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ABSTRACT Oligodendroglia and Schwann cells synthesize myelin-specific proteins

and lipids for the assembly of the highly organized myelin membrane of the motor-
sensory axons in the central (CNS) and peripheral nervous system (PNS), respectively,
allowing rapid saltatory conduction. The isoforms of the main myelin proteins, the
peripheral myelin basic isoproteins (MBP) and the integral proteolipid proteins, PLP
and DM20, arise from alternative splicing. Activation of a cryptic splice site in exon III
of plp leads to the deletion of 105 bp encoding the PLP-specific 35 amino acid residues
within the cytosolic loop 3 of the four-transmembrane domain (TMD) integral membrane
protein. To study the different proposed functions of DM20 during the development of
oligodendrocytes and in myelination, we targeted the plp locus in embryonic stem cells
by homologous recombination by a construct, which allows solely the expression of the
DM20 specific exon III sequence. The resulting dm20,,,;, mouse line expresses exclu-
sively DM20 isoprotein, which is functionally assembled into the membrane, forming a
highly ordered and tightly compacted myelin sheath. The truncated cytosolic loop devoid
of the PLP-specific 35 amino acid residues, including two thioester groups, had no impact
on the periodicity of CNS myelin. In contrast to the PLP/DMZ20-deficient mouse, mutant
CNS of dm20,,,, mice showed no axonal swellings and neurodegeneration but a slow
punctuated disintegration of the compact layers of the myelin sheath and a rare oligo-

dendrocyte death developing with aging. GLIA 37:19-30, 2002.
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INTRODUCTION

The major integral membrane protein constituents of
the myelin sheath in the central nervous system (CNS)
are the 30 kDa proteolipid protein (PLP) and the 26
kDa DM20 isoforms. Purification and protein sequenc-
ing established the primary structure of human and
bovine PLP (Stoffel et al., 1983, 1985). The deletion of
a 35 amino acid residue domain of the central part of
PLP was first derived from protein analysis (Trifilieff
et al., 1985) and later confirmed by ¢cDNA sequencing
(Nave et al., 1987). Comparison of the primary struc-
ture of PLP isoforms in different species indicated the
strongly conserved amino acid sequence among mam-
malian species and the highly conserved positions of
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cysteine residues and of charged amino acids. These
results further suggested a common tertiary structure
of PLP isoforms throughout evolution from amphibian
to man (Schlie3 and Stoffel, 1991).
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The polypeptide sequence of PLP led to the cloning
and homology screening of the cDNA of several species
(Milner et al., 1985; Schaich et al., 1986), the assign-
ment of the plp locus to Xq23 (Willard and Riordan,
1985), and the elucidation of the PLP gene organization
(Diehl et al., 1986). DM20 results from a 105 bp dele-
tion by the activation of a cryptic splice site in exon III
of the PLP gene, which was confirmed by the charac-
terization of a DM20-specific cDNA (Nave et al., 1987).

Chemical studies revealed a four-transmembrane to-
pology with the N- and C-termini located on the cyto-
solic side of the myelin membrane (Weimbs and Stoffel,
1994) in accordance with one of the hypothetical mod-
els (Popot et al., 1991). The PLP polypeptide is thioacy-
lated by six long-chain fatty acids (palmitic, stearic,
and oleic acid) at cysteine residues on the cytosolic side.
This enhances the hydrophobicity of the PLP isoforms.
The PLP-specific domain of cytosolic loop 3 missing in
the DM20 isoform contains two of the six thioester
groups (cys138 and 140) (Weimbs and Stoffel, 1992).

Several studies suggest that DM20 is the product of
the genuine lipophilin gene (plp) and that the PLP-
specific 105 bp were inserted during evolution because
of an increasing function of PLP in mammalian myelin
(Kitagawa et al., 1993; Yoshida and Colman, 1996).
Different strategies have been applied to get insight
into the poorly understood functions of the two PLP
isoforms: analysis of point mutations in mouse, rat,
and human (Nave et al., 1986; Boison and Stoffel, 1989;
Yool et al., 2000), transgenic mice (Redhead et al.,
1987; Johnson et al., 1995), and, most recently, null
allelic mouse lines generated by gene targeting by ho-
mologous recombination (Boison and Stoffel, 1994; Boi-
son et al., 1995; Klugmann et al., 1997; Stoffel et al.,
1997; Uschkureit et al., 2000).

Recently, a gene targeting approach, a combined
knock-in—-recombinase approach, resulted in the gener-
ation of a mouse line exclusively expressing DM20
(Stecca et al., 2000). The analysis of this mutant sug-
gested that DM20 is unable to replace PLP functionally
in CNS myelin.

We used in the present study a different strategy of
gene targeting, in which a replacement construct with
exon III truncated by the 105 bp PLP-specific sequence
was used for homologous recombination in embryonic
stem cells to generate the exclusively DM20 expressing
mouse line (dm20,,,,). Our results indicate that DM20
can functionally replace the PLP isoform with regard to
myelin compaction (normal periodicity) and axon integ-
rity. Despite minor morphological alterations of CNS
myelin and oligodendrocytes, myelin and oligodendro-
cyte viability is maintain over the whole life span.

MATERIALS AND METHODS
Targeting Construct

The plasmid pDM20+neos used for the targeting
experiments contains 4.2 and 1.6 kb of homologous
sequences on the 5 and 3’ site of the loxP-flanked

neomycin-resistance gene, respectively. The neo gene
was cloned in sense orientation into the BamHI site in
intron III of the plp gene. The thymidine kinase gene
(TK) was inserted at the 5’ end of the targeting con-
struct. The two selection markers were under the con-
trol of the pgk promoter. The downstream 105 bp of
exon IIT were deleted by splicing by overlapping exten-
sion PCR (SOE-PCR). The first PCR fragment was
amplified with the primer II (exon II): 5'-GCTTGTTA-
GAGTGTTGTGCTAGATGTCTGG-3' and DM20" as
primer: 5'-AATCCTGAGGATGATCACCGTTGCGCT-
CAGGCCCTT-3'. The second fragment was amplified
with primer DM20": 5'-AAGGGCCTGAGCGCAACG-
GTGATCATCCTCAGGATT-3' and IVa (exon IV):
5'-CATACAACAGTCAGGGCATAGGTGATGC-3'. The
DM20-specific sequence was obtained by PCR with the
amplified fragments and the primer II and IVa.

Generation of Transgenic Mice

CJ7 ES cells were electroporated with the linearized
targeting vector and ES cell clones carrying the tar-
geted alteration of the plp gene were identified by
Southern blot and PCR techniques. Two germline chi-
meras were obtained by injecting positive ES cells into
C57/BI6 blastocysts using standard methods (Bradley
et al., 1984). Crossing heterozygous and hemizygous
animals into the C57/Bl6 founder strain over seven
generations led to a defined genetic background of the
homozygous dm20,,,,, mouse line. Age-matched control

littermates were compared with corresponding
dm20,,,, mice in all experiments.
Northern Blot Analysis

RNA of total brain (20 pg) of 16- to 20-day-old mice
(Chomezynski and Sacchi, 1987) was separated by
formaldehyde-agarose gel electrophoresis (1%), blotted
to nitrocellulose (GeneScreen Plus; NEN Life Science
Products, Boston, MA), and hybridized to a 1,362 bp
randomly primed [32P] PstI fragment containing mixed
cDNA sequences of the human and rat PLP ¢cDNA
sequence.

Quantitative RT-PCR

Total RNA was extracted from E12.5 to 55-day-old
mouse tissue of brain, thymus, and heart; 10 pg RNA
treated with RNAse-free DNAse were reverse-tran-
scribed (Superscriptll, Life Technologies, Karlsruhe,
Germany). One-tenth of the mixture was used for each
PCR in 50 ul in the presence of 0.1 pl [*?P]-dCTP.
Samples were taken after 15, 17, 19, and 21 cycles
and separated on 6% polyacrylamide gels. Gels
were exposed to a PhosphorImager screen (Molecular
Dynamics, Sunnyvale, CA) and analyzed with the Im-
ageQuant software (Molecular Dynamics). The follow-
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ing oligonucleotide primers were used. PLP-specific
amplification: 5’ primer, 5'-ATCTGCGGCAAGGGC-
CTGAGCGCAACCGTC-3', 3’ primer, 5'-TAGTGTG-
GCCGCAGCACCCACAAACGCAGC-3'; DM20-specific
amplification: 5’ primer, 5'-ATCTGCGGCAAGGGC-
CTGAGCGCAACGTTT-3', 3’ primer, 5'-TAGTGTGG-
CCGCAGCACCCACAAACGCAGC-3'; PLP and DM20:
5" primer, 5'-CAAGCTCATTCTTTGGAGCG-3’, 3’
primer, 5'-CAATCATGAAGGTGAGCAGG-3'; MBP:
5" primer, 5'-TACCTGGCCACAGCAAGTAC-3', 3’
primer, 5-GTCACAATGTTCTTGAAG-3'; MAG: 5’
primer, 5'-TGCTCACCAGCATCCTCACG-3', 3’ primer,
5'-AGCAGCCTCCTCTCAGATCC-3’; Omgp: 5 primer,
5'-GCAGCAGCTGCAACTCTAAC 3', 3' primer, 5'-
GAAGCATTTACTTTCCAAGCA-3’; MOG: 5' primer,
5'-CCAAGAGGAGGCAGCAATGG-3', 3' primer, 5'-
GTTGTAGCAGATGATCAAGG-3'; CGT: 5’ primer, 5'-
GAAATTCACAAGGATCAACC 3', 3’ primer, 5'-GTC-
CATTAACTGTGCTATGC-3'; Cyclophilin: 5" primer,
5'-ACACGCCATAATGGCACTGG-3', 3' primer, 5'-
TGGTGATCTTCTTGCTGGTC; HPRT: 5 primer,
5"-TGAACGTCTTGCTCGAGATG-3', 3’ primer, 5'-
GTTGAGAGATCATCTCCACC-3’; GAPDH: 5' primer,
5'-GAGCTGAACGGGAAGCTCAC-3’, 3' primer, 5'-
CACCACCCTGTTGCTGTAGC-3'.

Isolation of Myelin and Protein Analysis

Myelin from 42-day-old mouse brain was purified by
sucrose density gradient centrifugation following estab-
lished procedures (Norton and Poduslo, 1973). Aliquots
were separated on 15% SDS-PAGE. Polyacrylamide gels
were silver- or Coomassie-stained. Western blot analysis
was performed with SuperSignalSubstrate (Pierce, Rock-
ford, IL) using a polyclonal anti-PLP antibody (whole
protein) generated in our laboratory.

Light and Electron Microscopy

Twenty-day, 36-day, 5-month, and 14-month-old
anesthetized wild-type and homozygous dmZ20,,,, mice
were perfused with 6% glutaraldehyde via the left car-
diac ventricle. The optic nerve and cervical segments of
the spinal cord were isolated, postfixed in 1% phos-
phate-buffered OsO, in 0.1 M sucrose, and embedded
in Epon 812. The semithin sections were stained with
toluidine/pyronin. Ultrathin sections were contrasted
with uranyl acetate and lead citrate and examined as
described previously (Biissow, 1978). The sections were
compared to sections of 3- and 14-month-old plp—/—
mutants.

RESULTS
dm20,,,,,, Replacement Vector and
Characterization of Recombinant ES Cell Clones

The expression of PLP was eliminated by the dele-
tion of the distal 105 bp of exon III to obtain the
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Fig. 1. Targeted mutagenesis of the mouse plp locus. A: Map of the
endogenous PLP gene. B: Targeting construct. C: Expected replace-
ment event after homologous recombination. Exons are represented
by closed boxes. The neomycin resistance gene (neo) was inserted in
intron III in sense orientation. The 3’ region of exon VII encodes the
3’ untranslated region of normal PLP mRNA (open box). The location
of the hybridization probes exon III and plp57 are shown (black bars).
The arrows indicate the characteristic EcoRI, HindIll, and BglII
fragments in wild-type and recombinant loci. D and E: Southern blot
analysis of tail DNA from wild-type (wt), heterozygous dm20,,,, and
hemizygous dm20,,,, mice. Tail DNA was digested with EcoRI (D)
and HindIII (E) and hybridized with the probe plp57. The EcoRI
digestion leads to a 7 kb fragment in wild-type and a 4.3 kb fragment
in mutant mice. The HindIII digestion yielded a 7 kb fragment in
mutant and a 6 kb fragment in wild-type mice. To verify the DM20-
specific deletion of 105 bp tail, DNA was digested with Bgl/II and
hybridized with the probe exon III (F). Wild-type alleles cut with BglII
generated a band of 700 bp, mutated alleles yielded a band of 600 bp.
G: Northern blot analysis of total RNA isolated from brains of 20-day-
old dm20,,,, and wild-type mice. RNA was probed with a PLP ¢cDNA
fragment and as a control with a GAPDH ¢DNA probe.

PLP-deficient dm20,,,,, construct for targeting the plp
locus by homologous recombination. Figure 1A resem-
bles the dm20,,,, construct that we used for electropo-
ration of mouse embryonic stem cells CJ7 (ES) cells.
EcoRI and HindIII restriction analyses revealed the 7
kb HindIII fragment diagnostic for the wt and the 4.3
kb EcoRI for the homologous recombination event (Fig.
1A-C). A BglII restriction site in the dm20 and wt exon
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III was used to verify the deletion of the PLP-specific
sequence. Due to the 105 bp deletion, a 600 bp diag-
nostic fragment in contrast to the wt 700 bp fragment
appeared in Southern blot analysis with an internal
exon IIT probe (data not shown). Two CJ7 ES cell clones
that showed the correct homologous recombination
were selected for the generation of the PLP-deficient

dm20,,,, mice.

Generation and Characterization of
PLP-Deficient dm20,,,,, Mice

dm20,,,, ES cells were injected into blastocysts from
inbred C57/B6 mice following standard procedures.
Figure 1D-F outlines the genotyping of the hetero- and
hemizygous siblings. The restriction and hybridization
strategy outlined for the ES cell analysis was applied.
These analytical data clearly proved that we had gen-
erated a dm20,,,;, homozygous mouse line.

dm20,,,,,, Mice Express Three
plp-Specific mRNAs

The impact of the deletion in exon III on the dm20
expression was first studied by Northern blot hybrid-
ization analysis. Total RNA from brains of 20-day-old
hetero- and hemizygous dmZ20,,,, mice contained the
three specific mRNAs of 1.6, 2.4, and 3.2 kb indiscrim-
inately in size and expression level from the wt pattern.
The splicing of the exclusively expressed dm20 primary
transcript is unimpaired (Fig. 1G).

dm20 Expression in Myelinating and
Nonmyelinating Tissue of wt and dm20,,,,, Mice

Oligodendrocytes reach maximal specific expression
of genes encoding myelin-specific proteins around p15
and p25. We measured the expression kinetics of plp
and dm20 transcripts during the myelination period by
quantitative RT-PCR in wt and dmZ20,,, brain. The
expression of dm20 transcripts in the dmZ20,,,, mouse
mutant is comparable to wt, indicating that the PLP
promoter activity is not affected by the targeted muta-
tion (Fig. 2A). An early appearance of plp transcripts
has been observed in fetal bovine hemispheres (Van
Dorsselaer et al., 1987; Schindler et al., 1990) and in
the developing wt mouse (Timsit et al., 1992; Peyron et
al., 1997). Our results confirm these observations.
DM20 mRNA has been recognized as a marker of oli-
godendroglial precursor cells emerging from the germi-
native neuroepithelium in the ventral neural tube;
however, no DM20 translation product has been found
(Timsit et al., 1995).

Ectopic expression of the oligodendrocyte-specific plp
gene in heart and thymus of the dm20,,, mouse is
noteworthy to mention. The expression of PLP and
DM20 splice products in thymus is detected around p17
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Fig. 2. A: RT-PCR analysis of PLP mRNA in wild-type (wt) and
homozygous (dm20,,,,) mice. PCR was performed on cDNA derived
from total brain RNA isolated from E 12.5-, E17.5-, 1-, 6-, 10-, 15-, 20-,
25-, 30-, 35-, and 55-day-old mice. The primers were derived from exon
II and IV. B and C: Developmental expression of PLP and DM20 in
thymus (B) and heart (C). D: Quantitative RT-PCR analysis of mye-
lin-specific genes normalized to the expression of GAPDH, Cyclophilin
and HPRT. The internal endogenous standard procedure was applied
in duplicate. We measured the [*?P]-dCTP activity incorporated into
the 700 bp PCR fragment obtained with the primers neo and IVa. The
activities were compared with those of housekeeping genes GAPDH,
cyclophilin, and HPRT (hypoxanthine phosphoribosyl-transferase) in
the linear range of the PCR kinetics between 17 and 23 cycles.

to p23, whereas only DM20 transcripts are observed
before and after the myelination period. As expected,
thymus of dm20,,, mice only expresses the DM20
transcript between p8 and p35 persisting over the my-
elination period (Fig. 2B).

In agreement with earlier reports (Campagnoni et
al., 1992; Nadon et al., 1997), predominantly dm20
transcripts are amplified from RNA of wt heart be-
tween p8 and p35 at equal yield; however, in dm20,,,,
mice, maximal plp promoter activity around p20 en-
hances DM20 expression more than twofold (Fig. 2C).

Regulation of Expression of Other Myelin
Genes Is Not Affected by PLP-Specific Deletion

Total brain mRNA of myelinating (p20) mice was
analyzed by quantitative RT-PCR to determine the
transcriptional regulation of the PLP gene together
with some dominant oligodendrocyte and myelin-spe-
cific genes (Fig. 2D). Amplified PCR DNA fragments of
the genes indicated in Figure 2 and the respective
housekeeping genes were separated by polyacrylamide
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Fig. 3. A and B: Silver- and Coomassie-stained SDS-PAGE (15%)
protein analysis of CNS myelin proteins. C: Western blot analysis of

myelin proteins from dm20,,,, and wild-type mice using a polyclonal
anti-PLP antibody (whole protein) generated in our laboratory.

gel electrophoresis and quantified with a Phosphor
Imager. The expression of mbp, mag, mog, omgp, and
cgt was compared with that of plp. As expected, the
PLP-specific transcripts are missing in the dm20,,,
mutant. The dm20 transcription equals the sum of the
PLP and DM20 transcripts of the wt. The products of
the other genes studied remain unaltered (Fig. 2D).

dm20 Mice Exhibit a wt-Like Myelin

Protein Pattern

only

Myelin from 2-month-old wt, hetero- and homozy-
gous mouse brains was isolated by sucrose gradient
centrifugation (Norton and Poduslo, 1973). Myelin
mass recovery from the three genotypes wt, dm20+/—,
and dm20+/+ was identical. The myelin protein pat-
tern was analyzed by SDS-PAGE (15%) analysis. The
complete absence of the PLP isoform confirms the spe-
cific and only expression of the DM20 isoform on the
RNA level in the dm20,,,, mouse: PLP-specific protein
was absent in the otherwise unchanged protein pattern
of the dm20,,,, mutant. The signal intensity of the
DM20 isoform in the homozygous dmZ20,,,, brain was
equal to the sum of the PLP isoforms in the heterozy-
gous mouse and missing in the p/p—/— mouse brain as
shown in silver- and Coomassie-stained gels and in the
Western blot analysis (Fig. 3).

dm20,,,;, Oligodendrocytes Enwrap CNS Axons
With Compact Myelin That Degenerates
With Aging

We studied the myelinated axons of the optic nerve of
dm20,,,, and plp—/— mutants mice of 3 and 5 month of
age by electron microscopy. Ultrastructurally, axons of
dm20,,,;, CNS are ensheathed by normal myelin mem-
branes as shown in cross-sections of dmz20,,,, and wt
optic nerve. Their difference to plp—/— myelin is dem-

onstrated in Figure 4. Unlike the hypomyelinating
plp—/— mutant, small-diameter axons of the dm20,,,,
mouse are myelinated like wt axons. In dm20,,,, and
plp—/— mutants, myelin sheaths with remaining oligo-
dendrocyte cytoplasm are detectable (indicated by ar-
rows in Figure 5A and B). Axonal spheroids as shown
in plp—/— sections (asterisk in Fig. 5B) are not detect-
able in sections of dm20,,,;, mice but rarely degenerat-
ing nerve fibers (asterisk in Fig. 5C). Oligodendrocytes
of dm20,,,, mice also produce redundant myelin (Figs.
5C and 6).

The periodicity of the tightly compacted multilayer
myelin membrane of w¢ and dm20,,,,, mice is compara-
ble. We have statistically validated the periodicities of
the myelin sheaths of axons of dm20,,,, mutants in
comparison with wt¢ myelin (Fig. 7, Table 1). The ultra-
structure differs distinctly from the PLP-deficient
mouse, lacking both PLP isoforms and missing their
adhesive properties on the outer surface of the mem-
brane. Unlike wt CNS, the dm20,,,, optic nerve shows
a small number of degenerating myelin sheaths.

DISCUSSION

In previous studies, we have generated a homozy-
gous mouse line devoid of the 30 kDa PLP and its 26
kDa isoform DM20 to determine the function of these
main integral membrane constituents of the myelin
sheath of CNS axons. Here we address the question
regarding the function of the evolutionary ancestral
DMZ20 isoform by deleting the expression of the PLP
isoform. The terminal 3’ 105 bp exon III in our target-
ing construct, encoding the PLP-specific sequence, has
been truncated. The selection marker (neo gene) re-
sided in intron 3 in sense orientation. In the resulting
homozygous mouse line, transcription yielded equiva-
lent amounts in comparison to wt controls, in contrast
to the neo-cassette in intron III in antisense orienta-
tion, which led to a complete suppression of PLP tran-
scription products (Boison and Stoffel, 1994). In agree-
ment with these results, the sense-oriented neo gene in
a corresponding neo-sense mouse reduced the tran-
scription product of the plp isoform by 50%—60% but
not of the DM20 isoform (data not shown).

The translation of the mRNA in the myelinating
mice yielded only the isoform DM20. The genetic and
biochemical analysis proved that we had generated the
dm20,,,, mouse line deficient in PLP. Different func-
tions have been assigned to PLP and DM20 in myelin
structure and oligodendrocyte development (Nadon
and West, 1998). The function(s) of the cytoplasmic
loop harboring the PLP-specific amino acid still re-
mains elusive.

Different from our strategy, by which the PLP-spe-
cific 105 bp of exon III of the targeting construct were
deleted for the generation of the dm20,,,, mouse mu-
tant, another mouse line expressing only DM20 has
been generated (Stecca et al., 2000): the splice donor
site of intron III has been mutated in E. coli and a
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Fig. 4. Semithin cross-sections through the optic nerves of 5 month D) shows an increasing ratio of degenerating myelin sheaths. In
old wild-type (A), 3-month-old plp—/— (B), 5- and 14-month-old contrast to the homozygous plp—/— mutant, no hypomyelination is
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Fig. 5. A versus B: In contrast to plp—/— mutants, the myelin  seen in C (asterisk), where electron micrographs showing redundant
sheaths of dm20,,,, are compacted. Sheaths of both plp—/— and  myelin and a degenerating nerve fiber in dm20,,,,, mutants (asterisk).
dm20,,,, mutants contain oligodendrocyte cytoplasm in compact my-  Scale bar = 1.2 um. Axonal spheroids (in plp —/— sections, B, asterisk)
elin (A, %, arrows) depicting the beginning of degeneration of myelin  are not detectable in dm20,,,, mutants.

onl,
sheaths. Scale bar = 2.4 um. A progressive stage of degeneration is Y



tively are observed (C, asterisk) and not in dm20,,,, mutants. All
axons of wild-type and dm20,,,, mutants are myelinated and show
compact ensheathments. In adci/'tion, redundant myelin (arrows) is
and plp—/— mutants. Scale bar = 2.4 pm.

Fig. 6. Low-power electron micrographs of cross-sections through
the optic nerve. A: Wild-type (5 month). B: dm20,,,,, (5 month). C:
plp—/— (3 month). Only in plp—/— mice axonal spheroids and the
abnormal accumulation of organelles in the paranodal space respec-  visible in dm20,,,,



Fig. 7. A and B: Electron micrograph (op-
tic nerve) showing normal periodicity of sec-
tions of 14 months old wild-type and
dm20,,,, mutants. C: Decompacted myelin
sheaths of plp—/— mutants. Fixation proce-
dures were identical for all samples (6%
glutaraldehyde). Scale bar = 0.36 pm.
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TABLE 1. Periodicities of wt and dm20,,,, CNS myelin*

only

Sections Number of measured Periodicity
Genotype analyzed periodicities (nm)
dm20,,,,, 23 618 14.08 = 0.84
Wild-type 14 435 14.05 + 0.63

*Results represent mean values = SEM.

floxed neo-cassette introduced into a loxP site in intron
IIT by transient Cre-mediated recombination. ES cells
homologously recombined with this construct yielded
homozygous mice, embryos of which received a Cre-
recombinase encoding vector by pronuclear injection
before reimplantation into pseudopregnant mice.

We expected from the dm20,,, mouse mutant in-
sight into specific functions of DM20, e.g., in the as-
sembly and maintenance of the CNS myelin structure
and its role in the development of oligodendrocytes and
in protein transport during myelination. The findings
and the conclusions drawn from the two mouse models
generated by two very different strategies are partly in
accordance but differ distinctly in others.

The synergism of both isoforms PLP and DM20 for
the maturation of oligodendrocytes has been deduced
from rescue experiments (Nadon and West, 1998). In-
tracellular transport of PLP to the plasma membrane
of heterologously expressing HeLLA cells is supposed to
require both PLP and DM20 isoforms (Gow et al.,
1994). DM20 overexpressing transgenic mouse lines
show age- and copy number—dependent demyelination
(Johnson et al., 1995). The genetic experiments and
ultrastructural analysis described here and the normal
oligodendrocyte development in the plp—/— mouse
line, deficient in PLP as well as in DM20 (Boison and
Stoffel, 1994), make it highly unlikely that DM20 plays
an essential role in the differentiation and compart-
mentalization of oligodendrocytes in brain.

However, at age 3 to 5 months in myelin sheaths of a
few axons of dm20,,,, mice, cytoplasmic inclusions ac-
cumulate within compacted myelin. Cytoplasmic inclu-
sion structures were also observed in DM20 overex-
pressing mice (Mastronardi et al., 1993) and in null
allelic PMP22 (Adlkofer et al., 1997), NCAM (Carenini
et al., 1997), and MAG mice (Yin et al., 1998). These
cytoplasmic pockets have been interpreted as onset of
myelin and/or axonal degeneration, structures never
observed in normal wt¢ white matter.

Different from the observation reported by Stecca et
al. (2000) and unlike the aging plp—/— mouse (Boison
and Stoffel, 1994), our dm20,,,, mouse lacks the nu-
merous axonal swellings and axon degenerations. In
agreement with a rescue experiment crossing a DM20-
transgenic mouse line to the plp—/— mouse (Griffiths
et al., 1998), we were unable to detect a diffuse gliosis.
With growing age, a punctuated dissociation of the
compact myelin layers at their cytosolic surfaces
(MDL) leads to the formation of cytoplasmic pockets,
and the rare appearance of redundant myelin and de-
generation of oligodendrocytes in the aging brain (> 5

months) of dm20,,,, mice hint at a minor dysregulation
of the synthesis of myelin constituents by oligodendro-
cytes during myelination. However, these changes do
not result in a pathological phenotype even after al-
most 2 years.

What are the consequences of the missing PLP-spe-
cific sequence in the large cytosolic loop for the struc-
ture (morphology) and maintenance of the compacted
myelin membrane? Does the PLP-specific sequence
influence the topology or the dimensions of the perio-
dicity?

In order to elucidate possible morphological alter-
ations of the compact myelin membrane system due to
the missing PLP-specific sequence of the large cytosolic
loop, we compared the periodicity of the myelin sheath
of axons of optic nerve of wt and dm20,,,, mice to
answer the question whether DM20 can structurally
substitute for PLP. Figure 7 paradigmatically displays
cross-sections of wt and mutant optic nerve, fixed and
stained under identical conditions. More than 500 pe-
riodicities of segments of the multiple w¢ and 400
dm20,,,, myelin membrane layers of mice 5—6 months
of age were measured for statistical evaluation (Table
1). These results underline that the periodicity of the
CNS myelin sheaths with only DM20 (dmZ20,,,,) or
both isoforms PLP and DM20 (wt) as integral mem-
brane proteins are identical. An impact of the cytosolic
PLP-specific sequence missing in DM20 on the period-
icity cannot be verified morphologically. We conclude
that DM20 can fully substitute PLP in the CNS myelin
membrane regarding myelin periodicity and compac-
tion.

Our measurements are at variance with the report
by Stecca et al. (2000), in which a 20% expanded peri-
odicity of the cerebellum myelin of DM20 expressing
mice has been reported. This increase has been attrib-
uted to a broadened intraperiod dense line due to a
shift of the third TMD toward the external surface. A
pivotal role of the 35 amino acid PLP-specific sequence
for a normal myelin periodicity and long-term stability
of the myelin sheath and the axon-glia interaction has
been concluded. Different from these results, we ob-
served an overall normal stability of the myelin mem-
brane in p20, 3-, 6-, and 12-month-old dm20,,,, mice
unlike the massive dissociation of the individual mye-
lin layers in the plp —/— mouse. The periodicity of optic
nerve myelin of the dm20,,,,,, and w¢ mouse is identical
(about 14 nm), in agreement with X-ray diffraction
studies in fresh CNS nerve (about 12 nm) (Kirschner
and Blaurock, 1991). The identical spacing in wt and
mutant myelin under our fixation conditions (perfusion
with 6% glutaraldehyde) demonstrates that the substi-
tution of PLP by DM20 causes no morphologically vis-
ible structural rearrangement. DM20 therefore can
substitute for the lack of the PLP isoform and maintain
the overall periodicity of the main dense line (MDL)
and intermediate dense line (IDL) of CNS myelin.

Early ectopic expression in heart and thymus has
been observed. Intrathymic expression of plp is not
restricted to the DM20 isoform. Around p15-p25, it is
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associated transiently with the strongly expressed PLP
splice variant. This might explain the T-cell tolerance
to all epitopes of PLP in EAE-resistant C57BL/6 mice
reported recently (Klein et al., 2000). In heart, DM20 is
much stronger-expressed than the PLP isoform that
lasted beyond the myelination period. This ectopic ex-
pression of the oligodendrocyte-specific PLP and DM20
mRNAs might be caused either by the strong PLP
promoter activity or the leakiness of unbalanced si-
lencer activity for time- and cell-specific regulated ex-
pression (Berndt et al., 1992; Armstrong et al., 1995;
Pott et al., 1995; Kim et al., 1997).

A different structure-function aspect of the complete
substitution of the PLP isoform by DM20 in the plasma
membrane processes of the oligodendrocyte might be of
importance. PLP contains up to six long-chain fatty
acyl residues linked to cysteine residues by thioester
bonds within hydrophilic loop 1 (cys 5, 6, and 9) and
loop 3 (cys 108, 138, and 140). DM20 is missing the two
acylated cysteines 138 and 140 of the PLP-specific se-
quence.

The number and the positions of cysteine residues,
including the two disulfide bonds in the large extracy-
toplasmic hydrophilic loop 4, for posttranslational pal-
mitoylation and disulfide formation are phylogeneti-
cally conserved between amphibians, chicken, and
human except cys108, which is substituted by met in
amphibians.

This suggests an essential role for these posttrans-
lational modifications for PLP structure and function
(Bizzozero and Good, 1991; Schliefl and Stoffel, 1991;
Bizzozero et al., 1999; Messier and Bizzozero, 2000),
which is not understood. Fatty acyl groups are trans-
ferred nonenzymatically and/or enzymatically to PLP
cysteine residues and released by a palmitoyl-protein-
thioesterase in a dynamic process (Bizzozero et al.,
1987), which remains elusive.

The covalently linked long-chain fatty acyl chains on
the cytosolic domains (N-terminus, loop 3) have two
choices to interact with the hydrophobic environment
of adjacent lipid bilayers. Fatty acyl chains might in-
tercalate into the same bilayer leaflet (cys5, cys6, and
cys9) or into the opposite leaflet (cys108, cys138, and
cys140). This would further stabilize the adhesion of
the adjacent cytosolic surfaces in the MDL. Figure 8
schematically depicts the suggested topology of tetras-
pan DM20 (Weimbs and Stoffel, 1994).

Two of the six acylation sites (cys138 and cys140)
are located within the PLP-specific sequence of the
third cytosolic loop, missing in DM20. We hypothe-
size that the lack of the two acyl groups in DM20
might weaken the strong hydrophobic adhesive
forces in the cytosol leading to the formation of cyto-
plasmic pockets in myelin of the dm20,,, mouse
described in Figure 6. Further genetic experiments
are necessary to prove the hypothetical role of PLP
palmitoylation for the stability and maintenance of
the myelin membrane.
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Fig. 8. Proposed PLP topology with fatty acyl intercalation into the
lipid bilayer of plasma membrane processes (myelin sheath). The
region deleted in DM20 is indicated.
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