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Proteolipid protein (PLP) has been postulated to play a critical
role in the early differentiation of oligodendrocytes (OLs) in
addition to its known role as a structural component of myelin.
To identify this early function, we blocked the synthesis of PLP
in glial cultures with antisense oligodeoxynucleotides that tar-
geted the PLP initiation codon. Primary glial cultures were
incubated with phosphorothioate-protected oligodeoxynucle-
otides (S-ODNs) for up to 11 d. PLP in OLs was reduced.90%.
OLs treated with antisense S-ODNs appeared strikingly healthy
as judged by (1) immunocytochemical staining for myelin gly-
colipids and myelin basic protein, (2) their prolonged survival
compared with untreated cultures, and (3) their ability to re-
establish membrane sheets after removal of the S-ODNs.
Our studies show that PLP is required for elaboration and

stability of the myelin membrane sheets made by most OLs, but

it is not necessary for the network of processes established by
OLs. More importantly, the number of OLs in the antisense-
treated cultures was nearly sevenfold greater after a 10–11 d
incubation with S-ODNs than in control cultures. The number of
proliferating OL progenitors was not increased in the antisense-
treated cultures, indicating that the increase in the number of
OLs was attributable to prolonged OL survival. The tissue
culture studies reveal that the absence of PLP/DM20 has the
positive effect of promoting OL survival but the negative effect
of preventing their full differentiation. This finding clarifies many
of the paradoxical findings seen in the PLP mutants, the PLP
overexpressers, and the PLP2 animals.
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In the CNS, myelin is a modification of the oligodendroglial
plasma membrane that is spiralled around and extended along the
axon to form a multilamellar structure. Proteolipid protein (PLP)
and DM20, which is an alternatively spliced isoform of the PLP
gene (Nave et al., 1987), constitute;50% of the protein in myelin
(Greenfield et al., 1971). It is generally accepted that one of the
biological functions of PLP is to maintain the structural integrity
of the myelin membrane (Duncan et al., 1987; Boison and Stoffel,
1994; Nave, 1994; Boison et al., 1995).
Evidence from many different studies strongly suggests that

PLP plays another role in early oligodendrocyte (OL) differenti-
ation (Knapp et al., 1986; Skoff and Knapp, 1990; Vermeesch et
al., 1990) that is critical for continued oligodendrocyte differen-
tiation. This role is probably more important for OL differentia-
tion than its function as an adhesive molecule. The evidence for
early OL differentiation is that the phenotype of OLs is abnormal
in the PLP mutants long before aberrant myelin is formed or
before compact myelin is made in normal animals.
A striking and functionally significant defect observed in most

of the PLP mutants is a dramatic increase in the number of dying
OLs (Knapp et al., 1986; Jackson and Duncan, 1988). Their death
begins several hours after mitosis (Vermeesch et al., 1990). This
finding is significant because compaction of the myelin sheath
does not occur until 2–3 d after mitosis (Skoff et al., 1976;
Vermeesch et al., 1990). The death of many OLs in the PLP

mutants before myelination strongly suggests a dissociation be-
tween death and myelin sheath compaction. Additional evidence
for the dissociation between these two PLP defects is illustrated
by one PLP mutant, rumpshaker (rsh), which has a normal life
span. rsh has very little OL death, yet it exhibits abnormal myelin
periodicity (Griffiths et al., 1990; Schneider et al., 1992). Alone,
abnormal periodicity of the myelin sheath is not lethal, because a
null mutation for PLP exhibits abnormal compaction of myelin,
but the mice have a normal lifespan (Boison et al., 1995). In
contrast to the PLP2 mice, a modest transcriptional overexpres-
sion of the PLP gene produces a phenotype that mimics most of
the properties of the dysmyelinating mutants and is lethal (Read-
head et al., 1994). The picture portrayed by the PLP overexpress-
ers, PLP2 animals, and the PLP mutants is that slight overexpres-
sion of the gene and amino acid substitutions in PLP/DM20
proteins is lethal; in contrast, the absence of PLP/DM20 is not.
Paradoxical as this information may seem, mutations of the PLP
gene in Pelizaeus–Merzbacher (P–M) disease, the human coun-
terpart to the animal mutants, dramatically confirm the animal
observations. Conservative amino acid substitutions of PLP are
almost always lethal (Hodes et al., 1993), and gene duplications
are highly lethal (Ellis and Malcolm, 1994), but a male with a
deletion of the gene was still alive at the age of 35 (Raskind et al.,
1991). The conclusion drawn from these mutants is that no PLP/
DM20 is potentially better than a mutated variety of PLP/DM20
or even a slight overexpression. Our study with antisense
phosphorothioate-protected oligodeoxynucleotides (S-ODNs) to
PLP to block its synthesis helps to unravel the paradoxical func-
tions of this gene. We show that PLP/DM20 has positive and
negative roles in OL differentiation. Without it, OLs fail to elab-
orate membrane sheets in culture that resemble myelin sheaths of
the animal, but they also survive much longer than normal OLs.
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MATERIALS AND METHODS
Following our routine laboratory procedures (Knapp et al., 1987), we
used mixed glial primary cultures to prepare cortical cells from 0 to 3 d
postnatal B6CBA mice (Jackson Laboratories, Bar Harbor, ME). Poly-
L-lysine-coated 12-mm-diameter coverslips were plated with 250,000 cells.
The cultures were fed with DMEM containing 10% heat-inactivated fetal
calf serum (FCS), 2 mM glutamine, and 25 mg/ml gentamicin. The
medium was changed every 3 d until the application of ODNs. For most
experiments, the application of ODNs began between 12 and 14 d in vitro
(DIV), because at this age many OLs have large membrane sheets
containing PLP and myelin basic protein (MBP).
To determine whether blocking the synthesis of PLP interferes with the

elaboration of membrane sheets, we applied antisense ODNs to primary
cultures at 9 DIV (a time point before almost all OLs have begun to
elaborate sheets and before expression of PLP in OLs). To study whether
mature OLs with membrane sheets could recover from the effects of the
antisense, we incubated older 22 DIV primary cultures with antisense for
several days and then returned to normal medium for an additional 3 d.
To confirm that the effects of the antisense on OLs were not mediated

by astrocytes (ASs), we prepared enriched OLs from 7–9 d in vitro
primary cultures from Petri dishes, following the procedure of Feutz et al.
(1995). Briefly, the OLs growing on the astrocyte bed layer were collected
by syringing the medium over the cells with a 10 ml syringe and centri-
fuging the suspension for 7 min at 900 rpm. The collected OLs were
resuspended in AS-conditioned medium and plated onto poly-L-lysine-
coated coverslips at 20,000 cells per coverslip. To prepare astrocyte-
conditioned medium, we placed defined DMEM containing glucose (1.0
mg/ml), transferrin (10 mg/ml), and insulin (5 mg/ml) on cultures of
astrocytes overnight; then the medium was collected, passed through a
0.22 mm filter, and stored at 2708C. Cultures were grown under the same
conditions as described above.
From each mouse, ;24 coverslips were prepared and divided into

control and experimental groups. However, two to four brains were
usually pooled so that many different time points involving normal,
sense-, and antisense-treated coverslips could be compared in one exper-
iment. At appropriate time points (see Immunostaining below), the
coverslips were immunostained with different antibodies. The data ob-
tained from the experimental coverslips were compared directly with the
control data of the same animal(s) used in the same experiment.
Oligonucleotide synthesis and purification. Both unprotected (O-) and

S-ODNs were synthesized on an Applied Biosystems Model 394 (Foster
City, CA) at the Wayne State University School of Medicine macromo-
lecular core facility. The first few studies used O-ODNs at various
concentrations that ranged from 10 to 100 mM. At high concentrations,
they were toxic; at low concentrations, they had no apparent specific
effects on OLs. S-ODNs were purified by reverse-phase chromatography
with Oligo-Pak oligonucleotide purification columns (Chromatography
Division, Millipore, Bedford, MA) following the manufacturer’s recom-
mendations. Purified ODNs were scanned by UV spectrophotometry to
measure absorbance at 260 nm.
The 27-mer antisense, sense, and random S-ODNs and 23-mer anti-

sense and sense S-ODNs were used in initial experiments to determine
whether antisense S-ODNs had specific effects on OLs, as compared with
the O-ODNs and control S-ODNs. The two antisense constructs targeted
the region of the initiation codon: the 23-mer antisense ODN (59- AGC
CCA TGT CTT TGG CAC TCT GA -39) spanned nucleotides (nts)
216317 and the 27-mer (59- GCA CAA CAC TCT AAC AAG CCC
ATG TCT -39) spanned nts 243123 (Macklin et al., 1987). A search of
GenBank and EMBL databases showed identical bases for only the
targeted PLP sequence. The closest homology to the 23-mer ODN is a
sequence in the human immunoglobulin heavy chain gene with three base
substitutions. The sense control maintains structural features, whereas
the random sequence maintains the composition with the same number
of CGs and ATs as the antisense construct but does not maintain
structural features such as stem loops (Stein and Krieg, 1994).
Oligonucleotide treatment of cultures. The 23- and 27-mer S-ODNs,

ranging from 1 to 25 mM, were applied to 12–14 DIV cultures three times
over a 48 hr period to test for toxicity and effects on OL structure and AS
organization. Two different concentrations, 2.5 and 5 mM, of sense,
antisense, random, and antisense did not result in toxicity, but the
antisense caused specific changes in OL morphology. The cultures re-
ceived one dose of antisense, sense, or random S-ODNs at 0 hr and then
an additional dosage every 24 hr. The untreated controls were changed
with the same medium at the same time.
Immunostaining. Staining with the A007 antibody (Bansal et al., 1992)

was performed from 1 to 11 d after the cells were incubated with S-ODNs.
Most cultures were rinsed with 10% FCS–DMEM, incubated with the
primary antibody A007 at room temperature (RT) for 30 min, rinsed in
PBS (5 min), and incubated with the goat anti-mouse IgM antibody
(Boehringer Mannheim, Indianapolis, IN) conjugated with rhodamine at
1:100 (RT, 30 min). Then cells were fixed in 4% paraformaldehyde (pH
7.2 in PBS; RT, 10 min).
Other cultures were fixed with 4% paraformaldehyde, rinsed, incu-

bated with a MBP monoclonal antibody at 1:100 in PBS (MBP-99,
Sternberger Monoclonals, Baltimore, MD) at RT for 1 hr, rinsed in PBS
(5 min), incubated with goat anti-mouse IgG rhodamine (RT, 30 min),
rinsed in PBS (5 min), and incubated with a rabbit anti-PLP antibody
polyclonal antibody that recognizes the C terminus (Vermeesch et al.,
1990) at RT for 3 hr. The anti-PLP antibody was diluted in 0.25% Triton
X-100 (1:25) and rinsed, and a secondary goat anti-rabbit IgG FITC was
applied (1:50; RT, 1 hr).
Bromodeoxyuridine (BrdU), which is incorporated into the DNA of

proliferating cells during the synthesis phase of the cell cycle, was added
to coverslips at a final concentration of 10 mM 16–18 hr before immuno-
staining. Cultures were incubated with a monoclonal antibody A2B5
(Eisenbarth et al., 1979) at RT for 1 hr, rinsed, incubated with goat
anti-mouse IgG rhodamine (RT, 30 min), and then processed for BrdU
immunocytochemistry. Coverslips were fixed in 70% EtOH (2208C, 30
min) and then rehydrated before being placed in 1.0N HCl (10 min) to
denature the DNA. The HCl was neutralized in Na-borate buffer (0.1 M,
pH 8.5) before the application of BrdU antiserum (1:10; RT, 1 hr). BrdU
immunostaining was visualized with goat anti-mouse IgG1-FITC (South-
ern Biotechnology, Alabaster, AL) (1:10; RT, 45 min). Coverslips were
mounted and viewed as above. Unless otherwise indicated, secondary
antibodies were obtained from Boehringer-Mannheim.
Quantification of MBP and PLP fluorescence. The attached cell analysis

system (ACAS) interactive laser cytometer (Meridian Instruments, Oke-
mos, MI) was used to quantify the total amount of fluorescence in
individual OLs 2 and 5 d after treatment. Preliminary to comparing
fluorescence between control and antisense-treated OLs, the strongest
stained PLP1/MBP1 cells on a control, normal coverslip were scanned,
and then photomultiplier tube and scan strength settings were set so that
the maximum fluorescent value of these cells was just barely into the
white zone (4000) of the color bar. The photomultiplier tube and scan
strength settings then were kept constant for all cells on both control and
experimental coverslips. Color values within the range (25034000) of the
color bar are linear (Meridian Instruments). The various colors of the
color bar are related linearly to the density of fluorescing molecules,
provided that the gain setting on the photomultiplier tube and the
acousto-optic modulator (AOM) is kept constant for all scans within a
particular experiment. The detector response at any given AOM setting
is directly proportional to the fluorescent intensity of the chromophore,
which is, in turn, directly proportional to the number of fluorescent dye
molecules. Quenching (which will result in nonlinearity of the detector
response) is highly unlikely to occur in this application for a number of
physical reasons, and the reader is referred to technical reviews of
quantitative fluorescence in glial cells (Entwistle and Noble, 1992a,b).
For quantitative purposes of this study, fluorescent values measured for
a pixel on a cell focused in the z-axis (nonconfocal mode) include the sum
of the values above and below the z-axis, because the photomultiplier
tube is not capable of discerning focused from nonfocused light when it
amplifies photons. Thus, the fluorescent value calculated for each cell
indicates the total amount of fluorescence in a cell and not in an arbitrary
focal plane. Using the control and antisense-treated coverslips, we se-
lected the first 10–13 cells that exhibited fluorescence with the sampling,
starting in the center of the coverslip where OLs were most differentiated.
With a 403 oil objective, PLP- and MBP-positive cells were outlined and
scanned by the ACAS single-image program.

RESULTS
Phenotypic properties of OLs in culture
The mature phenotype of OLs in culture is exhibited by the
elaboration of large membrane sheets that mimic the appearance
of an unfurled myelin sheath (Knapp et al., 1987, 1988; Dyer and
Benjamins, 1988). After the first week of primary culture, OLs
begin to assume the mature phenotype, and by the second week,
many OLs exhibit the phenotype of a differentiated myelinating
cell, including the expression of PLP. Accordingly, the second
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week was chosen to assess the effects of blocking PLP production
on OL development, because phenotypic changes should be easily
detectable. The A007 antibody, which recognizes OL-specific gly-
colipids, especially sulfatide (Bansal et al., 1992), was selected to
monitor phenotypic changes because it precedes the appearance
of galactocerebroside in immature OLs and remains expressed by
mature OLs (Skoff et al., 1994).

Characterization of glial cultures treated with ODNs
Preliminary experiments with primary cultures that used antisense
or sense unprotected (O-) ODNs at high concentration (10–100
mM) caused disruption of the astrocyte bed layer and cell death; at
lower concentrations, they had no discernible specific effects on
astrocytes and OLs. This finding is in agreement with many tissue
culture studies using O-ODNs that showed they usually were
ineffective agents in blocking mRNA translation (Mirabelli et al.,
1991). The remainder of the experiments used phosphorothioate
(S-) protected ODNs. The 23- and 27-mer S-ODNs ranging from
1 to 25 mM were applied to the cultures three times over a 48 hr
period to test for toxicity and to look for specific effects on OL and
astrocyte phenotype. At a 25 mM concentration, all S-ODNs
(sense, random, and antisense) caused partial retraction of the AS
bed layer by 48 hr. Occasionally, 5 mM caused retraction of some
ASs after long-term exposure (5 d or longer in S-ODNs). Appli-
cation of 1, 2.5, or 5 mM concentrations of sense, random, and
antisense S-ODNs for 48 hr had no apparent deleterious effects
on astrocytes or OLs, but the percentage of OLs with sheets that
were treated with the antisense S-ODNs to PLP was reduced
sharply (Fig. 1). The 2.5 mM concentration was used in the re-
mainder of the studies, because the PLP-antisense produced spe-
cific effects on OLs and it very rarely had any harmful effects on
astrocytes, even in long-term exposure.
Incorporation of S-ODNs into OLs was demonstrated seren-

dipitously by using the ApopTag kit (Oncor, Gaithersburg, MD)
while trying to compare the survival of OLs in antisense with
controls. This kit detects free 39DNA ends, which are abundant in
apoptotic cells. The majority of glia in both sense and antisense
coverslips were stained positively with the kit, whereas only an
occasional cell was stained in control, untreated coverslips (Skoff,
1995). In cultures incubated with S-ODNs, reaction product was
localized to cytoplasmic granule-like structures with very little
nuclear staining, whereas in apoptotic cells staining was predom-
inantly nuclear (Skoff, 1995). Obviously, the terminal deoxynu-
cleotidyl transferase used in the kit detects the free 39 DNA ends
of the ODNs and provides a simple and quick method to detect
incorporation of ODNs into cells.
Within 48 hr of S-ODN treatment, OLs treated with 5 mM

antisense ODN showed marked morphological changes, as com-
pared with controls (Fig. 1A,B). The number of OLs with mem-
brane sheets incubated with either the 23- or 27-mer antisense was
reduced to less than one-half that of controls (15–20 vs 45–50%).
Neither the random nor sense constructs led to a reduction in the
number of OLs with membrane sheets; rather, their values were
comparable to the untreated controls. The 23-mer antisense
S-ODN appeared slightly more effective than the 27-mer S-ODN
at 48 hr (15 vs 20%) and was used in subsequent experiments.
Even after 7 d of 2.5 mM antisense treatment, the percentage of
OLs with sheets remained depressed at 16%, whereas the per-
centage of OLs in the controls and the antisense-treated cultures
with sheets remained ;60% (Fig. 2). The results shown in Figure
2 were very reproducible and involved over 70 animals and anal-
ysis of .1000 coverslips.

The phenotype of OLs in the
antisense-treated cultures
OLs in cultures treated with S-ODNs to PLP exhibited four basic
phenotypes after antisense treatment. The most numerous sub-
group of OLs was similar to immature OLs found in younger
cultures (Fig. 3A–D). These OLs had numerous small processes
that formed a lacy network with each other. In contrast to OLs in
normal cultures, however, the antisense-treated OLs had an abun-
dance of processes that ended in club-like structures or that had
bulbous structures along their length. Often, small spicules pro-
jected from these processes. OLs with this immature morphology
were conspicuous in cultures that were treated with the antisense
ODNs to PLP, regardless of whether the antisense was applied

Figure 1. The effects of (1A) 23-mer and (1B) 27-mer S-ODNs on OLs
with membrane sheets. DIV primary cultures (12–14) were immuno-
stained with the A007 antibody after a 24 or 48 hr exposure to 5.0 mM
S-ODNs. Both 23-mer and 27-mer antisense S-ODNs led to a reduction in
the percentage of OLs with membrane sheets after a 24 and 48 hr
exposure. The data for each time point were based on four different
experiments; two to four mouse brains were pooled for each experiment.
Each time point is the mean 6 SE for the four experiments. At each time
point, 3–10 coverslips were counted for each group (Control, Random,
Sense, Antisense). All A0071 OLs (500–1000 OLs) on every coverslip were
counted.
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starting with 1-, 2-, or 3-week-old cultures. Another group of OLs
had long thick processes but no membrane sheets interconnecting
these processes, such as would be seen in normal OLs with this
large a cell body (Fig. 3F). At least some of these OLs had
membrane sheets before application of S-ODNs (see below).
Other OLs exhibited a mixed phenotype with one or two small
membrane sheets, but they also had numerous long filopodia that
sometimes ended in club-like extensions (Fig. 3E). Finally, a
consistent finding in all of the antisense-treated cultures was a
small percentage (10–15%) of OLs that had large membrane
sheets and appeared phenotypically normal as judged by the A007
immunostaining. However, in double-immunostaining experi-
ments that used MBP and PLP antibodies, such cells were MBP1

and PLP2 (Fig. 4A,B). This finding indicates that some OLs can
differentiate and elaborate membrane sheets with no immunocy-
tochemically detectable amounts of PLP. By phase-contrast mi-
croscopy, OLs treated with antisense in both primary cultures and
in enriched preparations (Fig. 4C) phenotypically appeared strik-
ingly healthy and viable as judged by their birefringence, intact-
ness of processes, and length of their processes. Interestingly,
incubation of enriched cultures with antisense for 35 d revealed
many healthy OLs, leaving the impression that these cells could
live indefinitely in the presence of antisense.

Effects of PLP antisense ODNs on myelin
protein expression
A critical experiment with antisense studies is to demonstrate that
the targeted protein is drastically reduced. The amount of PLP in
cultured murine OLs is low and can be detected only with West-
ern blots using purified OLs grown in flasks or by pooling mixed
glial cells grown in flasks (Duchala et al., 1995; R. P. Skoff,

unpublished studies). Accordingly, quantitative fluorescence mi-
croscopy (Entwistle and Noble, 1992a,b) was used to evaluate the
reduction of PLP in control versus antisense-treated coverslips.
With fluorescently tagged secondary antibodies, the total amount
of fluorescence was quantified (see Materials and Methods for
details) in individual OLs using an ACAS laser cytometer (Me-
ridian Instruments) after 2 and 5 d of antisense treatment. Im-
munostaining of control and antisense coverslips using PLP anti-
bodies was performed with coverslips prepared from the same
animal; the immunostaining was performed at the same time and
with identical reagents; parameters for fluorescent quantification
were likewise identical.
Visual comparison of PLP immunostaining in OLs revealed

gross reductions in the intensity of PLP immunostaining between
the antisense-PLP-treated coverslips and controls (Fig. 5). The
reduction between the two groups became more striking with
longer exposure to antisense S-ODNs to PLP and presumably is
attributable to blocking translation of new PLP and to breakdown
of PLP synthesized before S-ODN application. To provide a
quantitative estimate of the difference, we digitally outlined the
first 10–13 cells that stained with PLP antibodies on a coverslip,
and the total fluorescence per cell was calculated with the ACAS.
Individual OLs in the antisense-treated cultures had ;60% less
fluorescence 2 d after treatment (data not shown) and 90% less
fluorescence 5 d after treatment than the controls (Table 1, Fig.
6). A reduction of 90% for PLP in the antisense-treated cultures
is probably a low estimate, because only antisense-treated cells
that exhibited fluorescence were compared. Many newly gener-
ated immature OLs failed to synthesize detectable levels of PLP,
and mature OLs also lost detectable fluorescence (see below).
The drastic reduction in PLP in the antisense-treated OLs was

not observed for MBP. MBP in the antisense-treated cultures was
reduced ;50% (Table 2). In one experiment (no. 22), the cover-
slip was immunostained for both PLP and MBP so that a direct
quantitative comparison between these two myelin proteins could
be made in the same cell. Visual observation of fluorescent
intensity in these cells gave the impression that MBP was reduced

Figure 2. The effects of 23-mer S-ODNs on OLs with membrane sheets.
DIV primary cultures (12–14) were incubated with 2.5 mM sense or
antisense S-ODNs for 1–7 d (13–21 DIV) and then immunostained with
the A007 antibody. Exposure to antisense, but not sense, S-ODNs led to
a reduction in the percentage of OLs with membrane sheets from 1–7 d of
treatment. Each time point is the mean 6 SE for seven different experi-
ments. An average of eight coverslips was counted for each group at each
time point, and all of the A0071 OLs (500–1500 OLs) on every coverslip
were counted. The difference in the percentage of OLs with membrane
sheets treated with PLP antisense as compared with control or sense-
treated cultures was significant ( p , 0.05, one-tailed t test) at 5 and 7 d.

Table 1. PLP1 oligodendrocytes from 18 DIV mouse cerebral primary
culture after 5 d of treatment with 2.5 mM, 23-mer antisense

Experiment
number

Control
3 fl/cella

Antis-Trb

3 fl/cell
Average
reduction (%)

21 20,821,273 2,159,327 90
(10 cells) (11 cells)

22 13,490,593 1,504,026 89
(11 cells) (11 cells)

aThe average amount of fluorescence (fl) per PLP1 cell.
bAntisense-treated cells.

Table 2. MBP1 oligodendrocytes from 18 DIV mouse cerebral primary
culture after 5 d of treatment with 2.5 mM, 23-mer antisense

Experiment
number

Control
3 fl/cella

Antis-Trb

3 fl/cell
Average
reduction (%)

22 17,039,785 7,960,596 53.3
(13 cells) (12 cells)

23 26,390,886 14,136,099 46.4
(12 cells) (12 cells)

aThe average amount of fluorescence (fl) per MBP1 cell.
bAntisense-treated cells.
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only negligibly or even increased in some OLs. This impression
occurred probably because fluorescence is more intense within a
smaller area of the antisense-treated OLs as opposed to the
untreated OLs. Indeed, when the fluorescent intensity per pixel is

compared between treated and untreated OLs, the intensity is
often greater in the treated cells (data not shown).
Not only does the antisense treatment cause a reduction in the

level of PLP in individual OLs, but it also prevents or retards the

Figure 3. The effects of 23-mer antisense to
PLP on OL morphology in primary cultures.
A, B, OLs in control and primary cultures, 14
DIV, stained with the OL-specific A007 an-
tibody. The cell bodies (asterisks) of two ma-
ture OLs have large, elaborate membrane
sheets that originate from cellular processes
(arrows). Several immature OLs (arrowheads)
that have thin, branching processes are also
present in these pictures. C, D, OLs treated
with 23-mer antisense, 2.5 mM for 7 d, begin-
ning at 7 DIV and stained with the A007
antibody at 14 DIV. C, Three brightly fluo-
rescent OLs and one lightly fluorescent OL
have numerous short processes that form an
interconnected lacy network. Numerous
small globular structures (arrows) are located
along or at the tips of these processes. D,
Fluorescent intensity of OLs in these cultures
ranges from dim to very bright. The brightly
fluorescent cell has thick interconnecting
processes. The pictures of the OLs shown in
Figures 3A–D were prepared and cultured
from the same mouse brains. E, F, Primary
cultures treated with 23-mer antisense, 2.5
mM, beginning at 14 DIV and continuing for
7 d (21 DIV). The A0071 OLs illustrate the
range of morphologies seen with antisense
treatment. E, One OL retains a membrane
sheet but has abnormally long, thin processes
that end in globular structures. F, Another
OL has stout and long processes that are very
brightly fluorescent but show no membrane
sheets. Magnification, 4503.

2060 J. Neurosci., March 15, 1997, 17(6):2056–2070 Yang and Skoff • Proteolipid Protein Regulates Oligodendrocyte Survival



expression of PLP in immature OLs (Fig. 7A). In normal cultures
the immature OLs (recognized by the A007 Ab) gradually accu-
mulate PLP as they mature. As predicted, in both sense and
control cultures the percentage of A0071 cells expressing PLP
gradually increased from ;10% at the beginning of the experi-
ment (12–14 DIV) to nearly 60% 5 d later (17–19 DIV). In
contrast, the percentage of A0071 cells that expresses PLP in the
antisense-treated cultures remained ;10%. The finding that the
antisense treatment prevents expression of PLP in immature OLs
also was confirmed by using younger cultures that contained
primarily immature OLs (see below).
In contrast to the arrest of PLP expression in the antisense-

treated cultures, the expression of MBP in these cultures followed
a normal pattern of differentiation (Fig. 7B). The percentage of
A0071 cells in the control and sense-treated cultures that ex-
pressed MBP increased from ;16% (12–14 DIV) to ;70–85%
(17–19 DIV; Fig. 7B). In the antisense-treated cultures, the per-
centage of MBP1/A0071 cells increased to ;40%. This finding
indicates that many immature OLs, in the presence of antisense,
are competent to continue to differentiate and to express MBP
(Figs. 4, 5). These results further indicate that the effects of the
antisense on membrane sheet production are not attributable to
downregulation of all myelin proteins but, rather, are a result of
reduction of the targeted protein.

Effects of antisense ODNs to PLP on formation and
stability of membrane sheets
The reduction in the number of membrane sheets found in the
cultures treated with S-ODNs to PLP could be attributable to the
inability of immature OLs to elaborate membrane sheets, and /or
it also may be required for the stability of the membrane sheets.
It is difficult to decipher whether one or both of these events is
occurring, because the OLs are at all stages of differentiation after
the first week of culture. The hypothesis that PLP is required for
membrane stability is suggested by the observation of many bro-
ken disrupted membrane sheets within the first 2 d after antisense
S-ODN application. The idea that PLP also is required for their
elaboration is suggested by the finding of many immature OLs
lacking sheets in the older cultures.
To determine whether PLP is required for the elaboration of

membrane sheets, we treated cultures enriched in OLs with anti-
sense ODNs to PLP before they had established membrane
sheets. At 9 DIV, 6% of the normal cultures had sheets; by 17
DIV, ;45% of the normal and sense-treated cultures had sheets
when stained with the A007 antibody (Fig. 8). In contrast, OLs
exposed to antisense did not make membrane sheets during the
next week (Fig. 8), and only 15% made membrane sheets by 17
DIV. This finding indicates that PLP is required for elaboration of
membrane sheets by most OLs.
To determine whether OLs lose their membrane sheets after

the application of S-ODNs, we visually tracked individual OLs
that had already established membrane sheets with the ACAS
laser cytometer over a 24 hr interval. OLs were labeled with DiO,
which is a vital fluorescent carbocyanine dye that intercalates
throughout the membranes of all cells (Honig and Hume, 1986).

4

staining for myelin proteins. Magnification, 4503. C, Phase-contrast mi-
crograph of an enriched culture treated with 23-mer PLP antisense for
10 d beginning 3 d after enrichment. Several phase-bright cells with long
processes are characteristic features of OLs visualized with phase-contrast
microscopy. The length of their processes and the extensive branching of
a few of these cells are characteristic of healthy OLs.

Figure 4. A, B, An OL in a primary culture (20 DIV), treated with 23-mer
antisense to PLP, 2.5 mM, beginning at 13 DIV. This cell is (A) MBP1 and
(B) PLP2. The cell body (asterisk) has several membrane sheets visualized
with MBP immunostaining. The patchy staining of the membrane sheets
seen here using antibodies to myelin proteins is attributable to treatment
of the cells with Triton X-100, which is required to maximize immuno-
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The rationale for using a vital dye is that visualization of mem-
brane sheets by phase-contrast microscopy is usually very difficult.
Because the DiO gets incorporated into the membranes of all
cells, including astrocytes, it is essential to prepare cultures en-
riched in OLs.
Enriched OL cultures were prepared by collecting the OLs

from 8–9 DIV primary cultures and then replating the OLs onto
another coverslip (see Materials and Methods). Approximately
2 d later, the OLs had elaborated membrane sheets. Antisense
S-ODNs to PLP were applied at this time, immediately scanned,
and then rescanned 8 and 24 hr later. OLs with large membrane
sheets treated with antisense S-ODNs usually retracted their
membrane sheets (Fig. 9), whereas controls rarely did. It should
be noted that mature, normal OLs in culture exhibit considerable
motility and are capable of rearranging their processes and sheets
in culture over several days (Knapp et al., 1993). Although the
control DiO-labeled OLs sometimes showed rearrangement of
their sheets and processes, they did not retract their membrane
sheets to the extent of the antisense ODN-treated OLs. This

experiment shows that PLP is required for the stability of mem-
brane sheets in culture.

The effects of antisense S-ODNs to PLP are reversible
To test further for viability of the antisense-treated cultures and to
determine whether OLs retain their capacity to make sheets, we
removed antisense S-ODNs to PLP from the cultures for 3 d after
a 3 d regimen of antisense treatment (Fig. 10A). After 3 d of
antisense treatment of older cultures (23 DIV), 20% of the
treated cultures had sheets versus 60% for controls, percentages
similar to that found in the other control and antisense cultures.
After 3 d of being returned to normal media, 50% of OLs in the
antisense-treated cultures had acquired sheets. The percentage of
OLs in the normal cultures is reduced somewhat as compared
with 3 d earlier, and this reduction is most likely attributable to
the fact that the mature OLs are dying in the older cultures. After
the 3 d withdrawal, the OLs in the antisense-treated cultures
appeared to have a normal phenotype. It is difficult to conclude
from this antisense experiment whether the increase in OLs with

Figure 5. Shown are OLs in a primary culture incubated with S-ODNs to PLP beginning at 13 DIV and continuing for 7 d (20 DIV); they were
immunostained for MBP (A, B) and PLP (C, D). An OL in a control culture is positive for both MBP (A) and PLP (C). The intense staining of the OL
cell body and light staining of its processes and membrane sheets are a consistent finding using PLP antibodies. Note the differential immunostaining
pattern using MBP and PLP antibodies. OLs treated with 23-mer antisense to PLP for 7 d are strongly positive for MBP (B) but lack PLP staining (D).
The vast majority of the OLs in the antisense-treated cultures typically lacks membrane sheets and appears immature. Magnification, 4503.
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Figure 6. OLs immunostained for PLP in a primary culture (19 DIV) were outlined digitally with the ACAS laser cytometer, and fluorescent
quantification was performed. Quantitative parameters (see Materials and Methods) for the normal cells (1–4 ) were standardized first, and then the same
exact parameters were applied to cells (5–8) treated with antisense to PLP for 5 d, beginning at 14 DIV. Fluorescent intensity is linear (see color bar),
with white and red the most fluorescent. Cell bodies of OLs (1–4 ) on the control coverslips were very brightly fluorescent, whereas their processes and
large membrane sheets were less so. The intensity of pixels in the cell body versus intensity of pixels in the membrane sheet was ;10-fold greater. The
differential in fluorescent staining between cell body and sheets using PLP antibodies can be compared in Figure 5. Individual OLs in the antisense
cultures (5–7 ) had stout and long processes but usually lacked membrane sheets; only rarely did an OL (8) in the cultures treated with antisense for 5 d
have large elaborate membrane sheets that were PLP1.
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sheets is attributable to mature OLs reacquiring their sheets or to
immature OLs now synthesizing new sheets. However, the fact
that the older cultures (23 DIV) used in this experiment contain
primarily mature sheet-bearing OLs strongly suggests that some
mature OLs remake their sheets.

The effects of antisense S-ODNs to PLP are directly
on oligodendrocytes
The possibility that the effects of the antisense ODNs on OLs
were attributable to a secondary effect mediated by astrocytes was
examined by using enriched cultures of OLs. OLs from 9 DIV
primary cultures were collected (Feutz et al., 1995) from the
astrocytic bed layer, cultured for 2 d before the addition of
S-ODNs, and then grown for an additional 2 d. The number of
glia on the enriched coverslips was approximately one-tenth that
of the primary cultures, so the concentration of the S-ODNs was
reduced to 0.25 mM to prevent toxicity. OLs in the control-
enriched cultures rapidly differentiated, and within 48 hr of re-
plating 60% of the A0071 cells had sheets (Figs. 10B, 11). With
antisense treatment, only 6% of the OLs had sheets at this time
point (Figs. 10B, 11). The enriched cultures contained at least
75% OLs; the vast majority of the OLs grew directly on the
poly-L-lysine-coated coverslips and were not in direct contact with
the astrocytes. This experiment indicates that the phenotypic
changes seen in the OLs are not mediated by an indirect nonspe-
cific effect through astrocytes. The reduction in the percentage of
OLs with sheets in these antisense-treated cultures was not attrib-
utable to toxicity, because the numbers of OLs in the antisense-
treated cultures already were increased slightly above the values
for the controls (see section below).

Effect of antisense S-ODNs to PLP on OL cell number
After 4 d of antisense treatment, the numbers of OLs in the
antisense-treated cultures were noticeably different from the num-
bers seen in control or sense-treated coverslips. Quantification of
the number of A0071 cells showed that the ratio of A0071 cells in

Figure 7. The effects of 23-mer PLP-antisense on (A) PLP and (B) MBP
expression in OLs in primary cultures. Coverslips were incubated with
23-mer antisense to PLP, beginning on 13 DIV and continuing for 6 d (19
DIV). Coverslips were double-immunostained with A007 and PLP or
MBP antibodies. The percentage of PLP1 OLs treated with antisense for
5 d remained below 10%, but the percentage of MBP1 OLs increased to
35%. The data for each time point were based on four different experi-
ments; an average of three coverslips was counted for each group at each
time point.

Figure 8. The effects of 23-mer S-ODNs on membrane sheet formation
by young OLs. Nine DIV primary cultures were incubated with sense or
antisense S-ODNs and immunostained with the A007 antibody from 9 to
17 DIV. Sheet formation by OLs was prevented during the first week of
antisense treatment but increased to 15% after 8 d of treatment. Each
time point is the mean 6 SE of three different experiments.
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antisense-treated versus control increased threefold over control
values 5 d after the beginning of treatment and sevenfold after
11 d (Fig. 12). The difference in the number of A0071 cells
between controls and antisense-treated cultures at 10–11 d was
highly significant ( p, 0.002, one-tailed t test). A 2.5-fold increase
in the number of OLs in antisense-treated cultures also was
observed when the younger (9–17 DIV) cultures were treated
with PLP antisense. Eleven days after antisense treatment, the
OLs appeared quite healthy because they immunostained strongly
with A007 and MBP antibodies; many had intact processes, and
some even had membrane sheets (Fig. 13). Most of the OLs,
however, appeared immature with numerous processes and few
sheets. In contrast, OLs in the control cultures began to die, as
evidenced by weak immunostaining or short fragmented processes
(Fig. 14). The presence of many dying normal OLs between 20–30
DIV typically is found by investigators using primary glial cultures
and is prognostic of their disappearance from the cultures shortly
after the first month.
Two explanations can account for the difference in numbers of

OLs between controls and antisense-treated coverslips. Either the

lifespan of OLs is extended, or proliferation of OLs and their
progenitors is increased. To determine whether proliferation was
increased, we combined BrdU immunocytochemistry with A2B5
immunostaining (Eisenbarth et al., 1979). The A2B5 antibody
recognizes antigens expressed by cells in the OL lineage as well as
immature OLs, and, accordingly, the use of this antibody would
permit the detection of increased proliferation in the pool of OL
progenitors as well as immature OLs. The percentage of A2B51

cells that also were BrdU1 in the antisense-treated coverslips was

Figure 9. Pseudo-gray digitally imaged scans using the ACAS laser cy-
tometer of an OL labeled with DiO. The OL is from a coverslip of
enriched OLs that were obtained from a 9 DIV primary culture. After
replating (48 hr), the coverslip was loaded with 10 mM DiO and scanned 1
hr (A) and 24 hr (B) later. Partial retraction of the membrane sheet
surrounding the cell body (asterisk) occurred within 24 hr. The more
intense fluorescence around the nucleus (asterisk) and a few processes 1 d
later may represent endocytosis of the membrane.

Figure 10. A, The effects of 23-mer S-ODNs on numbers of OLs with
membrane sheets after withdrawal of S-ODNs. Primary cultures (22 DIV)
were treated for 3 d (25 DIV), followed by a 3 d withdrawal (28 DIV), and
then the cultures were immunostained with the A007 antibody. With-
drawal of antisense led to an increase in the percentage of OLs with sheets
similar to control. B, Effects of 23-mer S-ODNs to PLP on the number of
membrane sheets formed by OLs in enriched cultures. OLs from 9 DIV
primary cultures were collected and replated onto coverslips for 2 d. At
this time antisense ODNs were applied for an additional 2 d and then
immunostained with the A007 antibody.
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not significantly different from the sense and untreated controls
from 2 to 8 d after incubation (Fig. 14A). The phenotype of the
BrdU1 cells in the antisense-treated cultures consisted of typical
immature OL progenitors; no evidence of OLs with membrane

sheets was found labeled with BrdU, indicating that the A2B5
antibody detected all proliferating cells in the OL lineage.
Although the percentages of proliferating OL progenitors

(A2B51 cells that were BrdU-labeled) between controls and
antisense-treated cultures were the same, the conclusion that the
number of proliferating cells in the OL lineage did not change in
the antisense-treated cultures must be tempered by the following
statement. The total number of A0071 cells (some of which are
A2B51) increased in the antisense-treated, compared with the
control, coverslips as the cultures aged, thus possibly making
direct comparison of percentages between the two groups mis-
leading. To determine whether the total number of proliferating
immature OL progenitors increased in the antisense-treated cov-
erslips, we counted the total number of A2B51 cells that were
BrdU1 on these coverslips (Fig. 14B). No statistically significant
difference was found between the different groups at any time
point. Although the number of proliferating A2B51 cells in the
antisense compared with controls showed no differences, the total
number of A2B51 cells in the antisense-treated coverslips was
increased at three of the four time points; by 7–8 d of antisense
treatment, a 1.5-fold increase between controls and antisense was
present (Fig. 14C). The increase in A2B5 cells may indicate that
many of the OL progenitors in the antisense-treated cultures
continue to express the antigens recognized by the A2B51 anti-
body or it may indicate that A0071 cells revert to a less-
differentiated stage and re-express A2B5. Finally, the possibility
that the S-ODNs affected proliferation of astrocytes was deter-
mined by counting the total number of BrdU1 cells on the
coverslips (Fig. 14D). No difference was noted between the con-
trols and S-ODN-treated coverslips, indicating the PLP antisense
did not affect astrocyte proliferation.
A comparison of the total number of BrdU1 cells on coverslips

(Fig. 14D) with the number of BrdU1/A2B51 cells (Fig. 14B) at
different time points revealed how the proliferation of astrocytes
and oligodendrocytes changed over time in the coverslips. At

Figure 11. OLs in enriched cultures that were derived from 9 DIV
primary cultures (see Materials and Methods), grown for an additional 4 d
in defined medium, and then immunostained with the A007 antibody. The
OL in a control coverslip (A) has several large membrane sheets and a
long process with numerous spicules arising from it. The OL treated with
23-mer antisense for 2 d (B) has a fairly elaborate network of processes but
lacks the interconnecting membrane sheets. Magnification, 4503.

Figure 12. The effects of 23-mer antisense on OL cell number after 1–11
d of treatment. Each time point is based on 3–12 experiments; an average
of 12 coverslips was counted for control and antisense coverslips at each
time point, and the ratio of antisense to control A0071 cells for each
experiment was calculated. p , 0.002 at 10–11 DIV, one-tailed t test;
statistical analysis based on absolute numbers of A0071 cells.
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16–18 DIV (4 d of treatment), the proliferating A2B51 cells
constituted ;10% of the total proliferating cells on a coverslip
(;700 vs 7000), whereas at 19–21 DIV proliferating A2B51 cells
constituted ,2% of the proliferating cells (;50 vs 3000). Astro-

cytes, which are essentially confluent at 3 weeks, undergo a
modest (twofold at best) decrease in proliferation, as compared
with earlier time points. In contrast, OL progenitors undergo a
10-fold reduction in proliferation during the comparable time.

DISCUSSION
The use of antisense technology to block myelin
protein gene expression
Phosphorothioate-protected ODNs, which are more resistant to
exo- and endonuclease degradation than unprotected ODNs,
were developed in the late 1980s to provide more efficient block-
ing of protein synthesis (Stein and Krieg, 1994). However,
S-ODNs may have toxic effects that are attributed to their high
charges and subsequent binding of proteins (Erickson, 1993; Stein
and Krieg, 1994). High concentrations of sense, random, or anti-
sense S-ODNs caused disruption and sloughing of the astrocyte
bed layer in our primary cultures and detachment of the OLs in
the enriched cultures. Even when the S-ODNs were applied at low
concentrations, careful purification of the S-ODNs by column
chromatography was essential to eliminate toxicity to the cells.
Low concentrations of S-ODNs did not show any specific toxic
effects on OLs and astrocytes; however, the antisense S-ODNs to
PLP led to specific, consistent morphological and functional ef-
fects on the OLs; even after long-term exposure, the OLs ap-
peared strikingly healthy as judged by immunostaining for myelin
glycolipids and MBP. In summary, toxicity associated with
S-ODNs can be avoided by purification of the S-ODNs, and
specific biological effects on OLs can be demonstrated by using
appropriate concentrations of S-ODNs.
In the present experiments, we show that PLP was specifically

blocked with the antisense S-ODNs by at least 90% when com-
pared with the age-matched controls. Compared with controls,
MBP was reduced ;40%. However, a reduction in MBP is quite
predictable, because a reduction in PLP protein, as occurs in the
PLP mutants or in PLP2 mice, inevitably leads to major reduc-
tions in other myelin proteins (Barbarese et al., 1979; Delassalle et
al., 1981; Boison et al., 1995).

The effects of blocking PLP synthesis on myelin sheet
formation and maintenance
The function of the different myelin glycolipids and proteins in
CNS myelin sheath formation is poorly understood and has been
deduced primarily from the myelin mutants. The role of PLP in
promoting apposition of the outer leaflets of the myelin mem-
brane seems clear from the PLP mutants and from the PLP-null
mice, but both kinds of mice indicate that this protein has a more
general role in myelin sheath formation. In mature PLP-null mice
(Boison and Stoffel, 1994), axons with small diameters remain
unmyelinated or hypomyelinated, suggesting that PLP has a role
in signaling which axons become myelinated. In most of the PLP
mutants, only a fraction (,5%) of the axons is myelinated (Skoff
and Knapp, 1992). If the function of PLP were solely to promote
myelin sheath compaction, all of the axons should be myelinated
but have an abnormal periodicity.
By blocking the synthesis of PLP in immature OLs in culture,

we essentially prevented the formation of the myelin membrane
sheets by OLs, but they still were able to sustain their web-like
network of processes. Many mature OLs lost their large mem-
brane sheets but retained their long processes after exposure to
PLP antisense. The phenotype of the OLs treated with antisense
S-ODNs to PLP closely matched the phenotype of most OLs seen
in the PLP mutants. In the jimpy ( jp) CNS, OLs had numerous

Figure 13. Two OLs, 25 DIV, immunostained for A007. After 3 weeks of
culture, OLs in normal cultures (A) begin to die; this is exhibited by a
reduction in the number of OLs that have membrane sheets or a network
of processes. In the antisense-treated cultures (B), some OLs never
completely lose their membrane sheets and have intact membrane sheets,
even after 11 d of exposure to antisense. Magnification, 4503.
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long processes that branched and contacted axons but rarely
myelinated (Ghandour and Skoff, 1988). Surprisingly, the pheno-
type of immature jpOLs showed only subtle differences from their
normal counterparts. This observation now makes sense in light of

the antisense studies and confirms that the block in OL myelina-
tion lies primarily not so much in the ability of OLs to elaborate
processes but in their ability to maintain myelin sheaths. The
function of PLP in the elaboration of myelin sheaths can be

Figure 14. The effects of sense and antisense 23-mer S-ODNs on proliferation of OL progenitors (A–C) and ASs (D). Cells were incubated with 10 mM
BrdU for 24 hr; they were immunostained first with the A2B5 antibody, fixed, and immunostained for BrdU. All of the A2B51 cells per coverslip were
counted. Each time point is the mean 6 SE, based on at least three experiments. The same data were used for preparing Figure 14B–D. No statistical
differences were found for the different groups (Fig. 14A–D) using an unpaired one-tailed t test. B, The effects of sense and antisense 23-mer S-ODNs
on the total number of proliferating (BrdU1) OL progenitors (A2B51) after a 7–8 d exposure. C, The effects of sense and antisense 23-mer S-ODNs on
total numbers of A2B51 cells per coverslip after a 7–8 d exposure. D, The effects of sense and antisense 23-mer S-ODNs on the total number of BrdU1

cells per coverslip. A comparison of the total number of proliferating A2B51 cells (Fig. 14B) with the total number of proliferating glia shows that the
vast majority of proliferating cells on the coverslips is astrocytes. The PLP antisense has no apparent significant effect on either AS or OL proliferation,
as compared with control and sense-treated cultures.
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demonstrated further by comparing the phenotype of shiverer (shi)
OLs in culture that are deficient in MBP (Dyer et al., 1995). These
MBP-deficient OLs often have membrane sheets that directly
surround the cell body but generally lack the long processes seen
with the PLP-antisense-treated OLs. The difference between the
PLP2 and MBP2 mice, in terms of process extension and mem-
brane sheet formation, strongly suggests two different functions
for these proteins in myelination.
A more careful analysis of the phenotypes of the PLP mutants,

the PLP2 mice, and our own antisense studies suggests that PLP
is not required for myelin sheath formation, at least by some OLs.
The PLP2 mutants (Boison et al., 1995), which lack normal
PLP/DM20 protein, have OLs that make myelin sheaths with an
abnormal periodicity and a thinner sheath than normal. De facto,
this observation indicates that myelin sheath formation may occur
in the absence of PLP/DM20. In the PLP mutants, a small
percentage of axons is myelinated, and in the long-lived strain of
the myelin-deficient rat, some OLs survive for at least 75–80 d and
maintain a few myelin sheaths (Duncan et al., 1995). These
findings indicate that some OLs are capable of making and main-
taining myelin sheaths for several months, although it is still
unclear whether an abnormal form of PLP is present in these OLs
or whether PLP/DM20 is absent. In the antisense-treated cul-
tures, ;15% of the OLs were able to establish or maintain
membrane sheets in the absence of detectable levels of PLP/
DM20. The membrane sheets of these OLs stained strongly for
MBP and A007, but they were PLP-negative even after an 11 d
antisense regimen. Similarly, when younger 9 DIV cultures were
used, formation of membrane sheets could be blocked in imma-
ture OLs for the first week; however, a week later ;15% of the
OLs (PLP2) exhibited sheets. The conclusion to be drawn from
the PLP2 mice, the mutants, and the antisense studies is that
some OLs are able to maintain myelin sheaths without PLP/
DM20. It is unclear whether other myelin proteins compensate for
the loss of PLP in these situations. Another intriguing possibility
is that subpopulations of OLs exist that have the capability of
establishing and maintaining myelin sheaths without PLP or with
very low levels. The identification of biochemically distinct sub-
populations of OLs recently detected in the brain corresponds to
Del Rio-Hortega’s morphological description of subtypes of OLs
(Del Rio-Hortega, 1928). In one study (Butt et al., 1995), OLs that
myelinated larger-diametered axons were carbonic anhydrase-
negative. These thicker myelin sheaths are intensely fluorescent
for MBP but very weakly fluorescent or negative for PLP (Hart-
man et al., 1982), suggesting that PLP plays less of a role than
MBP in maintaining thick sheaths.

The effects of blocking PLP production on
oligodendrocyte survival
Extensive death of OLs is a characteristic feature of most PLP
mutants; for many OLs, death begins shortly after they have
completed mitosis but before they have begun to form compact
myelin (Skoff et al., 1976; Vermeesch et al., 1990). The dissocia-
tion between death of OLs and myelin sheath compaction in the
PLP mutants is illustrated perfectly by the rsh mutant. This mu-
tant has a normal lifespan, no evidence of increased OL death,
and even a slight increase in the number of OLs (Fanarraga et al.,
1992). However, the sheaths are abnormally thin and exhibit the
abnormal periodicity of the other PLP mutants. The explanation
for the dissociation between OL death and abnormal myelination
in this mutant is unclear, and it is suggested that it results from the
different functions for PLP and DM20 (Griffiths et al., 1995).

When expression of normal PLP gene is increased fivefold, the
overexpressers die within 2 months, and death of OLs is a pre-
dominant feature (Kagawa et al., 1994). With twofold overexpres-
sion (Readhead et al., 1994), mice die within 3 months and OL
death is increased (Skoff, unpublished observations). Thus, death
of OLs is a peculiarity associated with the PLP gene, because
increased OL death in the shi mouse and myelin-associated gly-
coprotein (MAG)-null mice has not been described (Skoff, 1995).
The cultures treated with antisense to PLP revealed a novel

property about the expression of the PLP gene, which explains
many of the paradoxical findings observed in the overexpressers
and mutants. The absence or dramatic reduction in levels of PLP
in cultured OLs led to a dramatic increase in the number of OLs,
as compared with controls. This increase was highly significant in
the older cultures (12321 DIV), obvious in the few experiments
using younger cultures (9318 DIV) and in experiments using jp
cultures, a sixfold increase in the number of jp OLs treated with
antisense, as compared with untreated jp OLs (Skoff, unpublished
observations). The increase in OLs numbers is not attributable to
blocking the synthesis of any myelin protein, because the number
of OLs obtained from shi is not noticeably increased in culture (C.
A. Dyer, personal communication).
The increase in OLs in the antisense-treated cultures was not

attributable to any significant increase in OL progenitor prolifer-
ation, because the BrdU labeling index in OL progenitors or
mature OLs was not increased significantly. The lack of increased
proliferation means that the OLs in culture, with no or sharply
reduced levels of PLP/DM20, prolong their lives. Thus, the ab-
sence of PLP seems preferable to a slight overexpression of the
gene or to conservative amino acid substitutions. Many conserva-
tive amino acid substitutions in PLP/DM20 in both nonprimates
and humans now have been described and, with the exception of
rsh, are lethal. Conversely, the absence of normal PLP/DM20, as
evidenced by the PLP2 mice and the deletion of PLP in the case
of P–M, is not lethal, or at least not as devastating. The basis for
these paradoxical observations can be explained by the antisense
studies reported here that show that the absence of PLP/DM20
has the positive effect of promoting OL survival but the negative
effect of preventing the differentiation of most OLs.
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