexity was far from appreciated. Defining the 
number and nature of the MBP isoforms has 
taken a fair amount of time to sort out, for rea- 
sons outlined above. Sequence analysis 
proved that the rat 14 kdalton MBP was struc- 
turally similar to the 18.5 kdalton bovine and 
human MBPs except for the deletion of a 40 
amino acid sequence within the interior of the 
molecule (Dunkley and Carnegie, 1974), a 
structural relationship proposed somewhat 
earlier on the basis of peptide "fingerprinting" 
studies of the rat proteins (Martenson et al., 
1972). In retrospect, there was evidence for the 
presence of other MBP variants (Berlet and 
Volk, 1980; Newcombe et al., 1982; Kerlero de 
Rosbo, 1984; Agrawal et aL, 1986; Sorg et al., 
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1986), but, at the time, it was difficult to rule 
out the possibility that these were breakdown 
products of bona fide MBPs. 

The extent of the multiplicity of the MBP iso- 
forms was not fully appreciateduntil  immuno-  
chemical and recombinant DNA approaches 
were  used to s tudy the problem. In the late 
1970s, immunochemical  techniques revealed 
the presence of four mouse MBPs with appar- 
ent tool masses of 14, 17, 18.5, and 21.5 kdalton 
(Barbarese et al., 1977). After some initial con- 
fusion about whe ther  the 21.5 and 17 kdalton 
MBPs were precursors to the 18.5 and 14 kdal- 
ton MBPs, respectively, several laboratories 
showed that each of the MBP isoforms was 
encoded by a separate mPvNTA (Colman et al., 
1982; Yu and Campagnoni ,  1982; Carson et al., 
1983). Analysis of SDS-PAGE patterns of mye- 
lin polypeptides indicated that at 15 d mouse 
myelin is proportionately richer in the 21.5 and 
17 kdalton MBPs relative to the other MBP 
isoforms than mouse  myel in  at 60 d (Barbarese 
et al., 1978). Subsequent  work  using immuno-  
blots of whole  brain to measure the different 
MBP isoforms, and cell-free synthesis studies 
of brain mRNA to measure  the levels of indi- 
vidual MBP mRNAs,  indicated that each iso- 
form exhibited its own  developmental  pattern 
of expression and  accumulat ion (Carson et al., 
1983). The general  pattern appears to be that 
the 2t.5 kdalton protein is expressed to a 
greater extent dur ing  early brain development  
and that it is found in proportionately higher 
concentrations in myel in  isolated from the 
brains of young rodents.  With age, the propor- 
tion of the 21.5 and the 17 kdalton MBPs falls 
relative to the 18.5 and  14 kdalton isoforms. 

There is n o w  evidence for the existence of a 
number  of other MBP isoforms. For example, a 
second mouse  17 kdal ton MBP has recently 
been identified ( N e w m a n  et al., 1987a), so our 
current knowledge  about  the metabolism of 
the mouse 17 kdal ton MBP actually reflects the 
metabolism of a mixture  of the two isoforms. 
This second 17 kdal ton MBP is, apparently, the 
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only form present in humans  (Kamholz et al., 
1986; Roth et aI., 1986,1987; Deibler et al., 1986). 
A 20 kdalton MBP has been identified in fetal 
h u m a n  spinal cord, and immunoblots  suggest 
that it exists in other species as well  (Kerlero de 
Rosbo et al., 1984), a l though it may  be more 
prevalent in some regions of the CNS than oth- 
ers (Newman et at., 1987b). It appears to be ex- 
pressed to a high degree in the fetal h u m a n  spi- 
nal cord (Roth et al., 1987; Kronquist  et alo, 
1987) and less so in newborn  h u m a n  brain 
(Kamholz et al., 1986). In rat brain, Agrawal  et 
al. (1986) have identified a 23 kdal ton phospho- 
rylated protein that is immunological ly  related 
to MBP. Immunoblots  of whole  brain homoge-  
nate with both polyclonal (Carson et al., 1983) 
and monoclonal (Bansal et al., 1987) anti-MBP 
antibodies indicate the presence of higher  mo- 
lecular weight immunoreact ive  proteins~ The 
metabolic relationship among  all these pro- 
teins and the more well-characterized MBP iso- 
forms is not clear at the present time. 

The most well s tudied of the myelin proteo- 
lipids are PLP, the major form found in myelin, 
and DM20, a quantitatively less abundant  form 
(Agrawal et al., 1972). These proteolipids have 
been identified in a number  of species (Lees 
and Macklin, 1988) and a variety of recent data 
clearly indicate that the po lypep t ides  are 
structurally related in the same way  that the 
MBP isoforms are related to each other (Trifi- 
lieff et al., 1986; Nave et al., 1987a; Macklin et 
al., 1987). In vitro synthesis experiments have 
shown that these proteolipids are the products 
of separate mRNAs (Dautigny et al., 1983; Sorg 
et al., 1986) and that these mRNAs are der ived 
by alternative splicing of the transcript of a sin- 
gle gene (Nave et al., 1987; Macklin et al., 
1987). Very recently, immm~oblots have shown 
that the appearance of the DM20 protein seems 
to precede the appearance of PLP in the develo- 
ping human spinal cord (Kronquist et al., 1987) 
and in the developing mouse  brain (Gardinier 
and Macklin, submitted). Quantitatively, the 
DM20 isoform is present in m u c h  lower abun- 
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dance than PLP in the adult brain (- 10-20% of 
PLP) but at 18 wk after conception it is the prin- 
cipal, if not the only, isoform present in the hu- 
man spinal cord. Several studies have reported 
the presence of multiple proteolipid polypep- 
tides in mouse, rat, and bovine brain (Lerner at 
al. 1974; Nussbaum and Mandel,  1973; 
Campagnoni et al., 1976; Chan and Lees, 1974; 
Lepage et al., 1986). Very recently, Lepage et al. 
(1986) have used fast atom bombardment- 
mass spectrometry to characterize two proteo- 
lipid polypeptides with apparent tool masses 
of 14 and 16 kdalton. The 14 kdalton proteo- 
lipid contains six peptides (corresponding to a 
total of 35 amino acids) that are identical to 
peptides derived from the first 113 amino acids 
of the myelin PLP plus an extra unknown 
blocked N-terminal peptide. The 16 kdalton 
proteolipid contains eight peptides (corres- 
ponding to a total of 67 amino acids) belonging 
to a C-terminal fragment of the PLPo These 
data suggest the presence of additional proteo- 
lipids in the brain that share common struc- 
tural features with the myelin proteolipids. 
Supporting this notion are immunoblot data 
that reveal the presence of lower molecular 
weight proteolipids in rat brain that crossreact 
with anti-PLP antisera (Macklin et al., 1983, 
1984), and cell-free protein synthesis data in 
which proteins of similar molecular weights 
have been immunoprecipitated from reticulo- 
cyte lysates programmed with mouse brain 
mRNA (Sorg et al., 1986). These data suggest 
that the myelin proteolipid protein gene, like 
the basic protein gene, may encode a more ex- 
tensive family of proteins than has been recog- 
nized thus fan 

Both MAG and CNP exist as two polypep- 
tide isoforms, each encoded by a separate 
mRNA (Lai et al., 1987; Salzer et al., 1987; Bern- 
ier et al., 1987). Early studies by Matthieu et al. 
(1974) indicated that there was developmental 
shift in the glycosylated form of MAG in rats. 
The protein was detected by in vivo fucose la- 

beling and SDS-PAGE of myelin, and it has 
been consistently observed that, in rats, glyco- 
sylated MAG in immature myelin has a higher 
apparent molecular weight than in mature 
myelin. This shift in apparent molecular mass 
was evident in rats, gerbils, and hamsters, but 
not in mice. Cell-free translation studies have 
shown that there are two mouse MAG mRNAs 
(Frail and Braun, 1984; Matthieu et al., 1986), 
each encoding a separate MAG apoprotein 
with apparent molecular masses of 67 and 72 
kdatton~ The proportions of these mRNAs 
change with development such in that cell-free 
translations of 15-18 d brain mRNA, the 72 
kdalton MAG apoprotein is the predominant 
immunoprecipi ta ted product,  whereas in 
translations programmed with brain mRNA 
from older ages (>50 d), the 67 kdalton MAG 
apoprotein is the predominant immunoprecip- 
itated product (Frail and Braun, 1984; Matthieu 
et al., 1986). Thus, even though there is a clear 
developmental shift in the MAG apoprotein 
isoform expressed, the ultimate size of the gly- 
cosylated protein as determined by fucose la- 
beling and SDS-PAGE, is very similar for both 
apoproteins. Very recently, it has been shown 
in rats that there also exist two MAG mRNAs 
and translated products (Salzer et al., 1987). 
Whether or not the developmental shift ob- 
served in glycosylated MAGs in the rat reflects 
differences in the glycosylation of the two apo- 
proteins or two different levels of glycosylation 
for each of the apoproteins remains to be estab- 
lished. 

The two isoforms of CNP appear to have 
tool masses of 44-48 kdalton, depending upon 
the species (Karin and Waehneldt, 1985) and 
they are apparently the products of separate, 
alternatively spliced mRNAs (Bernier et al., 
1987)~ Two CNP bands have been observed in 
immunoblots of myelin from mousG rat, hu- 
man, and pig and their sizes appear to differ 
slightly among species (Karin and Waehneldt, 
1985). No major difference has been reported 
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in their developmental expression, relative to 
each other, although this has not been exam- 
ined extensively (Waehneldt, 1975)o 

Myelin Protein Gene Structure 
and mRNAs 

Very recently, the genes coding for several of 
the myelin proteins have been isolated and 
their structures determined (deFerra et al., 
1985; Diehl et al., 1986; Sutcliffe et al., 1987; 
Takahashi et al., 1985; Macklin et at., 1987). The 
system now represents one of relatively few 
neurobiological systems that can be studies at 
the molecular genetic level. Ironically, one of 
the reasons many investigators found myelino- 
genesis an attractive neurobiological process to 
study from the molecular biological standpoint 
was its relative simplicity with respect to its 
protein components  (Campagnoni, 1985). 
However, the molecular bidogical studies have 
shown that the numbers of major myelin pro- 
tein isoforms, and the regulation of their ex- 
pression, is far more complex than originally 
expected. Nonetheless, in the past several 
years a number of important advances have 
been made in our understanding of the myelin 
protein genes, their structures, and their ex- 
pression in several organisms and in dysmye- 
linating mutant mice. 

Myelin Basic Protein 
Cell-free translations of mouse and rat brain 

mRNA indicated that the four major isoforms 
of the myelin basic proteins were encoded by 
separate MBP mRNAs (Yu and Campagnoni, 
1982; Colman et al., 1982) and this logically led 
to investigations into whether or not more than 
one gene coded for the multiple MBP isoforms. 
An approach taken by several laboratories 
(Roach et al., 1983; Zeller et al., 1984; Menta- 
berry et al., 1986; Roth et al., 1986) was to iso- 
late cDNAs for the mouse MBP mRNAs in 
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order to determine the structural relationship 
among the MBP isoforms through an analysis 
of their cDNAs and to use the cDNAs to deter- 
mine the number, location, and structure of the 
MBP gene(s). 

The gene has been mapped by both in situ 
hybridization and somatic cell hybridization 
techniques to the distal end of chromosome 18 
in both the mouse (Roach et al., 1985) and hu- 
man (Saxe et al., 1985, Sparkes et al., 1987). The 
mouse MBP gene is very large, extending over 
30 kb. It consists of seven exons, some of which 
are as small as 33 bp in length, and which are 
interrupted by introns that can be quite large 
(Takahashi et al., 1985; deFerra et al., 1985). 
Southern blot analysis indicates the presence of 
only a single gene in the mouse (Takahashi et 
at., 1985; deFerra et al., 1985) and the human 
(Kamholz et al., 1986). 

Several laboratories have isolated cDNAs of 
mRNAs encoding a wider variety of MBP iso- 
forms than had been anticipated (Roach et al., 
1983; deFerra et al., 1985; Kamholz et al., 1986; 
Roth et al., 1986, 1987; Newman et al., 1987a). 
For example, cDNAs of mRNAs encoding five 
forms of the mouse MBP now have been isola- 
ted. These cDNAs are derived from mRNAs 
that arise through the alternative splicing of 
three exons (the second, third, and sixth) from 
the MBP gene primary transcript. These 
cDNAs encode MBP isoforms with tool masses 
of approximately 21.5, 18.5, 17, and 14 kdalton. 
Complementary DNAs have been isolated that 
encode two different 17 kdalton MBP isoforms 
that are so close in mass that the proteins 
would be indistinguishable by polyacrylamide 
gel electrophoresis. From the abundance of the 
two 17 kdalton MBP cDNA clones in a cDNA 
library, it appears that one of the forms is pres- 
ent in greater abundance than the other at 18 d. 
Of five cDNA clones encoding a 17 kdalton 
mouse MBP isolated in one study (Newman et 
al., 1987a), one was missing exons 2 and 5 and 
four were missing exon 6. A sixth MBP isoform 
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with a mass of -20 kdalton (missing peptide se- 
quence encoded by exon 5) also has been de- 
tected by immunoblot t ing in mouse CNS, but 
the cDNA encoding this isoform only has been 
isolated from humans  (Roth et al., 1987). Un- 
published data suggest that there may be even 
more  al ternat ively spl iced forms of MBP 
cDNAs than have been reported to date, al- 
though they seem to represent relatively minor 
forms in mouse  18-20 d cDNA libraries (Kita- 
mura, Newman,  Kerlero de Rosbo, and Cam- 
pagnoni, unpubl ished results). 

Four MBP cDNAs encoding human MBP 
isoforms with masses of approximately 21.5, 
20, 18.5, and 17 kdalton have been isolated 
from fetal spinal cord and newborn brain 
cDNA libraries (Kamholz et al., 1986; Roth et 
al. 1986, 1987)o The mRNAs represented by 
these cDNAs are apparently derived by alter- 
native splicing of exons 2 and 5 of the MBP 
gene primary transcript. The 20 kdalton MBP 
mRNA is missing exon 5; the 18.5 kdalton MBP 
mRNA is missing exon 2, and the 17 kdalton 
MBP mRNA is missing exons 2 and 5. The hu- 
man 17 kdalton MBP mRNA is analogous to 
that present in 18 d old mouse  brain in only mi- 
nor amounts. In their screens of human cDNA 
libraries, neither Kamholz et al. (1986) nor Roth 
et al. (1987) found a human  cDNA that was 
missing exon 6. Thus, exon 6 is probably not 
spliced out in the processing of human MBP 
premRNA, in contrast to mouse where it ap- 
pears that at least three exons (i.e., exons 2, 5, 
and 6) can be alternatively spliced. This puta- 
tive difference in the MBP mRNA splicing 
pathways of mouse and  man is noteworthy 
since it provides an example of a difference in 
the alternative splicing pathway of the same 
gene between species. 

All of the MBP mRNA structures published 
thus far contain a relatively short 5' untransla- 
ted region (<48 nO and a very long 3' untransla- 
ted region (>1 kb). On Northern blots, the MBP 
mRNAs migrate as a broad band around 2.0- 
2.4 kb, presumably reflecting the heterogeneity 
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of the MBP mRNA population. There are two 
polyadenylat ion signals near the 3' end of both 
mouse  and human  MBP mRNAs, and  in hu- 
mans both appear to be used, resulting in 
mRNAs that have slightly different 3' ends 
(Roth et al., 1987). In addition, there is a second 
AUG codon in the 5' untranslated region, 5 ba- 
ses upstream of the initiator codon, which is 
immediately followed by a termination codon. 
This structural feature has been postulated to 
explain the poorer translation initiation effi- 
ciencies exhibited by MBP mRNAs relative to 
brain mRNAs as a whole (Campagnoni et al., 
1987a). 

Proteolipid Protein 

Proteolipid protein cDNAs have been isola- 
ted from rat (Dautigny et al., 1985; Milner et al., 
1985; Gardinier et al., 1986), mouse (Hudson et 
al., 1987; Nave et al., 1986; Sorg et al., 1987), bo- 
vine (Naismith et al., 1985), and human (Fahim 
and Riordan, 1986; Kronquist et al., 1987) spe- 
cies. The mRNA for the proteolipid protein is 
heterogeneous and consists of a family of 
rnRNAs with the most common members  be- 
ing approximately 1.5-1.6, 2.4-2.6, and 3.0-3.4 
kb in length. In the rat, 1.6 and 3.2 kb PLP 
cDNAs have been cloned and they are identical 
except for the length of the 3' untranslated re- 
gion (Milner et al., 1985). The origin of the 1.6 
kb PLP mRNA is presumably related to the 
presence of an alternate polyadenylation signal 
in the 3' untranslated region. However, such a 
signal is also present in the human  PLP mRNA 
(Kronquist et al., 1987) and very little 1.6 kb 
PLP mRNA is detectable in this species (Cam- 
pagnoni et al., 19875; Kronquist et al., 1987). 
Furthermore, in the mouse, the major forms of 
the PLP mRNA are 2.4-2.6 and 3.0-3.4 kb in 
length (Gardinier et al., 1986; Sorg et al., 1987; 
Nafe et al., 1986) and the 1.6 kb PLP mRNA is 
present in lesser amounts. Thus, the relative 
proportion of the members of the PLP family of 
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mR_NAs appears to differ from species to spe- 
cies, suggesting that some factor in addition to 
the presence of a polyadenylation signal is im- 
portant in determining a polyadenylation site. 

Nave et alo (1987a) have recently isolated a 
near full-length cDNA of the 2.4kb mouse 
mRNA which encodes the DM20 protein. The 
sequence of this cDNA is identical to the PLP 
mRNA except for the deletion of 105 bp within 
the coding region of the molecule correspond- 
ing to amino acid residues 116-150 of the PLP. 
Independently, Macklin et al. (1987) have ar- 
r ived  at essent ial ly the same conclusion 
through $1 nuclease protection experiments. 
These findings complement  and prove the cell- 
free protein synthesis work indicating that the 
two proteolipids were the products of separate 
mRNAs (Dautigny et al., 1983; Sorg et al., 1986) 
and the peptide mapping  and immunological 
data (Trifilieff et al., 1985,1986) predicting that 
the DM20 was identical to the PLP except for a 
deletion of approximately 40 amino acid resi- 
dues in this region of the molecule. At the mo- 
ment, it is unclear whether  DM20 mRNAs are 
represented in all the members  of the family of 
PLP mRNAs or whether  they are confined to 
the 2.4-2.6 kb class. 

The myelin proteolipid protein gene has 
been assigned to the human  and mouse X chro- 
mosomes  using somatic cell hybridization 
(Willard and Riordan, 1985) and chromosomal 
in situ hybridization techniques (Mattei et al., 
1986). The gene now has been isolated and 
characterized in both species (Diehl et al., 1986; 
Macklin et al., 1987), and it contains seven ex- 
ons distributed over approximately 17 kb. 
There is a remarkable degree of homology in 
the protein coding regions of the mouse, hu- 
man, and rat genes. The 5' untranslated re- 
gions of the mouse and human  genes are 92% 
and 93% homologous,  respectively, to the same 
region of a rat cDNA (Macklin et al., 1987; 
Kronquist et al., 1987). Although there is sig- 
nificant homology between the 3' untranslated 

regions of the mouse and rat genes (-90%) 
(Macklin et al., 1987), the human  and rat genes 
exhibit only 73% homology in this region 
(Kronquist et al., 1987). Furthermore, there is 
considerable variability in the homology with- 
in the 3' untranslated region, w-ith the middle  
of the 3' noncoding region (i.e., nucleotides 
2000-2500) exhibiting only 55% homology be- 
tween the rat and human  genes. 

The DM20 mRNA is der ived by alternative 
splicing of the PLP gene primary transcript 
(Nave et al., 1987a; Macldin et al., 1987)o There 
appears to be an alternative splice site located 
within exon 3 of the gene which may be utilized 
to produce the mRNA for the DM20 protein. 

A number  of other PLP-related mRNAs are 
evident on Northern blots of mouse  RNA (Gar- 
dinier et al., 1986; Sorg et al., 1987)o One of 
these is rather large, approximately 4.5-5 kb, 
and appears to be present primarily in the nu- 
cleus, suggesting that it may be a stable nuclear 
precursor mRNA (Sorg et al., 1987). Most of 
the other PLP-related mRNAs are smaller than 
2kb. Whether any of these other PLP-related 
RNAs represent mRNAs for some of the other 
PLP-related polypeptides identified in other 
types of studies (Lepage et al., 1986) remains to 
be determined. Also whether  the PLP-related 
RNAs are additional alternative splice prod- 
ucts of the PLP gene is an interesting question 
that remains to be investigated. 

Myelin-Associated Glycoprotein 
The complete amino acid sequences of the 

two isoforms of rat MAG now have been deter- 
mined  through analyses of cDNAs isolated in- 
dependent ly  in several laboratories (Sutcliffe et 
al., 1983; Arquint et al., 1987; Salzer et al., 1987; 
Lai et al., 1987). The two isoforms, 67 and 72 
kdalton MAG, differ in their C-termini as a re- 
sult of alternative splicing patterns that pro- 
duce their mRNAs. A rat MAG cDNA was first 
isolated by Sutcliffe et al. (1983) as an unidenti- 
fied, brain specific cDNA with the designation 
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1B236 and subsequently it has been shown to 
encode MAG (Salzer et al., 1987; Lai et al., 1987; 
Arquint et al., 1987). The MAG gene is approx- 
imately 16 kb in length containing 13 exons, 
and it has been mapped to mouse chromosome 
7 by RFLP analysis (Sutcliffe, 1987). The 
mRNA encoding the 72 kdalton MAG contains 
all the exons of the gene except exon 12; and the 
mRNA encoding the 67 kdalton MAG contains 
all the exons of the gene except exon 2 (Lai et 
al., 1987). Exon 12 contains a termination sig- 
nal which creates a shorter coding region in the 
MAG mRNA than would be present in its ab- 
sence (Salzer et al., 1987; Lai et al., 1987); thus 
the protein for which it codes is smaller (the 67 
kdalton MAG). Exon 2 is part of the 5' untrans- 
lated region of the gene, and its absence results 
in a mRNA with a shorter 5' noncoding region 
(Lai et al., 1987); thus, its presence or absence 
has no effect on the size of the protein encoded. 
$1 nuclease protection studies, conducted to 
detect the proportion of these two MAG tran- 
scripts in mRNA preparations isolated from rat 
hindbrain at different ages, indicate that the 
two mRNAs have different developmental pat- 
terns of expression (Lai et al., 1987). The 72 
kdalton MAG mRNA appeared more abun- 
dant in the hindbrain at earlier ages, increased 
to its highest level at 17-29 d and decreased by 
d 50. The 67 kdalton MAG mRNA was present 
at low levels in the younger ages and increased 
continuously to 50 d when it became the major 
MAG mRNA in the hindbrain. Transcription 
of the MAG gene appears to result in the pro- 
duction of a number of distinct MAG mRNAs 
of approximately 2500 nucleotides in length, 
apparently produced by alternative splicing 
and the use of at least two polyadenylation 
sites (Sutcliffe, I987). A minor band of about 
3000 nucleotides has also been observed on 
Northern blots (Sutcliffe et al., 1983; Salzer et 
aI., 1987). Thus, the MAG gene, like the MBP 
and PLP genes expresses a multiplicity of 
mRNAs through alternative splicing mecha- 
nisms which encode more than one isoform of 
each protein. 
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2',3'-Cycfic Nucleofide-3'- 
Phosphodiesterase 

Less is known about the molecular biology 
of CNP than the other myelin proteins. Very 
recently, two groups have reported the isola- 
tion of cDNAs encoding the bovine (Kurihara 
et al., 1987) and the rat enzymes (Bernier et al., 
1987). The clones from the two species have 
some homology but they appear to encode en- 
zymes with significantly different amino acid 
sequences. Kurihara et al. (1987) isolated two 
partial length cDNAs comprising a full-length 
bovine cDNA of 2305 bp. Subclones of the bo- 
vine cDNAs, including the coding region, were 
found to hybridize to a bovine cerebellar 
mRNA of about 2600 nucteotides but not to any 
mRNA present in poty A(+) RNA from rat 
brain (Kurihara et al., 1987). The bovine 
cDNAs encode a protein of 400 amino acids, in- 
cluding the initiator methionine, with a tool 
mass of approximately 45 kdalton. Within the 
coding region there is a stretch of nucleotides 
corresponding to 236 amino acids of the bovine 
elastase 2',3'-cyclic nucleotide-3'-phosphodies- 
terase. If the bovine CNP clone corresponds to 
a mRNA that encodes this enzyme, it would 
probably have to arise by post-translational 
processing of the larger CNP polypeptide since 
the segment encoding the elastase enzyme is 
not defined by a second open reading frame. 

Bernier et at. (1987) isolated a 2.6 kb rat CNP 
cDNA clone encoding a 46 kdalton polypep- 
tide. Translation of the mRNA transcription 
product of the insert subcloned into a ribo- 
probe vector indicated that the clone encodes 
the smaller of the two CNP polypeptides found 
in rat brain. Analysis of the deduced primary 
structure of the polypeptide indicates that it 
contains a polypeptide segment with homo- 
logy to cAMP binding sites found in several 
other proteins. The rat probe hybridized to 
mR_NAs of approximately2400 and 2800 nucleo- 
tides in brain and sciatic nerve; and to a mRNA 
of about 2600 nucleotides in thymus. A 373 bp 
segment from the 5' end of the clone was found 
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to hybridize only with the 2800 nt mRNA, sug- 
gesting that not all CNP mRNAs share the 
same 5' ends. Bernier et al. (1987) have sugges- 
ted that there is a single CNP gene that can be 
alternatively spliced to produce the various 
mRNA transcripts. 

Translational 
and Post-translational Events 

Little attention has been given to potential 
translational regulation of myelin protein syn- 
thesis. Recently, cell-free synthesis studies 
have shown that the mRNAs for the myelin ba- 
sic proteins are poorly initiated during transla- 
tion relative to brain mRNAs as a whole, and 
this appears to be related to the presence of an 
additional translational initiation signal within 
the 5' untranslated region of MBP mRNAs 
which is immediately followed by a termina- 
tion signal (Campagnoni et al., 1987a). In most 
eukaryotic mRNAs, the first AUG encountered 
at the 5' end of the molecule serves as the initia- 
tor codon but, in poorly initiated mRNAs, ad- 
ditional AUGs frequently are found upstream 
of the true initiator codon in the untranslated 
region of the mRNA. These are often followed 
relatively closely by an in-phase termination 
codon (Kozak, 1981). In the case of the MBP, 
this structural arrangement can cause a pause 
in the translation of the mRNA (resulting from 
false starts at the upstream initiation site) so 
that the message is translated less efficiently. It 
also has been observed that the 14 kdalton 
MBP mRNA appears to be translated less effi- 
ciently than the other MBP mRNAs, a some- 
what curious finding since presumably all 
MBP mRNAs have the same 5' untranslated re- 
gions (Campagnoni et al., 1987a). Recently, 
however, several mouse cDNAs encoding the 
14 kdalton MBP have been isolated that have 
an unusual 5' untranslated region. The 5' non- 
coding region of these cDNAs contains many 
upstream AUGs followed by downstream, in 
frame, termination signals which might make 
these mRNAs even less efficiently initiated 
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than the "normal" MBP mIG'qAs (Kitamura, 
Newman,  and Campagnoni,  unpubl ished 
data). These results suggest that at least the 14 
kdalton MBP mRNA population contains two 
classes of messages with differing efficiencies 
of initiation and that this could, in part, account 
for the translation findings. 

Sites of Myelin Protein Synthesis 
and Transport to Membrane 

Since the major myelin proteins differ so 
considerably in their biochemical properties 
and in their topological localization in the 
membrane, it should not be surprising that 
they have different subcellular sites of synthe- 
sis and appear to follow different paths of as- 
sembly into the membrane. Several laborato- 
ries have observed, both in vivo and in vitro, 
that the myelin basic proteins and Wolfgram 
proteins (CNP) are rapidly incorporated into 
myelin following synthesis and that there is a 
lag before PLP is incorporated into the mem- 
brane (Benjamins and Morell, 1978; Benjamins 
et al., 1975, 1976; Cotman et alo, 1982; Karin and 
Waehneldt, 1985; Konat, 1981). The majority of 
evidence favors the view that the myelin basic 
proteins are synthesized on free ribosomes 
(Campagnoni et al., 1980; Colman et alo, 1982; 
Campagnoni, 1985) and that the proteolipid 
proteins are synthesized on membrane bound 
ribosomes (Colman et al., 1982). It is likely that 
MAG is synthesized, like all other glycopro- 
teins, on membrane-bound ribosomes and that 
CNP is synthesized on free ribosomes (Karin 
and Waehneldt, 1985). Neither PLP nor MBP 
are synthesized with "leader" or "signal" se- 
quences. A putative "signal" peptide and its 
cleavage site have been proposed for the MAG 
polypeptides based upon the cDNA sequence 
(Arquint et al., 1987; Salzer et al., 1987); how- 
ever, the N-termini of the MAG apoproteins are 
not yet known with certainty. 

A number of studies strongly indicate that 
PLP and MBP follow different routes of assem- 
bly into the membrane. For example, monen- 
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sin has been shown to interrupt the appearance 
of newly synthesized PLP into myelin and to 
have no effect on the appearance of newly syn- 
thesized myelin basic proteins into the mem- 
brane (Townsend and Benjamins, 1983). These 
data and other results on the sites of synthesis 
of the proteins, the entry times for the two clas- 
ses of proteins into the membrane, and immu- 
nocytochemical staining differences of the two 
protein classes during the early stages of mye- 
tination (Agrawal and Hartman, 1980; Stern- 
berger et al., 1978a,b) all indicate separate in- 
tracellular processing of the MBPs and the pro- 
teolipids. The intracellular route followed by 
the PLPs probably involves passage through 
the Golgi apparatus and other membranes, 
which may result in its delayed incorporation 
into myelin relative to the basic proteins. Col- 
man et al. (1982) have suggested that polyribo- 
somes involved in synthesizing the myelin ba- 
sic protein (and, therefore, carrying the MBP 
mRNA) enter the oligodenrocyte processes 
and translate protein close to the sites at which 
MBP is assembled into the membrane. Synthe- 
sis of MBP at this subcellular location might 
then explain the rapid appearance of newly 
synthesized MBP into myelin. This hypothesis 
should be testable by in situ hybridization tech- 
niques now that cDNA probes for these 
mRNAs are readily available. In the case of 
CNP, newly synthesized enzyme appears to 
become associated rather quickly not only with 
myelin, but also with membranes that sedi- 
ment with the microsomal fraction (Karin and 
Waehneldt, 1985). No precursor-product rela- 
tionship was observed, however, between the 
CNP polypeptides found in the microsomal 
fraction and in myelin. 

Post-translational Modifications 
of Myelin Proteins 

Many of the myelin proteins undergo post- 
translational modifications, such as acetyla- 
tion, phosphorylation, methylation, glycosyla- 
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tion, or acylation. The biological relevance of 
most of these post-translational modifications 
is unclear, although in the case of the MBP me- 
thylation, prevention of the modification has 
resulted in myelin structural abnormalities 
(Gandy et al., 1973; Small et al., 1981). 

Methylafion 

It has been known for some time, from struc- 
tural studies on the basic protein, that the N- 
terminus is acetylated (Eylar, 1970; Carnegie, 
1971; Dunkley and Carnegie, 1974). An addi- 
tional modification, also noted from early pro- 
rein sequencing studies, was the presence of a 
single methylated arginine residue at position 
107 of the human 18.5 kdalton MBP and at the 
analogous position of the protein in several 
other species (Baldwin and Carnegie, 1971; 
Brostoff and Eylar, 1971; Small and Carnegie, 
1982). The enzyme responsible for the methy- 
lation is S-adenosyl-L-methionine: protein-Lar- 
ginine N-methyl-transferase, E.C.2.1.1.23 (Paik 
and Kim, 1975; Lee et al., t977). There are ap- 
parently at least two distinct enzymes in the 
brain, one of which methylates histones and 
the other of which methylates the myelin basic 
protein (Lee et al., 1977; Miyake, 1975; Kim et 
al., 1984). The two enzymes exhibit different 
developmental patterns of activity; with the 
histone-specific methylase being most active in 
newborn mouse brain and declining with age, 
and the MBP-specific methylase activity peak- 
ing at 17 d in the developing mouse brain 
(Crang and Jacobson, 1982; Amur et al., 1984; 
Kim et al., 1984; Chanderkar et al., 1986). In the 
spinal cord, the MBP-specific methylase activ- 
ity continues to increase postnatally up to 100 d 
(Crang and Jacobson, 1982). The myelin basic 
protein has been reported to be a specific un- 
competitive inhibitor of the histone-specific 
methylase (Park et al., 1986). Chanderkar et al. 
(1986) have performed in vivo double-labeling 
studies and observed that newly synthesized 
MBPs are more highly methylated at younger 
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ages than at older ages, correlating to some ex- 
tent with the pattern of enzyme activity in the 
developing mouse brain. The point in the 
translation/assembly process at which the pro- 
rein becomes methylated is not known at the 
present time. The activity of the MBP-specific 
methylase has been observed to be abnormal in 
both the jimpy and shiverer mouse mutants 
(Kim et al., 1984, 1986). 

Several studies with inhibitors of protein 
methylation indirectly suggest that methyla- 
tion of MBP is important for myelin integrity~ 
Sinefungin and cycloleucine are protein meth- 
ylation inhibitors, each acting at different steps 
in the transmethylation pathway. Cycloleucine 
acts indirectly on protein methylation by inhib- 
iting the cellular production of S-adenosylme- 
thionine, a substrate of the methyl transferase 
reaction. Sinefungin is a structural analog of S- 
adenosylmethionine and causes the inhibition 
of protein methylation, presumably by acting 
as a competitive inhibitor in the methyltrans- 
ferase reaction (Amur et al., 1986). Small et al. 
(1981) found in chickens injected in vivo with 
cycloleucine that there was decreased incorpo- 
ration of methyl groups into methylarginine in 
myelin basic protein. They found also that 
chickens injected with the inhibitor developed 
vacuolation of myelin similar to the subacute 
combined degeneration (SCD) of myelin seen 
in humans with vitamin B~2 deficiency (Agama- 
nolis et aL, 1978) and in lesions induced in ani- 
mals by nitrous oxide administration (Scott et 
al., 1981).Nitrous oxide intoxication may block 
transmethylation, since it oxidizes vitamin B~2 
to a form that can no longer function in the me- 
thylation of homocysteine to methionine, a me- 
tabolic precursor of S-adenosylmethionine. 
Amur et al. (1986) found that sinefungin inhib- 
ited the MBP-specific methylase activity of cul- 
tured cerebral cells from embryonic mice. Elec- 
tron microscopic examination of the cultures 
revealed significant alterations in the ring-like 
multilamellar membranous structures, which 
bear characteristics of myelin in the untreated 
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cultures. In the treated cultures, the myelin- 
like figures were devoid of multilamellar pe- 
riodicity and compactness and were reminis- 
cent of the vacuolated myelin observed in SCD 
and in nitrous oxide, or cycloleucine-treated 
animals. Thus, there is some evidence that the 
methylation of myelin basic proteins is impor- 
tant in the maintenance of the multilamellar 
structure of myelin. It is of interest that the 
only methylated amino acid residue in MBP 
identified to date lies within the region of the 
protein encoded by exon 5. Thus, presumably 
the 20 and the 17 kdalton MBP (missing exons 2 
and 5), both of which are present very early in 
the developing human spinal cord, are incapa- 
ble of being methylated at this necessarily mis- 
sing residue. If these isoforms represented a 
greater proportion of the MBPs produced in 
the earliest stages of myelin, then perhaps 
there is a relationship between the fact that 
very early myelin is uncompacted and the fact 
that these two MBP isoforms should be unable 
to be methylated. 

Phosphorylation 
The myelin basic protein has been shown to 

be phosphorylated by a number of different 
kinases, both in vitro and in vivo (Carnegie et 
aL, 1974; Steck and Appel, 1974; Miyamoto et 
aL, 1974; Miyamoto and Kakiuchi, 1974; Stecket 
et a1.,1976; Endo and Hidaka, 1980; Suhtakhe et 
al., 1980; Wu and Abroad, 1984; Turner et al., 
1984; Kobayashi et al., 1984). The rabbit pro- 
tein is phosphorylated in vivo at five residues: 
ser 7, set s6, thr% ser ~3, and set ~ (Martenson et 
al., 1983). However, the amount of phosphory- 
lation is only 0.2 mol phosphorus/mol MBP, 
somewhat less than stoichiometric (Miyamoto 
and Kakiuchi, 1974), and only a small fraction 
of the potential sites are phosphorylated in the 
total basic protein, i.e., from about 2-6% for 
each site (Martenson et at., 1983). 

All of the characterized isoforms of the MBP 
appear to be phosphorytated in vivo in the rat 
(Agrawal et al., 1982a, 1986), rabbit (Agrawal et 
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alo, 1981), and the mouse (Ulmer and Braun, 
1986a,b). After in vivo labeling, the specific ac- 
tivities of the phosphorylated isoforms have 
been found to be similar within a given age in 
15 d rabbit brain (Agrawal et al., 1981) and in 
12, 30, and 50 d mouse brain (Ulmer and Braun, 
1986a). During development, the incorpora- 
tion of radioactive phosphate into MBPs and 
the resultant specific activities of the MBPs ap- 
pear to be related to the specific activities of the 
acid soluble phosphate pool of myelin (Ulmer 
and Braun, 1986a). No major developmental 
differences appear to occur in the timing of the 
phosphorylation of the MBP isoforms relative 
to one another. Phosphorylation of the basic 
proteins has been reported to occur within one 
min after the intracranial injection of isotope 
(Ulmer and Braun, 1986a), consistent with 
other results indicating a very rapid turnover 
rate for the phosphate groups in the myelin ba- 
sic proteins (DesJardins and Morell, 1983). 

The physiological role of MBP phosphoryla- 
tion is not clear. Murray and Steck (1984) re- 
ported that action potential conduction, but 
not electrical stimulation, increased the state of 
MBP phosphorylation in rat optic nerve incu- 
bated in vitro. In studies on myelinogenesis 
with cultured adult oligodendrocytes, Varta- 
nian et al. (1986) observed that oligodendro- 
cyte adherence to substratum activated a pro- 
tein kinase C-dependent phosphorylation of 
MBP in addition to promoting the synthesis of 
MBP. Although the results of several of the 
studies suggest that MBP may be phosphory- 
lated in situ in myelin, Ulmer and Braun (1984, 
1986b) have presented evidence that MBP 
phosphorylation also can occur prior to its in- 
corporation into compact myelin. This would 
be a cell biological prerequisite for the proposal 
by Stoner (1984) that phosphorylation of MBP 
may be important in the folding of the protein 
and its insertion into the membrane. If MBP di- 
met formation plays a role in the myelin com- 
paction process at the major dense line, then 

phosphorylation of MBP would lower the posi- 
tive charge on each MBP monomer and reduce 
intermolecular charge repulsion. This charge 
repulsion needs to be overcome for dimer for- 
mation to occur. Thus, whereas there is grow- 
ing evidence that phosphorylation of MBP may 
be altered by biologically relevant phenomena, 
and theoretical considerations consistent with 
its being important, it is still unclear if phos- 
phorylation of MBP has a role in the assembly, 
metabolism, or structural integrity of myelin. 

A c ylafi  o n 

From their first isolation from brain tissue, 
proteolipid apoprotein preparations were 
thought, and subsequently shown, to contain 
covalently-bound fatty acids (Folch and Lees, 
1951; Braun and Radin, 1969; Stoffyn and 
Folch-Pi, 1971; Gagnon et al., 1971). The bovine 
myelin proteolipid apoprotein contains ap- 
proximately 2% by weight fatty acid, princi- 
pally palmitic [55%], oleic [26%], and stearic 
acids [19%] (Lees and Macklin, 1988). Al- 
though the analytical data indicate the pres- 
ence of 2 mol fatty acid/mol protein, evidence 
for only one amino acid residue, thr ~98, as a site 
of fatty acyl estification has been obtained to 
date (Stoffel et al., 1982). The other site(s) has 
not been identified yet.  

In metabolic studies, several groups have 
shown that both the myelin PLP and DM20 
proteolipids can be acylated in vivo (AgrawaI 
et al., 1982b; Bizzozero et al., 1984; Garwood et 
al., 1983; Bizzozero et al., 1986) and in vitro 
(Townsend et al., 1982; Bizzozero et al., 1983; 
Konat et al., 1986). None of the other major 
myelin proteins were found to be acylated in 
these studies. Several lines of evidence suggest 
that fatty acylation of the proteolipids occurs at 
or near myelin. In marked contrast to the delay 
in the incorporation of newly synthesized PLP 
into myelin, incorporation of fatty acids into 
PLP and DM20 in the membrane occurs very 
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rapidly and in a linear fashion in tissue slices 
(Townsend et al., 1982). In the same system, 
acylation of the proteolipids continues for at 
least 2 h after pre-incubation of the tissue slices 
with the protein synthesis inhibitor, cyctohexi- 
mide. Acylation also continues after addition 
of monensin, which has been shown to block 
PLP transport to the membrane (Townsend 
and Benjamins, 1983). In pulse-chase experi- 
ments, increased incorporation of [3H]palmi- 
tate stopped immediately after the addition of 
unlabeled palmitate to the slices (Bizzozero et 
al., 1983). Finally, Bizzozero et al., (1987b) have 
demonstrated the presence of an endogenous 
fatty acyltransferase activity in myelin capable 
of catalyzing the transfer of fatty acyl groups 
from fatty acyl CoA to PLP and DM20 within 
the membrane. Recently, Bizzozero et al. 
(1987a) have reported that deacylated PLP is 
capable of "autocatalyzing" incorporation of 
fatty acyl groups from palmitoyl CoA into de- 
acylated PLP without the addition of an exoge- 
nous enzyme. The substrate concentration 
curve followed Michaelis kinetics and denatu- 
ration of the protein inhibited the reaction. 
Thus, there is growing evidence that acylation 
of the PLP and DM20 proteins occurs at the 
myelin membrane, possibly through an "auto- 
catalytic" process involving the deacylated 
PLP. 

Myelin Protein Gene Expression 
in Cultured Cells 

Myelin protein gene expression has been 
studied in a variety of cultured cell systems. 
Most myelin proteins and their mRNAs have 
not been detected in cell lines, with the excep- 
tion of CNP, which is expressed in some glioma 
cell lines (Pfeiffer et alo, 1981a). The discussion 
in this section will focus on primary cells, since 
investigations on myelin gene expression in 
these cells might be expected to more closely 

reflect the in vivo expression of these genes. 
Furthermore, the studies on the expression of 
such myelin genes as MBP and PLP have only 
been conducted on primary cultures, since 
these proteil~s or mRNAs have not been found 
in cell lines. This review will focus primarily 
on myelin protein gene expression, rather than 
oligodendrocyte cell biology. This will limit 
significantly the scope of the discussion on cul- 
tured oligodendrocytes, but several recent re- 
views have discussed in more detail the exten- 
sive area of investigation on oligodendrocyte 
cell biology (Pfeiffer, 1984; Wood and Bunge, 
1984; Bologa, 1985)o 

Whereas primary cultured oligodendrocytes 
differentiate to produce galactosyl ceramide 
(GC), CNP, MBP, PLP, and other myelin mark- 
ers in the apparent absence of any neural sig- 
nals, their differentiation process in vitro is 
somewhat more plastic than in vivo, and differ- 
ences among studies may result from this plas- 
ticity. One important early element of this plas- 
ticity is whether the oligodendrocyte will dif- 
ferentiate from its progenitor cell. Raft et al. 
(1983) reported the existence of a cell type in rat 
optic nerve primary cultures, which can differ- 
entiate into a type 2 astrocyte in the presence of 
fetal calf serum or into an oligodendrocyte in 
defined media with no fetal calf serum. This 
oligodendroctye progenitor cell appears to 
stop dividing and to begin differentiation into 
oligodendrocytes or type 2 astrocytes within 2- 
3 d in culture (Raft et al., 1983; Temple and Raft, 
1985), whereas in vivo, these progenitor cells 
continue to divide for weeks after birth (Skoff 
et al., 1976a,b). Interactions between these oli- 
godendroctye progenitor cells and type I astro- 
cytes apparently affect the time course of oli- 
godendrocyte proliferation and differentiation 
in vitro (Noble and Murray, 1984; Raft et al., 
1985; Temple and Raft, 1986). Thus, it appears 
that oligodendrocyte differentiation can be 
manipulated in culture by media or by cell--cell 
interactions, and the studies to be discussed 
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here will analyze myelin gene expression in 
these cells under several such culture condi- 
tions. For example, investigations in cultured 
oligodendrocytes can provide hnfomation on: 
(a) specific factors that modulate myelin pro- 
tein gene expression; (b) the effects of growth 
conditions on the time course of myelin gene 
expression; (c) the intracellular localization of 
certain myelin proteins; and (d) cell-cell inter- 
actions that influence myelin gene expression~ 

Oligodendrocytes cultured in the presence 
or absence of other CNS ceils express every 
myelin marker investigated and they can clear- 
ly make a myelinqike membrane (Matthieu et 
al., 1979; Sarlieve et al., 1983; Szuchet et al~ 
1986; Rome et al., 1986). Nevertheless, in the 
absence of an appropriate axonal target, this 
membrane has distinct differences from myelin 
produced in vivo (Sarlieve et al., 1983; Szuchet 
et al., 1986). Myelin assembly in vitro may be 
altered relative to normal, and such differences 
might feed back and alter the synthesis of mye- 
lin components in these cells, affecting the in- 
terpretation of the results. 

Primary glial culh.tres contain both oligo- 
dendrocytes and astrocytes and generally very 
few neurons. McCarthy and deVellis (1980) de- 
veloped a protocol to isolate pure rat oligoden- 
drocyte cultures, by shaking oligodendrocytes 
off the mixed glial cultures. By various adapta- 
tions of this protocol, cultures containing a 
mixture of oligodendrocytes and astrocytes 
(mixed glial cultures) or cultures containing 
pr imari ly  ol igodendrocytes (enriched oli ~ 
godendrocytes) have been prepared and main- 
tained for many weeks. 

From studies on mixed glial cultures, it has 
been possible to determine the rat oligoden- 
drocyte progenitor cells are committed by the 
late fetal period to express myelin markers two 
or three wk later in culture. Neurons are not re- 
quired to induce the synthesis of MBP, PLP, 
CNP, GC, or cerebroside sulfotransferase 
(McCarthy and deVellis, 1980; Pfeiffer et al., 
1981b; Dubios-Dalcq et al., 1986a). However, 

although they are clearly programmed to dif- 
ferentiate and produce myelin proteins, the be- 
havior of the cultured cells differs from cells in 
vivo in certain respects. For example, during 
early stages of myelination in vivo, the 14 kdal- 
ton MBP is expressed at lower levels than the 
18.5 kdalton MBP. With development, the ratio 
of the 14:18.5 kdatton MBP increases signifi- 
cantly until the 14 kdalton isoform predomi- 
nates (Banik and Smith, 1977; Matthieu et al., 
1973; Morell et al., 1972; Magno-Surnbilla and 
Campagnoni, 1977)o In contrast, in culture, the 
14 kdalton MBP is expressed earliest, and it re- 
mains the predominant isoform up to 39 d in 
culture, although the other isoforms accumu- 
late from 27-39 in culture (Barbarese and 
Pfeiffer, 1981). 

The temporal expression of myelin markers 
has been studied in primary glial cultures, and 
for many markers, it appears that the normal 
temporal developmental pattern of expression 
observed in vivo is reproduced in these cells. 
For example, galactolipid synthesis, MAG, 
CNP, and PLP become detectable approxi- 
mately 10 d after plating, and their levels in- 
crease significantly for the next two wk, just as 
would occur in cells remaining in the brain 
(Pfeiffer et aI., 1981b; Nussbaum et aI., 1983; 
Bansal and Pfeiffer, 1985; Singh and Pfeiffer, 
1985; Dubois-Dalcq et al., 1986a; Wernicke and 
Volpe, 1986). Interestingl~ in one study, the 
first myelin protein to be detected in oHgoden- 
drocyte processes in cultures was MAG 
(Dubois-Dalcq et al., 1986a), which contrasts 
somewhat with the developmental studies on 
MAG expression in vivo (Frail and Braun, 
1984; Matthieu et al., 1986; Lai et al., 1987; Sal- 
zer et al., 1987). On the other hand, expression 
of cholesterol ester hydrolase activity is de- 
layed. Two cholesterol ester hydrolase isoen- 
zymes exist in oligodendrocytes, one localized 
in the microsomes and one in myelin. Both en- 
zyme activities are quite low until 20 d in cul- 
ture, at which point they increase significantly 
to a peak at 30 d in culture. This time course 
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lags approximately 10 d behind the normal in 
vivo developmental expression of these en- 
zymes (Bhat and Pfeiffer, 1985). 

Conflicting results have been reported on 
the timing of MBP expression in cultured rat 
oligodendrocytes (Pfeiffer et al., 1981b; Dubois- 
Dalcq et al ,  1986a), but a possible explanation 
for the differences may provide insight into the 
regulation of MBP expression. In one study, 
cells were cultured in 10% fetal calf serum 
(Pfeiffer et al., 1981b), and in the other study, in 
1% fetal calf serum (Dubois-Dalcq et al., 1986a). 
In cells grown in the higher levels of fetal calf 
serum, MBP expression was delayed, relative 
to normal development, yet no differences in 
the timing of expression of CNP, sulfatide, or 
PLP were observed (Macklin and Pfeiffer, 1983; 
Bansal and Pfeiffer, 1986; Singh and Pfeiffer, 
1986). These results suggest that MBP gene ex- 
pression might be, for a presently unknown 
reason, more responsive to epigenetic factors 
than that of the other myelin markers. This hy- 
pothesis is consistent with other in vitro stud- 
ies in which alterations in the growth condi- 
tions were found to modulate MBP expression 
significantly, without altering the number of 
GC+ ceils (Bologa et al., 1.986). 

Two types of studies, performed with cul- 
tured ceils, indicate that CNP is localized on 
the intracellular surface of the oligodendrocyte 
plasma membrane (McMorris et al., 1984). No 
enzyme activity could be measured in intact 
viable cells, and it was possible only to assay 
CNP in ceils permeabilized by freezing, sug- 
gesting that the catalytic site of the enzyme was 
located on the intracellular surface of the oligo- 
dendrocyte. Also, it was not possible to stain 
viable cells for CNP by immunofluorescence: 
only fixed, permeabilized cells stained for 
CNE indicating that the major antigenic sites 
of the enzyme were also intracellular. Similar 
types of studies have also been performed to 
localize domains of the proteolipid protein 
within the membrane of cultured cells (Dubois- 
Dalcq et al., 1986b). 
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Oligodendrocytes from adult sheep have 
been cultured and utilized to study the reinitia- 
tion of myelin expression in cells that have 
ended active myelination in situ (Szuchet et al., 
1980; Mack and Szuchet, 1981; Szuchet et al., 
1983; Szuchet and Yim, 1984; Yim et al., 1986). 
These cells could be maintained in two states, 
floating and attached; and overall protein syn- 
thesis was comparable in the two sets of cells. 
Floating cells synthesized low levels of MBP, 
which did not change over time; and they accu- 
mulated significant amounts of CNP and low 
levels of MAG (Yim et at., 1986). In contrast, at- 
tached cells synthesized high levels of MBP, 
which increased with prolonged time of attach- 
ment, along with high levels of CNP, MAG, 
and PLP. Thus, the physical attachment of 
these cells to a substratum appeared to en- 
hance the expression of certain myelin genes, 
in particular those of the "structural" elements 
of myelin. In addition, attachment of oligoden- 
drocytes to a solid surface also enhanced phos- 
phorylation of MBP via protein kinase C (Var- 
tanian et al., 1986). When floating cells were 
treated with phorbol esters or diacylglycerol, 
this same phosphorylation enhancement was 
observed, suggesting that protein kinase C can 
be activated in floating cells and that it can 
phosphorylate MBP. 

The effects of thyroid hormone on myelin 
gene expression in cultured mouse oligoden- 
drocytes have been examined extensively 
(Bhat et al., 1979; Bhat et al., 1981a,b; Shanker 
and Pieringer, 1983; Shanker et al., 1984; Amur 
et al., 1984; Shanker et al., 1985; Shanker et al., 
1987). Removing thyroid hormone from the 
celt culture medium reduced the expression of 
all myelin markers examined. For example, 
sulfatide synthesis was reduced in cells grown 
without thyroid hormone, and it returned to 
normal levels when thyroid hormone was re- 
turned to the medium (Bhat et al., 1981b). Sim- 
ilarly, the expression of CNP and 5'-nucleoti- 
dase was reduced in the absence of thyroid 
hormone and returned to normal levels by me- 
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dium supplementation with thyroid hormone 
(Bhat et al., 1981a; Shanker et al., 1984). The 
cellular response to thyroid hormone is relativ- 
ely rapid with respect to myelin protein expres- 
sion. For example, recovery of CNP and 5'-nu- 
cleotidase activity was observed within 24-48 
h after introduction of thyroid hormone to the 
odltures (Bhat et al., 1981a; Amur et alo, 1984). 

Several aspects of MBP gene expression are 
affected by the presence or absence of thyroid 
hormone. Almazen et al. (1985) demonstrated 
that MBP synthesis in suspension cultures is re- 
duced in hypothyroid culture media. This re- 
duced synthesis most likely results from a re- 
duction in MBP mRNA levels, as Shanker et ai. 
(1987) found that hypothyroid cultures have 
significantly reduced levels of MBP mRNAs. 
The activity of the MBP-specific methylase also 
has been found to increase in the presence of 
thyroid hormone and decrease in its absence 
(Amur et aL 1984). Thyroid hormone had no 
effect on the histone-specific methylase in this 
study, and it appears to selectively modulate 
myelin protein gene expression in these cul- 
tures. Thyroid hormone appears to act at sev- 
eral levels: RNA metabolism, protein synthe- 
sis, and post-translational modification. 

There appears to be a critical period in early 
oligodendrocyte differentiation during which 
the cells are responsive to thyroid hormone. 
After cells have been in culture more than 20 d, 
they have little responsiveness to either the ab- 
sence or presence of thyroid hormone, in terms 
of CNP activity or sulfatide synthesis (Shanker 
et al., 1985). Interestingly, one of the few mye- 
lin markers that was shown to have little re- 
sponse to the absence of thyroid hormone was 
the synthesis of GM~ ganglioside. This synthetic 
reaction occurs relatively late in culture, peak- 
ing after 48 d, and it would appear to occur af- 
ter the early critical period of thyroid hormone 
sensitivity. If the cell cultures were made hypo- 
thyroid during that early critical period, they 
did not express GM4 at the later stages of devel- 
opment (Shanker and Pieringer, 1983). 
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This series of studies is important because it 
had been known for some time that the pres- 
ence or absence of systemic thyroid hormone 
could affect the normal myelination process 
(Balasz et al., 1969; Balazs et alo, 1971; Walrav- 
ens and Chase, 1969; Flynn et al., 1977), but it 
was not known whether this was a specific ef- 
fect on the myelination process or a general ef- 
fect on brain cell metabolism. Furthermore, it 
was not possible to assess whether this was an 
effect of thyroid hormone directly on the oligo- 
dendrocyte or on another cell type (either with- 
in or without the CNS) that had a secondary ef- 
fect on the oligodendrocyte. These studies 
with cultured cells suggest that thyroid hor- 
mone has a selective effect on myelin protein 
gene expression in mouse oligodendrocytes in 
vivo. 

Rat oligodendrocytes in mixed glial cultures 
express approximately 20-fold more MBP and 
CNP per oligodendrocyte than do isolated oli- 
godendrocytes purified away from astrocytes 
and other cells in the mixed cultures (Bhat et 
al., 1981c). When the isolated oligodendro- 
cytes are added back to the astrocyte-contain- 
ing cultures, they again express the higher 
MBP and CNP levels. This suggests that the 
presence of cell(s) and/or  factor(s) in mixed 
primary glial cultures plays some role in regu- 
lating the expression of these two myelin com- 
ponents. Bhat and Pfeiffer (1986) established 
that a soluble astrocyte factor(s), which is non- 
dialyzable, heat-labile, and trypsin-sensitive, 
enhances MBP and CNP expression in purified 
oligodendrocytes. In these experiments, it ap- 
peared that the enhancement resulted from an 
increase in the number of MBP+ or CNP+ cells 
in the cultures, rather than from an increase in 
MBP or CNP content per oligodendrocyte. 
This astrocyte factor(s) may be comparable to 
that identified by Noble and Murray (1984) in 
supernatants of cultured type 1 astrocytes, 
which stimulates proliferation of oligodendro- 
cyte progenitor cells. 
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In addit ion to interactions with astrocytes, 
oligodendrocytes clearly interact with neurons 
in culture. Soluble neuronal factor have been 
shown to affect oligodendrocyte differentia- 
tion, possible shifting the differentiation of oli- 
godendrocyte progenitor cells towards oligo- 
dendrocytes,  rather than astrocytes (Sakel- 
laridis et al., 1986). Soluble rat and chick neu- 
ronal factors enhanced MBP expression in 
mixed rat glial cultues (Bologa et al., 1986). 
After three d exposure to neuronal factors, the 
number  of MBP+ cells in the cultures increased 
dramatically (1800-fold), without increasing 
the number  of GC+ cells. Without neuronal 
factors, only a small number  of GC+ cells were 
MBP+. The soluble neuronal factors may regu- 
late the timing of MBP expression in these 
mixed glial cells, without  affecting GC expres- 
sion. 

Experiments co-culturing purified rat oligo- 
dendrocytes  with chick neurons enhanced 
MBP and PLP m R N A  and protein levels 
(Macklin et al., 1986). The rnRNA levels were 
enhanced 4-8-fold over a period of 1-3 wk of 
co-culture with neurons. Since these were pu- 
rified oligodendrocytes, these responses would 
appear to be the direct effect of neuronal inter- 
action with the oligodendrocytes, and it is not 
yet known whether  these interactions were 
mediated by soluble factors or by cell-cell con- 
tact. The increase in MBP content in these cells 
was significantly below the increase in the 
number  of MBP+ cells observed by Bologa et al. 
(1986). This may result from neuronal interac- 
tions with astrocytes in the mixed cultures, 
which have addit ional  effects on the oligoden- 
drocytes, or it may result from experimental 
design differences between the two studies. 
Bologa et al. (1986) studied neuronal effects 
within three d; possibly these early effects were 
advancing a "clock," which would eventually 
raise the number  of MBP+ cells, even in the ab- 
sence of neurons. Since Macklin et al. (1986) 
were analyzing cells at a later stage, the drama- 
tic differential be tween the two sets of cells 
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might have been missed. Clearly the effects of 
astrocytes and  neurons on the time course and 
magni tude of myelin gene expression will be 
an important area of future investigation. 

Gene  Expression 
in Dysmyelinating Mutants 

The dysmye l ina t ion  mutants ,  pr imar i ly  
mouse mutants,  are useful models  for investi- 
gating the normal  process of myet ina t ion  
(Hogan and Greenfield, 1984; Baumann, 1980). 
These animal models provide a uniform sys- 
tem in which to study a specific defect in myeli- 
nation, and the secondary effects resulting 
from that defect. Several of the mouse mutants 
have been extensively characterized biochemi- 
cally. The shiverer mutation and its allele, mye- 
lin deficient (shi~% the jimpy mutation and its 
allele, myel in  synthesis deficient (jp~d), and the 
quaking mutation all produce primary dysmye- 
lination, i.e., an oligodendrocyte-specific de- 
fect. Some of these mutants  were identified 
over 30 y ago, buL it is only within the past few 
years that significant progress has been made  
on identifying the genes that are altered in 
these animals. For two of the mutants, shiverer 
and jimpy, the mutation has been localized to 
the structural genes for the myelin basic pro- 
tein and the myelin proteolipid protein, respec- 
tively (Roach et al., 1985; Mattei et al., 1986). 

Shiverer (shi) 
and Myelin Deficient (shi m'd ) 

The shiverer mutat ion and  its allele shi ~ld 
(Doolittle and SchweLkert, 1977; Doolittle et al., 
1981) are autosomal recessive, and they map to 
mouse chromosome 18 (Roach et al., 1985; 
Sidman et al., 1985). These mice exhibit trem- 
ors beginning approximately at postnatal d 12, 
which become progressively worse. Convul- 
sions appear in older animals and these ani- 

Molecular Neurobiology Volume 2, 1988 



64 

reals do not survive past 90-150 d (Chernoff, 
1981). Morphological analyses indicate that 
many axons have no myelin, and those that are 
myetinated have only low amounts of myelin. 
A striking feature of shiverer CNS myelin is the 
aabsence of the major dense line but the pres- 
ence of the intraperiod line 0acque et al., 1978; 
Dupouey et al., 1979; Privat et al., 1979; Inoue et 
al., 1981). This suggests that there is a greater 
loss of myelin basic protein in these animals 
than of proteotipid protein or of other proteins 
expressed on the extracellular surface of mye- 
]_in. 

With the dysmyelinating mouse mutants, it 
has been important to establish that the muta- 
tion is generating dysmyelination because of a 
specific alteration of an oligodendrocyte/mye- 
lin gene. To assess whether the shiverer muta- 
tion affected oligodendrocyte metabolism di- 
rectly, or through a secondary regulatory me- 
chanism, Mikoshiba et al. (1982) and Inoue et 
al. (1986) produced chimaeras of normal 
C57BL/6N and shiverer Balb/C mice. In brains 
of animals having predominantly normal oli- 
godendrocytes, oligodendrocytes of a shiverer 
morphology were seen. These cells made con- 
tact with axons to form nodes of Ranvier, but 
they formed abnormal myelin. Thus, the shiv- 
erer oligodendrocytes apparently maintained 
their altered phenotype in a "normal" environ- 
ment. Interestingly, in a predominantly shiverer 
brain environment, as defined morphologi- 
callD the presence of shiverer oligodendendro- 
cytes apparently reduced the ability of normal 
oligodendrocytes to initiate the appropriate 
connections with axons. Nevertheless, normal 
ollgodendrocytes were present and they were 
morphologically unaffected by the shiverer 
brain environment. These data suggested that 
the shiverer defect was intrinsic to the mutant 
oligodendrocytes, and could not affect normal 
oligodendrocytes in that environment. 

Biochemical analysis of shiverer tissue indi- 
cates essentially the total absence of myelin ba- 
sic protein in shiverer brain, (Bourre et al., 1980; 
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Barbarese et al., 1983)o Myelin basic protein 
RNA levels in these animals have been meas- 
ured directly by dot blot or Northern blot an- 
alysis and indirectly by in vitro translation. 
Although in one study using in vitro transla- 
tion of shiverer brain mRNA, normal levels of 
the 21.5 and 17 kdalton MBPs and low levels of 
the 18.5 and 14 kdalton MBPs were observed 
(Barbarese et al., 1983), in several other studies, 
using both RNA blot analysis and in vitro 
translation, less than I% of the normal level of 
MBP mRNA was observed (Roach et al., 1983; 
Campagnoni et al., 1984)o 

As with shiverer animals, shf ~ mice appear 
to have a major deficit in MBP. Myelin is poor- 
ly compacted, and the major dense line of mye- 
lin is essentially absent (Matthieu et al., 1980). 
However, more MBP (3% of normal levels) was 
observed in shi "~ brains than in shiverer brains. 
The level of MBP mRNA in shi ~ mice was 
quite low, approximately 2-5% of normal in 
young animals (Ginalski-~Winkelmann et al., 
1983; Campagnoni et al., 1984; Roch et al., 1986; 
Okano et al., 1987; Popko et al., 1987), but the 
size of the shi "~ MBP mRNA was normal, 2.2- 
2.4 Kb (Okano et al; 1987; Popko et al; 1987). 
The developmental expression of MBP mRNA 
in shi '~ mice was unusual (Okano et al., 1987; 
Popko et al., 1987), in that low levels were seen 
at 18 d (2% of normal) and these levels in- 
creased up to 90 d, at which point they were ap- 
proximately 10% of normal levels (Popko et al., 
1987). This contrasts with normal animals, 
which have a peak of MBP mRNA expression 
of 16-20 d and then a reduction in the level of 
MBP mRNA. 

Recently it has been established that the shiv- 
erer and shi "~ mutations are within the struc- 
tural gene for the myelin basic protein. The al- 
leles map to the distal end of mouse chromo- 
some 18, which contains the MBP gene 
(Doolittle and Schweikart, 1977; Roach et al., 
1985; Sidman et al., 1985). When the MBP gene 
in these mutants was analyzed, clear altera- 
tions in the MBP gene were identified. The 
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shiverer mutation results in a deletion of exons 
3-7 of the MBP gene (Roach et al., 1983; Roach 
et al., 1985; Kimura et al., 1985, Molineaux et 
al., 1986), and the production of low levels of 
MBP-related RNA. This MBP-related mRNA is 
aberrantly spliced and poorly polyadenylated~ 
In contrast, in shi ~ mice, there appear to be 
multiple MBP genes. There is one complete 
MBP gene, and at least one extra partial or 
complete gene that is closely juxtaposed to the 
complete MBP gene (Popko et al., 1987). Thus, 
it would appear that the partial or complete 
duplication of the MBP gene, near a normal 
MBP gene, can reduce the expression of the 
normal gene to 2% of normal and alter the nor- 
mal developmental expression of the gene. 

Alterations of the MBP structural gene in 
shiverer and shi r~ mice have pleiotropic effects 
on the expression of other myelin genes. CNP 
activity in many regions of shiverer brain does 
not differ significantly from control brains 
(Mikoshiba et al., 1980a; Matthieu et al., 1981; 
Cammer and Zimmerman, 1983), although 
when the tissue is homogenized and fractiona- 
ted, the membranes containing the highest lev- 
els of CNP activity sediment differ from nor- 
real myelin (Mikoshiba et al., 1980b; Cammer 
and Zimmerman, 1983). Whereas CNP activity 
for whole brain is approximately the same be- 
tween controls and shi "~ mice, the isolated 
myelin from shi ~ mice is four-fold enriched in 
CNP activity relative to controls (Matthieu et 
al., 1981). 

When shiverer oligodendrocytes are immu- 
nostained for carbonic anhydrase, an early 
oligodendrocyte marker, there is in fact ele- 
vated staining relative to normal animals 
(Cammer et al., 1985). When shiverer tissue was 
assayed, carbonic anhydrase levels were ap- 
proximately 1.5-fold higher than normal up to 
30 d of age, and even at 60 d of age, this enzyme 
level was above normal in shiverer mice. 

In contrast to the relatively normal amount 
of CNP and the elevated level of carbonic an- 
hydrase in shiverer mice,  levels of both PLP and 
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MAG are reduced. Myelin isolated from shiv- 
erer brains contained low levels of PLP, al- 
though they were significantly above the MBP 
levels (Mikoshiba et al., 1980a). PLP rnRNA 
levels in 21 d old shiverer brain were measured 
at approximately 50% of normal although the 
amount of PLP that accumulated in these 
brains was less than that (Sorg et al., 1986)o 
When PLP RNA levels were measured in shiv- 
erer polysomes and nuclei, some distinct differ- 
ences were noted relative to normal animals. 
The developmental pattern of PLP mRNA in 
polysomes mirrored the increase observed in 
normal animals from 12-27 d, although quanti- 
tatively, it was only 40-50% of normal (Sorg et 
al., 1987). In contrast, nuctear PLP RNA as a 
percentage of normal was much lower than 
potysomal RNA, and the developmental pat- 
tern of expression of PLP RNA in the nucleus 
did not at all mirror the developmental pattern 
of normal animals. In contrast to shiverer mice, 
close to normal levels of PLP mRNA were re- 
ported in shi "~ mice when analyzed by in vitro 
translation (Matthieu et al., 1983, 1984), and dot 
blot analysis indicates the PLP mRNA levels 
are approximately 60-70% of normal through- 
out development (Okano et al., 1987). 

In young shiverer animals, mRNAs for both 
forms of MAG (p72 and p67) are present, al- 
though at slightly lower levels than normal, 
whereas in adult animals, the mRNA levels are 
close to normal (Frail and Braun, 1985). These 
data contrast somewhat with the observation 
that MAG protein levels in adult shiverer brains 
are reduced relative to controls (Sheedlo and 
Siegel, 1986). When analyzed by immunocyto- 
chemistry, oligodendrocyte-like cells were ob- 
served that contained MAG in the cytoplasm 
and the periphery of their perikarya; such ceils 
were not observed in normal animals (Sheedlo 
and Siegel, 1986). 

In shi "~ mice, the expression of the MAG 
gene is quite different from normal (Matthieu 
et al., 1986). At 18 d of age, the level of MAG 
mRNA in shi ~'~ brain is significantly higher 
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than in normal brain. In young shi "~ mice, it 
appears that there is a high synthetic rate for 
MAG protein, but also a rapid turnover, with 
production of dMAG, which in normal animals 
is often seen during demyelination. These data 
suggest instability of the myelin membrane in 
young shi ~ mice. The normal shift in expres- 
sion of the two MAG mRNAs from the 72 to the 
67 kdalton MAG mRNA, is delayed in shi "~ 
mice, not occurring until after 50 d of age. In 
older shi ~ mice, dMAG is not observed and the 
total amount of MAG protein is less than in 
young shi ~ mice, with a concomitant reduction 
in the level of MAG mRNA. A possible expla- 
nation for these changes in MAG gene expres- 
sion in older shi ~ mice may come from the ob- 
servation that, as MBP accumulates in these 
mice, myelin compaction increases. Thus, in 
older shi ~ animals, the presence of compact 
myelin may stabilize MAG (Matthieu et al., 
1986). 

Myelin gene expression has been studied in 
shiverer or shi '~a heterozygotes. In one study, 
both MBP and PLP were significantly reduced 
in heterozygous shiverer mice (Cammer, 1982). 
In another study, the reduction in PLP levels in 
heterozygotes was not apparent, but the MBP 
concentration measured by RIA in brain and 
sciatic nerve was approximately 50% of normal 
from 15-90 d of age (Barbarese et al., 1983). 
This protein reduction in whole tissue was also 
observed in isolated myelin, which contained 
approximately 50% of the normal level of MBP, 
although the yield of myelin was normal. 
When analyzed by in vitro translation, the 
MBP mRNA level in the heterozygotes was in- 
termediate between normal and shiverer ani- 
mals. In shi ~ heterozygous mice, MBP mRaNA 
levels were measured by both in vitro transla- 
tion and dot blot analysis, and the level of MBP 
mRNA appeared to be 39-57% of normal; MBP 
protein levels were approximately 52% of nor- 
mal (Roch et al., 1986). The data from these 
studies would suggest that a single normal 
MBP gene in either shiverer or shi ~d animals 
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cannot increase its expression to compensate 
for the presence of the shiverer/shi ~ MBP gene. 

Attempts have been made to enhance myeli- 
nation in shiverer brains utilizing either trans- 
plantation of normal tissue or production of 
transgenic mice carrying a normal MBP gene. 
These studies have provided interesting and 
important new information. Gumpel and co- 
workers transplanted newborn normal tissue 
into newborn shiverer brain, and studied the 
distribution of myelin-producing cells by im- 
munohistochemistry and electron microscopy 
(Gumpel et al., 1983; Lachapelle et al., 1983, 
1984; Gumpel et al., 1985; Gansmuller et al., 
1986). Normal oligodendrocytes were able to 
survive, migrate, and myelinate in the shiverer 
brain~ A single axon could be myelinated by 
both normal and shiverer oligodendrocytes, 
suggesting that the early behavior of both 
types of oligodendrocytes in contacting axons 
is comparable. Normal oligodendrocytes were 
found well outside the site of the graft, suggest- 
ing that these cells can migrate long distances 
and can survive for an extended period of time 
in the shiverer brain environment, at least until 
130 d after transplantation. Similar studies 
have been conducted by others with compara- 
ble results (Friedman et al., 1986). 

Hood and coworkers produced transgenic 
shiverer mice carrying one or two copies of the 
MBP transgene (Readhead et alo, 1987). The 
transgene is expressed in a tissue-specific man- 
ner with the correct developmental pattern. 
Shiverer mice carrying the MBP transgene pro- 
duce more MBP mRNA and protein than the 
original shiverer mice, and they live longer, 
with a less severe disorder. Shiverer mice carry- 
ing a single transgene produced approximately 
12.5% of normal MBP mP, dqA and 8.5% of nor- 
mal protein, whereas mice homozygous for the 
transgene produced roughly twice as much 
mRNA and protein. The heterozygous trans- 
genic mice survived somewhat longer than 
original shiverer mice, but they still had convul- 
sions and died at approximately 6 mo. Homo- 
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zygous transgenic mice appeared to be pheno- 
typically closer to normal, for example, they 
had no tremors or convulsions, but some subtle 
behavioral abnormalities were observed. De- 
spite the presence of only 25% of normal levels 
of MBP mRNA in the homozygous  transgenic 
mice, the myelination of the optic nerve, spinal 
cord, and cerebellar white matter was signifi- 
cantly increased relative to the heterozygous 
transgenic mice. It was possible to produce 
shiverer / shi ~ heterozygotes and shi ~ homozy- 
gores that carried one or no copy of the trans- 
gene (Popko et al., 1987). These mice all had 
abnormal myelin, but those carrying the trans- 
gene produced far less of this abnormal mem- 
brane. These mice all had fewer seizures than 
those carrying no transgene. 

These studies with transgenic mice suggest 
that insertion of a normal  MBP gene into the 
genome of mice carrying either a deletion or a 
duplication of the normal gene can produce a 
tissue-specific and developmental ly accurate 
expression of the transgene. However, the 
level of expression was not normal, since even 
with two copies of the transgene, only 25% of 
normal MBP mRNA was observed. The fact 
that the transgene was expressed at compara- 
ble levels in shiverer and shi "~ mice suggests 
that the deleterious effect of the MBP gene du- 
plication on MBP gene expression in shi n mice 
is cis-acting, not trans-acting. Clearly the pro- 
duction of these transgenic mice, and the fu- 
ture use of these mice will provide new insight 
into myelin gene expression. 

Jimpy (jp) and Myelin Synthesis 
Deficient (jP='O 

The jimpy mutat ion and its allele jp'~ (Meier 
and MacPike, 1970; Eicher and Hoppe, 1973) 
are recessive X-linked mutations. These mice 
exhibit tremors, which  become progressively 
worse, beginning approximately at postnatal d 
11. Convulsions appear in older animals and 
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these animals do not survive past 25-30 do This 
is exclusively a central nervous system disor- 
der  with no peripheral nervous system in- 
vo lvement  (Billings-Gagliardi and  Adcock, 
1981). Histological examination indicates vir- 
tually the total lack of myelin, and there is a sig- 
nificant loss of oligodendrocytes, resulting ap- 
parently from a reduced oligodendrocyte life- 
span (Sidman et al., 1964; Knapp et al., 1986)o 
both jimpy and jp'~ animals have a similar 
clinical course, but it appears that jimpy ani- 
mals have approximately one half the myelin 
of jp'~ mice and that the jimpy mutation causes 
a more severe disease (Biltings-Gagliardi et al., 
1980, Wolf et al., 1983). 

It was possible to use tissue culture to estab- 
lish that thejimpy mutation was a specific alter- 
ation of oligodendrocyte function. Wolf, Bill- 
ings-Gagliardi, and coworkers demonstra ted 
that cerebella f rom jimpy and  jp,~d animals  
could be maintained in culture and these ex- 
plants exhibited the same myel in deficit seen in 
situ (Wolf and Hotden,  1970; Billings-Gagliardi 
et al., 1980), providing strong evidence that the 
deficit was caused by the CNS tissue itself, not 
a systemic influence. When jimpy orjp ~ cere- 
bel lum was cultured in contact with normal 
optic nerve, significant myelination of the mu- 
tant cerebellar neurons was observed in the 
area closely juxtaposed to the normal optic 
nerve (Wolf et al., 1981; Billings-Gagliardi et al., 
1983), suggesting that normal oligodendro- 
cytes were migrating into the mutant  tissue 
and myelinat ing axons within  that tissue. 
These data suggest that the defect in these ani- 
mals is not in the neurons, for example produc- 
ing axons that cannot be myelinated, nor is it in 
cells producing inhibitory factors that prevent 
myelination. Rather, the defect is localized to 
the jimpy and jp~d ol igodendrocytes  them- 
selves, and they can be replaced by migrating 
normal oligodendrocytes. 

The most extensive myelin deficit in jimpy 
mice appears to be the virtual absence of PLP 
(Nussbaum and Mandel, 1973; Lerner et al., 
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1974; Sorg et al., 1986; Yanigisawa and Quarles, 
1986). Quite early in the study of jimpy mice, 
alterations in PLP were noted. Whereas a num- 
ber of brain proteolipid proteins are still found 
in jimpy mice, the myelin proteolipid proteins 
identified by electrophoretic mobility were 
shown to be reduced in jimpy mice (Nussbaum 
and Mandel, 1973; Lerner et al., 1974). When 
more extensive studies were conducted using 
immunoblotting to identify PLP and DM20, 
neither was observed, indicating that PLP was 
present at less then 0.5% of normal, if at all 
(Sorg et al., 1986; Yanigisawa and Quarles, 
1986). 

Through a series of experiments, the genetic 
defect in jimpy animals has now been estab- 
lished as a point mutation within the splice ac- 
ceptor signal of exon 5 of the mouse PLP gene 
(Macklin et al., 1987; Nave et al., 1987b; Milner, 
personal communication). The PLP gene has 
been mapped to the jimpy locus by several 
groups (Willard and Riordan, 1985; Dautigny 
et al., 1986; Diehl et al., 1986; Hudson et al., 
1987). It was established that there was an al- 
tered PLP mRNA in jimpy animals, which had 
an internal deletion of 74 nucleotides (Gardin- 
ier et al., 1986; Morello et al., 1986; Nave et aL, 
1986; Hudson et aL, 1987). The deletion, which 
was initially indicated from PLP mRNA sizing 
studies (Gardinier et al., 1986) and from $1 nu- 
clease mapping of PLP mRNA in jimpy mice 
(Morello et al., 1986; Hudson et al., 1987), was 
definitively established by sequencing a fimpy 
PLP cDNA (Nave et aL, 1986), identifying the 
site of the missing 74 nucleotides. Nave et al. 
(1986) proposed from this sequence informa- 
tion and from mapping PLP genomic DNA in 
fimpy mice, that this deletion resulted from a 
splicing defect in the processing of the PLP 
mRNA. In addition, this alteration in the RNA 
results in a frameshift of the amino acid read- 
ing frame for the last segment of the PLP 
rnRNA. Thus, the protein translated from this 
mRNA is identical to PLP for the first 206 

amino acids, and the last 70 amino acids of the 
normal protein are changed to a sequence of 36 
different amino acids. 

The specific alteration of the PLP gene in jp"~ 
mice is not established yet. Hudson et al. 
(1987) found reduced levels of PLP mRNA in 
jp~ brains, but $t nuclease mapping of the PLP 
mRNA in jp'~ brain indicated no deletions or 
major structural alterations. Gardinier and 
Macklin (submitted) also saw no alteration in 
the mRNA when analyzed by $1 nuclease 
mapping and demonstrated that the smaller 
PLP mRNAs in jp"~ brain were reduced to a 
greater extent than the 3200 nucleotide mRNA. 
In this study, no structural alteration of the PLP 
gene was identified by Southern analysis. 
Thus, it would appear that there is no major 
structural alteration in the PLP gene in jp'~ 
mice, but these experiments would not identify 
point mutations or alterations in the upstream 
regulatory elements of the gene. The proteins 
generated from the PLP gene in jp"~ brain ap- 
peared by immunoblot to be PLP and DM20. 
The most interesting aspect of PLP gene ex- 
pression in jp~ mice was the observation that 
at all ages up to 23 d, DM20 was present at 
equivalent or greater levels than PLP (Gardin- 
ier and Macklin, submitted). Thus, some as- 
pect of the regulation of the alternate splicing 
of these two mRNAs is affected in this mutant. 
The interpretation at present is that some con- 
trol element of the PLP gene is altered in jp"~ 
mice, but the specific genetic alteration is not 
yet known. 

An unusual feature of the genetic defect in 
jimpy mice, which is within the PLP gene, is its 
effects on other brain cells and on the lifespan 
of jimpy oligodendrocytes. It has been known 
for some time that prior to the onset of myeli- 
nation, astrocytic changes can be observed in 
jimpy central nervous system (Skoff, 1976; 
Omlin and Anders, 1983). Data on early astro- 
cyte abnormalities in jimpy mice suggest intrin- 
sic alterations in astrocytes, independent of the 
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alterations in oligodendrocyte function. For 
example, jimpy astrocyte processes begin to 
branch abnormally, and most axons become 
surrounded by astrocytic processes before 
oligodendrocyte processes contact axons. As- 
trocytic cytoplasm hypertrophies, and at two d 
after birth, astrocytes in jimpy optic nerve ap- 
pear to have a two- to four-fold redution in 
microtubules and an increase in filaments. At 
this same age, the ollgodendrocytes appear 
normal, but less differentiated than controls, 
and there are approximately 50% of the normal 
number of oligodendrocytes (Skof, 1976; 
Omlin and Anders, 1983). A significant altera- 
tion of a unique astrocyte function has been 
observed in jimpy mice. Potassium-induced 
stimulation of oxygen uptake by astrocytes is 
absent, even in isolated jimpy astrocytes cul- 
tured from tissue taken prior to the onset of 
myelination (Keen et al., 1976; Hertz et al., 
1980). Other data suggesting specific astrocytic 
changes in jimpy mice come from tissue culture 
studies. Bartlett et al., (1987) demonstrated 
that when jimpy glial cells were cultured in the 
presence of conditioned media from normal 
glial cell cultures, oligodendrocytes survived 
longer and differentiated to a greater extent 
than without the conditioned media. The con- 
ditioned media were from young cultures that 
contained primarily astrocytes with only small 
numbers of oligodendrocytes. Thus, it is possi- 
ble that normal glial cells, most likely astro- 
cytes, produce soluble factors that enhance jim- 
py oligodendrocyte survival in culture, and 
that these factors are not available from cul- 
tured jimpy astrocytes. These are still prelimi- 
nary studies, and it is too early to establish the 
exact nature of the alteration in jimpy astro- 
cytes, but this is clearly an important area of 
investigation. 

In addition to astrocyte alterations, the jimpy 
mutation appears to dramatically alter oligo- 
dendrocyte metabolism and lifespan. Thymi- 
dine autoradiographic studies indicated in- 

creased incorporation of radioactive thymidine 
in the mutant neuroglial cels after 4 d of age, 
and the labeling index disparity between jimpy 
and control animals became greater in older 
animals (Privat et al., 1982; Skoff, 1982). With 
this high proliferative rate and the observation 
of mitotic figures in jimpy tissue, the number of 
oligodendrocytes should be quite high, but in 
fact it is approximately 50% of normal (Meier 
and Bischof, 1975; Skoff, 1976). Thus, a signifi- 
cant number of these rapidly proliferating cells 
must die, whereas others continue to divide~ 
Clusters of dying cells, presumably oligoden- 
drocytes, are often seen in older jimpy mice; at 
some ages, over 10% of the glial cells are dying 
(Knapp et al., 1986). This is a 10-fold greater 
rate of glial cell death than in normal animals. 

Studies that address the issue of jimpy envi- 
ronmental elements affecting oligodendrocyte 
survival and differentiation come from trans- 
plantation investigations. Jimpy brain tissue, 
either from neonatal or affected 11-35 d ani- 
mals, was transplanted into shiverer brains 
(Gumpel et al., 1985). Interestingly, significant 
areas of myetination were subsequently found 
within the shiverer host brain. In most of the 
animals implanted with affected jimpy tissue, 
large, well myelinated MBP-positive areas 
were found both close to the site of implanta- 
tion and at a distance. These MBP-positive 
myelinated areas were morphologically quite 
similar to regions myelinated by normal trans- 
planted tissue, rather than to regions myelina- 
ted in situ in jimpy tissue. Thus, some elements 
within the shiverer brain would appear to be en- 
hancing the ability of jimpy oligodendrocytes 
to survive and differentiate better than they 
would in their own environment. 

Since PLP gene expression has been consid- 
ered a late differentiated function of oligoden- 
drocytes, with the major PLP gene expression 
occurring from 14-28 d of age, these data on 
early astrocyte changes and environmental ele- 
ments enhancing oligodendrocyte cell death 
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appear somewhat inconsistent with the known 
genetic defect in these animals, namely altered 
splicing of PLP mRNA leading to production 
of aberrant PLP protein. Two possible explana- 
tions exist, but no clear information is available 
yet. Macklin and coworkers demonstrated that 
as early as three d after birth, PLP mRNA can 
be detected at low levels in whole mouse brain 
(Gardinier et al., 1986), and that both PLP and 
DM20 protein can be extracted from whole 
brain and immunobtotted as early as four d 
after birth (Gardinier and Macklin, submitted). 
Thus, it is possible that in the early differentia- 
tion of oligodendrocytes, a low level of expres- 
sion of the PLP gene occurs, and the aberrant 
protein expression in oligodendrocytes affects 
astrocyte function and the ability of the oligo- 
dendrocytes to survive. A second explanation 
of altered astrocyte function would invoke the 
expression of the PLP gene in astrocytes at a 
very early stage. Since PLP protein has not 
been identified in astrocytes, it is possible that 
another alternatively spliced PLP gene product 
exists that is expressed in astrocytes, and that 
the jimpy splicing defect removes exon 5 from 
this mRNA. 

As with shiverer mice, the alteration of a ma- 
jor myelin protein gene, the PLP gene, in jimpy 
mice has pleiotropic effects on other myelin 
genes. The MBP proteins are significantly re- 
duced in fimpy mice, relative to normal animals 
(Campagnoni et al., 1972; Barbarese et al., 1978; 
Bourre et al., 1980; Delassale et al., 1981; Kerner 
and Carson, 1984). Delassale et al. (1981) found 
that the deficit in MBP in jimpy mice ranged 
from 94-98% in different regions of the jimpy 
brain at 25 d of age. When the distribution of 
the four MBPs was studied, it appeared that in 
young jimpy mice, the deficit in the 21.5 kdal- 
ton MBP was less than the deficit in the other 
three MBPs; the overall deficit in MBP accumu- 
lation in animals in this study was 92% at all 
ages (Kerner and Carson, 1984). When MBP 
accumulation was compared in jimpy optic 
nerve and sciatic nerve, a significant reduction 
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in MBP content was observed throughout de- 
velopment in optic nerve, whereas no reduc- 
tion was apparent in sciatic nerve (Jacque et al., 
1983). Thus, there are differences in the regula- 
tion of the MBP gene injimpy oligodendrocytes 
and Schwann cells l 

The level of MBP mRNAs was also meas- 
ured in jimpy mice, with somewhat contradic- 
tory results. Carnow et al. (1984) observed nor- 
mal levels of total MBP mRNA in both jimpy 
and jp'~ mice when measured by in vitro trans- 
lation of polysomal RNA. They found a reduc- 
tion in the level of mRNA for the 14kdalton 
protein, with a concomitant increase in the 
level of mRNA for the other three major MBP 
proteins over normal. In contrast, in vitro 
transiation studies by Campagnoni et al. (1984) 
indicated a reduction in the level of all MBP 
mRNAs. The mRNAs for the 17, 18.5, and 21.5 
kdalton proteins were approximately 4348% 
of normal  and the 14 kdalton MBP mRNA was 
approximately 7% of normal. When the level 
of total MBP mRNA was analyzed by dot blots, 
it ranged from 19--42% of normal age-matched 
controls during development (Roth et al., 
1985), and these reductions were observed for 
both polysomal and nuclear RNA (Sorg et al., 
1987). Despite differences in MBP mRNA lev- 
els measured in these studies, in all cases, the 
level of detectable protein was significantly be- 
low the level of detectable mRNA, suggesting 
that whereas the MBPs may be synthesized to 
some extent, the amount that accumulates is 
quite low. These data would suggest that MBP 
that is not inserted into an appropriate mem- 
brane is turned over. This would be consistent 
with the conclusions drawn from experiments 
(discussed) below on the quaking mutant where 
the synthesis of MBP is significantly above the 
level of accumulation (Brostoff et al., 1977). 

The expression of other myelin protein 
genes is also altered infimpy mice. By irrununo- 
blot analysis, the MAG protein level in jimpy 
brains was 5.3% of normal at 20 d of age, and 
the mature protein was a comparable size to 
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normal MAG, indicating that MAG glycosyla- 
tion in jimpy mice is apparently normal (Yani- 
gasawa and Quarles, 1986). The MAG mRNA 
levels in jimpy mice were measured by in vitro 
translation, and they were reduced to less than 
10% of normal (Frail and Braun, 1985). The 
ratio of the two mRNAs encoding the p67 and 
p72 initial translation products were compara- 
ble to the normal ratio at that age, i.e., mRNA 
for p72 was more abundant in jimpy mice at 15 
and 20 d of age. 

A reduction in CNP activity was one of the 
earliest observed myelin deficits in jimpy mice 
(Kurihara et al., 1969; Sarlieve et al., 1976). The 
level of CNP was approximately 10% of nor- 
mal, and both MAG and CNP were present at a 
proportionately higher level than the MBP 
(Yanigasawa and Quarles, 1986). CNP enzyme 
levels have been measured in many regions of 
the CNS, and they ranged from 7-25% of nor- 
mal (Mikoshiba et al., 1985). 

A number of changes in myelination occur 
in heterozygous jimpy females, indicating a 
partial expression of the jimpy defect in hetero- 
zygotes. Morphological studies of optic nerve 
from heterozygous jimpy females indicated a 
mosaic pattern of myelination in both young 
and adult animals with patches of dysmye- 
lination (Skoff and Nowicki-Montgomery, 
1981). This is compatible with the Lyon hypo- 
thesis (Lyon, 1972), which states that on a ran- 
dom basis, one of the X chromosomes from 
each cell will be inactivated. Morphological 
mosaicism was not observed in the rest of the 
brain, but myelin proteins were reduced in he- 
terozygotes. PLP levels were approximately 
60% of normal (Kerner and Carson, 1984), and 
dot blot analysis of PLP RNA indicated ap- 
proximately 60-70% of normal levels (Gardin- 
ier et al., 1986). In other studies, MBP levels are 
also reduced in heterozygotes; both young and 
old heterozygous jirnpy females measured by 
RIA had approximately 50-60% of normal 
MBP (Kerner and Carson, 1984; Benjamins et 
al., 1984). 
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Benjamins et al. (1986) demonstrated that in 
heterozygous brains, the different MBP iso- 
forms all recovered to essentially normal levels 
by 100 d of age, and that galactolipid synthesis, 
which was reduced in young heterozygous 
animals, also recovered in older animals. A de- 
tailed morphological analysis of myelin struc- 
ture during devetoment in heterozygotes also 
indicated a recovery from the early myelin de- 
ficit and suggested one mechanism of this re- 
covery. Bartlett and Skoff (1986) observed a 
major myelin deficit in young heterozygous 
jimpy spinal cord, but this deficit was essen- 
tially gone by 150 d of age. One possible mech- 
anism for this recovery could be the production 
of more myelin/oligodendrocyte, and it was 
observed that in a two wk period, the size of 
the myelin sheath increased 90% in hetero- 
zygotes and only 43% in normals. Thus, oligo- 
dendrocytes in the heterozygote were produc- 
ing twice as much myelin during this period as 
the normal oligodendrocytes. Another mecha- 
nism of compensation could be production of a 
higher number of normal otigodendrocytes 
within the heterozygote. Rosenfeld and Fried- 
rich (1986) demonstrated that there is an in- 
creased incorporation of 3H-thymidine into oli- 
godendrocyte DNA in jimpy heterozygotes 
compared to controls and that the total number 
of oligodendrocytes that are labeled in hetero- 
zygotes is greater than that in normals. Thus, 
several mechanisms may be involved in this 
apparent recovery from early hypomyelination 
in heterozygous jimpy animals. 

A provocative series of experiments have 
been conducted with double mutants carrying 
both the shiverer mutation and the jirnpy muta- 
tion. Heterozygous jimpy females were back- 
crossed for three generations with homozy- 
gous shiverer male mice. The F 3 generation con- 
tained mice that were putative homozygous 
shiverer, hemizygous jimpy males. When these 
double mutants were analyzed biochemically 
or morphologically, they appeared to have a 
phenotype that was intermediate between that 
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of either single mutant (Kerner and Carson, 
1986; Billings-Gagliardi et al., 1986). CNS tis- 
sue from the double mutants was immunoblot- 
ted for MBP, PLP, and CNP. In each case, levels 
of the proteins were found to be intermediate 
between the two mutants. Morphologically, 
these double mutants appeared unique, rela- 
tive to the parent mutant strains (Billings- 
Gagliardi et al., 1986). The numbers of oligo- 
dendrocytes were not reduced, as they are in 
jimpy animals, and myelin was more abundant. 
Although myelin sheaths in certain brain re- 
gions lacked the major dense line, the number 
of myelin sheaths with more than four lamellae 
was significantly greater than in shiverer brains, 
and the number with major dense lines was 2- 
3%, in contrast to 0% of shiverer brains. 

It is not immediately clear how these two 
particular mutations can be interacting in this 
manner, since the shiverer mutation causes a 
major deletion of the MBP gene, and the jimpy 
mutation causes a splicing defect within the 
PLP pre-mRNA that prevents normal PLP 
mRNA from being produced. Thus, none of 
the four MBPs, the PLP, or DM20 proteins 
could be produced from RNA transcribed from 
these two genes. The authors suggest that the 
ability of these double mutants to produce all 
four MBPs indicates the presence of a second 
MBP gene providing a "backup" program of 
MBP gene expression, although this backup 
program apparently does not function in the 
original homozygous shiverer animals (Kerner 
and Carson, 1986). The presence of a second 
PLP gene would presumably also be a neces- 
sary interpretation for the new ability of these 
double mutants to produce PLP, since the PLP 
gene in jimpy mice cannot produce normal PLP 
protein. Further investigation of these double 
mutants will be needed to ascertain the interac- 
tions of these two genes in the double mutants. 

Quaking (qk) 

The quaking mutation is autosomal reces- 
sive, and it maps to mouse chromosome 17 
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(Hammerberg and Klein, 1975). This mutation 
causes a disorder of both the central nervous 
system and the peripheral nervous system (for 
a review, see Hogan and Greenfield, 1980). 
These mice exhibit tremors, which continue 
throughout their lifetime, beginning approxi- 
mately at postnatal d 12. Tonic seizures occur 
in these animals, although they have a normal 
lifespan~ Affected females are fertile, but males 
are sterile, Histological examination indicates 
gray, translucent areas of the optic nerve and 
the myelinated tracts of the spinal cord and 
brainstem. There is a significant loss of CNS 
myelin, although PNS myelination is not se- 
verely defective at the light microscopic level. 
The density of oligodendrocyte cell bodies is 
increased along fiber tracts, often with vacu- 
oles in the cytoplasm suggesting lysosomal 
degradation of myelin. 

As with the other dysmyelination mouse 
mutants, it was important to establish whether 
the mutation in the quaking mouse results in a 
specific alteration of an otigodendrocyte/mye- 
lin gene. Comparable tissue culture studies to 
those with the jimpy mouse demonstrated that 
cerebella from quaking animals produced a 
myelin deficit, although it was unusual in that 
the myelin produced in culture was invisible 
by light microscopy (Billings-Gagliardi et al., 
1980). When mutant cerebella were cultured in 
contact with normal optic nerve, significant 
myelination of the mutant neurons occurred 
(Wolf et al., 1981; Billings-Gagliardi et al., 
1983). Thus, as with jimpy mice, these studies 
demonstrated that the quaking defect is local- 
ized to the oligodendrocytes themselves, and 
they can be replaced by migrating normal oli- 
godendrocytes. 

Unlike shiverer or fimpy mice, no oligoden- 
drocyte/myelin gene product has been clearly 
implicated as the primary site of the genetic 
lesion in quaking mice. It cannot be a defect in 
MAG since the MAG gene has been mapped to 
mouse chromosome 7 (Sutcliffe, 1987); at pres- 
ent no myelin-specific genes have been map- 
ped to chromosome 1Z One unique feature to 
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the dysmyelination in quaking mice is the exis- 
tence of a caudal-rostral gradient in the sever- 
ity of the CNS dysmyelination, e.g., the spinal 
cord is less affected than the anterior commis- 
sure (Wisniewski and Morell, 1971; Friedrich, 
1974), and the PNS deficit is even less. It has 
been suggested that the defect in quaking mice 
is a mah.tration defect that results in an inabil- 
ity of the myelin membranes to assemble cor- 
rectly, rather than in an inability of the cell to 
synthesize the proteins (Brostoff et al~ 1977; 
Greenfield etal., 1977). 

There is a major reduction in the amount of 
myelin in both the central and peripheral nerv- 
ous systems, and biochemical analysis indi- 
cates a reduction in the amount of most myelin 
lipids and proteins. The yield of myelin from 
adult quaking mice was only 5-10% of the 
amount from normal adult mice (Greenfield et 
al., 1971). One of the earliest myelin protein de- 
ficits noted was the loss of PLP (Nussbaum and 
Mandel, 1973; Lerner et al., 1974). When mye- 
lin proteins were electrophoresed, most of the 
proteins from quaking myelin were high mol- 
ecular weight proteins, as compared with nor- 
mal myelin, which contained predominantly 
PLP and the MBPs (Greenfield et al., 1971). 
When CNP activity was measured in quaking 
mice, it was quite low (Kurihara etal. ,  1970; 
Mikoshiba et al., 1979). 

Because of the caudal-rostral gradient in the 
severity of the dysmyelination in the CNS, it 
was important to investigate differences in the 
myelin composition in different brain regions. 
The greatest protein deficit in quaking myelin 
was in PLP and 14 kdalton MBP, and this defi- 
cit was comparable for all regions examined 
(Fagg, 1979)o Throughout the CNS regions 
studied, there was little change in the amount 
of the 17/18.5 kdalton MBP, and there was an 
increase in the amount of the higher molecular 
weight myelin proteins, relative to normal 
myelin. There was no clear gradient in the ex- 
pression of specific proteins, and it would ap- 
pear the gradient in severity of the dysmyelina- 
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tion results from the loss of the whole myelin 
membrane, rather than from a gradient in the 
loss of specific proteins. 

An early study using a double isotope label- 
ing protocol to study myelin protein synthesis 
in quaking mice indicated that overall incorpo- 
ration of amino acids into quaking myelin was 
approximately 40% below that of normal mye- 
lin (Greenfield etal., 1977). This study utilized 
a double label protocol to assess the relative 
rate of protein synthesis in quaking and normal 
mouse brain, and the incorporation of proteins 
into different brain membranes. In quaking 
myelin, there was a preferential depression in 
amino acid incorporation into PLP and 14 kdal- 
ton MBP, relative to other myelin proteins. It 
was not clear from these experiments whether 
this selective reduction in amino acid incorpo- 
ration was the result of depressed synthesis of 
the proteins or depressed incorporation of the 
newly synthesized proteins into the myelin 
membrane. These investigators subsequently 
studied this issue of PLP synthesis, relative to 
assembly into myelin, using chloroform-meth- 
anol extraction and electrophoresis to identify 
PLP. They concluded that the synthesis of PLP 
was essentially normal in both 18 and 34 d 
quaking mice, but that PLP incorporation into 
the myelin membrane was low (Greenfield et 
al., 1979). 

These studies by Greenfield and coworkers 
suggested that PLP mRNA levels might be nor- 
mal in quaking brain, but in another series of 
studies, measurement of PLP mRNA levels in 
quaking mice by both probe hybridization and 
in vitro translation indicated that PLP mRNA 
levels were quite tow (Sorg et al., 1986; Sorg et 
al., 1987). By in vitro translation, the levels 
were approximate ly  15-22% of normal.  
Polysomal PLP mRNA levels measured by slot 
blot analysis were reduced to approximately 
20-30% of the age-matched control~ Nuclear 
PLP RNA levels were initially quite low and 
they steadily increased in quaking brain dur- 
ing development until, at 27 d of age, they were 
almost equivalent to the normal nuclear level 
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(Sorg et al., 1987). This suggested a possible 
defect in transport of PLP mRNA from the 
nucleus to the polysomes, which could lead to 
a build up of PLP mRNA in the nucleus. 

Studies on the accumulation of MBP in dif- 
ferent regions of the quaking nervous system 
indicated that the developmental curve was 
somewhat different between quaking and nor- 
mal mice and that there was a delay in the ap- 
pearance of MBP in every CNS region tested. 
Furthermore, the level of MBP was severely 
depressed, ranging from 5-20% of normal 
(Delassale et al., 1981; Jacque et al., 1983). Inter- 
estingly, the accumulation of lVIBP in spinal 
cord myelin did not stop at any discernable 
time during development, as it normally does 
(Detassale et al., 1981). Thus, at 80 d MBP con- 
tent of spinal cord was approximately 25% of 
normal, whereas at 1 yr, it had risen to 35% of 
normal. 

An early study on MBP biosynthesis in 
quaking mice suggested that the synthesis of 
the MPBs occurred at the normal rate, but that 
incorporation into the myelin membrane was 
deficient (Brostoff et al., 1977). This study uti- 
lized the double label protocol employed by 
Greenfield et al., (1977) to assess the relative 
rate of protein synthesis in quaking and normal 
mouse brain, and the incorporation of proteins 
into different brain membranes. The 3H/14C 
isotope ratio for total microsomal protein syn- 
thesis was measured, and the ratio for the syn- 
thesis of the 14 and 18.5 kdalton MBPs in the 
total brain homogena~es was essentially equiv- 
alent to that. However, their double isotope 
ratio within isolated myelin was quite low, sug- 
gesting that a significant amount of newly syn- 
thesized MBP within quaking brain was not 
being assembled appropriately into myelin, 
and was presumably being turned over. 

Other studies since have confirmed the pres- 
ence of close to normal levels of MBP mRNA in 
quaking mice (Carnow et al., 19847 Cam- 
pagnoni et a1., 1984; Roth et al., 1985; Hudson et 
al., 1987). Quantitation of 27 d MBP mRNA by 
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probe hybridization indicated 91% of normal 
levels of MBP mRNA (Roth et al., 1985), and 
Carnow et al. (1984) found no difference in the 
level of total MBP-specific mRNA in 15-25 d 
quaking brain relative to normal brain, when 
measured by in vitro translation. 

Other studies quantitating the level of the 
different MBP mRNAs in 16-20 d quaking 
brain by in vitro translation indicated close to 
normal or elevated levels of the mRNAs for the 
17, 18.5, and 21.5 kdalton MBP and approxi- 
mately 70% of normal levels of the 14 kdalton 
mRNA (CampagT~oni et al., 1984). These stud- 
ies were pursued to analyze MBP mRNA levels 
developmentally by both dot blot analysis and 
in vitro translation (Roth et al., 1985). Dot blot 
analysis of young quaking brain samples indi- 
cated the presence of approximately 40-60% of 
normal MBP mRNA levels. In contrast, at 27 d, 
approximately 91% of normal mRNA was de- 
tected by dot blot, suggesting that the presence 
of normal levels of MBP mRNA in quaking 
mice is seen only in older quaking animals, and 
that in young animals, clear deficits are ob- 
served. Interestingly, in vitro translation of the 
same 27 d RNA samples indicated only 63% of 
normal MBP levels were translated, suggesting 
that the mRNA might be translated less effi- 
ciently than in normal animals or in younger 
quaking animals. 

The expression of MAG has been studied, 
and it appears that MAG glycosylation is 
uniquely altered in quaking mice. Protein syn- 
thesis studies indicated that 30 d old quaking 
mice synthesize a fucosylated glycoprotein 
that migrates on gels as a slightly larger protein 
than MAG from control mice, but this protein 
has much less fucose on it than normal MAG 
(Matthieu et al., 1974). Since in mice no size 
shift in MAG is normally observed during de- 
velopment, it would appear that the quaking 
form of MAG is not related to any develop- 
mental stage of MAG biosynthesis in the 
mouse~ This form of MAG and another minor 
form slightly lower in molecular weight than 
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normal MAG (Inuzuki et al., 1987) may be 
unique to quaking mice. Although normal 
amounts of MAG were seen in PNS, these 
unique forms of MAG apparently were the ma- 
ture form of MAG in quaking PNS (Inuzuki et 
al., 1987). 

The mRNAs encoding the two initial MAG 
translation products also have an unusual ex- 
pression in quaking mice. In contrast to normal 
animals, the predominant MAG mRNA at both 
15 and 25 d of age in quaking mice is the p67 
MAG mRNA, which is normally seen only in 
older normal animals (Frail and Braun, 1984). 
Thus, in contrast to the current concept that the 
dysmyelination in quaking mice results from an 
arrest in the normal process of myelination, 
these data would argue that something quite 
different is occurring with respect to MAG 
gene expression, since the adult form of MAG 
mRNA is enriched in young quaking mice, and 
the protein produced from this mRNA has ap- 
parently altered carbohydrate processing to 
produce a protein of a larger size than normal. 

Myelin Deficient Rat 

A myelin deficient mutation has been identi- 
fied in the Wistar rat, and it maps to the X chro- 
mosome. This mutation is quite similar to the 
jimpy mouse mutation. For example, it causes a 
disorder exclusively of the central nervous sys- 
tem. The first recognizable symptom is a head 
tremor beginning approximately at postnatal d 
12-15, which becomes generalized within a 
few days. Seizures occur in these animals, and 
as with jimpy mice, these animals die before 30 
d of age (Csiza and de Lahunta, 1979). Histo- 
logical examination indicates gray tracts of the 
spinal cord. There is essentially a total loss of 
CNS myelin, whereas PNS myelination is not 
affected. Because of the extensive new in- 
formation of the PLP gene and the jimpy 
mouse, a great deal of interest is currently fo- 
cused on the myelin deficient rat, as a possible 
new example of a defective PLP gene. 
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Certain immunocytochemical and biochem- 
ical similarities to the jimpy mouse are apparent 
in myelin deficient rats. For example, interfas- 
cicular oligodendrocytes are not observed in 21 
d myelin deficient rat corpus collosum, using 
carbonic anhydrase  and 5 ' -nucleot idase 
antisera to identify cells (Kahn et al., 1986), and 
CNP activity in myelin deficient rats is ex- 
tremely reduced relative to normal rats. Young 
rats have approximately 20-50% of normal 
CNP activity in brain and spinal cord, and the 
CNP level drops as the animals age (Kahn et 
at., 1986; Yanigasawa et al., 1986). 

Other myelin proteins also have been quanti- 
tared in the myelin deficient rat, and striking 
deficits were noted. MBP levels in brain, as 
measured by ILIA, were consistently 1-1.5% of 
normal levels from 8-25 d of age in brain, al- 
though the level of MBP in spinal cord was 
somewhat higher. MAG levels as measured by 
RIA were reduced in CNS, although spinal 
cord had higher levels than brain (Yanigasawa 
et al., 1986). In both CNS regions, MAG levels 
dropped with age. In no sample could PLP be 
detected by immunoblotting, which would 
have detected 0.2% of normal levels of PLP, ad- 
ding further support to the possibility that the 
genetic lesion in these animals is within the 
PLP gene. 

It is clear from the numerous studies on the 
dysmyelinating mutants that important infor- 
mation can be obtained with respect to the nor- 
mal process of myelination. The pleiotropic ef- 
fects of mutations in myelin genes on the ex- 
pression of other myelin genes are distinctly 
different, depending on the specific mutation. 
Furthermore, introduction of a transgene into 
the mutant environment can apparently pro- 
duce "normal" expression of the transgene and 
of the other genes affected by the pleiotrophyo 
Both production of transgenic shiverer mice and 
the utilization of tissue transplantation to en- 
hance myelin production in mutants provides 
encouragement for the possibility of recovery 
from genetically-induced neurological deficits. 

Molecular Neurobiology Volume 2, 1988 



76 Campagnoni and Macklin 

Acknowledgments 

The authors  wish to thank  Thea Anzalone  
and  Gaylen Ducker  for k ind  and patient  assis- 
tance in the prepara t ion  of this manuscr ipt .  
This work  was  suppor ted ,  in part, by NIH 
grants NS23022, NS23322, NS23715, NS25304, 
a c a r e e r  d e v e l o p m e n t  a w a r d  to W B M  
(NS1089), and  National  Multiple Sclerosis Soc- 
ciety grant  RG1910. 

References 

Adams D. H. and Osborne J. (1973) A developmen- 
tal study of the relationship between the protein 
components of rat CNS myelin. NeurobioL 3, 91- 
112. 

Agamanolis D. P., Victor M., Harris J. W., Hines J. 
D., Chester E. M., and Karl~ J. A. (1978) An ultra- 
structural study of subacute combined degenera- 
tion of the spinal cord in vitamin B~2-deficient 
rhesus monkeys. Neuropath. Exp. NeuroI. 37, 273- 
299. 

Agrawal H. C., Agrawal D., and Jenkins R. P. (1986) 
Immunochemical evidence for phosphorytation 
of a new 23 K basic protein in rat brain myelin. 
Neurochem. Res. 11, 375--382. 

Agrawal H. C., Burton R. M., Fishman M. A., Mitch- 
ell R. F., and Prensky A. L. (1972) Partial charac- 
terization of a new myelin protein component. J. 
Neurochem. 19, 2083-2089. 

Agrawal H. C. and Hartman B. K. (1980) Proteins of 
the Nervous System, second ed., Bradshaw, R. A. 
and Schneider, D. M., eds., Raven Press, NY, pp. 
145-169. 

Agrawal H. C., O'Connell K., Randle C. L., and 
Agrawal D. (1982a) Phosphorylation in vivo of 
four basic proteins of rat brain myelin. Biochem. J. 
201, 39-47. 

Agrawal H. C., Randle C. L., and Agrawal D. (1981) 
In vivo phosphorylation of two myelin basic pro- 
teins of developing rabbit brain. ]. Biol. Chem. 
25G 12243-12246. 

Agrawal H. C., Randle C. L., and Agrawal D. 
(1982b) In vivo acylation of rat brain myelin pro- 
teolipid protein. J. Biol. Chem. 257, 4588-4592. 

Almazan G., Honegger P., and Matthieu J.-M. (1985) 
Triiodothyronine stimulation of oligodendroglial 
differentiation and myelination. A developmen- 
tal study. Dev. Neurosci. 7, 45-54. 

Amur S. G., Shanker G., Cochran J. M., Ved H. S., 
and Pieringer Ro A. (1986) Correlation between 
inhibition of myelin basic protein (arginine) me- 
thyltransferase by sinefungin and lack of com- 
pact myelin formation in cultures of cerebral cells 
from embryonic mice. J. Neurosci. Res. 16, 367- 
376. 

Amur S. Go, Shanker G. and Pieringer R. A. (1984) 
Regulation of myelin basic protein (arginine) me- 
thyltransferases by thyroid hormone in myelino- 
genic cultures of cells dissociated from embry- 
onic mouse brain. J. Neurochem. 43, 494--498. 

Arquint M., Roder J., Chia L.-S., Down J., Wilkinson 
D., Bayley H., Braun P., and Dunn R. (1987) Mo- 
lecular cloning and primary structure of myelin- 
associated glycoprotein. Proc~ Natl. Acad. Sci. 
USA 84, 6O0-4O4. 

Balazs R., Brooksbank B. W. L., Davison A. N., Eayrs 
J. T., and Wilson D. A. (1969) The effect of neona- 
tal thyroidectomy on myelination in the rat brain. 
Brain Res. 15, 219-232. 

Balazs R., Brooksbank B. W. L., Patel A. J., Johnson 
A. L., and Wilson D. A. (1971) Incorporation of 
[3sS] sulfate into brain constituents during devel- 
opment and the effect of thyroid hormone in 
myelination. Brain Res. 30, 273-293. 

Baldwin G. S. and Carnegie P. R. (1971) Specific 
enzymic methylation of an arginine in the experi- 
mental allergic encephalomyelitis protein from 
human myelin. Science 171, 579-581. 

Banik N. L., Davison A. N., Ramsey R. B., and Scott 
T. (1974) Protein composition in developing hu- 
man brain myelin. Dev. Psychobiol. 7, 539-549. 

Banik N. L. and Smith M. E. (1977) Protein determi- 
nants of myelination in different regions of devel- 
oping rat central nervous system. Biochem. J. 162, 
247-255. 

Bansal G., Martenson R. E., Leveille P., and Cam- 
pagnoni A. T. (1987) Characterization of a novel 
monoclonal anti-myelin basic protein antibody: 
use in immunobtotting and immunohistochemi- 
cal studies. J. NeuroimmunoI. 15, 279-294. 

Bansal R. and Pfeiffer S. E. (1985) Developmental 
expression of 2',3'-cyclic nucleotide 3'-phospho- 

Molecular Neurobiology Volume 2, 1988 



Myelin Protein Gene Expression 

hydrolase in dissociated fetal rat brain cultures 
and rat brain. J. Neurosci. Res. 14, 21-34. 

Barbarese E., Braun P. E., and Carson J. H. (1977) 
Identification of prelarge and presmaI1 basic pro- 
teins in mouse myelin and their structural rela- 
tionship to large and small basic proteins. Proc. 
Natl. Acad. ScL USA 74, 3360-3364. 

Barbarese Eo, Carson J. H., and Braun P. E. (1978) 
Accumulation of the four myelin basic proteins in 
mouse brain during development. J. Neurochem. 
31, 779-782~ 

Barbarese E., Nielson M. L., and Carson J. H. (1983) 
The effect of the shiverer mutation on myelin basic 
protein expression in homozygous and heterozy- 
gous mouse brain. J. Neurochem. 40, 1680-1686. 

Barbarese E. and Pfeiffer S. E. (1981) Developmental 
regulation of myelin basic protein in dispersed 
cultures. Proc. Natl. Acad. ScL USA 78, 1953-1957. 

Bartlett W. P., Knapp P. E., and Skoff R. P. (1987) 
Medium conditioned by normal brain cells res- 
cues fimpy oligodendrocytes in vitro. J. Neuro- 
chem 48, $43. 

Bartlett W. P. and Skoff R. P. (1986) Expression of the 
jimpy gene in the spinal cords of heterozygous fe- 
male mice. I. An early myelin deficit followed by 
compensation. I. Neurosci. 6, 2801-2812. 

Baumann N. (1980) Neurological Mutations Affecting 
Myelination. Inserm Symposium 14, Elsevier, 
Amsterdam, 565 pp. 

Benjamins J. A., Gray M., and Morell P. (1976) Meta- 
bolic relationships between myelin subfractions: 
entry of proteins. J. Neurochem. 27, 571-575 

Benjamin J. A., Jones, M., and Morell, P. (1975) Ap- 
pearance of newly synthesized protein in myelin 
of young rats. J. Neurochem. 24, 1117-1122. 

Benjamins J. A. and Morell P. (1978) Proteins of 
myelin and their metabolism. Neurochem. Res. 3, 
137-174. 

Benjamins J. A., Skoff R. P., and Beyer K. (1984) Bio- 
chemical expression of mosaicism in female mice 
heterozygous for the fimpy gene. J. Neurochem. 42, 
487-492. 

Benjamins J. A., Studzinski D. M., and Skoff R. P. 
(1986) Biochemical correlates of myelination in 
brain and spinal cord of mice heterozygous for 
the jimpy gene. J. Neurochem. 47, 1857-1863. 

77 

Berlet H. H. and Volk B. (1980) Studies of human 
myelin proteins during old age. Mech. Aging Dis. 
14, 211-222. 

Bernier L., Alvarez F., Norgard E. M., Raible D. W., 
Mentaberry A., Schembri J. G., Sabatini D. D., and 
Colman D. R. (1987) Molecular cloning of a 2',3'- 
cyclic nucleotide 3'-phosphodiesterase: mRNAs 
with different 5' ends encode the same set of pro- 
teins in nervous and lymphoid tissues. J. Neu- 
roscL (in press). 

Bhat N. R., Sarlieve L. L., Subba Rao G., Pieringer R. 
A. (1979) Investigations on myelination in vitro: 
Regulation by thyroid hormone in cultures of dis- 
sociated brain cells from embryonic mice. J. Biol. 
Chem. 254, 9342-9344. 

Bhat N. R., Shanker G., and Pieringer R. A. (1981a) 
Investigations on myelination in vitro: regula- 
tion of 2',3'-cyclic nucleotide 3' phosphohydro- 
lase by thyroid hormone in cultures of dissoci- 
ated brain cells from embryonic mice. J. Neuro- 
chem. 37, 695-701. 

Bhat N. R., Subba Rao G., and Pieringer R. A. (198Ib) 
Investigations on myelination in vitro: Regula- 
tion of sulfolipid synthesis by thyroid hormone in 
cultures of dissociated brain cells from embry- 
onic mi,ce. J. Biol. Chem. 256, 1167-1171. 

Bhat S., Barbarese E., and Pfeiffer S. E. (1981c) Re- 
quirement for non-oligodendrocyte cell signals 
for optimal myelinogenic gene expression in 
long-term cultures of purified rat oligodendro- 
cytes. Proc. Natl. Acad. Sci. USA 78, 1283-1287. 

Bhat S. and Pfeiffer S. E. (1985) Subcellular distribu- 
tion and developmental expression of cholesterol 
ester hydrolases in fetal rat brain cultures. J. 
Neurochem. 45, 1356-1362. 

Bhat S. and Pfeiffer S. (1986) Stimulation of oligo- 
dendrocytes by extracts from astrocyte-enriched 
cultures. J. Neurosci. Reso 15, 19-27. 

Billings-Gagliardi S. and Adcock L. (1981) Hy- 
pomyelinated mutant mice IV: Peripheral myelin 
in jp ''~. Brain Res. 225, 309-317. 

Billings-Gagliardi S., Adcock L. H., Lamperti E. D., 
Schwing-Stanhope G., and Wolf M. K. (1983) 
Myelination of jp, jp"% and qk axons by normal 
glia in vitro: Ultrastructural and autoradiogra- 
phic evidence. Brain Res. 268, 255-266. 

Molecular Neurobiology Volume 2, 1988 



78 Campagnoni and Macklin 

Billings-Gagliardi S., Adcock L. H., Schwing G. B., 
and Wolf M. K. (1980) Hypomyelinated mutant 
mice II. Myelination in vitro. Brain Res. 200, 135- 
150. 

Billings-Gagliardi S., Wolf M. K., Kirschner D. A., 
and Kerner Ao L. (1986) Shiverer-jimpy double mu- 
tant mice IL Morphological evidence supports 
reciprocal intergenic suppression. Brain Res. 374, 
54-62. 

Bizzozero O. A., McGarry J. F., and Lees M. B. (1986) 
Acylation of rat brain myelin proteolipid protein 
with different fatty acids. J. Neurochem. 47, 772- 
778. 

Bizzozero O. A., McGarry J. F., and Lees M. (1987a) 
Acylation of isolated myelin proteolipid protein. 
J. Neurochem. 48, $33. 

Bizzozero O. A., McGarry J. F., and Lees M. B. 
(1987b) Acylation of endogenous myelin proteo- 
lipid protein with different acyl-CoAs. J. BioI. 
Chem. 262, 2138-2145. 

Bizzozero O. A., Soto E. F., and Pasquini J. M. (1983) 
Myelin proteolipid protein. Neurochem. Int, 5, 
729-736. 

Bizzozero O. A., Soto E. F., and Pasquini J. M. (1984) 
Simultaneous entry of palmitic acid into proteo- 
lipid protein in different myelin subfractions of 
rat brain. Neurochem. Int. 6, 659-664. 

Bologa L. (1985) Oligodendrocytes, key cells in mye- 
lination and target in demyelinating diseases. J. 
Neurosci. Res. 14, 1-20. 

Bologa L., Aizenman Y., Chiapelli F., and deVellis J. 
(1986) Regulation of myelin basic protein in oli- 
godendrocytes by a soluble neuronal factor. J. 
Neurosci. Res. 15, 521-528. 

Bourre J. M., Jacque C., Delassale A., Nguyen-Lar- 
gros J., Dumont O., Lachapelle F., Raoul M., A1- 
varez C., and Baumann N. (1980) Density profile 
and basic protein measurements in the myelin 
range of particulate material from normal devel- 
oping mouse brain and from neurological mu- 
tants. J. Neurochem. 35, 458-464. 

Braun P. E. and Radin N. S. (1969) Interactions of 
lipids with a membrane structural protein from 
myelin. Biochemistry 8, 4310-4318. 

Breitbart R. E., Andreadis A., and Nadal-Ginard B. 
(1987) Alternative splicing: a ubiquitous mecha- 
nism for the generation of multiple protein iso- 
forms from single genes. Ann. Rev. Biochem. 56, 
467-495. 

Brostoff S. and Eylar E. H. (1971) Localization of 
methylated arginine in the A1 protein from mye- 
lin. Proc. Nat. Acad. ScL USA 68, 765-769. 

Brostoff S., Greenfield S., and Hogan E. Lo (1977) The 
differentiation of synthesis from incorporation of 
basic protein in quaking mutant mouse myelin. 
Brain Res. 120, 517-520. 

Cammer W. (t982) Partial deficiencies in the myelin 
proteins of developing mice heterozygous for the 
shiverer mutation. Dev. Genet. 3, 155-163. 

Cammer W., Sacchi R., Kahn S., and Sapirstein V. 
(1985) Otigodendrogliat structures and distribu- 
tion shown by carbonic anhydrase immunostain- 
ing in the spinal cords of developing normal and 
shiverer mice. J. NeuroscL Res. 14, 303-316. 

Cammer W. and Zimmerman Jr., T. R. (1983) Distri- 
bution of myelin-associated enzymes and myelin 
proteins into membrane fractions from the brains 
of adult shiverer and control (+/+) mice. Brain 
Res. 265, 73-80. 

Campagnoni A. T. (1985) Molecularbiology of mye- 
lination: gene expression of myelin basic protein. 
Gene Expression in Brain, (Zomzely-Neurath C. 
and Walker W. A. ,  eds.), John Wiley, pp. 205- 
233. 

Campagnoni A. T., Campagnoni C. W., Bourre J.-M., 
Jacque C., and Baumann N. (1984) Cell-free syn- 
thesis of myelin basic proteins in normal and dys- 
myelinating mutant mice. J. Neurochem. 42, 733- 
739. 

Campagnoni Ao T., Campagnoni C. W., Dutton G. 
R., and Cohen J. (1976) A regional study of devel- 
oping rat brain: the accumulation and distribu- 
tion of proteolipid proteins. J. NeurobioI. 7, 313- 
324. 

Campagnoni A. T., Campagnoni C. W., Huang A. 
L., and Sampugna J. (1972) Developmental 
changes in the basic proteins of normal and fimpy 
mouse brain. Biochem. Biophys. Res. Commun. 46, 
700-707. 

Campagnoni A. T., Carey G. D., and Yu Y.-T. (1980) 
In vitro synthesis of the myelin basic proteins: 
subcellular site of synthesis. J. Neurochem. 34, 
677-686. 

Campagnoni A. T. and Hunketer M. J. (1980) Syn- 
thesis of the myelin proteolipid protein in the de- 
veloping mouse brain. J. NeurobioL 11, 355-364. 

Campagnoni A. T., Hunkeler M. J., and Moskaitis J. 
E. (1987a) Translational regulation of myelin ba- 
sic protein synthesis. J. Neurosci. Res. 17, 102-110. 

Molecular Neurobiology Volume 2, 1988 



Myelin Protein Gene Expression 

Campagnoni A. To, Sorg B. A., Roth H. J., Kronquist 
K., Newman S. L., Kitamura K., Campagnoni C. 
W., and Crandall B. F. (1987b) Expression of mye- 
lin protein genes in the developing brain. J. 
Physiol. (Paris) (in press). 

Campagnoni C. W., Carey G. D., and Campagnoni 
A. T. (1978) Synthesis of myelin proteins in the 
developing mouse brain. Arch. Biochem. Biophys. 
190, 118-125. 

Carnegie P. R. (1971) Properties, structure, and pos- 
sible neuroreceptor role of the encephalitogenic 
protein of human brain. Nature 229, 25-28. 

Carnegie P. R., Dunkley P. P., Kemp B. E., and Mur- 
ray A. W. (1974) Phosphorylation of selected 
serine and threonine residues in myelin basic 
protein by endogenous and exogenous protein 
kinases. Nature 249, 147-150. 

Carnow T. B., Carson J. H., Brostoff S. W., and 
Hogan E. L. (1984) Myelin basic protein gene ex- 
pression in quaking, jimpy, and myelin syn thesis-de- 
ficient mice. Dev. Biol. 106, 38-44. 

Carson J. H., Nielson M. L., and Barbarese E. (1983) 
Developmental regulation of myelin basic pro- 
tein expression in mouse brain. Dev. Biol. 96, 485- 
492. 

Chan D. S. and Lees M. B. (1974) Gel electrophoresis 
studies of bovine brain white matter proteolipid 
and myelin proteins~ Biochemistry 13, 2704-2712. 

Chanderkar L. P., Paik W. K., and Kim S. (1986) 
Studies on myelin basic protein-methylation dur- 
ing mouse brain development. Biochem. J. 240, 
471-479. 

Chernoff G. (1981) Shiverer: an autosomal recessive 
mutant mouse with myelin deficiency. I. Hered. 
72, 128. 

Colman D. R., Kreibich G., Frey A. B., and Sabatini 
D. D. (1982) Synthesis and incorporation of mye- 
lin polypeptides into CNS myelin. J. Cell Biol. 9S, 
598-608. 

Crang A. J. and Jacobson W. 91982) The relationship 
of myelin basic protein (arginine) methyltransfer- 
ase to myelination in mouse spinal cord. J. Neuro- 
chem. 39, 244-247. 

Csiza C. K. and de Lahunta A. (1979) Myelin deft- 
ciency (rod): a neurological mutant in the Wistar 
rat. Am. J. Pathol. 95, 215-219. 

Dautigny A., Alliel P. M., d'Auriol L., Pham Dinh D., 
Nussbaum J.-L., Galibert F., and Jolles P. (1985) 
Molecular cloning and nucleotide sequence of a 

79 

cDNA clone coding for rat brain myelin proteo- 
lipid. FEBS Lett. 188, 33-36. 

Dautigny A., Alliel P. M., Nussbaum J. L., and Jolles 
P. (1983) Cell-free synthesis of rat brain myelin 
proteolipids and their identification by immuno- 
precipitation. Biochem. Biophys. Res. Comm. 110, 
432-437. 

Dautigny A., Mattei M.-G., Morello D., Alliel P. M., 
Pham-Dinh D., Amar L., Arnaud D., Simon D., 
Mattei J.-F., Guenet J.-L., Jolles P., and Avner P. 
(1986) The structural gene coding for myelin as- 
sociated proteolipid protein is mutated in jimpy 
mice. Nature 321, 867-869. 

deFerra F., Engh H., Hudson L., Kamholz J., Puckett 
C., Molineaux S., and Lazzarini R. A. (1985) Alter- 
native splicing accounts for the four forms of 
myelin basic protein. Cell 43, 721-727. 

Deibler G. E., Krutzsch C. H., and Kies M. W. (1986) 
A new form of myelin basic protein found in hu- 
man brain. J. Neurochem. 47, 1219-1225. 

Delassate A., Zalc B., Lachapelle R., Raoul M., Col- 
lier P., and Jacque C. (1981) Regional distribution 
of myelin basic protein in the CNS quaking, fimpy, 
and normal mice during development and aging. 
I. Neurosci. Res. 6, 303-313. 

DesJardins K. C. and Morell P. (1983) Phosphate 
group modifying myelin basic proteins are meta- 
bolically labile; methyl groups are stable. J. Ceil 
Biol. 97, 438-446. 

Diehl H.-J., Schaich M., Budzinski R.-M., and Stoffel 
W. (1986) Individual exons encode the integral 
membrane domains of human myelin proteo- 
lipid protein. Proc. Natl. Acad. Sci. USA 83, 9807- 
9811. 

Doolittle D. P., Baumann N., and Chernoff G. (1981) 
Allelism of two myelin deficiency mutations in 
the mouse. J. Hered. 72, 285. 

Doolittle D. P. and Schweikart K. M. (1977) Myelin 
deficient, a new neurological mutant in the 
mouse. J. Hered. 68, 331-332. 

Drummond R. J. (1979) Purification of 2',3'-cyclic 
nucleotide 3'-phosphohydrolase from bovine 
brain by immunoaffinity chromatography: fur- 
ther biochemical characterization of the protein. 
J. Neurochem. 33, 1143-1150. 

Drummond R. J. and Dean G. (1980) Comparison of 
2':3'-cyclic nucleotide 3'-phosphodiesterase and 
the major component of the Wolgram protein 
W1. J. Neurochem. 35, 1155-1165. 

Molecular Neurobiology Volume 2, 1988 



80 

Druse M. J., Brady R. O., and Quarles R. H. (1974) 
Metabolism of a myelin-associated glycoprotein 
in developing rat brain. Brain Res. 76, 423-434. 

Dubois-Dalcq M., Behar T., Hudson L., and Lazzar- 
ini R. A. (1986a) Emergence of three myelin pro- 
teins in oligodendrocytes cultured without neu- 
rons. J. Cell BioL 102, 384-392. 

Dubois-Dalcq M., Kacher B., Hudson L., Behar T., 
and Lazzarini R. (1986b) The biology of differen- 
tiating oligodendrocytes in culture. Trans. Amer. 
Soc. Neurochem. 17, 256. 

Dunkley P. Ro and Carnegie P. R. (1974) Amino acid 
sequence of the smaller basic protein from rat 
brain myelin. Biochemo J. 141, 243-255. 

Dupouey P., Jacque C., Bourre J. M., Cessilin F., Pri- 
vat H., and Baumann N. (1979) Immunochemical 
studies of myelin basic protein in Shiverer mouse 
devoid of major dense line of myelin. Neurosci. 
Lett. 12, 113-118. 

Eicher E. M. and Hoppe P. C. (1973) Use of chimeras 
to transmit lethal genes in the mouse and to dem- 
onstrate allelism of the two X-linked male lethal 
genesjp and msd. J. Exp. ZooI. 183, 181-184. 

Einstein E., Dalai K. B., and Csejtey J. (1970) Bio- 
chemical maturation of the central nervous sys- 
tem. II. Protein and proteolytic enzyme changes. 
Brain Res. 18, 35-49. 

Endo T. and Hidaka H. (1980) Ca2+--calmodulin 
dependent phosphorylation of myelin isolated 
from rabbit brain. Biochem. Biophys. Res. Comm. 
97, 553-558. 

Eng L. F., Chao F. Co, Gerstl B., Pratt D., and 
Tavaststjerna M. G. (1968) The maturation of 
human white matter myelin fractionation of the 
myelin membrane proteins. Biochemistry 7, 4455- 
4465. 

Eylar E. H. 91970) Amino acid sequence of the basic 
protein of the myelin membrane. Proc. Natl. Acad. 
Sci. USA 67, 1425--1431. 

Fagg G. E. (1979) The quaking mouse: regional vari- 
ations in the content and protein composition of 
myelin isolated from the central nervous system. 
Neurosci. 4, 973-978. 

Fahim S. and Riordan J. R. (1986) Lipophilin (PLP) 
gene in X-linked myelin disorders. J. Neurosci. 
Res. 16, 303-310. 

Flynn T. J., Deshmukh D. S., and Pieringer R. A. 
(1977) Effect of altered thyroid function on galac- 
tosyl diacytglycerol metabolism in myetinating 
rat brain. J. Biol. Chem 252, 5864-5870. 

Molecular Neurobiology 

Campagnoni and Macklin 

Folch j. and Lees M~ (1951) Proteolipides, a new type 
of tissue lipoprotein. J. Biol. Chem. 191, 807-817. 

Frail D. E. and Braun P. E. (1984) Two developmen- 
tally regulated messenger RNAs differing in their 
coding region may exist for the myelin-associated 
glycoprotein. J. Biol. Chem. 259, 14857-14862. 

Frail D. E. and Braun P. E. (1985) Abnormal expres- 
sion of the myelin~associated glycoprotein in the 
central nervous system of dysmyelinating mu- 
tant mice. J. Neurochem. 45, 1071-1075. 

Friedman E., Nilaver G., Carmel P., Perlow M,  
Spatz L., and Latov N. (1986) Myelination by 
transplanted fetal and neonatal oligodendrocytes 
in a dysmyelinating mutant. Brain Res. 387, 142- 
146. 

Friedrich Jr. V. L. (1974) The myelin deficit in quak- 
ingi mice. Brain Res. 82, 168-178. 

Gagnon J., Finch P. R., Wood D. D., and Moscarello 
M. A. (1971) Isolation of a highly purified myelin 
protein. Biochemistry 10, 47564763. 

Gandy G., Jacobson W., and Sidman R. (1973) Inhi- 
bition of a transmethylation reaction in the cen- 
tral nervous system--an experimental model for 
subacute combined degeneration of the cord. ]. 
Physiol. (Lond) 233, 1P-3P. 

Gansmuller A., Lachapelle F., Baron-Van Everco- 
oren A., Hauw J. J., Baumann N., and Gumpel M. 
(1986) Transplantations of newborn CNS frag- 
ments into the brain of shiverer mutant mice: 
extensive myelination by transplanted oligoden- 
drocytes. Dev. Neurosci. 8, 197-207. 

Gardinier M, V. and Macklin W.B. A comparison 
of PLP gene expression in jp and jp,~a mice (sub- 
mitted). 

Gardinier M. V., Macklin W. B., Diniak A. J., and 
Deininger P. L. (1986) Characterization of myelin 
proteolipid mRNAs in normal and jimpy mice. 
MoI. Cell. Biol. 6, 3755-3762. 

Garwood M. M., Gilbert W. R., and Agrawal H. C. 
(1983) In vivo acylation of proteolipid protein 
and DM-20 in myelin and myelin subfractions of 
developing rat brain: imrnunoblot identification 
of acylated PLP and DM-20. Neurochem. Res. 8, 
649-659. 

Ginalski-Winkelman H., Guillermina A., and Mat- 
thieu J.-M. (1983) In vitro myelin basic protein 
synthesis in the PNS and CNS of myelin deficient 
(mld) mutant mice. Brain Res. 277, 386-388. 

Greenfield S., Brostoff S., and Hogan E. (1977) Evi- 
dence for defective incorporation of proteins in 

Volume 2, 1988 



Myelin Protein Gene Expression 

myelin of the quaking mutant mouse. Brain Res. 
120, 507-515. 

Greenfield S., Norton W. T., and Morell P. (1971) 
Quaking mouse: Isolation and characterization of 
myelin protein. J. Neurochem. 18, 2219-2128. 

Greenfield S., Williams N. I., White M., Brostoff S. 
W., and Hogan E. Lo (1979) Proteotipid protein: 
synthesis and assembly into quaking mouse mye- 
lin. J. Neurochem. 32, 1647-1651. 

Gumpel M., Baumann N., Raoul M., and jacque C. 
(1983) Myelination of the central nervous system 
axons by oIigodendrocytes from neural tissue 
transplanted into newborn mice brains. Neurosci. 
Iett. 37, 307-312. 

Gumpel M., Lachapelle F.,Jacque C., and Baumann 
N. (1985) Central nervous tissue transplantation 
into mouse brain: differentiation of myelin from 
transplanted otigodendrocytes. Neuronal Graft- 
ing in the Mammalian CNS, (Bjorklund A. and 
Stenevi U., eds.), Elsevier, Amsterdam. 

Hammerberg C. and Klein J. (1975) Linkage rela- 
tionships of markers on chromosome 17 of the 
house mouse. Genet. Res. 26, 203-213. 

Hertz L., Chaban G., and Hertz E. (1980) Abnormal 
metabolic response to excess potassium in astro- 
cytes from the fimpy mouse, a convulsing neuro- 
logical mutant. Brain Res. 181, 482-487. 

Hogan E. L. and Greenfield S. (1984) Animal models 
of genetic disorders of myelin, Myelin, second 
edition, Morell P., ed., Plenum, NY, pp. 489-534. 

Hotley J. A. and Yu R. K. (1987) Localization of gty- 
coconjugates recognized by the HNK-1 antibody 
in mouse and chick embryos during early neural 
development. Dev. Neurosci. 9, 105-119. 

Hudson L. D., Berndt J. A., Puckett C., Kozak C. A. 
and Lazzarini R. A. (1987) Aberrant splicing of 
proteolipid protein mRNA in the dysmyelinating 
jimpy mutant mouse. Prec. Natl. Acad. Sci. USA 
84, 1454-1458. 

Inoue Y., Mikoshiba K., Yokoyama M., Inoue K., 
Terashima T., Nomura T., and Tsukada Y. (1986) 
Alteration of the primary pattern of central mye- 
lin in chimaeric environment--study of shiverer; 
wild-type chimaeras. Dev. Brain Res. 26, 239-247 

Inoue Y., Nakamura R., Mikoshiba K., and Tsukada 
Y. (1981) Fine structure of the central myelin 
sheath in the myelin deficient mutant shiverer 
mouse, with special reference to the pattern of 
myelin formation by otigodendroglia. Brain Res. 
219, 85-94. 

87 

Inuzuka T., Johnson D., and Quartes R. H. (1987) 
Myelin-associated glycoprotein in the central and 
peripheral nervous system of quaking mice. J. 
Neurochem. 49, 597-602. 

Jacque C., Delassalle Ao, Raoul M., and Baumann N. 
(1983) Myelin basic protein deposition in the op- 
tic and sciatic nerves of dysmyelinating mutants 
quaking, jimpy, trembler, MLD , and shiverer during 
development. J. Neurochem. 41, 1335-1340. 

Jacque C., Privat A., Dupouey P., Bourre J. M., Bird 
T~ and Baumann N. (1978) Shiverer mouse: a dys- 
myelinating mutant with absence of major dense 
line and basic protein in myelin. Prec. Eur. Soc. 
Neurochem. I, 131. 

Kahn S., Tansey F. A., and Cammer W. (1986) Bio- 
chemical and immunocytochemical evidence for 
a deficiency of normal interfascicular oligoden- 
droglia in the CNS of the dysmyelinating mutant 
(md) rat. ]. Neurochem. 47, 1061-1065. 

Kamholz J., deFerra F., Puckett C., and Lazzarini R. 
(1986) Identification of three forms of human 
myelin basic protein by cDNA cloning. Prec. 
Natl. Acad. Sci. USA. 83, 4962-4966~ 

Kanfer J., Parenty M., Goujet-Zalc C., Monge M., 
Bernier L., Campagnoni A. T., Dautigny A., and 
Zalc B. Developmental expression of myelin pro- 
teolipid, basic protein and 2',3'-cyclic nucleotide 
3'-phosphodiesterase transcripts in different rat 
brain regions. (Submitted). 

Karin N. J. and Waehnneldt T. V. (1985) Biosynthe- 
sis and insertion of Wolfgram protein into optic 
nerve membranes. Neurochem. Res. 10, 897-907. 

Keen P., Osborne R. H., and Pehrson U. M. M. (1976) 
Respiration and metabolic compartmentation in 
brain slices from a glia-deficient mutant, the jim- 
py" mouse. J. Physiol. (Lend.) 245, 22-33. 

Kerlero de Rosbo N., Carnegie P. R., Bernard C. C. 
A., Linthicum D. S. (1984) Detection of various 
forms of brain myelin basic protein in vertebrates 
by electroimmunoblotting. Neurochem. Res. 9, 
1359-1369. 

Kerner A.-L. and Carson J. H. (1984) Effect of the 
jimpy mutation on expression of myelin proteins 
in heterozygous and hemizygous mouse brain. 
J. Neurochem. 43, 1706-1715. 

Kerner A.-L. and Carson J. H. (1986) Shiverer-jimpy 
double mutant mice. I. Biochemical evidence for 
reciprocal intergenic suppression. Brain Res. 374, 
45-53. 

Molecular Neurobiology Volume 2, 1988 



82 

Kim S., Tuck M., Ho L., Campagnoni Ao T., Bar- 
barese E., Knobter R. L., Lubtin F. D., Chanderkar 
L. P., and Paik W. K. (1986) Myelin basic protein- 
specific protein methylase I activity in shiverer 
mutant mouse brain. J. Neurosci. Res. 16, 357-365. 

Kim S., Tuck M., Kim M., Campagnoni A. T., and 
Paik W. (1984) Studies of myelin basic protein- 
specific protein methylase I in various dysmyeli- 
hating mutant mice. Biochem. Biophys. Res. Comm. 
123, 468474. 

Kimura M., Inoko H., Katsuki M., Ando A., Sato T., 
Hirose T., Takashima H., Inayama S., OkanoH., 
Takamatsu K., Mikoshiba K., Tsukada Y, and 
Watanabe I. (1985) Molecular genetic analysis of 
myelin-deficient mice: shiverer mutant mice 
show deletion in gene(s) coding for myelin basic 
protein. ]. Neurochem. 44, 692-696. 

Knapp P. E., Skoff R. P., and Redstone D. W. (1986) 
Oligodendrogliat cell death injimpy mice: an ex- 
planation for the myelin deficit. I. Neurosci. 6, 
2813-2822. 

Kobayashi T., Nakaza T., Negami A., Nakamura S., 
and Yamamura H. (1984) Phosphorytation of 
myelin basic protein by glycogen phosphorylase 
kinase. FEBS Lett. 169, 224-228. 

Konat G. (1981) Intracellular translocation of newly 
synthesized myelin proteins in the rat brain stem 
slices. Exp. Neurot. 73, 254-266. 

Konat G., Gantt G., and Hogan E. L. (1986) Acylation 
of myelin proteolipid protein in subcellular frac- 
tions of rat brainstem. Neurochem. Int. 9, 545-549. 

Kozak M. (1981) Possible role of flanking nucleo- 
tides in recognition of the AUG initiator codon by 
eukaryotic ribosomes. Nuc. Acids Res. 9, 5233- 
5252. 

Kronquist K. E., CrandaI1 B. E., Macklin W. B., and 
Campagnoni A. T. (1987) Expression of myelin 
proteins in the developing human spinal cord: 
cloning and sequencing of human proteolipid 
protein eDNA. J. Neurosci. Res. 18, 395-401. 

Kruse F., Keilhauer G., Faissner A., Timpl R., and 
Schachner M. (1985) The J1 glycoprotein-A novel 
nervous system cell adhesion molecule of the L2/ 
HNK1 family. Nat~re 316, 146-148. 

Kruse F., Mailhammer R., Wernecke H., Faissner A., 
Sommer I., Gordis C. and Schachner M. (1984) 
Neural cell adhesion molecules and myelin-as- 
sociated glycoprotein share a common carbohy- 
drate moiety recognized by monoclonal antibodi- 
es L2 and HNK-1. Nature 3il ,  153-155. 

Campagnoni and Macklin 

Kurihara T., Fowler A. V., and Takahashi Y~ (1987) 
cDNA cloning and amino acid sequence of bo- 
vine brain 2',3'-cyclic-nucleotide 3'-phosphodies- 
terase. J. Biol. Chem. 262, 3256-3261. 

Kurihara T., Nussbaum J. L., and Mandel P. (1969) 
2',3'-Cyclic nucleotide 3' phosphohydrolase in the 
brain of the '~impy" mouse, a mutant with defi- 
cient myelination. Brain Res. 13, 401-403. 

Kurihara T., Nussbaum J. L., and Mandel P~ (1970) 
2'-3'-Cyclic nucleotide 3 'phosphoydrolase in 
brains of mutant mice with deficient myelination. 
]. Neurochem. 17, 993-997. 

Kurihara T. and Tsukada Y. (1967) The regional and 
subcellular distribution of 2',3'-cyclic nucleotide 
3'-phosphohydrolase in the central nervous sys- 
tem. J. Neurochern. 14, 1167-1174. 

Kurihara T. and Tsukada Y. (1968) 2',3'<Tclic nu- 
cleotide 3'-phosphohydrolase in the developing 
chick brain and spinal cord. I. Neurochem. 15, 
827--832. 

Lachapelle F., Gumpel M., Baulac M., Jacque C., 
Duck P., and Baumann N. (1983, 1984). Trans- 
plantation of CNS fragments into the brain of shi- 
verer mutant mice: Extensive myelination by 
transplanted oligodendrocytes 1. Immunohisto- 
chemical studies. Dev. Neurosci. 6, 325-334. 

Lai C., Brow M. A., Nave K.-A., Noronha A. B., 
Quarles R. H., Bloom F. E., Milner R. J., and Sub 
cliffe J. G. (1987) Two forms of 1B236/myelin-as- 
sociated glycoprotein, a cell adhesion molecule 
for postnatal neural development, are produced 
by alternative splicing. Proc. Natl. Acad. Sci. USA 
84, 42274341. 

Lee H. W., Kim S., and Paik W. K. (1977) S-adeno- 
sylmethionine: protein-arginine methyltransfer- 
ase: purification and mechanism of the enzyme. 
Biochemistry 16, 78-85. 

Lees M. B. (1982) Proteotipids. Scand. J. tmmunol. 18, 
147-166. 

Lees M. B. and Macklin W. B. (1988) Myelin prote- 
olipid protein, Functional and Clinical Aspects of 
Neuronal and Glial Proteins, NeurobioIogfcat Re- 
search, voL 2 ,  (Marangos P. J., Campbell I., and 
Cohen R. M., eds) Academic Press, pp. 267-294. 

Lees M. B. and Paxman S. A. (1974) Myelin proteins 
from different regions of the central nervous sys- 
tem. J. Neurochem. 23, 825-831. 

Lees M. B. and Sapirstein V. S. (1983) Myelin-associ- 
ated enzymes. Handbook of Neurochemistry, voI. 4, 
(2nd ed.), Lajtha A., ed., Plenum NY, pp 435-460. 

Molecular Neurobiology Volume 2, I988 



Myelin Protein Gene Expression 

Lepage P., Helynck G., Chu J.-Y., Luu B., Sorokine 
O., Trifilieff E., and Van Dorsselaer A. (1986) 
Purification and characterization of minor brain 
proteolipids: use of fast atom bombardment- 
mass spectrometery for peptide sequencing~ Bio- 
chimie 68, 669-686. 

Lerner P., Campagnoni A. T., and Sampugna J. 
(1974) Proteolipids in the developing brains of 
normal mice and myelin deficient mutants. J. 
Neurochem. 22, 163-170. 

Lyon M. F. (1972) X-chromosome inactivation and 
developmental patterns in mammals. Biol. Rev. 
47, 1-35. 

Mack S. R. and Szuchet S. (1981) Synthesis of myelin 
glycosphingolipids by isolated oligodendrocytes 
in tissue culture. Brain Res. 214, 180-185. 

Macklin W. B., Campagnoni C. W., Deininger P. L., 
and Gardinier M. V. (1987) Structure and expres- 
sion of the mouse myelin proteolipid protein 
gene. J. Neurosci. Res. 18, 383-394. 

Macklin W. B., Oberfield E., Lees M. B. (1983, 1984) 
Electroblot analysis of rat myelin proteolipid pro- 
tein and basic protein during development. Dev. 
NeuroscL 6, 161-168. 

MacMin W. B. and Pfeiffer So E. (1983) Myelin pro- 
teolipid: Time course in primary cultures of fetal 
rat brain. Trans. Am. Soc. Neurochem. 14, 212. 

Macklin W. B. and Weill C. L. (1985) Appearance of 
myelin proteins during development in the chick 
central nervous system. Dev. NeuroscL 7,170-178. 

Macklin W. B., Weill C. L., and Deininger P. L. (1986) 
Expression of myelin proteolipid and basic pro- 
tein mRNAs in cultured cells. J. Neurosci. Res. 16, 
203-217. 

Magno-Sumbilla C. and Campagnoni A. T. (1977) 
Factors affecting the electrophoretic analysis of 
myelin proteins: application to changes occur- 
ring during brain development. Brain Res. 126, 
131-148. 

Martenson R. E., Deibler G. E., Kies M. W., McKne- 
ally S. S., Shapira R., and Kibler R. F. (1972)Dif- 
ferences between the two myelin basic proteins of 
the rat central nervous system: a deletion in the 
smaller protein. Biochim Biophys. Acta 263, 193- 
203. 

Martenson R. E., Law M. J, and Deibler G. E. (1983) 
Identification of multiple in vivo phosphoryla- 
tion sites in rabbit myelin basic protein. J. Biol. 
Chem. 258, 930--937. 

83 

Martini R. and Schachner M. (1986) Immunoelec- 
tron microscopic localization of neural cell adhe- 
sion molecules (L1, N-CAM, and MAG) and their 
shared carbohydrate epitope and myelin basic 
protein in developing sciatic nerve. J. Cell. Biol. 
103, 2439-2448. 

Marton L. S. and Stefansson K. (1984) Developmen- 
tal alterations in molecular weights of proteins in 
the human central nervous system that react with 
antibodies against myelin-associated glycopro- 
tein. J. Ceil Biol. 99, 1642-1646. 

Mattei M. G., Alliel P. M., Dautigny Ao, Passage E., 
Pham-Dinh D., Mattei J. F., and Jolles P. (1986) 
The gene encoding for the major brain proteo- 
lipid (PLP) maps on the q-22 band of the human X 
chromosome. Hum. Genet. 72, 352-353~ 

Matthieu J.-M. (1978) Proteins from sciatic-nerve 
myelin in q~aking and jimpy mice. Biochem J. 173, 
989-991. 

Matthieu J.-M., Almazan G., and Waehneldt T. V. 
(1983, 1984) Intrinsic myelin proteins are normal- 
ly synthesized in vitro in the myelin-deficient (told) 
mutant mouse. Dev. Neurosci. 6, 246-250. 

Matthieu J.-M., Brady R. O., and Quarles R. H. 
(1974) Developmental change in a myelin-associ- 
ated glycoprotein: comparative study in rodents. 
Dev. Biol. 37, 146-152. 

Matthieu J.-M., Ginalski H., Friede R. L., and Cohen 
S. R. (1980) Low myelin basic protein levels and 
normal myelin in peripheral nerves of myelin de- 
ficient mutant mice (told). Neurosci. 5, 2315-2320. 

Matthieu J.-M., Ginalski-Winkelmann H., and Jac- 
que C. (1981) Similarities and dissirrdlarities be- 
tween two myelin deficient mutant mice, shiverer 
and mid. Brain Res. 214, 219-222. 

Matthieu J.-M., Honegger P., Favrod P., Gautier P., 
and Dolivo M. (1979) Biochemical characteriza- 
tion of myelin fractions isolated from rat brain ag- 
gregating cell cultures. J. Neurochem. 32, 869-881. 

Matthieu J.-M., Roch J.-M., On-din F. X., Rambaldi I., 
Almazan G., and Braun P. E. (1986) Myelin insta- 
bility and oligodendrocyte metabolism in myelin- 
deficient mutant mice. J. Cell Biol. 103, 2673-2682. 

Matthieu J.-M., Widmer S., and Herschkowitz N. 
(1973) Biochemical changes in mouse brain com- 
position during myelination. Brain Res. 55, 391- 
402. 

McCarthy K. D. and deVellis J. (1980) Preparation of 
separate astrogliat and oligodendroglial cell cul- 

Molecular Neurobiology Volume 2, t988 



84 

tures from rat cerebral tissues. J. Cell Biol. 85, 890- 
902. 

McGarry R. C., Helfand S. L., Quarles R. H., and 
Roder J. C. (1983) Recognition of myelin-associa- 
ted glycoprotein by the monoclonal antibody 
HNK-1. Nature 306, 376-378. 

McMorris F. A., Kim S. U., and Sprinkle T. J. (1984) 
Intracellular localization of 2',3'-cyclic nucleotide 
3'-phosphohydrolase in rat oligodendrocytes and 
C6 glioma cells, and effect of cell maturation and 
enzyme induction on localization. Brain Res. 292, 
123-131. 

Meier C. and Bischoff A. (1975) Oligodendroglial 
cell development in fimpy mice and controls: an 
electron-microscopic study in the optic nerve. J. 
Neurolog. Sci. 26, 517-528. 

Meier C. and MacPike A. D. (1970) A neurological 
mutation (msd) of the mouse causing a deficiency 
of myelin synthesis~ Exp. Brain Res. 10, 512-525. 

Mentaberry A., Adesnik M., Atchison M., Norgard 
E. M., Alvarez F., Sabatini D. D., and Colman D. 
R. (1986) Small basic proteins of myelin from cen- 
tral and peripheral nervous systems are encoded 
by the same gene. Proc. NatL Acado Sci. USA 83, 
1111-1114. 

Mikoshiba K., Aoki E., and Tsukada Y. (1980a) 2'-3'- 
cyclic nucleotide 3'-phosphohydrolase activity in 
the central nervous system of a myelin deficient 
mutant (shiverer). Brain Res. 192, 195-204. 

Mikoshiba K., Kohasaka S., Hayakawa T., Taka- 
matsu K., and Tsukada Y. (1985) Immunohisto- 
chemical localization of 2',3'-cyclic nucleotide 3'- 
phosphodiesterase and myelin basic protein in 
the central nervous system of the fimpy and the 
normal mouse. J. Neurochem. 44, 686-691. 

Mikoshiba K., Nagaike K., Aoki E., and Tsukada Y. 
(1979) Biochemical and immunohistochemical 
studies on dysmyelination of quaking mutant 
mice in vivo and in vitro. Brain Res. 177, 287-299. 

Mikoshiba K., Nagaike K., and Tsukada Y. (1980) 
Subcellular distribution and developmental 
change of 2',3'-cyclic nucleotide 3'-phosphohy- 
drolase in the central nervous system of the mye- 
lin-deficient shiverer mutant  mice. [. Neurochem. 
35, 465-470. 

Mikoshiba K., Yokoyarna Y., Inoue Y., Takamatsu 
K., Tsukada Y., and Nomura T. (1982) Oligoden- 
drocyte abnormalities in shiverer mouse mutant 
are determined in primary chimaeras. Nature 
299, 357-359. 

Campagnoni and Macklin 

Milner R. J., Lai C. Nave K.-A., Lenior D., Ogata J., 
and Sutcliffe J. G. (1985) Nucleotide sequences of 
two mRNAs for rat brain myelin proteolipid pro- 
tein. Ceil 42, 931-939. 

Miskimins R. and Yu R. K. (1986) Developmental ex- 
pression of myelin basic protein mRNA in a hy- 
permyelinating mouse. J. Neurosci. Res. 16; 219- 
225. 

Miyake M. (1975) Methylases of myelin basic pro- 
tein and histone in rat brain. J. Neurochem. 24, 
909-915. 

Miyamoto E. and Kakiuchi S. (1974) In vitro and in 
vivo phosphorylation of myelin basic protein by 
exogenous and endogenous adenosine 3':5'- 
monophosphate-dependent protein kinases in 
brain. J. Biol. Chem. 249, 2769-2777. 

Miyamoto E., Kakiuchi S., and Kakimoto Y. (1974) In 
vitro and in vivo phosphorylation of myelin basic 
protein by cerebral protein kinase. Nature 249, 
150-151. 

Molineaux S. M., Engh H., deFerra F., Hudson L. 
and Lazzarini R. A. (1986) Recombination within 
the myelin basic protein gene created the dys- 
myelinating shiverer mouse mutant. Proc. Natl. 
Acad. Sci. USA 83, 7542-7546. 

Monge M., Kadiiski D., Jacque C. M., and Zalc B. 
(1986) Oligodendroglial expression and deposi- 
tion of four major myelin constituents in the mye- 
lin sheath during development: an in vivo study. 
Dev. Neurosci. 8, 222-235. 

Morell P., Greenfield S., Costantino-Ceecarini E., 
and Wisniewski H. (1972) Changes in the protein 
composition of mouse brain myelin during de- 
velopment. Jo Neurochem. 19, 2545-2554. 

Morell P., Lipkind R., and Greenfield S. (1973) Pro- 
tein composition of myelin from brain and spinal 
cord of several species. Brain Res. 58, 510-514. 

Morell P. (1984) Myelin, Plenum, NY, 545 pp. 
Morello D., Dautigny A., Pham-Dinh D., and Jolles 

P. (1986) Myelin proteolipid protein (PLP and 
DM-20) transcripts are deleted in jimpy mutant 
mice. EMBO J. 5, 3489-3493. 

Murray N. and Steck A. J. (1984) Impulse conduc- 
tion regulates myelin basic protein phosphoryla- 
tion in rat optic nerve. J. Neurochem. 43, 243-248. 

Naismith A. L., Hoffman-Chudzik E., Tsui L.-C., 
and Riordan J. R. (1985) Study of the expression 
of myelin proteolipid protein (lipophilin) using a 
cloned complementary DNA. Nucl. Acids Res. 13, 
7413-7425. 

Molecular Neurobiology Volume 2, 1988 



Myelin Protein Gene Expression 

Nave K.-A., Lai C., Bloom F. E., Milner R. J. (1986) 
Jimpy mutant  mouse: a 74 base deletion in the 
mRNA for myelin proteolipid protein and evi- 
dence for a primary defect in RNA splicing. Proc. 
Natl. Acad. Sci. USA 83, 9264-9268. 

Nave K.-A., Lai C., Bloom F. E., and Milner R. J o 
(1987a) Splice site selection in the proteolipid pro- 
tein (PLP) gene transcript and primary structure 
of the DM-20 protein of CNS myelin. Proc. Natl. 
Acad ScL USA 84, 5665-5669. 

Nave K.-A., Lai C., Bloom F. E., and Milner R. J. 
(1987b) Jimpy mutant  mice have a genetic defect 
in splicing of the proteolipid protein (PLP) DM- 
20 gene transcript. J. Neurochem. 48, $130. 

Newcombe J., Glynn P., and Cuzner M. Lo (1982) The 
immunological  identification of brain proteins on 
cellulose nitrate in human  demyelinating disease. 
J. Neurochem. 38, 267-274. 

N e w m a n  S. L., Kitamura K., and Campagnoni A. T. 
(1987a) Identification of a cDNA coding for a fifth 
form of myelin basic protein in mouse. Proc. Natl. 
Acad. Sci. USA 84, 886--890. 

N e w m a n  S. Lo, Kitamura K., Roth H. J., Kronquist 
K., Kerlero de Rosbo N., Crandall B. F., and Cam- 
pagnoni  A. T. (1987b) Differential expression of 
the myelin basic protein genes in mouse and hu- 
man. J. Neurochem. 48, $27. 

Niebroj-Dobosz I., Fidzianska A., Rafalowska J., and 
Sawicka E. (1980) Correlative biochemical and 
morphological studies of myelination in human  
ontogenesis. I. Myelination in spinal cord. Acta 
NeuropathoI. 49, 145--152. 

Noble M. and Murray K. (1984) Purified astrocytes 
promote the in vitro division of a biopotential 
glial progenitor cell. EMBO I. 3, 2243-2247. 

Norton W. T. (1984) OligodendrogUa, Plenum, NY, 
370 pp. 

Norton W. T. and Cammer  W. (1984) Isolation and 
characterization of myelin. Myelin, second edi- 
tion Morell P., ed., Plenum, NY pp. 147-195. 

Nussbaum J. L. and Mandel  P. (1973) Brain proteo- 
lipids in neurological mutant  mice. Brain Res. 61, 
295-310. 

Nussbaum J. L., Nussbaum F. R., Gensburger C., 
Aracet E., de los Monteros M. T., Roussel G., and 
Labourdette G. (1983) Detection of Wolfgram W1 
protein, myelin basic proteins and proteolipids in 
cultured ol igodendrocytes  by the electro-im- 
munoblot t ing method.  Neurosci. Lett. 40, 111- 
117. 

85 

Okano H., Miura M., Moriguchi A., Ikenaka K., 
Tsukada Y., and Mikoshiba K. (1987) Inefficient 
transcription of the myelin basic protein gene 
possibly causes hypomyelination in myelin-defi- 
cient mutant  mice. J. Neurochem. 48, 470-476. 

Olafson Ro W., D r u m m o n d  G. I., and Lee J. F. (1969) 
Studies on 2',3'-cyclic nucleotide-3'-phosphohy- 
drotase from brain. Can. J. Biochem. 47, 961-966. 

Omlin F. X. and Anders J. J. (1983) Abnormal cell re- 
lationships in jimpy mice: electron microscopic 
and immunocytochemical  findings. J. Neurocyt. 
12, 767-784. 

Paik W. K. and Kim S. (1975) Protein methylation: 
chemical, enzymological, and biological signifi- 
cance. Adv. Enzymol. 42, 227-286. 

Park G.-H., Chanderkar  L. P., Paik W. K., and Kim S. 
(1986) Myelin basic protein inhibits histone-spe- 
cific protein methylase I. Biochem. Biophys. Acta 
874, 30-36. 

Peters A., Palay S. L., and Webster H. deF. (1970) The 
Fine Structure of the Nervous System. The Cells and 
their Processes. Harper and Row, NY, 198 pp. 

Pfeiffer S. E. (1984) Oligodendrocyte development  
in culture systems Oligodendroglia, Norton W. T., 
ed., Plenum, NY, pp. 233-298. 

Pfeiffer S. E., Barbarese E., and Bhat S. (1981a) Gtial 
cell lines. Functionally Differentiated Cell Lines. 
Liss, NY, pp. 141-154. 

Pfeiffer S. E., Barbarese E., and Bhat S. (1981b) Non- 
coordinate regulation of myelinogenic parame- 
ters in primary cultures of dissociated fetal rat 
brain. J. Neurosci. Res. 6, 369-380. 

Poduslo J. F., Quarles R. H., and Brady R. O (1976) 
External labeling of galactose in surface mem- 
brane glycoproteins of the intact myelin sheath. J. 
Biol. Chem. 251, 153-158. 

Popko B., Puckett C., Lai E., Shine H. D., Readhead 
C., Takahashi N., Hunt  III S. W., Sidman R. L., 
and Hood L. (1987) Myelin deficient mice: ex- 
pression of myelin basic protein and generation 
of mice with varying levels of myelin. Ceil 48, 
713-721. 

Privat A., Jacque C., Bourre J. M., Dupouey P., and 
Baumann N. (1979) Absence of the major dense 
line in myelin of the mutant  mouse Shiverer. 
Neurosci. Lett. 12, 107-112. 

Privat A., Valat J., Lachappelle F., Baumann N., and 
Fulcrand J. (1982) Radioautographic evidence for 

Molecular Neurobiology Volume 2, 1988 



86 

the protracted proliferation of glial cells in the 
central nervous system of jimpy mice. Dev. Brain 
Res. 2, 411-416. 

Quarles R. H. (1979) Glycoproteins in myelin and 
myelin related membranes, Myelin Chemistry and 
Biology, Hashim G., ed., Liss Inco, NY., pp 55-77. 

Quarles R~ H. (1983, 1984) Myelin-associated glyco- 
p ro te in  in deve lopment  and disease. Dew. 
Neurosci. 6, 285-303. 

Quarles R. H., Barbarash G. R., Figlewicz D. A., and 
Mclntyre L. J. (1983) Purification of partial char- 
acterization of the myelin-associated glycopro- 
tein from adult  rat brain. Biochim. Biophys. Acta 
757, 140-143. 

Raft M. C., Abney E. R., and Fok-Seang J. (1985) 
Reconstitution of a developmental  clock in vitro: 
a critical role for astrocytes in the timing of oligo- 
dendrocyte differentiation. Ceil 42, 61-69. 

Raft M. C., Miller R. H., and Noble M. (1983) A glial 
progenitor cell that develops in vitro into an as- 
trocyte or an oligodendrocyte depending on cul- 
ture medium.  Nature 303, 390-396. 

Readhead C., Popko B., Takahashi N., Shine H. D., 
Saavedra R. A., Sidman R. L., and Hood L. (1987) 
Expression of a myelin basic protein gene in 
transgenic shiverer mice: correction of the dys- 
myelinating phenotype.  Ceil 48, 703-712. 

Roach A., Boylan K., Horvath S., Prusiner S. B., and 
Hood L. (1983) Characterization of cloned cDNA 
representing rat myelin basic protein: absence of 
expression in brain of shiverer mutant mice. Ceil 
34, 799-806. 

Roach A., Takahashi N., Pravtcheva D., Ruddle F. 
and Hood L. (1985) Chromosomal mapping of 
mouse  myelin basic protein gene and structure 
and transcription of the partially deleted gene in 
shiverer mutant  mice. Ceil 42, 149-155. 

Roch J.-M., Brown-Luedi M., Cooper B. J., and Mat- 
thieu J.-M. (1986) Mice heterozygous for the mid 
mutation have intermediate levels of myelin ba- 
sic protein mRNA and its translation products. 
Mol. Brain Res. 1, 137-144. 

Rome L. H., Bullock P. N., Chiappelli F., Cardwell 
M., Adinolfi A. M., and  Swanson D. (1986) Syn- 
thesis of a myelin-like membrane by oligoden- 
drocytes in culture. I. Neurosci. Res. 15, 49-65. 

Rosenfeld J. and Friedich Jr. V. L. (1986) Oligoden- 
drocyte product ion and myelin recovery in he- 
terozygous jimpy mice: an autoradiographic 
study. Int. J. Dev. Neurosci. 4, 179-187. 

Molecular Neurobiology 

Campagnoni and Macklin 

Roth H. J., Hunkeler  M. J., and Campagnoni  A. T. 
(1985) Expression of myelin basic protein genes 
in several dysmyelinating mouse  mu rants dur ing 
early postnatal brain development.  J. Neurochem. 
45, 572-580. 

Roth H. J., Kronquist K. E., Kerlero de Rosbo N., 
Crandalt B. F., and Campagnoni  A. T. (1987) Evi- 
dence for the expression of four myelin basic pro- 
tein variants in the developing human  spinal 
cord through cDNA cloning. J. Neurosci. Res. 17, 
321-328. 

Roth H. J., Kronquist K., Pretorius P. J., Crandatl P. 
J., Crandall B. F., and Campagnord A. T. (1986) 
Isolation and characterization of a cDNA coding 
for a novel human  17.3 K myelin basic protein 
(MBP) variant. J. Neurosci. Res. 16, 227-238. 

Saketlaridis N., Mangoura D., and Vernadakis A. 
(1986) Effects of neuron-conditioned med ium 
and fetal calf serum content on glial growth in 
dissociated cultures. Dev. Brain Res. 27, 31-41. 

Salzer J. L., Holmes Wo P., and Colman D. R. (1987) 
The amino acid sequences of the myelin-associa- 
ted glycoproteins: homology to the immunoglob-  
ulin gene superfamily. J. Ceil Biol. 104, 957-965. 

Sarlieve L. L., Fabre M., Susz J., and Matthieu J.-M. 
(1983) Investigations on myelin in vitro: IV. 
"Myelin-Like" or premyelin structures in cultures 
of dissociated brain cells from 14-15 day-old em- 
bryonic mice. J. Neurosci. Res. 1G 191-210. 

Sarlieve L. L., Farooqui A. A., Rebel G., and Mandel 
P. (1976) Arylsulphatase A and 2',3'-cyclic nu- 
cleotide 3'-phosphohydrolase activities in the 
brains of myelin deficient mutant  mice. Neurosci. 
1, 519-522. 

Saxe D. F., Takahashi N., Hood L., and Simon M. I. 
(1985) Localization of the human  myelin basic 
protein gene (MBP) to region 18q22->qter by in 
situ hybridization. Cytogenet. Ceil Genet. 39, 246- 
249. 

Scott J. M., Wilson P., Dinn J. J., Weir D. G. (1981) 
Pathogenesis of subacute combined degenera- 
tion: a result of methyl group deficiency. Lancet 
II, 334-337. 

Shanker G., Amur  S. G., and Pieringer R. A. (1985) 
Investigations on myelinogenesis in vitro: A 
study of the critical period at which thyroid hor- 
mone exerts its maximum regulatory effect on the 
developmental  expression of two myelin associ- 
ated markers in cultured brain cells from embry- 
onic mice. Neurochem. Res. 10, 617-625. 

Volume 2, 1988 



Myelin Protein Gene Expression 

Shanker G., Campagnoni A. T., and Pieringer R. A. 
(1987) Investigations on myelinogenesis in vitro: 
Developmental expression of myelin basic pro- 
tein mRNA and its regulation by thyroid hor- 
mone  in primary cerebral cell cultures from em- 
bryonic mice. J. Neurosci. Res. 17, 220-224. 

Shanker G. and Pieringer R. A. (1983) Effect of thy- 
roid hormone on the synthesis of sialosyl galacto- 
sylceramide (GM 4) in myelinogenic cultures of 
cells dissociated from embryonic mouse brain. 
Develop. Brain Res. 6, 169-174. 

Shanker G., Rao G. S., and Pieringer R. A. (1984) 
Investigations on myelinogenesis in vitro: Regu- 
lation of 5'-nucleotidase activity by thyroid hor- 
mone in cultures dissociated cells from embry- 
onic mouse brain. I. Neurosci. Res. 11, 263-270. 

Shashoua V. E., Jungalwala G. B., Chou D. K. H., and 
Moore M. E. (1986) Sulfated glucuronyl glycocon- 
jugates in ependymins  of fish and human  CSF. 
Trans. Am. Soc. Neurochem. 17, 148. 

Sheedlo H. J. and Siegel G. J. (1986) Myelin- 
associated glycoprotein (MAG) in the CNS of 
adult  shiverer (Shi/ Shi) mice. J. NeuroscL Res. 16, 
629-641. 

Sidman R. L., Conover D. S., and Carson J. H. (1985) 
Shiverer gene maps near the distal end of chromo- 
some 18 in the house mouse. Cytogenet. Ceil 
Genet. 39, 241-245. 

Sidman R. L., Dickie M. M., and Appel S. H. (1964) 
Mutant mice (quaking and jimpy) with deficient 
myelination in the central nervous system. Sci- 
ence 144, 309-310. 

Singh H. and Pfeiffer S. E. (1985) Myelin-associated 
galactolipids in primary cultures from dissocia- 
ted fetal rat brain: biosynthesis, accumulation, 
and cell surface expression. J. Neurochem. 45, 
1371-1381. 

Skoff R. P. (1976) Myelin deficit in the fimpy mouse 
may  be due to cellular abnormalities in astroglia. 
Nature 264, 560-562. 

Skoff R. P. (1982) Increased proliferation of oli- 
godendrocytes in the hypomyelinated mouse 
mutant--jimpy. Brain Res. 248, 19-31. 

Skoff R. P. and Nowicki-Montgomery I. (1981) Ex- 
pression of mosaicism in females heterozygous 
forfimpy. Brain Res. 212, 175-181. 

Skoff R. P., Price D., and Stocks A. (1976a) Electron 
microscopic autoradiographic studies of glio- 
genesis in rat optic nerve. I. Cell proliferation. J. 
Comp. NeuroI. 169, 291-312. 

Molecular Nourobiology 

87 

Skoff R. P., Price D., and Stocks A. (1976b) Electron 
microscopic autoradiographic studies of glio- 
genesis in rat optic nerve. II. Time of origin. J. 
Comp. NeuroI. 169, 313-333. 

Small D. Ho and Carnegie P. R. (1982) In vivo me- 
thylation of an arginine in chicken myelin basic 
protein. J. Neurochem. 38, 184-190. 

Small D. H., Carnegie P. R., and Anderson R. McD. 
(1981) Cycloleucine-induced vacuolation of mye- 
lin is associated with inhibition of protein me- 
thylation. Neurosci. Lett. 21, 287-292. 

Smith M. E. (1968) The turnover of myelin in the 
adult rat. Biochim. Biophys. Acta 164, 285-293. 

Sorg B. J. A., Agrawal D., Agrawal H. C., and Cam- 
pagnoni A. T. (1986) Expression of myelin proteo- 
lipid protein and basic protein in normal and 
dysmyelinating mutant  mice. I. Neurochem. 46, 
379-387. 

Sorg B. J. A., Smith M. M., and Campagnoni  A. T. 
(1987) Developmental expression of the myelin 
proteolipid protein and basic protein mRNAs in 
normal and dysmyelinating mutant  mice. J. 
Neurochem. 49, 1146-1154. 

Sparkes R. S., Mohandas T., Heinzmann C., Roth H~ 
J., Klisak I., and Campagnoni  A. T. (1987) Assign- 
ment  of the myelin basic protein gene to human  
chromosome 18q22-qter. Hum. Genet. 75, 147-150. 

Sprinkle T. J., Grimes M. J., and Eller A. G. (1980a) 
Isolation of 2',3Ucyclic nucleotide 3'-phosphodi- 
esterase from human brain. J. Neurochem. 34, 
880-887. 

Sprinkle T. J., Wells M. R., Garver F. A., and Smith 
D. B. (1980b) Studies on the Wolfgram high mo- 
lecular weight CNS myelin proteins: relationship 
to 2',3'-cyclic nucleotide 3'-phosphodiesterase. J. 
Neurochem. 35, 1200-1208. 

Sprinkle T. J., Zaruba M. E., and McKhann G. M. 
(1978) Activity of 2',3'-cyclic-nucleotide 3'-phos- 
phodiesterase in regions of rat brain dur ing de- 
velopment: quantitative relationship to myelin 
basic protein. ]. Neurochem. 30, 30%314. 

Steck A. J. and Appel S. H. (1974) Phosphorylation 
of myelin basic protein. J. Biol. Chem. 249, 5416- 
5420. 

Steck A. J., Siegrest P., and Herschkowitz N. (1976) 
Phosphorylation of myelin basic protein by vac- 
cinia virus cores. Nature 263, 436-438. 

Volume 2, 1988 



88 

Sternberger N. H. (1984) Patterns of oligodendro- 
cyte function seen by immunocytochemistry, OIi- 
godendrogtia, Norton W. T., ed., Plenum NY, pp 
125-173. 

Sternberger N. H., Itoyama Y., Kies M. W., and 
Webster H. deF. (1978a) Immunocytochemical 
method to identify basic protein in myelin-form- 
ing oligodendrocytes of newborn rat CNS. J. 
NeurocytoI. 7, 251-263. 

Sternberger N. H., Itoyama Y., Kies M. W., and 
Wegbster H. DeF. (1978b) Myelin basic protein 
demonstrated immunocytochemically in oligo- 
dendroglia prior to myelin sheath formation. 
Proc. Natl. Acad. Sci. USA 75, 2521-2524. 

Sternberger N. H., Quarles R. H., Itoyama Y., and 
Webster H. deF. (1979) Myelin-associated gly- 
coprotein demonstrated immunocytochemically 
in myelin and myelin-forming cells of developing 
rat. Proc. Natl. Acad. Sci. USA 76, 1510-1514. 

Stoffel W., Schroder W., Hillen H., and Deutzmann 
R. (1982) Analysis of the primary structure of the 
strongly hydrophobic brain myelin proteolipid 
apoprotein (lipophilin) isolation and amino acid 
sequence determination of proteolytic fragments~ 
Hoppe-Seyler's Z. Physiol. Chemo 363, 1117-1131. 

Stoffyn P. and Folch-pi J. (1971) On the type of link- 
age binding fatty acids present in brain white 
matter proteolipid apoprotein. Biochem. Biophys. 
Res. Comm. 44, 157-161. 

Stoner G. L. (1984) Predicted folding of beta-struc- 
ture in myelin basic protein. J. Neurochem. 43, 
433-447. 

Sulakhe P. V., Petrali E. H., Davis E. R., and Thiessen 
B. J. (1980) Calcium ion stimulated endogenous 
protein kinase catalyzed phosphorylation of ba- 
sic proteins in myelin subfractions and myelin- 
like membrane fraction from rat brain. Biochemis- 
try 19, 5363-5371. 

Sutcliffe J. G. (1987) The genes for myelin. Trends in 
Genetics 3, 73-76. 

Sutcliffe J. G., Mflner R. J., Shinnick T. M., and 
Bloom F. E. (1983) Identifying the protein 
products of brain-specific genes with antibodies 
to chemically synthesized peptides. Ceil 33, 671- 
682. 

Szuchet S., Polak P. E., and Yim S. Ho (1986) Mature 
oligodendrocytes cultured in the absence of neu- 
rons recapitulate the ontogenic development of 
myelin membranes. Dev. Neurosci. 8, 208-221. 

Campagnoni and Macklin 

Szuchet S., Stefansson K., Wollmann R. L., Dawson 
G., and Arnason B. G. W. (1980) Maintenance of 
isolated oligodendrocytes in long-term culture. 
Brain Res. 200, 151-164o 

Szuchet S. and Yim S.H. (1984) Characterization of a 
subset of oligodendrocytes separated on the basis 
of selective adherence properties. J. NeuroscL Res. 
11, 131-144. 

Szuchet S., Yim S. H., and Monsma S. (1983) Lipid 
metabolism of isolated oligodendrocytes main- 
tained in long-term culture mimics events 
associated with myelinogenesis. Proc~ Natl. Acad. 
Sci. USA 80, 7019-7023. 

Takahashi N., Roach A., Teplow D. B., Prusiner S. B., 
and Hood L. (1985) Cloning and characterization 
of the myelin basic protein gene from mouse: 
one gene can encode both 14 kd and 18.5 kd 
MBPs by alternate use of exons. Cell 42, 139-148. 

Temple S. and Raft M. C. (1985) Differentiation of a 
bipotential glial progenitor cell in single ceil mi- 
croculture. Nature 313, 223-225. 

Temple S. and Raft M. C. (1986) Clonal analysis of 
oligodendrocyte development in culture: Evi- 
dence for a developmental clock that counts cell 
divisions. Cell 44, 773-779. 

Tennekoon G. I., Cohen S. R., Price D. L., and 
McKhann G~ M. (1977) Myelinogenesis in optic 
nerve: a morphological, autoradiographic, and 
biochemical analysis. J. Ceil Biol. 72, 604-616. 

Townsend L. E., Agrawal D., Benjamins J. A., and 
Agrawal H. C. (1982) In vitro acylation of rat 
brain myelin proteolipid protein. J. Biol. Chem. 
257, 9745-9750. 

Townsend L. E. and Benjamins J. A. (1983) Effects of 
monensin on posttranslational processing of 
myelin proteins. J. Neurochem. 40, 1333-1339. 

Trapp B. D. and Quarles R. Ho (1982) Presence of the 
myelin-associated glycoprotein correlates with 
alterations in the periodicity of peripheral mye- 
lin. f. Ceil Bfol. 92, 877-882. 

Trapp B. D., Quarles R. H., and Griffin J. W. (1984) 
Myelin-associated glycoprotein and myelinating 
Schwann cell-axon interaction in chronic B,B'- 
immunodipropionitrile neuropathy. J. Ceil Biol. 
98, 1272-1278o 

Trifilieff E., Luu B., Nussbaum J. L., Roussel G., Es- 
pinosa de los Monteros A., Sabatier J. M., and Van 
Rietschoten J. (1986) A specific immunological 

Molecular Neurobiology Volume 2, 1988 



Myelin Protein Gene Expression 89 

probe for the major myelin proteolipid: confir- 
mation of a deletion in DM-20. FEBS Letters 198, 
235-239. 

Trifilieff E., Skalidis G., Helynck G., Lepage P., So- 
rokine O., Van Dorsselaer A., and Luu B. (1985) 
Structural data about the myelin proteolipid of 
apparent molecular weight 20 kdalton (DM-20). 
C. R. Acid. Sci. (Iti), 241-246. 

Turner R. S., Jen Chou C.-H., Mazzei Go J., Dembure 
P., and Kuo J. F. 91984) Phospholipid-sensitive 
calcium-dependent protein kinase preferentially 
phosphorylates serine-115 of bovine myelin basic 
protein. J. Neurochem. 43, 1257-1264. 

Ulmer J. B. and Braun P. E. (1984) In vivo phospho- 
rylation of myelin basic proteins in developing 
mouse brain: evidence that phosphorylation is 
an early event in myelin formation. Dev. Neuro- 
sci. 6, 345-355. 

Ulmer J. B. and Braun P. E. (1986a) In vivo phos- 
phorylation of myelin basic proteins: age-related 
differences in 3~p incorporation. Dev. Biol. 117, 
493-501. 

Ulmer J. B. and Braun Po E. (1986b) In vivo phospho- 
rylation of myelin basic proteins: single and dou- 
ble isotope incorporation in developmentally re- 
lated myelin fractions. Dev. Biol. 117, 502-510. 

Vartanian T., Szuchet S., Dawson G., and Campag- 
noni A. T. (1986) Oligodendrocyte adhesion acti- 
vates protein kinase C-mediated phosphoryla- 
tion of myelin basic protein~ Science 234, 1395- 
1398. 

Waehneldt T. V. (1975) Ontogenetic study of a mye- 
lin-derived fraction with 2':3'-cyclic nucleotide 3'- 
phosphohydrolase activity higher than that of 
myelin. Biochem. J. 151, 435-437. 

Walravens P. and Chase H. P. (1969) Influence of 
thyroid hormone in formation of myelin lipids. J. 
Neurochem. 16, 1477-1484. 

Webster H. deF., Palkovits C. G., Stoner G. L., Fav- 
illa J. T., Frail D. E., and  Braun P. E. (1983) Myelin- 
associated glycoprotein: electron microscopic 
immunocytochemical  localization in compact de- 
veloping and adult  central nervous system mye- 
lin J. Neurochem. 41, 1469-1479. 

Wernicke J. F. and Volpe J. J. (1986) Glial differentia- 
tion in dissociated cell cutures of neonatal rat 
brain: noncoordinate and density-dependent 
regulation of oligodendroglial  enzymes. J. Neu- 
rosci. Res. 15, 39-47. 

Wisniewski H. and Morell P. (1971) Quaking mouse: 
ultrastructural evidence for arrest of myelino- 
genesis. Brain Res. 29, 63-73. 

Willard H. F. and Riordan J. R. (1985) Assignment of 
the gene for myelin proteolipid protein to the X 
chromosome: implications for X-linked myelin 
disorders. Science 230, 940-942. 

Wolf M. K. and Holden A. 13. (1969) Tissue culture 
analysis of the inborn defect of CNS myelination 
in firnpy mice. J. NeuropathoI. Exp Neuro. 28, 195- 
213. 

Wolf M. K., Kardon G. B., Adcock L. H., and Bill- 
ings-Gagliardi S. (1983) Hypomyelinated mutant  
mice. V. Relation between jp '~  and jp reexam- 
ined on identical genetic backgrounds~ Brain Res. 
271, 121-129. 

Wolf M. Ko, Schwing G. B., Adcock L. H., and 13ilI- 
ings-Gagliardi S. (1981) Hypomyelinated mutant  
mice. III. Increased myelination in mutant  cere- 
bellum co-cultured with normal optic nerve. 
Brain Res. 206, 193-197o 

Wolfgram Fo (1966) A new proteolipid fraction of 
the nervous system--Isolation and amino acid 
analyses. J. Neurochem. 13, 461-470. 

Wood P. and Bunge R. P. (1984) The biology of the 
oligodendrocyte, Oligodendroglia, Norton W. T., 
ed., Plenum, NY, pp 1-46. 

Wu N.-C. and Ahmad F. (1984) Calcium- and cyclic 
AMP-regulated protein kinases of bovine central 
nervous system. Biochem. J. 218, 923-932. 

Yanagisawa K., Duncan I. D., Hamang J. P., and 
Quarles R. H. (1986) Myelin-deficient rat: analy- 
sis of myelin proteins. J. Neurochern. 47, 1901- 
1907. 

Yanagisawa K. and Quarles R. H. (1986) Jimpy mice: 
quantitation of myelin-associated glycoprotein 
and other proteins. J. Neurochem. 47, 322-325. 

Yim S. H., Szuchet S., and Polak P. E. (1986) Cul- 
tured oligodendrocytes: a role for cell-substra- 
tum interaction in phenotypic expression. Jo Biol. 
Chem. 261, 11808-11815. 

Yu Y.-T. and Campagnoni  A. T. (1982) In vitro syn- 
thesis of the four mouse myelin basic proteins: 
evidence for the lack of a metabolic relationship. 
J. Neurochem. 39, 1559-1568. 

Zeller N. K., Hunkeler M. J., Campagnoni  A. T., 
Sprague J., and Lazzarini R. A. (1984) Characteri- 
zation of mouse myelin basic protein messenger 
RNAs with a myelin basic protein cDNA clone. 
Proc. Natl. Acad. Sci. USA 81, 18-22. 

Molecular Neurobiology Volume 2, 1988 


