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An in vitro model system of cultured oligodendrocytes
was used to determine the susceptibility of these cells
to oxidative stress induced by 15 min exposure to
millimolar concentrations of hydrogen peroxide
(H2O2). Following the exposure, the cells were incu-
bated in normal growth medium, and analyzed at
different time points. Although no cell loss was ob-
served during the exposure period, there was a progres-
sive depletion of adherent cells during the postexpo-
sure period as seen from either the number of
recoverable nuclei, or from total RNA content of the
cultures. Both the rate and the extent of cell deletion
was directly dependent on H2O2 concentration. Cell
death was preceded by structural alterations in the
nuclear envelope resulting in ‘‘fragile’’ nuclei which
disintegrated during isolation. Northern blot analysis
showed that the expression of myelin-specific genes
was rapidly downregulated in H2O2-treated cells. On
the other hand, the expression of antiapoptotic gene,
bcl-2 featured massive but transient upregulation.
Oligodendrocyte degeneration also featured genomic
DNA degradation into high molecular weight frag-
ments, which are likely to represent cleaved chromo-
somal loops. The results demonstrate vulnerability of
oligodendrocytes to oxidative stress that induces rapid
degeneration and ultimately leads to delayed cell
death. This feature is highly relevant to oligodendro-
cyte damage and depletion following ischemic, trau-
matic, or inflammatory insults to the central nervous
system (CNS). J. Neurosci. Res. 55:303–310, 1999.
r 1999 Wiley-Liss, Inc.
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INTRODUCTION
Oxidative stress of myelin-maintaining oligodendro-

cytes is emerging as a pivotal factor in acute neurodegen-
eration. Thus, the extensive white matter degeneration
following an ischemic insult to the central nervous
system (CNS; Oppenheimer et al., 1995; Blisard et al.,

1995; Mehta et al., 1996) may be related to the high
vulnerability of oligodendrocytes. For example, oligoden-
drocyte degeneration and death precedes by several hours
the degeneration of cortical neurons under experimental
focal ischemia (Pantoni et al., 1996). Ischemia, and the
consequent oxidative stress also play a critical role in the
posttraumatic damage (Bartholdi and Schwab, 1995;
Tator and Koyanagi, 1997; Zhang and Guth, 1997).
Moreover, oxidative damage of oligodendrocytes may
underlie inflammatory demyelination within multiple
sclerosis lesions (Mitrovic et al., 1995; Hooper et al.
1997, 1998).

Studies in vitro have shown that oligodendrocytes
are readily injured by hypoxia and reoxygenation, whereas
astrocytes survive (Husain and Juurlink, 1995; Juurlink
and Hertz, 1993). Cultured oligodendrocytes generate six
times more reactive oxygen species (ROS) than astro-
cytes under normal conditions, as well as under stress
(Thorburne and Juurlink, 1996), and they are also prefer-
entially damaged by exogenous ROS (Noble et al., 1994;
Husain and Juurlink, 1995; Kim and Kim, 1991; Griot et
al., 1990). Furthermore, myelin membrane itself is also
highly susceptible to ROS attack, which leads to both
lipid and protein peroxidation (Chia et al., 1983, Konat
and Wiggins, 1985, Konat et al., 1986). Because of high
concentration of unsaturated fatty acids (Svennerholm et
al., 1978) that may yield secondary free radicals, as well
as thromboxanes and leukotrienes (Demediuk and Faden,
1988; Xu et al., 1990), peroxidizing myelin sheaths are
likely to sustain or even aggravate the oxidative stress of
oligodendrocytes within lesions.

Hypoxia/reoxygenation features an increased pro-
duction of superoxide radical (●O2

2) by the cells. This
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radical is also generated in massive amounts by infiltrat-
ing inflammatory cells, and parenchymal microglia.●O2

2

is a weak oxidant normally dismutated to hydrogen
peroxide (H2O2) by superoxide dismutases. H2O2 is a
noxious compound because it can easily cross cell
membranes (Frimer et al., 1984), and can be nonenzymati-
cally converted into hydroxyl radical (●OH) in the
presence of reduced transition elements such as Fe21 or
Cu1 (Halliwell and Gutteridge, 1989). This highly reac-
tive hydroxyl radical can damage proteins, lipids, and
nucleic acids directly, or indirectly through the generation
of secondary radicals, and consequently, cause consider-
able tissue damage (Slater, 1984). In CNS cells, H2O2 is
decomposed into water and oxygen mostly by glutathione-
dependent peroxidases (Jain et al., 1991). However,
because of low intracellular glutathion concentrations,
and very high intracellular iron concentrations (LeVine
and Macklin, 1990; Thorburne and Juurlink, 1996; Con-
nor, 1994), oligodendrocytes have a high potential for the
generation of●OH from H2O2. Prolonged treatment of
cultured oligodendrocytes with H2O2 has been shown to
be cytotoxic (Kim and Kim, 1991; Noble et al., 1994). In
the present study, we show that even brief exposure of
oligodendrocytes to H2O2 instigates a delayed degenera-
tion characteristic of programmed cell death.

MATERIALS AND METHODS
Oligodendrocyte Cultures

Oligodendrocyte precursors were prepared from
primary mixed glial cultures established from newborn
rat brains by the sequential dislodging procedure of
McCarthy and de Vellis (1980), essentially as described
by Grubinska et al. (1994). The precursor cells were
plated in six-well cluster plates (Primaria, Falcon, Lin-
coln Park, NJ) at the density of 106 per well, and allowed
to differentiate for 6 days in oligodendrocyte enhance-
ment medium (OEM; Gu et al., 1997). The cells were
treated for 15 min with H2O2 at desired concentrations.
The concentration of H2O2 in the stock solution was
determined spectrophotometrically at 240 nm using the
extinction coefficient of 43.7 M21cm21. Following the
treatment, the cells were incubated in normal OEM for
various time periods.

Nuclei Counting
Cells in each well were homogenized by trituration

(10 times) in 1.2 ml of nuclear buffer (Ca21, Mg21-free
Hank’s Balanced Salt Solution containing 0.5% Nonidet
P40 and 0.02% trypan blue), and the nuclei were sedi-
mented by centrifugation (7,000 rpm for 5 min) at 4°C.
The supernatant was removed, the nuclei were resus-
pended in 200 µl of nuclear buffer, and counted in a
hemocytometer.

RNA Extraction and Northern Analysis
Total RNA was extracted with TRI Reagent

(Molecular Research Center, Cincinnati, OH), and quanti-
tated spectrophotometrically at 260 nm. The messages
encoding myelin-specific proteins were analyzed by the
Northern blot technique (Ye et al., 1992) using high
efficiency ssDNA hybridization probes generated by
polymerase chain reaction (PCR; Konat et al., 1991). The
probes corresponded to 243–928 bp of proteolipid protein
(PLP) cDNA (Milner et al., 1985), 58–490 bp of basic
protein (BP) cDNA (Newman et al., 1987), 276–756 bp
of myelin-associated glycoprotein (MAG) cDNA (Sut-
cliffe et al., 1983), and 306–863 bp of Bcl-2 (Sato et al.,
1994). The hybridization signals were quantitated by
phosphor screen autoradiography in a PhosphorImager
SI/Image QuaNT (Molecular Dynamics, Sunnyvale, CA).
The actual amount of RNA on the membrane was
quantitated by rehybridization with 28S rRNA probe
corresponding to 2,203–2,712 nucleotides of 28S rRNA
(Chan et al., 1983).

Genomic DNA Analysis
DNA was isolated by a modification of the agarose

embedding technique (Konat et al., 1990). Briefly, 33
106 cells were mechanically detached, and embedded in
150 µl of 0.8% low melting point agarose; however,
instead of beads, a plug (diameter of 2.3 mm) was
formed. The DNA was purified by sodium dodecylsulfate
(SDS) extraction. DNA integrity was analyzed by pulsed
field electrophoresis on 1% agarose gel using a program-
mable power inverter PPI-200 (MJ Research, Watertown,
MA) and program number 6. Concatenated chromosome
of lambda phage (48.5 kb) obtained from Bio-Rad
(Hercules, CA) was used as a DNA size standard.

RESULTS
Six-day-old secondary oligodendrocyte cultures (see

Materials and Methods) were used to provide mature
oligodendrocytes, as determined by the characteristic
morphology, the expression of galactocerebrosides (Gu et
al., 1997), and the maximal upregulation of myelin genes
(Grubinska et al., 1994). Oxidative stress was induced by
treatment with H2O2. Pilot experiments showed that the
cytotoxicity of H2O2 was evidently related to both its
concentration and the duration of exposure. Morphologi-
cally, the cytotoxicity manifested as the fragmentation
and loss of cellular processes, swelling of the cell bodies,
detachment from the substratum, and ultimately cell
death.

To assess the effect of H2O2 on oligodendrocyte
viability, the number of adhering cells was quantitated at
different time points. Because mature oligodendrocytes
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grow in clumps, direct cell counting was not possible.
Hence, the cells were homogenized in the presence of
nonionic detergent (Nonidet P40) and trypan blue to
liberate and stain the nuclei, which were subsequently
counted. In parallel, total RNA was extracted and quanti-
tated to provide another measure of cell population. The
survival of oligodendrocytes after 24 hr recovery in
normal medium diminished with the increase in H2O2

concentration in the range from 0.75 to 8 mM (Fig. 1A).
The number of nuclei recovered from treated cultures fell
from approximately 80% to 15% at 0.75 and 8 mM H2O2,
respectively. However, in this as well as in subsequent
experiments (Fig. 2), there was an apparent discrepancy

between the two techniques in assessing oligodendrocyte
survival. For example, as shown in Figure 1A, there was
only approximately 50% decrease in the total RNA of the
cultures at 8 mM H2O2. Visual microscopic evaluation of
the cultures supported the total RNA estimates, indicating
that nuclear counts overestimated the actual cell loss.
This discrepancy is likely caused by structural alterations
in the nuclear envelope in the oxidatively stressed cells
resulting in ‘‘fragile’’ nuclei that disintegrate during the
homogenization step. Hence, 24 hr after the 15-min
exposure to 8 mM H2O2, two-thirds of the surviving cells
had fragile nuclei. Furthermore, the cells were not simply
detached from substratum, but were actually eliminated
from the cultures. Thus, the number of floating cells could

Fig. 1. Degeneration of oligodendrocytes following a brief
exposure to different H2O2 concentrations. Cells were treated
with H2O2 for 15 min, and subsequently allowed to recover for
24 hr. A depicts delayed cell death assessed by either nuclear
count (closed circles) or total RNA content (open circles).B
depicts the downregulation of myelin gene expression deter-
mined by Northern blot analysis. The values are expressed as
percent of control (untreated) cultures, and are the means6
SD from four to six experiments. BP, basic protein; MAG,
myelin-associated glycoprotein; PLP, proteolipid protein.

Fig. 2. Delayed oligodendrocyte death following a brief expo-
sure to 4 mM (A) or 1.5 mM (B) H2O2. Cells were treated with
H2O2 for 15 min, and analyzed at different time points for up to
72 hr. Cell survival was estimated from either nuclear count
(closed circles), or total RNA content (open circles). The values
are expressed as percent of control cultures, and are the
means6 SD from four to six experiments.
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only account for,2% of the loss of attached cells (not
shown). This finding indicates that important stages of
oligodendrocyte degeneration occur within the popula-
tion of adhering cells, and that the cells detach at the
terminal stage just before death.

Oligodendrocyte dying was preceded by a dramatic
decrease in the steady-state levels of mRNAs encoding
myelin proteins, i.e., proteolipid protein (PLP), basic
protein (BP), and myelin-associated glycoprotein (MAG)
in the surviving cells. Even at the lowest H2O2 concentra-
tion of 0.75 mM, the message levels, normalized to the
total RNA content, dropped to 20–30% of control (Fig.
1B). At 8 mM H2O2, the expression of the genes dropped
below 5% of control.

In the subsequent time course experiments, we used
4 mM H2O2 to examine the first 24 hr, and 1.5 mM H2O2

to assess long term damage up to 72 hr. As shown in
Figure 2A, the exposure of oligodendrocytes to 4 mM
H2O2 caused a delayed depletion of the cells assessed by
either the nuclear count or total RNA yield. The loss of
nuclei was evident 2 hr after the treatment. At 8 hr
postexposure,,40% of nuclei and,70% of total RNA
were recovered from the cultures. At 24 hr, the respective
values were approximately 20% and 50%, indicating that
more than half of the surviving cells had fragile nuclei
that disintegrated upon isolation. At the less cytotoxic
concentration of 1.5 mM H2O2, cells could be cultured for
up to 72 hr, but delayed cell death was evident (Fig. 2B).
Approximately 40% survived 72 hr and the discrepancy
between the nuclear and RNA loss diminished pro-
foundly, indicating that the surviving cells had normal
nuclei.

The expression of myelin genes was rapidly down-
regulated following the exposure to H2O2. At 4 mM H2O2,
the steady-state level of the BP and MAG messages,
normalized to the total RNA content, dropped by approxi-
mately 70% during the first 2 hr (Fig. 3A). The PLP
mRNA dropped by only 40%; however, all the messages
were downregulated to approximately 10% of control by
24 hr. As shown in the experiment with 1.5 mM H2O2

(Fig. 3B), the gene expression decreased to approxi-
mately 25% after 24 hr, and remained at this low level up
to 72 hr in the surviving cells.

On the other hand, the expression of thebcl-2 gene
encoding the major antiapoptotic protein underwent a
massive upregulation. Within the first 4 hr following the
treatment with 4 mM H2O2, the message level increased
75-fold as compared to untreated cells (Fig. 4A). The
upregulation, however, was transient, and the message
level dropped to approximately 3-fold over control after
24 hr. A transient upregulation was also observed at 1.5
mM H2O2, although no time points,24 hr were exam-
ined. A greater upregulation could have occurred before
24 hr.

The 4 mM H2O2 paradigm was used to assess DNA
fragmentation in oligodendrocytes undergoing delayed
cell death. Pulsed field electrophoretic analysis of ge-
nomic DNA revealed a profound degradation of DNA to
high molecular weight (HMW) fragments (Fig. 5). Initial
scission produced fragments$400 bp. These fragments
were already evident at 2 hr postexposure, and their
intensity peaked at 6 hr. Subsequently, the DNA was
degraded further into 50–250 kb fragments which formed

Fig. 3. Downregulation of myelin-specific genes in oligoden-
drocytes following a brief exposure to 4 mM (A) or 1.5 mM (B)
H2O2. Cells were treated with H2O2 for 15 min, and the gene
expression was determined by Northern blot analysis at differ-
ent time points for up to 72 hr. The values are expressed as
percent of control cultures, and are the means6 SD from four
to six experiments.
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a very profound band 24 hr after the H2O2 treatment. No
further internucleosomal digestion (200 bp laddering)
was detectable even when three times higher amounts of
total DNA were applied per lane (not shown).

DISCUSSION
The present study demonstrates that H2O2 is a

potent oxidative stressor to oligodendrocytes, as even a

15-min exposure brings about a profound but delayed
degeneration of the cells that features several characteris-
tics of programmed cell death. This pulsed exposure
paradigm allows the examination of downstream events
that have been initiated by H2O2 and progress even after
the stressor has been removed. For example, H2O2 may
instigate long-lasting oxidative cascades, e.g., peroxida-
tion of membrane lipids that may self-perpetuate, and
mitochondrial damage resultant in a massive production
of various ROS and free radicals. Such secondary oxida-
tive cascades may occur in oligodendrocytes during the
exposure as well as postexposure period, and sustain
cellular damage.

The use of mild detergent to assess the cell number
proved to be fortuitous. This stratagem allows the detec-
tion of early degenerative alterations of the nuclear
envelope induced by H2O2 treatment in a highly reproduc-
ible way. Such changes may entail the degradation of
nuclear lamins that are critical for maintaining nuclear
envelope integrity (Moir et al., 1995). Also, lamin
cleavage is an early nuclear event in apoptosis (Rao et al.,
1996). This issue is currently being addressed in our
laboratory. The degradation of nuclear envelope may be
an important stage in oligodendrocyte degeneration pre-
ceding cell death. For example, the proportion of fragile

Fig. 4. Upregulation of antiapoptoticbcl-2gene in oligodendro-
cytes following a brief exposure to 4 mM (A) or 1.5 mM (B)
H2O2. Cells were treated with H2O2 for 15 min, and thebcl-2
gene expression was determined by Northern blot analysis at
different time points for up to 72 hr. The values are expressed as
fold over control cultures, and are the means6 SD from four to
six experiments.

Fig. 5. DNA fragmentation in oligodendrocytes following 15
min exposure to 4 mM H2O2. Experimental conditions were
like those in Figure 2A. Cells were harvested, embedded in
agarose, and the DNA was purified by SDS extraction. The
DNA was analyzed by pulsed field gel electrophoresis. The
picture shows a negative of ethidium bromide-stained gel. Lane
1 shows control (untreated) cells. Lanes2, 3, and4 represent
cells 2, 6, and 24 hr after H2O2 treatment, respectively. L,
concatenated lambda chromosome (lambda ladder).
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nuclei and the proportion of degraded DNA are positively
correlated in the course of oligodendrocyte degeneration
(Figs. 2A and 5). Furthermore, the proportion of fragile
nuclei decreases profoundly in surviving cells (Fig. 2B).
This indicates that either the nuclear envelope is repaired,
or that only cells that did not sustain profound envelope
degradation survive.

Oxidatively stressed oligodendrocytes feature an
extensive cleavage of nuclear chromatin to HMW frag-
ments (Fig. 5) that is a hallmark of programmed cell
death. Such fragmentation is sufficient for chromatin
collapse and cell death (Oberhammer et al., 1993b), and
is always observed in apoptotic cells (Sikorska and
Walker, 1998). Chromatin digestion in degenerating
oligodendrocytes appears to precede in two spatiotempo-
rarily distinct steps that reflect native chromatin structure
as postulated by Walker et al. (1995). Hence, chromatin
digestion commences at A:T-rich matrix attachment re-
gions (MARs) to generate fragments$400 kb, which
were already apparent 2 hr after H2O2 exposure. The
A:T-rich MARs feature single-stranded DNA (Bode et al.,
1992), and hence, these sites would be most susceptible to
digestion. Subsequent scission at MARs with higher C:G
content, which may be more resistant to endonucleases
(Dickinson et al., 1992), produces 50–250 kb fragments
abundant at 24 hr postexposure. In some instances, the
liberated chromatin loops may undergo further digestion
at internucleosomal linker regions generating a typical
ladder of DNA fragments of multiples of approximately
200 bp. However, no internucleosomal fragmentation
was evident in degenerating oligodendrocytes. In fact,
most of the apoptotic cell types studied do not feature
internucleosomal DNA digestion (Oberhammer et al.,
1993a), which is currently regarded as a final stage of
DNA removal in dying cells (Sikorska and Walker, 1998).

The changes in gene expression in oxidatively
injured oligodendrocytes also strongly indicate that oligo-
dendrocyte degeneration is an active process. Hence,
messages encoding myelin-specific proteins are pro-
foundly downregulated within 2 hr after H2O2 exposure
(Fig. 2A). Because the normal half-life of these messages
is between 11 and 32 hr (Tosic et al., 1992; Ye et al.,
1994), the observed rapid decrease in their levels indi-
cates an active process of degradation. Importantly, the
gene expression was not restored in the surviving cells
(Fig. 3B). Such lasting downregulation of myelin specific
genes would be of a great consequence in white matter
pathologies that feature oxidative stress. Because of the
downregulation of myelin genes, even surviving oligoden-
drocytes would lose the ability to maintain their myelin
sheath, and hence, extend the demyelinating damage.

The upregulation ofbcl-2 gene provides further
evidence that oxidatively injured oligodendrocytes acti-
vate intricate signaling pathways. Bcl-2 is one of the

major antiapoptotic proteins anchored to the outer mito-
chondrial membrane, and prevents the release of intra-
membrane proteins such as cytochromec. Cytochromec
is a strong activator of caspases that initiate the down-
stream apoptotic cascades (Liu et al., 1996; Goldstein,
1997). The rapid and massive upregulation ofbcl-2 gene
in injured oligodendrocytes apparently entails the activa-
tion of transcriptional mechanisms. These may include
NF-kB, as this transcriptional regulator is activated by
H2O2 (Schreck et al., 1991, 1992). At later stages, the
fragmentation of DNA may activate thep53 tumor
suppressor gene, which in turn, downregulates the expres-
sion of bcl-2 gene (Selvakumaran et al., 1994). Such
transcriptional interplay could explain the transient upreg-
ulation of bcl-2 gene (Fig. 4). The nature of these
transcriptional mechanisms will be addressed in future
studies.

In conclusion, oligodendrocytes are highly vulner-
able to oxidative stress that instigates gradual degenera-
tion, and ultimately programmed cell death. The under-
standing of the mechanisms of this vulnerability is of a
paramount clinical significance to prevent oligodendro-
cyte loss, and consequent demyelination after ischemic,
traumatic, and/or inflammatory insults to the white mat-
ter. The delayed course of oligodendrocyte death may
provide a window of opportunity for neuroprotective
interventions.
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