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The proteolipid protein (PLP) gene encodes two myelin-specific
protein isoforms, DM-20 and PLP, which are members of the
highly conserved lipophilin family of transmembrane proteins.
While the functions of this family are poorly understood, the fact
that null mutations of the PLP gene cause leukodystrophy in
man is testament to the importance of DM-20 and PLP in
normal CNS function. PLP differs from DM-20 by the presence
of a 35 amino acid domain exposed to the cytoplasm, which is
not encoded by other lipophilin genes and appears to have
arisen in amphibians ;300 million years before present. How-
ever, the lipophilin gene family can be traced back at least 550
million years and is represented in Drosophila and silkworms.
Thus, from an evolutionary perspective PLP can reasonably be
anticipated to perform functions in CNS myelin that cannot be

accomplished by other lipophilins. Herein we use a novel
knock-in strategy to generate mice expressing wild-type levels
of a Plp gene that has been modified to encode only DM-20.
Although DM-20 is incorporated into functional compact myelin
sheaths in young animals, our data show that the 35 amino acid
PLP-specific peptide is required to engender the normal myelin
period and to confer long-term stability on this multilamellar
membrane.
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The lipophilin family comprises at least three genes in terrestrial
vertebrates: proteolipid protein (PLP), M6a, and M6b (Kitagawa
et al., 1993; Yan et al., 1993; Gow, 1997) that encode a larger
number of gene products through alternative splicing. Lipophilins
are small integral membrane proteins, and several are known to
be N-glycosylated (Waehneldt et al., 1987). The correspondence
between molecular weights predicted from cDNAs and those
determined empirically indicates that lipophilins generally lack
cleavable signal peptides, thereby orienting the amino termini
toward the cell cytoplasm. Analyses of several family members
has revealed four transmembrane domains (Popot et al., 1991;
Weimbs and Stoffel, 1992; Gow et al., 1997), and the degree of
primary structure conservation suggests this is likely to be a
common feature of all family members. The lipophilins have been
studied most extensively in mice and humans and are expressed in
myelinating cells, neurons, heart, kidney, and thymus (Baumrind
et al., 1992; Campagnoni et al., 1992; Lagenaur et al., 1992; Pribyl
et al., 1996; Bongarzone et al., 1999).

From an evolutionary perspective, anecdotal evidence suggests
that PLP may be functionally unique among lipophilin family
members (Kitagawa et al., 1993). PLP differs from its smaller
splice isoform, DM-20, by the presence of 35 amino acids in the
cytoplasmic domain near the middle of the protein. The 105

nucleotides encoding this PLP-specific peptide comprise exon 3b
(DM-20 mRNA splices from exon 3a to 4) and are not found in
lower vertebrates. Presumably, the appearance of exon 3b in
amphibians ;300 million years before present imparted new
functions on the protein or proteins encoded by the ancestral PLP
gene that proved to be advantageous to myelinating cells. Indeed,
the importance of this evolutionary event is emphasized by the
replacement of P0 with PLP as the dominant integral membrane
protein in the CNS of higher vertebrates (Yoshida and Colman,
1996).

Despite extensive efforts, the functions of most lipophilins
remain undefined. DM-20 and PLP have been examined in great-
est detail, particularly regarding myelin stability. However, most
studies have focused on PLP, and few have attempted or suc-
ceeded in distinguishing this protein from DM-20 at the level of
function. Previously, we demonstrated that although both iso-
forms share a common topology (Gow et al., 1997), the impact of
missense mutations on their intracellular trafficking is often dis-
similar (Gow et al., 1994; Gow and Lazzarini, 1996) despite the
fact that structural changes in both proteins are detectable using
conformationally sensitive antibodies (Gow et al., 1997). Impor-
tantly, data from in vitro experiments recapitulate aspects of the
DM-20/PLP trafficking defect in the dysmyelinating rumpshaker
mouse where mutant DM-20 is incorporated into myelin, but PLP
remains largely in the cell body (Mitchell et al., 1992; Gow et al.,
1998). Thus, the PLP-specific peptide appears to confer extreme
sensitivity to changes in higher-ordered protein structure.

Herein we dissect the functions of DM-20 and PLP by asking
a simple question: can DM-20 functionally replace PLP in com-
pact myelin? To answer this question we generated two mutations
in the Plp gene using a novel homologous recombination strategy
in embryonic stem cells. In the first mutant (the neo mouse) we
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ablated expression of the Plp gene. The second mutant (the rec
mouse) was derived from the first but expresses wild-type levels
of a Plp gene that is modified to encode only DM-20. We show
that these manipulations yield the intended results. Furthermore,
neo mice develop a slowly progressive neurodegenerative disease
throughout the CNS that is manifested in the second year of life
as diminishing motor coordination. Most importantly, this phe-
notype is not appreciably altered by incorporating DM-20 into
compact myelin at levels comparable to that of DM-20 plus PLP
in controls. These data convincingly demonstrate that DM-20
cannot functionally replace PLP in compact myelin, and we
conclude that the PLP-specific peptide confers properties on PLP
that are critical to the long-term stability and normal function of
this membrane.

MATERIALS AND METHODS
Constructing the Plp targeting plasmid for homologous recombination. The
human PLP cDNA was used to screen 300,000 colonies from a 129 Sv/Ev
genomic library in lambda Dash II. Two genomic clones were purified
and found to contain exons 2 through 7 of the mouse Plp gene (Fig. 1).
An 8 kb EcoRI fragment containing exons 2–7 was cloned downstream of
a herpes simplex virus-thymidine kinase cassette, and site-directed mu-
tagenesis was used to inactivate the splice-donor site at the 39 end of exon
3 from AAG2gtt to AAG2ctt, thereby creating an HindIII restriction
site that can be used to identify this mutant allele; uppercase letters
represent the nucleotide sequence of the final codon in exon 3, and
lowercase letters reflect the sequence of intron 3. Finally, a single loxP
site was also introduced into the 59 end of intron 3 at position 149 by
PCR-mediated, site-directed mutagenesis, and a floxed PGKneo cassette
was introduced into this site by cre-mediated recombination in Esche-
richia coli using double selection on ampicillin /kanamycin plates. The
coding strand for the PGKneo cassette selected is the noncoding strand of
the Plp gene.

Generation of Plp-null embryonic stem cells, neo, and rec mice. Three
homologous recombinant embryonic stem cell (ES) clones were obtained
from a Southern blot screen of 300 G418-resistant colonies. Chimeric

male mice derived from clone 17 or clone 34 transmitted the Plp-null
allele (neo allele) through the germline, and the knock-out mice gener-
ated were phenotypically indistinguishable. Subsequent characterization
and genetic manipulations were performed on mice derived from ES cell
clone 34. Southern blots of tail DNA digested with PstI and electropho-
resed on 0.8% agarose gels yielded 8.5 kb (wild-type allele) or 4.3 kb
(knock-out allele) bands when hybridized with a 1.2 kb PstI-EcoRI
fragment of intron 1 flanking the 59 end of the targeting construct (Fig.
1). The presence of the PGKneo cassette was revealed as a 1.8 kb band
using a 0.6kb PstI neomycin coding region to probe Southern blots of
HindIII /XhoI-digested tail DNA. To generate rec (DM-20 only) mice,
male neo (DM-20/PLP absent) mice were mated with superovulated
female C57Bl/6tac mice, and the 0.5 d embryos were harvested for
pronuclear injection with a supercoiled plasmid, pOG231 (O’Gorman et
al., 1991), encoding cre-recombinase driven by the hCMV promoter.
Injected embryos were reimplanted in pseudopregnant hosts. This
method of effecting recombination is very efficient; PCR analyses showed
that the PGKneo cassette was not detected in 14 of 18 female mice (78%)
born from surrogate hosts.

Southern blots, Northern blots, and PCR. Blots were hybridized as
follows: a prehybridization for 2 hr at 42°C in 50% formamide, 63 SSPE,
53 Denhardt’s solution, 25 mM phosphate, pH 6.9, 0.3% SDS, 0.4 mg/ml
sonicated salmon sperm DNA, and a 24 hr hybridization at 42°C with 10 5

(Southern blots) or 10 7 (Northern blots) cpm probe/ml of prehybridiza-
tion solution. Blots were washed for 2 3 15 min at room temperature in
23 SSPE/ and 1% SDS then 2 3 15 min in 0.23 SSPE and 0.1% SDS at
55°C for all probes. The wild-type neo (DM-20/PLP absent) and rec
(DM-20 only) alleles of the Plp gene are routinely distinguished by PCR
of tail DNA using 30 cycles of amplification at 94°C for 1 min, 55°C for
1 min, and 72°C for 1 min. The primers used are: AG25, 59-AAC ACC
ACC GGA GCA GTC AGG CAG A-39; AG263, 59-CTC ACT CAA
AAG CTA GGC CTC AGG AG-39, and; AG264, 59-AGA ACG AGA
TCA GCA GCC TCT GTT CC-39. In male mice, AG25/263 primers
generate a 300 bp product from the wild-type allele, and AG25/264
primers generate a 360 bp fragment from the Plp-knockout allele. The
PGKneo cassette is deleted in rec (DM-20 only) mice; thus, the AG25/264
primers do not yield a product. However, the AG25/263 primers generate
a 300 bp wild-type product and a 335 bp product from the rec (DM-20
only) allele. Syntheses of cDNAs were primed with oligo-dT using

Figure 1. Genetic characterization of mice
derived from embryonic stem cells. A, Sche-
matic of the wild-type Plp gene and the target-
ing construct electroporated into ES cells
(neo). Exons are numbered 1–7. Arrows show
the binding sites of oligonucleotide primers
used to identify different Plp alleles. Asterisk,
A HindIII site introduced to destroy the splice-
donor site of exon 3b; triangles, loxP sites; P,
PstI; E, EcoRI. B, Schematic of the targeted
Plp gene after removal of the PGKneo cassette
with cre recombinase. C, Southern blots dis-
tinguish wild-type and rec mice from neo mice.
D, PCR products from tail DNA of male mice
distinguish wild-type, neo, and rec alleles. The
DNA fragment sizes of the products are indi-
cated at the lef t. H3, HindIII digestion.
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Moloney murine leukemia virus reverse transcriptase (Life Technolo-
gies, Gaithersburg, MD). Two primers, AG25 and AG11 (59-AAT GTA
CAC AGG CAC AGC AGA GCA G-39) are used to amplify cDNAs
encoding PLP (252 bp) and DM-20 (146 bp). FokI digestion of the PLP
product yields two DNA fragments of 155 and 97 bp.

Western blots. Mouse brains were homogenized at 4°C in 0.32 M sucrose
centrifuged over sucrose step gradients to float the myelin membrane
fractions (Norton, 1974). Purified water-shocked myelin or whole-brain
homogenates were dissolved in modified sample buffer (Laemmli,
1970) containing 5% SDS and 0.5% b-mercaptoethanol, heated to 50°C
for 10 min and electrophoresed overnight at 40 V on 12.5% SDS-
polyacrylamide slab gels (20 mg protein/ lane). Proteins were transferred
to nitrocellulose at 60 V for 5 hr in 0.03% SDS, 25 mM Tris buffer, pH 8.3,
0.192 M glycine, and 20% methanol. The blots were blocked in 5% milk
powder dissolved in TBS for 1 hr. Primary antibodies were diluted into
0.5% milk and TBS and incubated at room temperature overnight, and
secondary antibody-alkaline phosphatase conjugates were incubated with
the blots for 1 hr then developed using nitro blue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate.

Immunocytochemistry. Mice were perfused intracardially with fresh
4% paraformaldehyde/0.1 M sodium phosphate buffer, pH 7.4, for 45–60
min before the brains were dissected and embedded in OCT. Cryostat
sections were stained as previously described (Gow et al., 1998) with
antibodies against several myelin proteins: Rt aPLP diluted 1:1 (clone
AA3); Ms aMOG at 1:1 (clone 8–18C5); Ms aMBP and Ms aCNPase at
1:1000 (Sternberger).

Electron microscopy and immunogold labeling. Six-month-old mice were
perfused through the left ventricle briefly with saline, followed by 2%
paraformaldehyde, 1% glutaraldehyde, and 0.1 M sodium phosphate
buffer, pH7.2, and finally with 4% glutaraldehyde and 0.1 M sodium
phosphate buffer at 4°C. Cerebellum, optic nerve, and cervical spinal
cord were post-fixed in osmium, block-stained with uranyl acetate, and
embedded in Epon (Friedrich and Mugnaini, 1981). Average compact
myelin period was measured in cerebellum, optic nerve, and cervical
spinal cord from electron micrographs at 125,0003 using a micrometer
lens. For immunogold labeling, thin sections from cerebellar white mat-
ter were etched with saturated sodium metaperiodate for 10 min,
quenched for 30 min with 50 mM NH4Cl in 0.1 M phosphate buffer,
pH7.4, treated for 30 min with 0.2% Triton X-100 in PBS, and blocked
for 30 min in 1% BSA–fish gelatin. Sections were then labeled with Rt
anti-PLP antibodies (undiluted hybridoma; clone AA3) for 1 or 19 hr and
10 nm gold-conjugated to Gt-anti-rat antibodies (EY Labs, San Mateo,
CA) for 2 hr then contrasted for 5 min with 2% uranyl acetate.

Rotarod analyses. A 2 d training and testing protocol was used to
measure motor coordination using an Ugo Basile (Varese, Italy) rotarod
according to the procedure by Gow et al. (1999). Day 1 of the protocol
was used to train the mice, and on day 2, the average of three time
intervals for which the mice remained on an accelerating horizontal rod
was recorded. A cohort of mice, comprising six wild-type, six neo (DM-
20/PLP absent; triangles), and five rec (DM-20 only; circles) males, were
subjected to the rotarod analyses at 6, 12, 14, 15, and 16 months of age.

RESULTS
Homologous recombination in mouse ES cells is a powerful
technique with which to uncover the functions of proteins in vivo.
In the vast majority of cases, genes are inactivated by deletion of
the proximal promoter or coding region, and function is assessed
in the absence of the gene product or products. Strategies have
also been developed to introduce subtle mutations, such as single
amino acid changes (Wu et al., 1994); however, a difficulty with
these strategies is that mutations that cause lethality in young
hemizygotes, or severely reduce fertility, preclude the establish-
ment of breeding colonies. We have developed a strategy to
introduce potentially lethal changes into genes, which enables the
generation of breeding colonies provided that infertility or early
death does not ensue in the absence of expression of the gene.
This methodology is particularly advantageous for sex-linked
genes because most ES cells in common use are derived from the
blastocysts of male embryos, which harbor a single copy of the X
chromosome.

Generation of knock-out (neo) and DM-20 only
(rec) mice
In the current study, we introduced a potentially lethal exon 3
splice-donor mutation into the Plp gene on the X-chromosome
using a two-stage procedure. Previous studies have shown that
ablating Plp gene expression is tolerated in the first year of life,
after which these animals develop an overt neurological pheno-
type characterized by demyelination and neuronal degeneration
(Boison and Stoffel, 1994; Klugmann et al., 1997). Thus, in the
first stage we prepared a targeting construct and inserted a PGK-
neo gene into the noncoding strand of the Plp gene in intron 3
(Fig. 1A, neo allele). Black rectangles in the diagram represent
coding exons 2–7 of the Plp gene. Exon 3 is divided into 3a and
3b at the cryptic splice-donor site, which is used to generate
mRNA encoding DM-20. White boxes show the noncoding re-
gions of exons 1 and 7, respectively. The PGKneo gene is inserted
49 bp downstream of the canonical exon 3b splice-donor site
AG2gt, which is inactivated in the targeting construct with a
single nucleotide change to AG2ct (Fig. 1A, asterisk). This mu-
tation generates a HindIII restriction enzyme site, which is used
to detect the mutated splice site.

Although antisense suppression has previously been used to
generate Plp-null mice (Boison and Stoffel, 1994), we augmented
this design with 34 bp loxP sites that flank the PGKneo cassette
(Fig. 1A, triangles). This important modification makes possible
the removal of the PGKneo cassette by cre-recombinase-mediated
recombination in the second stage of this study, a manipulation
that reactivates expression of the mutant Plp locus and leaves
behind a single loxP site in intron 3 (Fig. 1B, triangle). Impor-
tantly, this recombination event does not remove the disrupted
splice-donor site of exon 3b (Fig. 1B, asterisk), the function of
which is to preclude the generation of mRNA encoding PLP
(white rectangle in exon 3). Thus, the resultant rec (DM-20 only)
mice can only synthesize DM-20 from the mutant Plp locus.
Southern blots distinguish wild-type, neo (DM-20/PLP absent),
and rec mice (Fig. 1C); however, we routinely use three oligonu-
cleotide primers (Fig. 1A) to genotype wild-type (1/Y), neo
(neo/Y) and rec (rec/Y) male mice by PCR (Fig. 1D), and the
mutated exon 3 splice-donor site is revealed by HindIII (Fig. 1D,
H3) digestion of PCR products.

Genetic manipulation of the Plp gene appropriately
modifies gene expression
To determine if our genetic manipulations in ES cells produced
the desired results in mice we examined expression of the mu-
tated Plp locus in neo and rec male mice at the levels of steady-
state RNA and protein (Fig. 2). Maximal expression of the Plp
gene in mouse brain occurs at ;18 d after birth, and Northern
blots probed with a PLP cDNA show strong expression of this
gene in wild-type mice (Fig. 2A). In contrast, Plp expression is not
detectable in neo mice, indicating that antisense-mediated sup-
pression by the PGKneo cassette is operating as expected. Fur-
thermore, from long exposures of these Northern blots we are
unable to detect a hybridization signal from neo mice, and we
estimate that expression of the Plp gene is suppressed by at least
1000-fold. On the other hand, after cre recombinase-mediated
excision of the PGKneo cassette, the level of Plp expression in rec
mice is indistinguishable from wild-type littermates. These data
demonstrate that neither the mutated exon 3 splice site nor the
presence of the loxP site in intron 3 alter the stability of mRNA
derived from the mutant Plp gene. These data are verified by
Western blotting of purified myelin (Fig. 2B) or total homogenate
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from the brains of mutant mice at p18 using a monoclonal
antibody that recognizes the C-termini of both PLP and DM-20.
While Plp gene products are undetectable in neo mice, only
DM-20 is present in myelin from rec mice. Importantly, the
amount of DM-20 from these animals approximates the additive
amounts of PLP and DM-20 in wild-type myelin, suggesting that
the level of Plp gene expression in rec mice is normal but that all
processed transcripts encode DM-20.

In addition to Northern and Western blotting, we used RT-
PCR to detect very low levels of Plp expression in neo and rec
mice. Besides the maximal expression of the Plp gene in mice at
p18, a small peak of expression also occurs in the brain during
midgestation (Ikenaka et al., 1992; Timsit et al., 1992). The
primers used for RT-PCR hybridize to exons 3 and 4 (Fig. 1A,
AG25, AG11) and distinguish PLP and DM-20 encoding mRNAs
by size (Fig. 2C). At p18, most of the mRNA in wild-type brain
encodes PLP, which is reflected in the relative band intensities for
PLP and DM-20. In neo mice, Plp gene products are not detected
even after using the PCR sample as the template in a second
round of amplification for 20 cycles. Only mRNA encoding
DM-20 is detected in rec mice, which demonstrates that the
cryptic splice donor site at the 39 end of exon 3a is efficiently used.
At e13.5 we detect mRNAs encoding both PLP and DM-20 and
the relative band intensities indicate that DM-20 mRNA is the
dominant species. The identity of the PLP band was further
verified by digestion of the PCR products with the FokI restric-
tion enzyme to yield the anticipated 155 and 97 bp fragments
(data not shown). The expression of mRNAs encoding PLP and
DM-20 has previously been reported in human fetuses (Grever et
al., 1997) but not in mouse embryos (Ikenaka et al., 1992; Timsit
et al., 1992); thus, the current data provide a satisfying demon-
stration of the evolutionary conservation of Plp gene expression.
In rec embryos, only mRNA encoding DM-20 is detected, which
again shows that the exon 3a splice-donor site is efficiently used.

Myelinogenesis appears normal in neo and rec mice
To determine if myelinogenesis proceeds normally in the mutant
mice we stained parasagittal cryostat sections of the neocortex
from p18 mice with antibodies against DM-20/PLP and myelin-
oligodendrocyte glycoprotein (MOG). MOG is generally viewed
as a late marker of myelinogenesis, and its expression appears to
coincide with the final stages of myelin sheath formation. DM-
20/PLP-positive myelin sheaths are visible throughout the cortex
of wild-type mice (Fig. 3a), which are also strongly stained with
MOG antibodies (Fig. 3d). Several oligodendrocyte cell bodies
are present in this field (arrows) that are stained by both antibod-
ies. Although lacking PLP, oligodendrocytes and myelin sheaths
in the rec mice are indistinguishable from wild-type littermates in
size and shape as well as in antibody staining (Fig. 3c,f). Immu-
nogold labeling (Fig. 3i) of compact myelin in the deep cerebellar
white matter of rec mice demonstrates that DM-20 is incorpo-
rated into compact myelin similarly to wild-type animals (Fig. 3g).
Myelin sheaths in neo mice are not labeled with anti-DM-20/PLP
antibodies (Fig. 3b,h); however, morphologically normal oligo-
dendrocytes and myelin sheaths are stained with anti-MOG an-
tibodies (Fig. 3e).

CNS compact myelin period is perturbed in neo and
rec mice
A further demonstration of the nonequivalent functions of PLP
and DM-20 is apparent at high magnification in electron micro-
graphs of cerebellar white matter. Transverse sections of compact
myelin from wild-type, neo, and rec mice are shown in Figure 4
where closed circles mark the major dense lines of the myelin
sheaths from neo and rec mice, and open circles highlight these
structures in wild-type myelin. The most prominent pathological
features are statistically significant changes in the period of neo
and rec myelin compared to controls: the period of wild-type
myelin is 9.4 nm, whereas the periods for neo and rec myelin are
8.3 and 11.3 nm, respectively (Table 1).

Aging neo and rec mice develop motor
coordination abnormalities
Previous studies show that the behavioral phenotype of young
Plp-null mice is indistinguishable from wild-type littermates;
however, as these mutants age they develop widespread demyeli-
nation in the CNS that is manifested by reduced proficiency in a
rotarod motor performance test. Accordingly, we used this anal-
ysis to determine if DM-20 can mimic the function of PLP and
avert the development of neurological abnormalities in aging rec
mice. Wild-type mice (Fig. 5, squares) perform consistently over
the duration of the experiment and remain on the rod for ;240
sec. Although rec mice (Fig. 5, circles) perform well in this
analysis up to 1 year of age, their proficiency decreases shortly
thereafter and is similar in time course and severity to the slowly
progressive disease that stems from the absence of PLP in neo
mice. The performance of neo mice (Fig. 5, triangles) in the
current study is similar to findings from other laboratories (Boi-
son and Stoffel, 1994; Klugmann et al., 1997). Thus, the rotarod
data show that Plp gene products are critical for normal function
in the CNS. Moreover, the current study provides strong evidence
that replacement of PLP with roughly equal amounts of DM-20 in
compact myelin causes disease in aging mice and is a clear
demonstration that the cytoplasmic PLP-specific peptide encoded
by exon 3b imparts unique functions on PLP that cannot be
recapitulated by DM-20.

Figure 2. Analyses of Plp gene expression from wild-type, neo, and rec
male mice. A, Northern blots showing equal steady-state levels of mRNA
in wild-type and rec mice. B, Western blots showing equal levels of Plp
gene products in wild-type and rec mice. C, RT-PCR analyses of Plp gene
expression in wild-type, neo, and rec mice at postnatal day 18 and
embryonic day 13.5. Molecular sizing markers are shown at the lef t.
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Neurodegeneration is similar in neo and rec mice
To further characterize the phenotype of rec mice identified in
the rotarod analyses, plastic-embedded sections from optic nerve,
cerebellum (Fig. 6), and cervical spinal cord were examined by
light and electron microscopy. Six-month-old mice were chosen
for these experiments to determine if pathology is apparent at a
significantly earlier age than that suggested from the rotarod
performance analyses. Semithin sections from wild-type mice
(Fig. 6a) show a region of white matter (WM) subjacent to the

granular (IGL) and molecular layers (ML) in the cerebellum.
Within the white matter, longitudinal and transverse myelinated
fibers are evenly stained with toluidine blue. In contrast, white
matter regions from neo and rec mice appear disorganized, and
darkly stained fibers scattered throughout the sections (Fig. 6b,c,
arrows) are indicative of degenerative disease. Occasional redun-
dant myelin profiles are also apparent in the mutants that seem to
be more common in neo mice than in rec mice (arrowheads). The
granular and molecular layers in neo mice appear normal, al-
though there is some evidence of pathology in the granular layer
of rec mice.

Ultrastructural examination of white matter from neo and rec
mice reveals widespread neurodegenerative changes, including
axonal spheroids filled with mitochondria and other organelles
(Fig. 6e,f), degenerating axons, redundant myelin sheaths, myelin
vacuolization, and diffuse gliosis (data not shown). We did not
observe this pathology in wild-type littermates. Thus, the prom-
inent pathology in different brain regions from neo and rec mice

Figure 3. Myelinogenesis appears normal in the cortex
of wild-type, neo, and rec mice. Confocal micrographs
show myelin sheaths and oligodendrocyte cell bodies
stained with antibodies against DM-20/PLP (a–c) and
MOG (d–f ). DM-20/PLP staining in neo mice is absent,
but arrows mark the positions of oligodendrocyte cell
bodies that stain normally with anti-MOG antibodies.
g–i, Immunogold labeling (10 nm) of thin sections from
cerebellar white matter tracts. Antibodies recognizing
both DM-20 and PLP label compact myelin sheaths in
wild-type and rec mice but do not label sheaths from neo
mice. Magnifications: a–f, 1603; g–i, 27,0003.

Figure 4. Compact myelin period is altered in neo and rec mice. Electron
micrographs of regions of compact myelin in the cerebellum of 6-month-
old mice. Filled circles highlight the major dense lines in neo and rec
myelin, and open circles highlight wild-type major dense lines.

Table 1. The period of compact myelin is perturbed in the CNS of neo
and rec mice

Genotype
Myelin spacing (nm)
(mean 6 SEM) n

Wild type 9.4 6 0.10 10
neo 8.3 6 0.10* 10
rec 11.3 6 0.12* 10

*p , 0.0001 (ANOVA).
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at least 6 months before the manifestation of a behavioral phe-
notype indicates that the absence of PLP induces a slowly pro-
gressive disease beginning at an early age and only becomes
apparent after reaching a clinical threshold in the second year of
life. Furthermore, the similarities in pathology between neo and
rec mice is further evidence that DM-20 cannot substitute for
PLP in the CNS. From the current analysis we cannot formally
exclude the possibility that disease in the rec mice arises from an
inherent toxicity of DM-20; in absolute terms, this protein is
present in the myelin of rec mice at approximately fivefold higher
levels than in wild-type sheaths. Nonetheless, we consider this
explanation to be unlikely to account for pathogenesis in rec mice
because of the similarity of disease to that in neo mice in terms of
both time course and severity.

The lipophilin family is represented in invertebrates
Kitagawa et al. (1993) have presented convincing evidence that
three lower vertebrate genes DMa, DMb, and DMg are the

antecedents of PLP, M6a, and M6b in terrestrial vertebrates,
respectively, and have estimated that the lipophilin gene family
arose ;440 million years before present. However, recent se-
quence data indicates that this gene family is also represented in
invertebrates. An expressed sequence tag (EST) clone encoding
the N-terminal 220 amino acids of an invertebrate gene from the
silkworm, Bombyx mori, with homology to vertebrate lipophilins
(GenBank accession number AU000676) shares 83% similarity at
the amino acid level with three ESTs from the fruit fly, Drosophila
melanogaster (GenBank accession numbers AA141336,
AA696516, and AA816816). We have used these ESTs to delin-
eate a Drosophila gene on chromosome 3L/78D4 (GenBank ac-
cession numbers AC017581 and AC010049) comprising five exons
with canonical splice sites and spanning 4 kb of genomic se-
quence. We have verified the Flybase sequences by PCR cloning
and sequencing this gene from wild-type Drosophila. Interest-
ingly, exon B is alternatively spliced in a manner analogous to the
M6a and M6b genes in mammals (Olinsky et al., 1996) (A. Gow,
unpublished data). The open reading frame of the Drosophila
gene encodes a protein with 39–48% similarity to vertebrate
lipophilins (Fig. 7). Moreover, inspection of the exon boundaries
reveals a surprising level of conservation with mammalian li-
pophilins (Fig. 7, arrowheads). In the Drosophila gene, the exon
boundaries divide codons between two exons (i.e., the codons are
split after the first or second nucleotide), and the splice site
positions within these codons are conserved in the hM6b (Gen-
Bank accession numbers AC003035 and AC003037), hDM-20/
PLP (GenBank accession number Z73964) and hM6a genes
(Olinsky et al., 1996). Such a precise maintenance of gene struc-
ture is consistent with a high degree of conservation through
evolution and lends strong support for inclusion of this inverte-
brate gene in the lipophilin family. Of particular interest is the
penultimate exon in the Drosophila lipophilin gene, which is
homologous to exons 3a and 4 of the PLP gene. With the sequenc-
ing of the Drosophila genome now complete, it is likely that this
organism harbors a single lipophilin gene in which a peptide with

Figure 6. White matter tract degenera-
tion in the cerebella of 6-month-old mu-
tant mice. Light (a–c) and electron (d–f )
micrographs from plastic sections of
wild-type (a, d), neo (b, e), and rec (c, f )
mice show widespread degenerative
changes in the mutants, including de-
generating myelin sheaths (arrows) and
redundant myelin (arrowheads). Axonal
spheroids filled with mitochondria are
evident in electron micrographs from
neo and rec mice. ML, Molecular layer;
IGL, internal granular layer; WM, white
matter; A, axon. Magnifications: a–c,
3503; d–f, 18,0003.

Figure 5. Rotarod analyses from a cohort of mice between 6 and 16
months. Wild-type mice, Squares; neo mice, triangles; rec mice, circles.
Data represents the means from five (rec) or six (wild-type or neo) mice
at different ages 6 SEM.
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homology to the PLP-specific peptide is absent (i.e., exon 3b of
PLP).

DISCUSSION
We have generated two Plp mutant mice using homologous re-
combination in ES cells to determine if PLP and DM-20 are
functionally equivalent in CNS compact myelin. In the first mu-
tant, we have knocked-out the Plp gene (neo mice) and have
demonstrated that these animals exhibit a slowly progressive
neurodegenerative disease in the CNS that begins before 6
months of age and is detectable using a motor coordination test in

the second year of life. These data accord with the findings from
two other groups who have ablated Plp gene expression in mice
(Boison et al., 1995; Klugmann et al., 1997). In the second
mutant, we have knocked-in a single base pair change into the Plp
gene, which forces all mRNA derived from this modified gene to
encode DM-20. Although this protein is incorporated into com-
pact myelin, rec mice exhibit a slowly progressive neurodegenera-
tive disease in the CNS that is similar in time course and severity
to disease in the knock-out mice (neo mice). Thus, the central
feature of the current study is a clear demonstration that DM-20
cannot functionally replace PLP in compact CNS myelin. The
simplest interpretation of these data is that the PLP-specific
peptide confers on PLP unique properties that are crucial for
normal CNS myelin compaction and long-term stability.

Several aspects of pathology observed in the neo and rec mice
have been documented in naturally occurring hypomyelinating
mutants such as jimpy, shiverer, and quaking mice (Rosenfeld and
Friedrich, 1983; Hogan and Greenfield, 1984). These animals
harbor deletions or mutations in genes that are expressed in
oligodendrocytes and neurons and encode proteins with disparate
functions, from serving as a structural component in compact
myelin to modulating alternative splicing of myelin gene tran-
scripts. Together with the current data, these observations suggest
that pathogenesis is likely to reflect the perturbation of a crucial
aspect of the axoglial interaction that must be maintained
throughout the life of an animal for normal function, rather than
to reveal specific properties of the particular gene products under

Figure 8. Topographical models of PLP and DM-20 in a membrane
bilayer. Four transmembrane domains, a–d, are depicted for both proteins
(Gow et al., 1997) in which numbers represent the amino acids in the
vicinity of the membrane surfaces. In this model, the amino acids K150 of
PLP and K110 of DM-20 define the beginning of the third transmembrane
domain for each protein (Hartmann et al., 1989). Note that F151 in PLP
is at the bilayer surface but that F116 in DM-20 is displaced toward the
center of the membrane by the five amino acids, Gly-Leu-Ser-Ala-Thr.
This displacement could increase the size of the second extracellular
domain.

Figure 7. Amino acid alignments of vertebrate and invertebrate lipophi-
lins. ClustalW alignment of human (h), Drosophila (d), and silkworm ( s)
lipophilins. Amino acid identities between different proteins appear on a
darkly shaded background, whereas similarities are shown on a light
background. Downturned arrowheads mark the exon boundaries for the
human PLP and M6b genes; upturned arrowheads mark the exon bound-
aries for Drosophila M6a.
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investigation. In this light, the age at which a behavioral pheno-
type becomes apparent may be a useful indicator of the extent of
disruption to the axoglial unit and highlights the need for stan-
dardized test paradigms to detect such abnormalities.

A number of groups have generated transgenic mice harboring
supernumerary copies of the Plp gene to overexpress DM-20 and
PLP or have introduced into the germline transgenes encoding
one or the other of these proteins (Mastronardi et al., 1993;
Kagawa et al., 1994; Nadon et al., 1994; Readhead et al., 1994;
Johnson et al., 1995). Although CNS pathology in these animals
bears some resemblance to that of the mutant mice examined in
the current study, the age at which behavioral symptoms become
apparent in the other studies are positively correlated with the
extent of transgene overexpression and often appear a few
months after birth (Ikenaka and Kagawa, 1995). In rec mice, we
demonstrate at the levels of steady-state RNA and protein that
the expression of the “Dm-20 gene“ is comparable to the level of
wild-type Plp gene expression in littermate controls. Further-
more, pathogenesis in rec mice (normal levels of Plp gene prod-
uct) is unchanged from that in neo mice (no Plp gene products).
These data indicate that the phenotype of the rec mice is unlikely
to be related to changes in gene expression stemming from our
genetic manipulation of intron 3 of the Plp gene.

Although there are no significant differences observed in the
time course and severity of neurodegeneration between neo and
rec mice, we have consistently observed subtle alterations of
compact myelin period throughout the CNS of these mutants. On
the one hand, the absence of DM-20 and PLP in the myelin
membrane causes a 12% reduction in period, whereas on the
other hand, replacement of PLP with comparable levels of
DM-20 causes the myelin period to increase by 20% above nor-
mal. The mechanism underlying these changes is unknown, but
similar shifts in period have previously been documented in the
dysmyelinating mutants. For example, Duncan (1990) has shown
that the reduced period observed in the md rat mutant stems from
a collapse of the spacing between the extracellular surfaces of
adjacent myelin lamellae at the intraperiod line. The Plp gene in
these animals harbors a missense mutation that disrupts the
trafficking of DM-20 and PLP through the secretory pathway
(Gow, unpublished data); thus md myelin is largely devoid of
these proteins and may be akin to myelin in the neo mice. These
data identify regulation of the spacing at the apposition of the
extracellular membrane surfaces in compact myelin as a major
function of DM-20 and PLP.

We are unable to offer a substantiated explanation for the

expanded myelin period in rec mice; however, the absence of the
PLP-specific peptide in myelin from these animals does not
account for the abnormality because this peptide domain is also
absent in neo myelin where membrane period is decreased. An
alternative explanation is that the intraperiod line may be in-
creased in rec mice compared to controls. In considering possible
mechanisms that may mediate this increase, we note that DM-20
and PLP share a common topology (Gow et al., 1997) and that the
amino acid sequences of the extracellular domains of these pro-
teins are identical. Nevertheless, the topography of the extracel-
lular domains may be distinct and governed by the relative posi-
tions of charged residues in the cytoplasmic regions of DM-20 and
PLP (Fig. 8). Previous studies show that the boundaries between
extramembranous and transmembrane domains are often punc-
tuated with charged amino acids (Hartmann et al., 1989). This
rule of thumb reasonably describes the C-terminal residues of the
PLP-specific peptide, His-Pro-Asp-Lys, which abut the third trans-
membrane domain beginning, Phe-Val-Gly-I le. In the absence of
the PLP-specific peptide, the cytoplasmic domain of DM-20 con-
tains charged residues, but the closest is five residues removed
from the third transmembrane domain, i.e., Lys-Gly-Leu-Ser-
Ala-Thr abuts Phe-Val-Gly-I le. Placement of Lys at the cytoplas-
mic surface of the lipid bilayer would cause the insertion of
Gly-Leu-Ser-Ala-Thr into the membrane and could reasonably
be expected to dislocate several amino acids at the other side of
the bilayer, thereby increasing the size of the second extracellular
domain and forcing apart the intraperiod line.

In addition to studies in mammals, the lipophilin gene family
has been extensively characterized in marine vertebrates. Three
genes have been identified in multiple species: DMa, DMb, and
DMg, none of which have been found to encode a peptide ho-
mologous to the terrestrial vertebrate PLP-specific peptide.
Herein we show that the lipophilin family arose substantially
earlier than previously thought and is represented in inverte-
brates that diverged from chordates at least 550 million years
before present. Hydrophobicity profiles of the invertebrate li-
pophilins identify four domains of sufficient length to span the
bilayer, which suggests that the overall topology of these proteins
may be similar to other family members. Amino acid alignments
with the second extracellular domains of the vertebrate lipophil-
ins are of particular interest (Table 2). The four cystine residues
which delineate this domain are conserved in all lipophilins and
have been shown for DM-20/PLP to form disulfide bridges in vivo
(Weimbs and Stoffel, 1992). We have previously suggested that
the lipophilin family may be divided into two subgroups on the

Table 2. Amino acid consensus sequences for two subgroups in the lipophilin family

Lipophilin
group Protein Amino acid sequences of second extracellular domains

A hDM-20/hM6b W C CFD PWNAFPGK F CG C
DMa/DMg W C CVD PWNASPGK F CG C
Consensus* W X2 C X16–17 CFD X7 PWNA PGK F CG X6 C

B hM6a W C CLD TIGEEKKIC C
DMb W C CFD PIHEQKTVC C
sM6a W C CID VKQEDMKIC C
dM6a W C CID TKLEDMKVC C
Consensus* W X2 C X8–11 CFD X7–11 E. FC X8–9 C

*Single-letter codes are used to specify amino acids; X denotes any amino acid; F denotes an hydrophobic amino acid. DM-20/PLP, M6a, and M6b sequences are from human;
DMa, DMb, and DMg sequences are from Squalus acanthias; dM6a sequence is from Drosophila melanogaster; sM6a sequence is from the silkworm, Bombyx mori.
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basis of a short motif in this domain, with unknown function,
between the second and third conserved cystine residues in group
A lipophilins (Gow, 1997). The invertebrate lipophilin proteins
exhibit little homology with this motif and greatest similarity to
the DMb/M6a genes in group B.

In summary, we have identified functional differences in the
proteins encoded by the PLP gene using a novel knock-in strat-
egy, and we conclude that DM-20 cannot functionally replace
PLP in compact CNS myelin. Mice that do not express the Plp
gene develop a slowly progressive neurodegenerative disease in
the CNS in the second year of life, and we demonstrate that
DM-20 fails to rescue this phenotype, even when present in
myelin at levels that are comparable to the endogenous levels of
PLP and DM-20 in wild-type littermates. Finally, these results
accord with arguments made on evolutionary grounds that the
presence of the PLP-specific peptide confers on PLP unique
properties that are absent in DM-20.
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