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ABSTRACT The gene plp on the X chromosome encodes the isoforms proteolipid

protein (PLP) and DM,,,, two dominant integral membrane proteins of central nervous
system (CNS) myelin. DM, results from the activation of the cryptic splice site in exon
III of the PLP gene. We inserted a sense-orientated loxP flanked neomycin-gene into
intron III of the plp sequence, using homologous recombination in embryonic stem cells
and generated the homozygous neoS mouse line. Unlike the previously described com-
plete PLP/DM,, ablation (plp /"), which has been obtained by introducing a neo-gene in
antisense-orientation in the same position of intron III, the plp expression surprisingly
revealed reduced mRNA levels. The PLP isoform was reduced to 50%, but DM, expres-
sion was unaffected. This protein pattern resembles the expression profile of the PLP
isoforms in the natural occurring rumpshaker mutant. Electron microscopic examina-
tion revealed a normal compaction of CNS-myelin and maintenance of axon integrity.
PLP expression levels of the wt control were recovered by Cre excision of the neo-
selection gene after intercrossing neoS mice and oligodendrocyte-specific Cre-mice.
These data strongly hint at different functions of intron IIT in PLP/DM,-specific splicing
and mRNA stability. Furthermore evidence is provided for functionally affected trans-
lation products of the PLP gene in the rumpshaker mutant, whereas no PLP-isoform
occur in plp~’~ mice generated by introducing a selectable marker into intron III in
antisense orientation. GLIA 35:63-71, 2001. o 2001 Wiley-Liss, Inc.

INTRODUCTION

Oligodendrocytes spirally enwrap CNS axons and
form up to 50 segments between the nodes of Ranvier
with the developmentally important insulating proper-
ties suited for saltatory conduction. A specific composi-
tion of proteins and complex lipids maintains the
highly ordered architecture of this multilayered mem-
brane system. Proteolipid protein (PLP, 30 kDa) and its
alternative spliced isoform DM, (26 kDa) constitute
about 50% of the protein in CNS myelin (Folch and
Lees, 1951; Stoffel et al., 1984). The two membrane
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proteins are integrated into CNS myelin lipid bilayer
with a four-helix transmembrane topology (Weimbs
and Stoffel, 1992). These membrane proteins play a
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crucial role for adhesion of external membrane sur-
faces of oligodendrocyte processes ultrastructurally ap-
pearing as the electron-dense intraperiod dense line
(IDL) (Boison and Stoffel, 1994). The main dense line
(MDL) results from adhesive properties of the cytosolic
membrane surfaces with myelin basic proteins (MBP)
as key players (Kamholz et al., 1986; Privat et al.,
1979).

The human gene plp is localized on chromosome
Xqg22.3 and contains seven exons distributed over a
range of 17.6 kb (Diehl et al., 1986; Willard and Rior-
dan, 1985). Activation of the alternative splice site
leads to the isoprotein DM,, (Nave et al., 1987) in
which 105 bp of the 3’ end of exon III are deleted. This
corresponds to the excision of 35 amino acid residues
within the hydrophilic cytosolic loop of the four trans-
membrane helix (TMH) model.

PLP shows a high degree of evolutionary conserva-
tion among different species (Schliess and Stoffel,
1991; Stecca et al., 2000; Yoshida and Colman, 1996).
The highly conserved structure of the proteolipids is a
reasonable explanation for the critical susceptibility of
the polypeptide to mutations in the PLP gene. Most of
the naturally occurring mutant forms of PLP, like the
Jimpy-mouse (Nave et al., 1986), the md-rat (Boison,
1989) or several X-linked human sudanophilic leu-
kodystrophies (Pelizaeus-Merzbacher disease, re-
viewed in Gow et al., 1996; Yool et al., 2000), are
associated with premature death of oligodendrocytes
and CNS hypomyelination often incompatible with the
viability of the individual. Exceptions of the observed
neuropathological phenotype are other natural mu-
tants, e.g., the rumpshaker mouse and the paralytic
tremor rabbit (Fanarraga et al., 1992; Tosic et al.,
1993). The rumpshaker mutation causes a marked hy-
pomyelination associated with a reduction in PLP pro-
tein but no apparent loss of oligodendrocytes (Schnei-
der et al., 1992). Rumpshaker mice therefore provide a
model for spastic paraplegia (SPG2 ) and milder forms
of PMD (Yool, 2000) although a recent report suggests
that rumpshaker may share more characteristics with
the juvenile-lethal plp mutations than has previously
been recognized (Billings-Gagliardi et al., 2001).

In a previous study, we generated a PLP-deficient
(plp™"") mouse line by the gene targeting approach
using a replacement construct with the selection
marker (neo) inserted in reverse orientation into intron
III (Boison and Stoffel, 1994). The complete deficiency
of the translation products in this knockout mouse line
is associated with aberrant spliced RNA resulting from
the integration of the selection marker and followed by
a postulated synthesis of antisense RNA and the im-
mediate degradation of double-stranded RNA formed
(Boison and Stoffel, 1994; Boison et al., 1995). The
deficiency of the proteolipid protein isoforms in the
myelin membrane interfered with the stable adherence
of the outer adjacent membrane surfaces of CNS mye-
lin to form the compact intraperiod dense lines. Unlike
the well-characterized point mutations of the PLP gene
the PLP-deficient mice show only very mild neuromo-

tor symptoms, they reproduce normally and have a full
life span (Boison et al., 1995).

In the present study, we integrated the lox P-em-
braced neo-cassette in sense orientation into intron III
of the murine PLP gene by homologous recombination.
PLP expression in resulting neoS mice is reduced by
50% and therefore resembles that described in the nat-
ural occurring rumpshaker mutant but unlike rump-
shaker mutants CNS-myelin sheath of the neoS-mouse
is properly compacted and maintained during the life-
time of mutant mice. The differences in amount of
mRNA and protein arise from a splice defect similar to
that observed in plp '~ mice. PLP- and DM,,-specific
transcripts indicate a different stability in the respec-
tive specific hn-RNA molecules, with the PLP primary
transcript less stable than the DM,, hnRNA.

MATERIALS AND METHODS
Targeting Construct

The vector pPLP25sL.2neoTK has been constructed
by standard cloning techniques (Sambrook et al.,
1989). It contains 6.7 kb of the murine genomic PLP
sequence including exon II up to exon V. A 1.2-kb
BamHI/ Sall neo-fragment inserted in intron III in
sense orientation was obtained by PCR, using oligonu-
cleotides with appropriate restriction sites for cloning
in the original BamHI site. The thymidine kinase (¢&)
gene (pIC19r-MCI-tk) flanked the 5’ end of the insert.
The targeting construct was linearized with Hpal en-
gineered in the Ncol site of exon V.

Generation of neoS Mice

A total of 107 R1 cells [(129/ X 129sv-cp) F1 back-
ground] (kindly provided by A. Nagy, Mount Sinai Hos-
pital, Samuel Lunenfeld Research Institute, Toronto)
were electroporated with 25 pg of the linearized tar-
geting vector using a Bio-Rad gene pulser at 230 V and
500 pF. ES cells were grown on mitomycin C-treated
G418-resistant mouse fibroblasts (Robertson, 1987).
Resistant clones were picked after 8-10 days, ex-
panded and their DNA analyzed by Southern blot anal-
ysis. Positive clones were detected by HindIIl and
EcoRI RFLP monitored with the external 32P- labeled
probe plp57 as well as by PCR analysis using the oli-
gonucleotides neo-s (see RT-PCR analysis) and HRA
(downstream PLP primer: 5'-TCAGCTGTTTTGCA-
GATGGACAGAAGGTTGG- 3).

Three correctly targeted ES cell clones were used for
blastocyst injection (CD1) (Bradley et al., 1984). One of
three injected clones yielded three germline chimeras.
Offspring was intercrossed and littermates genotyped
to obtain the homozygous transgenic mouse line (neoS).
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Generation of Cre*/neoS™* mice

The neoS-mutant mouse line was crossed with a
mouse line that expressed the Cre transgene under the
control of the MBP-promoter in a tetracycline depen-
dent manner (Gossen and Bujard, 1992; Gossen et al.,
1995). This Cre-mouse has been generated in our lab-
oratory for conditional gene targeting experiments. In
this study, we used this Cre*/neoS*'* mouse mutant
for maximal Cre-activity to achieve the oligodendro-
cyte-specific excision of the neo marker-gene. The ge-
notype of Cre*/neoS*'* mice was confirmed by South-
ern blot analyses using a 400-bp BamHI Cre fragment
(from pBS185; Sauer, 1993) and a transactivator-frag-
ment (from pUHD15-1; Gossen and Bujard, 1992) as
hybridization probes, respectively.

RNA Analysis

Total RNA of 15- to 25-day-old mouse brain was
isolated by the guanidinium thiocyanate/phenol
method (Chomczynski and Sacchi, 1987); 20 g of RNA
were separated on 1.5% agarose/ formaldehyde-gels
and blotted onto nitrocellulose (Gene Screen, DuPont).
After baking for 2 h at 80°C, the membrane was pre-
hybridized in 50% formamide, 1M NaCl, 1% SDS, and
100 pg/ ml salmon sperm DNA for 4 h at 42°C and
hybridized in the presence of 10% dextrane sulfate and
the appropriate 3*P-labeled probes. Poly(A)" RNA was
isolated by affinity purification on oligo(dT)-cellulose
according to the manufacturer’s protocol (Boehringer-
Mannheim). 2 pg of poly(A)* and 5 ug of poly(A)~ RNA
was separated and hybridized as described above.

Hybridization Probes

The following fragments were 3*P-labeled with the
random priming DNA labeling kit (Boehringer-Mann-
heim) according to the manufactures recommendations
and used as hybridization probes: a 1,500-bp genomic
PCR fragment (plp57) containing sequences from exon
V up to exon VII, a 1,362-bp Pstl fragment of human
PLP ¢DNA, a genomic 1,300-bp fragment containing
the sequence of intron three, a 700-bp Ncol neo frag-
ment, and a 550-bp HindIIl and Xbal fragment of hu-
man liver glyceraldehyde-3-phosphate dehydrogenase
cDNA (Arcari et al., 1984). Fragments were purified
using the Qiaex gel extraction kit (Qiagen). Hybridiza-
tion signals were recorded with a PhosphorImager
(Molecular Dynamics).

RT-PCR Analysis

For reverse transcription, 1 pg of total mouse brain
RNA was transcribed in 1X first-strand buffer (Life
Technologies, Gaithersburg, MD), 5 puM p(dN)s; (Boe-
hringer-Mannheim), 1 mM DDT, 20 U RNAsin, 1 mM

dNTP, and 100 U reverse transcriptase Superscript (Life
Technologies), in a total volume of 10 wl for 2 h at 37°C.
The following primers were used for the PCR reaction
(5'—3"): ExII: GCTTGTTAGAGTGTTGTGCTAGATGTCT-
GG, ExIVas: CATACAACAGTCAGGGCATAGGTGATGC,
ExVIlas: TTGTAAGTGGCAGCAATCATGAAGGTGAGC,
neo-s: TAAAACGCACGGGTGTTGGGTCGTTTGTTC,
neo-as: AATCCATCTTGTTCAATGGCCGATCCCAT,
GAPDHs: GGCAAGGTCATCCATCACAACTT, GAP-
DHas: TTTCTTACTCCTTGGAGGCCATGT. (5'—3").
The PCR-reaction was performed in a total volume of
100 pl with 10 pmol of each primer, 1 mM MgCl, 10
mM dNTP, 1X Taq polymerase buffer and 2,5 U Tag-
Polymerase (Life Technologies). PCR-cycling was at
95°C for 60 s, 66°C for 45 s, and 72°C for 45 s for
different numbers of cycles.

Protein Analysis

Myelin was isolated from homogenized brains in 0.32
M sucrose (Norton and Poduslo, 1973). Equal amounts
of protein were separated on 15% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE).
Myelin proteins were visualized with Coomassie Bril-
liant Blue (30 g /lane) or by silver staining (5 pg
/lane). Proteins were transferred to nitrocellulose
(BA-S 85, Schleicher and Schiill) by semidry electro-
blotting and individual proteins visualized by Western
blot analysis with SuperSignal Substrate (Pierce,
Rockford, IL) using a 1:400 dilution of an anti-PLP
antiserum (directed against the whole protein) gener-
ated in our laboratory (Towbin et al., 1979).

Semiquantitative Analysis

Stained protein and RNA gels were photographed
with a gel documentation system (GDS 7500, Ultra
Violet Products Ltd) and quantitated with the Image-
QuaNT software (Molecular Dynamics).

Electron Microscopy

Homozygous, heterozygous neoS™ and wt mice, 1 and
10 months of age, were anesthetized with Nembutal
and perfused with 6% glutaraldehyde in phosphate-
buffered saline (PBS) via the left cardiac ventricle.
Cervical segments of the spinal cord and the optic
nerve were isolated, postfixed in 1% phosphate-buff-
ered OsO, in 0,1 M sucrose, and embedded in Epon
812. Ultrathin cross sections of optic nerve and spinal
cord were contrasted with uranyl acetate and lead ci-
trate and examined as described (Bussow, 1978).

RESULTS

Homologous recombination in embryonic stem cells
was achieved with a gene targeting construct that car-
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Fig. 1. A: Organization of the plp-allele of the mouse and the
replacement vector containing the HSV-tk gene, and the neo gene
inserted into intron III. Targeted mutated plp-locus in ES cells. The
sites of the primers neoS and HRA as well as the external 3’ probe
plp57 and internal neo- and intron III probes. Southern blot hybrid-
ization analysis of EcoRI and HindIII restricted genomic DNA of
ES-cell clone (B), tail DNA of siblings of Fl-generation and PCR
reaction with primers neo-s and HRA (C).

ried the neomycin gene in intron III of the mouse PLP
gene in the orientation of the PLP promoter. This
marker gene was flanked by loxP sites (Fig. 1A). ES cell
clones with the correctly targeted integration were
identified by Southern blot as well as by PCR analysis
(Fig. 1B,C). The single integration event was proved by
a neo-specific hybridization (data not shown). Targeted
R1 cells were injected into CD1 blastocysts, and three
germline chimeras transmitting the mutation to their
offspring were isolated. Finally, the homozygous neoS-
mouse line was generated by intercrossing the F1 gen-
eration (Fig. 1B-D).

As expected from the phenotype of the plp ™/~ ani-
mals homozygous neoS-mice showed no behavioral ab-
normalities. However significant differences in the
transcription level of PLP and DM,, showed up in
Northern blot analysis of total brain RNA of hemizy-
gous, heterozygous, and wt mice. The amount of PLP/
DM,,-specific transcripts (3.2, 2.4, and 1.6 kb) was
reduced by ~50% in homozygous and by 20-30% in
heterozygous (data not shown) mutant mice. Signals
were standardized to the GAPDH signal (Fig. 2A).
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Fig. 2. A: PLP-expression in brain of w¢ and neoS™"* mice visual-
ized by Northern blot hybridization using a 1,362-bp PstI fragment of
the human PLP ¢cDNA. GAPDH mRNA was used as internal stan-
dard. Quantification of *?P-labeled signals of A using a Phosphoim-
ager and the Image Quant software. Intensities are normalized to the
intensity of the wt hybridization. B: RT-PCR using primers indicated
to detect neo-, PLP-, and DM,, -specific transcripts. C: RT-PCR of
brain total RNA of w¢-, hetero- and homozygous neoS mice, using
PLP- and DM, specific primers for quantification of the ratio PLP/
DM, (top), verification of neo-insert using neo-specific primers (bot-
tom).

We investigated PLP-gene expression furthermore
by RT-PCR analysis (Fig. 2B). Beside the expected
cDNA fragments for PLP and DM, we recognized neo-
specific fragments when primers ExII and neo-as or
neo-s and ExVIla were used for amplification. Se-
quence analyses identified the occurring PCR products
of the corresponding 5’- and 3’-end of the cDNA and
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and 3’ of the neo were used to demonstrate the expression of aberrant
spliced mRNA. B: Schematic representation and interpretation of the
aberrant splice products.

intron III-specific sequences, schematically depicted in
Figure 3B.

Hybridization of the RNA with probes specific for the
neo-gene and intron III revealed a 5.4-kb transcript
previously described (Boison et al., 1995) and a 2.8-kb
transcript corresponding to a transcript starting from
the PLP promoter and ending at the polyA signal of the
neo-gene (Fig. 3A,B). The finding of a hybridized band
that migrate with a molecular weight that is consis-
tently lower than predicted could also be explained by
initiation of transcription from the ¢2 promoter of the
neo-gene and termination in the 3'UTR of the plp-gene.
To address this possibilities we generated fragments
that are specific for partial sequences of intron IIT and
the origin of the 2.8-kb transcript was determined by
an intron III-specific hybridization with these probes
indicative for sequences of intron three 5’ and 3’ of the
neo-gene (Fig. 3A).

Comparative RT-PCR analysis using GAPDH prim-
ers as control furthermore indicated that impaired
splicing led to a decrease in PLP-specific transcripts

and no alterations in DM,,-specific transcripts (Fig.
2B). The change in signal intensity of the 600-bp frag-
ment for PLP and the 500-bp fragment for DM, was
reproduced with RNA of three different homozygous
and wt-mice (data not shown).

Myelin of brains of wild-type, plp ', and mutant
neoS mice was isolated by sucrose-gradient centrifuga-
tion (Norton and Poduslo, 1973). Myelin proteins were
size-fractionated by SDS-PAGE and stained with silver
(Fig. 4A) as well as Coomassie blue (Fig. 4B). The
reduced proteolipid protein in myelin of the neoS
mouse agreed with the results of the RNA analysis.
Otherwise the protein pattern remained unchanged.
PLP and DM,,, bands were normalized to that of pro-
teins with higher (HP) and to low molecular mass (my-
elin basic proteins) as a control with the appropriate
imaging software (ImageQuaNT). These results were
further substantiated by Western blot analysis using a
purified antiserum raised against the complete PLP,
which recognizes both PLP and DM,, (Fig. 4C). Com-
parison of CNS myelin proteins of wt, plp /", and neoS
mice clearly demonstrate the complete absence of the
isoproteins PLP and DM, in plp /" mice and the de-
crease in the PLP isoform in the neoS -mutant. Taken
together, the pattern of the PLP and DM, isoforms of
neoS mice resembles that described for the natural
rumpshaker mutant.

While the preceding experiments strongly implicate
a neo-gene dependent down-regulation of PLP-expres-
sion in mutant neoS mice, it was unclear whether these
findings can be extrapolated to changes in myelin pe-
riodicity and myelin maintenance, respectively. We
therefore investigated the impact of the change in the
PLP/DM,, equilibrium in the myelin membrane on
myelin periodicity and myelin maintenance, respec-
tively, by electron microscopy. Cross sections of optic
nerve and of spinal cord of 1-, 3-, and 12-month-old
neoS mice show normally compacted CNS-myelin
sheaths that were indistinguishable from wt¢ control
littermates. Also myelin and axonal integrity remained
unaltered over a period of 12 months (not illustrated).

For quantitative analysis of total lipids brains of wt,
plp~'~, and neoS mice were extracted with chloroform/
methanol (2:1), separated by HPTLC. Subsequently
the obtained lipids were visualized by charring for all
lipids with 50% H,SO,. Similar to analyses of myelin of
previously analyzed knockout mice no differences in
the lipid pattern was detected (data not shown) (Boison
et al., 1995; Uschkureit et al., 2000).

In an attempt to reconstitute the PLP synthesis de-
fect in neoS oligodendrocytes we eliminated the neo
marker gene in intron III by crossing an oligodendro-
cyte-specific Cre-expressing mouse (Cre™) line into
neoS-mice. This line was generated for conditional gene
targeting experiments (tetracycline regulated expres-
sion). The transactivator (tTA) of the transgene is un-
der the control of the MBP promoter (mbp,,,,-tTA-
cmv ! Cre). In the case of the resulting Cre */neoS mice
we used this mutant for tissue-specific Cre-expression
despite its applicability for a tetracycline dependent

—/—
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Fig. 4. Coomassie-stained (A) and silver-stained (B) SDS-PAGE
(15%) of purified myelin of wt, neoS and plp ™/~ mice with anti PLP
polyclonal antibodies. C: Western blot analysis.

suppression. The genotype of Cre*/neoS mice was con-
firmed by Southern blot analyses using Cre- and trans-
activator-specific fragments as hybridization probes
(data not shown). To ascertain Cre-activity in Cre™/
neoS mice we prepared DNA from brains and a follow-
ing PCR reaction with primers specific for intron III
revealed that Cre-activity in Cre*/neoS mice had re-
leased the floxed neo gene (data not shown). Oligoden-
drocyte-specific Cre expression was also documented
on the RNA and protein level. PLP/DM,,-RNA and
PLP/DM,,, proteins were compared in wt, neoS and
Cre"/neoS mice by Northern and Western blot hybrid-
ization analyses as well as by a semi-quantitative anal-
ysis. Protein and RNA recovery raised to 70—80% in
oligodendrocytes of Cre /neoS mice (Fig. 5A,B,D). Cre-
mediated excision of the neo-gene was also monitored
in polyA™ RNA isolated from brains of Cre*/neoS mice
using a neomycin-specific probe for Northern blot hy-
bridization. Only traces of the aberrantly spliced 2.8
and 5.4 kb hn-RNA molecules containing parts of in-
tron IIT were visible (Fig. 5C).

DISCUSSION

Analysis of PLP gene expression by homologous re-
combination of PLP/DM,, targeting constructs in em-
bryonic stem cells has proven to be a challenging task
to unravel the different functions of the gene products.
In previous studies we observed the complete deletion
of PLP expression in a mouse mutant the PLP gene of
which carried the neo selection marker in antisense
orientation in intron III. To study the effects of the
orientation of the neo gene selection-marker on PLP
gene expression, we integrated this additional gene
element into intron III of murine PLP gene. Surpris-

2 5 I
GAF'DH‘.' - .‘ 1.9ko

B C
N &N CJX\:(
5 5 5 5
& & & P &
& W & &
EAA AN &
& K SE
chig® 45 4 kb
| 343 ‘

Ll ¢ 428kb

|

transactivatar

Cre

D
\l‘.
ch)!
&N
* o 5'9 5
o o Q\Q
PLP ' ' e~ 1 X
DM, 'Y ¥
| N
- = —

Fig. 5. Comparative analysis of Cre*/neoS™*'* mice, neoS™'*, plp™'~

and wt mice. Northern blot of plp transcript (A), transactivator and
Cre (B) and aberrant splice products (C). D: SDS-PAGE and Western
blot of myelin proteins of the four genotypes.

ingly, the sense-orientated marker-cassette lead to a
PLP/DM,,, isoprotein ratio comparable to that de-
scribed for the natural occurring rumpshaker mouse.
This mutant features a 50% mRNA reduction at p20. In
the protein analysis PLP is markedly reduced whereas
the intensity of the DM,,, band almost equals that of wt
(Mitchell et al., 1992; Schneider et al., 1992). An in-
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crease in a presumably proteolipid protein related 10
kDa protein and reduced myelin-specific cerebrosides
and sulfatides is observed in the rumpshaker mutant
mouse (Fanarraga et al., 1992; Karthigasan et al.,
1996). X-ray diffraction measurements on unfixed optic
nerves furthermore showed that the periodicity in
rumpshaker CNS myelin is larger than normal
(Karthigasan et al., 1996). These biochemical alter-
ations in the rumpshaker mutant have been correlated
with a wider periodicity and less stable packing of the
multilayer myelin sheath. Rumpshaker myelin sheaths
show variable compaction with occasional myelin vac-
uolation and intraperiod and major dense lines with
indistinguishable electron density (Lunn et al., 1995).
These morphological features of the rumpshaker mu-
tant resemble those of the plp ™~ mouse models (Boison
and Stoffel, 1994; Klugmann et al., 1997; Uschkureit et
al., 2000) and convincible demonstrated that PLP plays
a crucial role in the stability and maintenance of the
stable and compact adherence of the outer surfaces of
the wrapping oligodendrocyte processes in the IDL.

Unlike the case in rumpshaker or knockout mice, the
change in the proteolipid protein isoforms in neoS mice
did not lead to structural and functional alterations of
the myelin sheath. Electron microscopic analyses re-
vealed no differences of neoS and wt myelin, suggesting
that neither the reduced concentration nor the altered
ratio of the PLP/DM,, isoforms interfere with the
structure and maintenance of the axonal insulator for
at least 12 months.

It has also been suggested that similarities in axon
pathology resulting from both decreased (knock out)
and increased (transgenics) PLP-gene dosages lead to
the observed alterations of neuronal integrity (Ander-
son et al., 1998; Griffiths et al., 1998; Yool et al., 2000).
The results derived from the neoS mouse model sug-
gest a more sophisticated interpretation: a reduction of
PLP down to 50% is compatible with a normal function
provided that DM,, amounts are unchanged. Our re-
sults seem to contradict conclusions drawn from a re-
cently described mouse line that only expresses DM,
under the control of the endogenous PLP-promoter
(Stecca et al., 2000). These investigators suggest that
DM, cannot functionally replace PLP in mice gener-
ated by homologous recombination. Our data suggest
that diminished amounts of PLP but otherwise un-
changed DM, present in CNS myelin do not influence
structural or functional properties of this membrane
necessary to maintain compacted myelin sheaths.

Despite CNS axons of the rumpshaker mutant are
hypomyelinated this mutant uncovers a milder pheno-
type compared to other PLP mutants like the jimpy-
mouse and the md-rat. Surprisingly, when introduced
into the C57/B16 background the rumpshaker mutation
produces a severe phenotype (Yool et al., 2000). An-
other important characteristic of nearly all natural
occurring PLP-mutations go along with altered myelin
protein and myelin lipid concentrations. In contrast to
neoS mice, myelin proteins isolated from e.g. rump-
shaker mutants are in general reduced in amount
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which suggests that protein targeting is affected in
these mutants (Gow et al., 1994, 1998; Mitchell et al.,
1992). Furthermore, lipid analysis of neoS mice indi-
cates that an impaired protein and lipid translocation
is responsible for the observed alterations in rump-
shaker mice rather than the reduced disproportionate
amounts of PLP and DM,,. In rumpshaker and, e.g.,
Jimpy mice, a marked reduction of myelin specific ce-
rebrosides and sulfatides is a common characteristic
and probably hint at a delayed maturation of oligoden-
drocytes (Karthigasan et al., 1996; Yahara et al., 1981).

It should be emphasized that we observed neither
myelin abnormalities nor axon degeneration in the
neoS mutant generated by the targeted alteration of
the PLP gene, whereas in natural variants mutations
in the coding region reduce the synthesis of proteolipid
proteins. Mutated PLP and DM,, with an abnormal
conformation accumulate due to perturbed cellular
membrane trafficking (Anderson et al., 1998). An im-
paired vesicle transfer might block intracellular mem-
brane sorting en route to the plasma membrane and
thereby inhibit myelination. This interpretation is sup-
ported by the notion that PLP is associated with myelin
specific lipids and the report that the cellular distribu-
tion of myelin components is altered in a hypo- and
demyelinating rat model (O’Connor et al., 2000; Si-
mons et al., 2000).

Another important aspect is oligodendrocyte cell
death in mutant mice and human PMD, which gener-
ally correlates with the severity of dysmyelination. Dy-
ing oligodendrocytes in, e.g., jimpy mutants exhibit the
classical features of apoptotic cells (Skoff, 1995; Ver-
meesch et al., 1990). In this regard, it is not surprising
that oligodendrocyte survival is not affected in rump-
shaker mutants since hypomyelination is not as signif-
icant as in jimpy mice. On the contrary, an increased
number of oligodendrocytes in the rumpshaker mutant
has been observed (Griffiths et al., 1990). Apparently a
correlation of oligodendrocyte maturation, survival
and/or death and PLP and/or DM,, expression does
exist. DM, has been proposed to be a likely candidate
for a function in oligodendrocyte development distinct
from its role in myelin structure, as it is expressed
early in development (Nadon and West, 1998). This
assumption appears to be confirmed by the rump-
shaker mutation. In cell culture experiments, rump-
shaker DM,, was almost as effective as wt DM,, in
assisting translocation of rumpshaker PLP to the cell
surface (Gow and Lazzarini, 1996). These in vitro re-
sults contrast with in vivo findings that rumpshaker
PLP is not transported efficiently to the oligodendro-
cyte membrane, as evidenced by the low levels of PLP
on the oligodendrocyte surface (Mitchell et al., 1992;
Schneider et al., 1992). However, in knockout as well as
in neoS or Cre*/neoS mice there were no changes de-
tectable in oligodendrocyte number or morphology, al-
though these mice express various amounts of the pro-
teolipid isoproteins PLP and DM,, (H. Bissow,
unpublished observation). Therefore, neither the com-
plete absence nor the reduction of PLP perturbs oligo-
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dendrocyte maturation. It is therefore tempting to
speculate, that regulatory functions of DM, (PLP) dur-
ing the ontogenesis of oligodendrocytes can be compen-
sated by redundant functions of other proteins, if any of
these proposed functions can be attributed to PLP or
DM,

Crossing the rumpshaker mutation into another ge-
netic background produces a severe phenotype which
indicates that hypomyelination and oligodendrocyte
death are not uncoupled in rumpshaker mice (Schnei-
der et al., 1992). We hypothesize that DM,, might be
involved in the transport of other molecules in addition
to PLP, particularly of complex lipids, and that this
transport is defective in rumpshaker mice. Defective
oligodendrocyte maturation therefore seems to be a
secondary effect of the mutation.

Another feature of these studies is the different sta-
bility of the mutated DM,,- and PLP-specific tran-
scripts in neoS mutant mice. Although the location and
timing of splicing within the nucleus are unknown, the
removal of introns has been shown to occur co-tran-
scriptionally. Alterations that retard splicing cause nu-
clear retention of pre-mRNA and a reduction in the
abundance of processed cytoplasmic mRNA. This
mechanism of nonsense mediated mRNA decay enables
eukaryotes to detect and degrade transcripts harboring
premature signals for the termination of translation.
In individual cases a decay of 85-95% of the mRNA
pool has been observed (Belgrader et al., 1994; Maquat,
1995; Maquat and Carmichael, 2001). Inefficient splic-
ing correlates with a depletion of mutant mRNA and
this process is tissue and gene specific (Aoufouchi et al.,
1996). Because PLP expression is tightly regulated in
oligodendrocytes, inefficient splicing of the PLP tran-
scripts should have significant consequences on PLP
expression, as described for neoS mice in this study and
plp~'~ mice previously (Boison and Stoffel, 1994). Fur-
thermore, the hypothesis that antisense RNA is re-
sponsible for the knockout phenotype of the plp /"~
mouse is supported by the RNA-analysis of neoS mice.
In the jimpy mutant, in contrast to neoS and plp '~
mice, defective splicing does not result in a premature
stop codon encoded by intron sequences and thus
jimpy-mRNA can probably overcome the nonsense me-
diated decay barrier, which results in the destructive
protein structure of jimpy-PLP protein (Nave, 1986).

Little is known about mRNA packaging and export
into the cytoplasm. Export requires the disintegration
of the multicomponent spliceosome (Brody and Abel-
son, 1985; Frendewey and Keller, 1985; Hamm and
Mattaj, 1990). In case of the PLP gene it is very likely
that intron III has important functions for PLP- and/or
DM,,-specific splicing due to positional effects. Intron
III-specific spliceosome assembly and disassembly is
very likely affected in neoS as well as in plp ™/~ mice.
This notion is further supported by the observation
that pre-mRNA containing intron III is up-regulated
during myelination in a PLP-specific manner (Vouy-
iouklis et al., 2000). Together with our findings that
PLP-specific transcripts are more susceptible to alter-

ations of the structure of intron III are consistent with
RNA-stability assays that demonstrate that steady
state levels of PLP mRNA are regulated at a posttran-
scriptional level in Schwann cells, whereas those of
DM, are not (Jiang et al., 2000).

It furthermore has to be emphasized that the de-
scribed results indicate that postulated truncated PLP-
like protein products in the comparable plp /" mouse
line (Boison and Stoffel, 1994) are absent and cannot
account for observed differences in the two existing
knockout mouse lines (Boison and Stoffel, 1994; Klug-
mann et al., 1997). In contrast, it is very likely that
different fixation procedures lead to a misinterpreta-
tion of the respective myelin morphology. The proce-
dure used in this study therefore clearly underlines the
structural function of the proteolipid proteins since we
were unable to detect differences to wt-myelin in neoS-
mice but clearly showed the disruption of the com-
pacted myelin sheaths as a consequence of protein de-
pletion by the integration of an antisense neo-gene into
intron III and the following knockout of PLP gene
expression (Boison et al., 1995; Uschkureit et al., 2000).

In summary, the insertion of a sense-orientated neo
gene into intron III of the PLP gene (neoS mutant)
reduces the proteolipid protein isoform in myelin and
generates a pattern similar to that of the natural
rumpshaker mutant. The rumpshaker mutation causes
a functional defect in myelination. The splice defect in
neoS mice leads to a considerable reduction of the PLP
isoform, but with no effect on compaction and mainte-
nance of the myelin sheaths. Crossing neoS mice into
oligodendrocyte-specific Cre-mice generated the neoS/
Cre mutant. This mutant indicated the scope of the
Cre/loxP system for functional studies on the proteo-
lipid protein isoforms.
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