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Remyelination in multiple sclerosis (MS) is often incomplete. In experimental models, oligodendrocyte
progenitor cells (OPCs) rather than previously myelinating oligodendrocytes (OLs) are responsible for
remyelination. This study compares the relative susceptibility of adult human OPCs and mature OLs to
injury in actively demyelinating MS lesions and under in vitro stress conditions. In all lesions (n Z 20),
the number of OLs (Olig2 weak/NogoA positive) was reduced compared to control white matter (mean
38� 4% of control value). In 11 cases, OPC numbers (Olig2 strong; NogoA negative) were also decreased;
in eight of these, the reduction was greater for OPCs than for OLs. In the other nine samples, OPC numbers
were greater than control white matter, indicating ongoing OPC migration and/or proliferation. Analysis
of co-cultures with rat dorsal root ganglia neurons confirmed that OPCs were more capable of contacting
and ensheathing axons than OLs. In isolated culture under stress conditions (withdrawal of serum/
glucose and/or antioxidants), OPCs showed increased cell death and reduced process extension compared
to OLs. Under all culture conditions, OPCs up-regulated expression of genes in the extrinsic proapoptotic
pathway, and had increased susceptibility to tumor necrosis factoreinduced cell death as compared to
OLs. Our data suggest that susceptibility of OPCs to injury within the MS lesion environment contributes
to the limited remyelination in MS. (Am J Pathol 2013, 183: 516e525; http://dx.doi.org/10.1016/
j.ajpath.2013.04.016)
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The extent of remyelination inmultiple sclerosis (MS) lesions
is variable and often incomplete. The source of cells medi-
ating the remyelination and the basis for their limited ef-
fectiveness remains to be fully defined. Recent animal
experiments using genetic fate mapping techniques1,2 impli-
cate oligodendrocyte progenitor cells (OPCs), and not mature
previously myelinating oligodendrocytes (OLs), as the cells
responsible for remyelination.3e5 OPCs can be identified
within active MS lesions in humans, but their number and
capacity to differentiate decreases with disease duration.6 Our
study pursues the postulate that injury/loss ofOPCs during the
acute lesion phase of MS can be a contributing factor for
suboptimal remyelination.

OL/myelin injury associated with inflammation is the path-
ological hallmark of an early active MS lesion. The precise
mechanisms underlying such injury remain to be defined.
Implicated mechanisms, which could be acting concurrently,
include direct immune-mediated injury of neural targets such as
stigative Pathology.

.

by cell- or antibody-mediated cytotoxicity and/or inflammation-
associated molecules, including tumor necrosis factor-
a (TNF-a).7 There is increasing recognition that injury can also
arise from changes in the microenvironment that induce meta-
bolic cellular insults.8e11 In some MS lesions, there is
pronouncedOL loss anddying backof the terminal processes of
the remaining cells12e14; this oligodendrogliopathy resembles
findings observed distal to an ischemic insult.8,9 Mitochondrial
failure has also been recognized in OLs, as well as in neurons/
axons, in MS lesions.15e17

The extent to which OPCs may be susceptible to similar
injury as mature OLs, with which they share a common
microenvironment, in MS lesions remains to be defined.
Rodent-based in vitro studies have reported enhanced
susceptibility of cultured OPCs to effecter cytokines18 and
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the excitotoxin glutamate compared to more mature
OLs.19e21 Ziabreva et al,22 however, found that inhibitors of
mitochondrial respiratory complex IV induced greater injury
of OLs matured in vitro from the neonatal rat brain
compared to OPCs.

In the current study, we show that relative numbers of
OPCs can be more reduced than mature OLs in actively
demyelinating MS lesions. Using cells isolated from non-
inflamed adult human brain samples, we provide evidence
that OPCs (A2B5 antibody selected) rather than previously
myelinating mature OLs have greater capacity to ensheath
axons. Furthermore, we demonstrate that cultured OPCs
have enhanced vulnerability to injury compared to mature
OLs when placed under metabolic stress conditions (with-
drawal of serum/glucose and/or antioxidants); under all
culture conditions, OPCs had higher expression of genes in
the extrinsic proapoptotic signaling cascade and were more
susceptible to subsequent TNF-aeinduced injury.

Materials and Methods

Analysis of OPCs and OLs in Early MS Lesion Stages

We analyzed surgically obtained brain samples containing
actively demyelinating lesions from MS patients for the
expression of OL lineage transcription factor 2 (Olig2) as
a marker of OPCs and a member of a family of integral
membrane proteins termed reticulons (NogoA) as a marker of
mature OLs.6 All actively demyelinating lesions (active)
showed macrophage infiltration and/or microglial activation
and presence of myelin degradation products within macro-
phages [20,30-cyclic nucleotide 3'-phosphodiesterse (CNP),
myelin OL glycoprotein (MOG), myelin associated glyco-
protein (MAG)].23,24 Two sets of samples were evaluated,
namely, samples included in an earlier study (n Z 16)6 and
four new samples. Each was compared to brain tissue spec-
imens obtained from non-MS cases and immunostained at the
same time; the surgically derived MS samples did not
consistently contain normal-appearing white matter. OPCs
are defined as being Olig2 strong and NogoA negative
(Olig2str); mature OLs are Olig2 weak/NogoA strong
(NogoAstr). Immunohistochemistry was performed as
described previously.6 The study was approved by the ethics
committees of the University of Göttingen, University
Hospital of Münster, and McGill University.

Isolation of Adult Human OPCs and OLs

Brain tissue was obtained from adults undergoing surgical
resections as treatment for non-tumorerelated intractable
epilepsy in accordance with the guidelines set by the
Biomedical Ethics Unit of McGill University. The material
came predominantly from temporal lobe white matter and
did not include subependymal regions. Tissue specimens were
enzymatically digested and placed on a linear 30% Percoll
density gradient (Pharmacia Biotech, Piscataway, NJ).
The American Journal of Pathology - ajp.amjpathol.org
Microglia were separated and removed by an initial adhesion
step in which the total cell fraction was cultured for 24 hours in
noncoated flasks. In the floating cell fraction, 40% to 50% of
the cells reacted with R-monoclonal antibody, which recog-
nizes mainly galactocerebroside (GalC)25; whereas <5% of
the cells were microglia and astrocytes.26 This cellular fraction
was subjected to immunomagnetic bead selection with the
A2B5 antibody (IgM), which recognizes gangliosides.27 Cell
recovery in the positively selected fraction (referred to as
A2B5þ cells, or OPCs) was approximately 3% to 8% of initial
numbers; approximately 20% of the cells were GalCþ as
determined by flow cytometry. For the nonselected fraction
(referred to as the A2B5� fraction, or OLs), 50% to 60% of
cells expressed GalC (data not shown). After 7 days in
dissociated culture, 20% to 25% of cells in the A2B5þ fraction
were reactive with O1 antibody (recognizes GalC28), whereas
almost all (85% to 95%) cells in the negatively selected frac-
tion were O1þ (Supplemental Figure S1).

An Affymetrix-based microarray comparison (Affyme-
trix, Santa Clara, CA) between the two cell fractions at the
time of isolation indicated that the A2B5þ cells had
increased expression of mRNA for platelet-derived growth
factor receptor (PDGFR)a (mean fold increase for the 36
probes of the PDGFRa gene Z 2.14; P Z 0.6 � 10�9,
paired t-test) and for protein tyrosine phosphatase, receptor-
type, Z1 (PTPRZ1) (mean fold increaseZ 6.64; PZ 0.19 �
10�9) (data not shown), markers of OPC,29 supporting that
this fraction is enriched in progenitor cells.

Human OPC or OL and Rat Dorsal Root Ganglion Neuron
Co-Cultures

Purified dorsal root ganglion neuron (DRGN) cultures were
prepared from Sprague-Dawley rat embryos as described
previously.30The cellsweremaintainedwith 12.5ng/mLnerve
growth factors (NGF) in serum-freeN1-supplementedmedium
for 3 weeks before the addition of human cells to allow
differentiation of neurons and extension of a network of neu-
rites competent for myelination. OPCs (A2B5þ) or OLs
(A2B5�) at a density of 0.7 � 105 cells/cm2 suspended in
defined medium were added to DRGN cultures. Defined
medium consisted of Dulbecco’s modified essential medi-
umeF12 supplemented with N1 (Sigma-Aldrich, Oakville,
ON, Canada), 0.01% bovine serum albumin, 1% penicillin-
streptomycin, and B27 supplement (Invitrogen, Burlington,
ON, Canada), 10 ng/mL platelet-derived growth factor
(PDGF)-AA, 10 ng/mL basic fibroblast factor (bFGF), and 2
nmol/L triiodothyronine (T3) (Sigma-Aldrich) (referred to as
DMþGF). The OPCs and OLs were used immediately after
fractionation. The extent of cell survival, differentiation, and
axonal ensheathmentwas analyzed after 5 weeks of co-culture.

Isolated OPC and OL Cell Cultures

To assess the relative susceptibility ofOPCs andOLs to injury
(cell loss, TUNEL-labeled nuclei, and process retraction)
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Table 1 Primary and Secondary Antibodies Used in This Study

Antibody Type Species Clonality Dilution Source

Olig2 IgG Rabbit Polyclonal 1:200 Immuno-Biological Laboratories (Spring Lake Park, MN)
O4 IgM Hybridoma Monoclonal 1:50 Sommer et al28

GalC IgG3 Hybridoma Monoclonal 1:50 Ranscht et al25

O1 IgM Hybridoma Monoclonal 1:25 Sommer et al28

NogoA IgG1 Mouse Monoclonal 1:1000 Gift from Dr. Martin Schwab
MBP IgG2b Mouse Monoclonal 1:500 Sternberger (Lutherville, MD)
Caspr IgG Rabbit Polyclonal 1:1000 Gift from Dr. David Colman
Sodium channel IgG1 Mouse Monoclonal 1:1000 Sigma-Aldrich
N52 IgG1 Mouse Monoclonal 1:1000 Sigma-Aldrich
A2B5-microbead IgM Rat anti-mouse Monoclonal 1:4 Miltenyi Biotech (Auburn, CA)
IgM-FITC or TxR Goat anti-mouse Monoclonal 1:100 Jackson ImmunoResearch (Westgrove, PA)
IgG2b-FITC or TxR Goat anti-mouse Monoclonal 1:100 Biosource (Camarillo, CA)
IgG1-FITC or TxR Goat anti-mouse Monoclonal 1:100 Molecular Probes (Eugene, OR)
Cy3 Goat anti-rabbit Polyclonal 1:100 Jackson ImmunoResearch

Cui et al
under metabolically stressful conditions, OPCs or OLs were
plated (2.5� 105 cells per mL) on polylysine-coated chamber
slides and cultured for 4 to 10 days under conditions that
ranged from optimal tometabolically deprived; these involved
defined media supplemented with growth factors (DMþGF);
minimum essential medium (MEM) with 5% fetal calf
serum (FCS) (MEMþFCS), DMþGF without antioxidants
(DMþGF-AO), and MEM depleted of glucose and serum
(MEM alone), respectively. In additional experiments, 100
ng/mL TNF-awas added to both cell types for 48 hours under
the culture conditions indicated in the Results section.

Immunocytochemistry

For assessment of cell-surface markers, cells in either isolated
or co-cultures were incubated with primary antibodies (O4
and O1) (Table 1) for 30 minutes at 4�C then fixed in 4%
paraformaldehyde for 10 minutes at 4�C, followed by
blocking with HHG (1 mmol/L HEPES, 2% horse serum,
10% goat serum, Hanks’ balanced salt solution) for 10
minutes. Cultures were incubated with secondary antibodies
conjugated with fluorescent dyes (Table 1) for 30 minutes at
4�C. Antibody isotype controls showed low nonspecific
staining (data not shown). Cell nuclei were stained with 10
mg/mL Hoechst 33258 (Invitrogen) for 10 minutes at room
temperature. For isolated cultures, TUNELþ cells were
identified with a commercial kit (Promega, Madison, WI).
Relative process area per cell was calculated as a percentage
of that measured in the DMþGF condition using ImageJ
software version 1.47f (NIH, Bethesda, MD). For co-culture
studies, slides were visualized by confocal microscopy on
a Zeiss LSM 510 (Zeiss, Oberkochen, Germany) using a 63�
oil objective and analyzed with the LSM 510 Image browser
software version 4.2.0.121 (Zeiss). The optical thickness was
<1.0 mm for each channel. For isolated cell cultures studies,
slides were mounted using gel/mount (Biomeda Corporation,
Foster City, CA), and signals visualized by epifluorescent
microscopy (Leica, Montreal, QC, Canada) and OpenLab
imaging software version 5.5.2 (OpenLab, Florence, Italy).
518
RT2 Profiler Apoptosis PCR Array

The expression of 84 apoptosis-related genes was examined
using the 84-gene human apoptosis PCR array kit (PAHS-
012; SABiosciences/Qiagen, Mississauga, ON, Canada).
Specific genes included are detailed in Table 2. RNA was
extracted from the A2B5þ selected and A2B5� oligoden-
droglial lineage cells immediately after fractionation (day 0)
or after 6 days in culture. Total RNA was reverse-transcribed
into cDNA using the RT2 First Strand Kit (SABiosciences),
mixed with RT2 qPCR Master Mix containing SYBR Green
(SABiosciences), and aliquoted in equal volumes to each
well of the real-time PCR arrays. The threshold cycle (Ct) of
each gene was determined and normalized using multiple
housekeeping genes and subsequently analyzed by RT2

Profiler PCR Array Data Analysis software version 3.5. Data
from three separate cell preparations were analyzed.

Data Analysis

Results are presented either as means � SEM or as fold/
percent difference over control for corresponding time
points. The number of individual experiments for each study
is indicated in the Results section. Statistical significance
was determined by two-way analysis of variance, followed
by either Dunnett’s or Bonferroni’s multiple comparison
tests. Probability values <0.05 were considered statistically
significant.

Results

Evaluation of OPC and Mature OL Numbers in MS
Lesions in Situ

In an earlier publication,6 we reported the presence of OPCs
in most early and chronic MS lesions with a significant
increase of OPCs in the periplaque white matter (PPWM).
Now, we assess the relative loss of OPC as compared to
mature OLs in individual actively demyelinating lesions; the
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


Figure 1 Comparison of OPC and mature OL numbers in MS active
lesions in situ. MS brain section samples (n Z 20) containing demyelin-
ating active lesions were analyzed; of these, 11 contained PPWM, which
was also analyzed. We quantified the number of OPC (Olig2str) and mature
OLs (NogoAstr) using a standardized ocular grid. For 11 cases with OPC
values < control white matter (A) and 9 cases with OPC values > control
white matter (B), the relative number of OPCs and corresponding mature
OLs in actively demyelinating lesions for individual cases is expressed as
a percentage of corresponding cells in normal control white matter. C:
Comparison between the percentage of OPCs relative to normal control
white matter in active demyelinating lesions with percentage of OPCs
relative to normal control white matter in corresponding PPWM for indi-
vidual cases: red lines indicate four cases where OPC numbers in PPWM were
higher than in control tissue values, whereas OPC numbers were reduced in
actively demyelinating lesions compared to control tissue values; black
lines indicate four cases in which OPCs numbers was reduced in both lesions
and PPWM; blue lines indicate three other cases where OPC numbers were
relatively increased in both lesions and PPWM compared to control tissue.
The mean number of OPCs in the control tissue sections was 40 cells/mm2

(range, 39 to 44) for the first set of sections and 79 cells/mm2 (range, 70
to 90) for the second set of sections. The mean number of OLs in the
control tissue sections was 817 cells/mm2 (range, 577 to 1388) for the first
set of sections and 1240 cells/mm2 (range, 988 to 1500) for the second set
of sections. D: Immunostained brain section containing PPWM and the
active lesion. OPCs were identified by strong expression of Olig2 but lack of
NogoA (Olig2str, thick arrows), whereas mature OLs expressed NogoA and
low levels of Olig2 (NogoAstr, thin arrows). Scale bar Z 25 mm.

Table 2 Categorization of PCR Array Genes

Proapoptotic

AntiapoptoticExtrinsic Intrinsic Effector

CD27* ABL1 CASP1 AKT1
CD40* APAF1 CASP14 BAG1
CD40LG BAD CASP2 BAG3
CD70 BAK1 CASP3 BAG4
CRADD BAX CASP4 BCL2
DAPK1 BCL10 CASP5 BCL2A1
FADD BCL2L10 CASP6 BCL2L1
FAS* BCL2L11 CASP7 BCL2L2
FASLG BCLAF1 CASP9 BFAR
LTA BID NAIP
LTBR* BIK BIRC2
TNF BNIP1 BIRC3
TNFRSF10A* BNIP2 XIAP
TNFRSF10B* BNIP3 BIRC6
TNFRSF1A* BNIP3L BIRC8
TNFRSF21* CARD6 BRAF
TNFRSF25* CARD8 IGF1R
TNFRSF9* CFLAR MCL1
TNFSF10 CIDEA TRAF2
TNFSF8 CIDEB TRAF3
TRADD DFFA TRAF4
CASP10 GADD45A TNFRSF11B*
CASP8 HRK

NOD1
NOL3
PYCARD
RIPK2
TP53
TP53BP2
TP73

*Member of TNF receptor superfamily.

Human Oligodendrocyte Progenitor Injury
results are expressed as a percentage of mean values for the
corresponding cell type found in nondemyelinating control
white matter sections stained at the same time. As shown in
Figure 1, A and B, the number of mature OLs (NogoAstr) was
reduced in all 20 active lesions examined compared to control
white matter (mean 38 � 4% of control value). The relative
number of OPCs (Olig2str) in actively demyelinating lesions
was reduced in 11 of 20 cases compared to control sections
(Figure 1A). In eight of these, the relative percentage
reduction in OPCs was greater than in mature OLs. In the
other nine cases (Figure 1B), the relative number of OPCs
was increased compared to control white matter sections. The
mean decrease in the percentage of mature OLs in the cases
where OPCs are reduced was not significantly different when
compared to the cases with increased OPC numbers (36.8 �
5.5% versus 44.2 � 3.5%; P Z 0.27).

In a subset of these tissue samples (n Z 11), PPWM was
also available; OPC numbers were lower in the active lesion
areas compared to PPWM in the corresponding tissue sample
(Figure 1C). In four cases, PPWMOPC numbers were higher
than in control tissue, whereas OPC numbers were reduced in
the lesion (Figure 1C). In four other cases, OPCs numbers
The American Journal of Pathology - ajp.amjpathol.org
were reduced in both lesions and PPWM, with reduction
being greater in the active lesions (Figure 1C). In the
remaining three cases, OPC numbers were relatively
increased in both lesions and PPWM compared to control
tissue (Figure 1C). The relative number of mature OLs was
reduced in the PPWM compared to control white matter
(mean 55 � 5% of control value). Examples of immuno-
staining for OPCs (Olig2str) and mature OLs (NogoAstr) in
active lesions and PPWM are illustrated in Figure 1D.

Comparison of Axonal Ensheathing Capacity of A2B5þ

OPCs and Mature OLs Co-Cultured with DRGNs

Figure 2, A and B, illustrates the extent of cell survival,
differentiation, and axonal ensheathment of OPCs and OLs
after 5 weeks in co-culture with DRGNs. OPCs establish
contacts with axons and begin the ensheathment process
(Figure 2A). Clustering of the paranodal protein contactin-
associated protein (Caspr) indicates the initial formation of
519
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Figure 2 Comparison of A2B5þ OPCs and mature OLs in co-culture with
DRGN. Human adult OPCs (A, C, D, G, and H) or OLs (B, E, F, I, and J) were
seeded on established rat DRGNs maintained in DFM with NGF alone or NGFþ

GFs (BDNF/IGF-1/PDGF-AA/bFGF) for 5 weeks. Co-cultures were fixed and
immunostained either for neurofilaments (NF) (green) and MBP (red) in A
and B, or O1 (green, C and E) and Caspr (red, D and F), or sodium channel
(blue, G and I). Merged images are presented in H and J. In the co-cultures
established with OPCs (A2B5þ cells), MBPþ cells ensheathing multiple
DRGN axons are indicated by asterisks in A and B; fewer ensheathments
were observed in co-cultures with theA2B5� fraction (OLs) in B. Quanti-
tative data are presented in K. Caspr redistribution on axons in presence of
ensheathing cells in OPC co-cultures is indicated by arrows in D and H;
nonredistributed Caspr is observed as specks in the background. More
limited Caspr (red) redistribution is seen in OL co-cultures in F and J.
Quantitative data are provided in L. There was no significant redistribution
of sodium channels in G and I. Data represent three independent experi-
ments performed in duplicate for each condition (approximately 200 cells
were counted per coverslip). Statistical significance was determined by
one-way analysis of variance, followed by Dunnett’s test. ***P < 0.001.
Images were acquired by confocal microscopy. Scale bars: 10 mm.

Cui et al
axonal domains; however, sodiumchannel clustering (Figure2,
C, D, G, and H), which is fundamental to the nodes of Ranvier
formation, is not evident. This pattern indicates that the process
of myelination has begun but remains incomplete. By contrast,
for thematureOLs, therewas limited process formation, axonal
contact, or ensheathment (Figure 2B). The few sites of Caspr
aggregation occurred between axons and OL cell bodies rather
than between cellular processes (Figure 2, E, F, I, and J), in
contrast to OPC/axon interactions. Differences in axon
ensheathment by OPCs and OLs and in Caspr redistribution
along axons are quantified in Figure 2, K and L.

Comparison of OPC and Mature OL Responses to
Metabolic Injury in Vitro

Comparison of Injury Response of A2B5þOPCs and A2B5�

OLs in Isolated Cell Cultures
The relative survival and process outgrowth of OPCs or OLs
after 6 days in isolated cell culture under different conditions
are quantified in Figure 3, AeC. Figure 3, DeK, illustrates
these findings. Under optimal conditions (DMþGF), both
OPCs and OLs survive well (<5% TUNELþ cells) and
extend cellular processes. Relative process area per cell
(Figure 3C) is greater for OPCs (10.5 � 0.4 mmol/L2/cell)
compared to OLs (8.6 � 0.3 mmol/L2/cell; P < 0.05, n Z 4
separate cultures). Under the most metabolically deficient
conditions, MEM without glucose and serum (MEM alone),
there was a significant increase in the percentage of TUNEL-
positive OPCs as compared to OLs (25 � 2.7% versus 15 �
1.2%, P < 0.001) (Figure 3A) at day 6. The total number of
OPCs decreased from 212 � 2 per field under optimal
conditions (DMþGF) to 95 � 5 in MEM alone, accounting
for a 56% reduction (Figure 3B). For mature OLs, the mean
number of surviving cells in MEMwas 142� 8 compared to
176� 6 in DFþGM, accounting for only 19% reduction. The
relative process area per cell in MEM was significantly
reduced for both cell types (71� 1.5% for OPCs versus 60�
2% for OLs) as compared to DMþGF (Figure 3C). The
relative reduction in OPC process area was significantly
greater than for OLs (P < 0.01).

Under the less severe conditions of MEMþFCS, neither
OPCs nor OLs showed enhanced cell death as measured by
the percentage of TUNELþ cells or the total number of
surviving cells compared to optimal conditions at day 6
(Figure 3, A and B). However, by 3 weeks, the numbers of
surviving OPCs decreased by 56 � 1.7%, whereas surviving
OLs decreased by 34 � 3.5% (P < 0.01) (data not shown).
At day 6, the relative process area per cell was significantly
reduced for both cell types (45 � 2.1% and 38 � 1.8% of
values compared to that observed under optimal conditions)
(Figure 3C). Under culture conditions in which antioxidants
were removed from DMþGF (DMþGF-AO), OPCs, but
not the OLs, showed an increase in the percentage of
TUNELþ cells (Figure 3A). The relative process area per
cell for both OPCs and OLs was reduced as compared to
DMþGF (Figure 3C).
520
Comparative Changes in Aapoptosis-Related Gene
Expression in OPCs and OLs under Different Culture
Conditions

In initial studies, we compared expression of cell deathe
related genes between A2B5 antibodyeselected (OPCs) and
nonselected (OLs) cells in an Affymetrix Human Exon gene
screen; three separate central nervous system (CNS) donor
samples were used. Of genes designated as being cell death
relevant [Ingenuity Pathway Analysis (IPA) program
version 8.6; Ingenuity Systems, Redwood City, CA] that
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Comparative phenotypic responses of OPCs and OLs under optimal and suboptimal dissociated cell conditions. Percentage TUNELþ cells under
each condition for either cell type are summarized in A. Total cell numbers per 25� field are summarized in B. The relative process area per cell calculated as
a percentage of that defined in the DMþGF condition for OPCs is shown in C. OPCs (D to G) and OLs (H to K) cultured in DMþGF (D and H), MEM alone (E and I),
MEMþFCS (F and J), or DMþGF-AO (G and K) for 6 days before O4 antibody (red) and TUNEL (green), and Hoechst (blue) staining. Arrows in E, G, I, and K
indicate TUNELþ cells. Data represent three independent experiments performed in duplicate for each condition. Scale bar Z 20 mm. Statistical significance
was determined by two-way analysis of variance, followed by Dunnett’s test or Student’s t-test. *P < 0.05, **P < 0.01, and ***P < 0.001 versus corre-
sponding controls; yP < 0.05, yyP < 0.01, and yyyP < 0.001 OPCs versus OLs.

Human Oligodendrocyte Progenitor Injury
were significantly differentially expressed between the two
populations using a paired sample analysis, all were up-
regulated in the OPC fraction. Supplemental Figure S2
provides a heat map representation of the data.

When the microarray results were fitted to the Kyoto
Encyclopedia of Genes and Genomes (KEGG) apoptosis
pathway using Partek GS software version 6.6, differentially
up-regulated proapoptotic genes were found in the OPC
samples (Supplemental Figure S3).

To compare apoptosis pathwayerelated gene expression
from both ex vivo and varying in vitro culture conditions, we
used an 84-gene PCR apoptotic pathway array. Data from the
84 apoptosis-related gene PCR array analyses are presented
under overall categories of anti- and proapoptotic genes; the
latter are further subdivided into intrinsic, extrinsic, and final
effecter apoptotic pathway genes (Table 2).

As presented in Figure 4, there was no significant vari-
ance in expression of pro- (extrinsic, intrinsic, and effecter)
or antiapoptotic genes between the OPC (A2B5þ) and OL
(A2B5�) fractions at time of initial cell subset fractionation
The American Journal of Pathology - ajp.amjpathol.org
(day 0). The mean number of antiapoptotic and effecter
pathway genes, expressed at >2-fold level by OPCs
compared to OLs, did not reach statistical significance under
any culture condition (Figure 4, A and B; heat map analysis
provided in Supplemental Figure S4). Similarly, the intrinsic
pathway was not significantly altered (Figure 4C). However,
under the most extreme culture condition (MEM alone),
there was a net increase (>2 fold) in expression of intrinsic
proapoptotic genes for both cell types compared to optimal
conditions (DMþGF) (for OPCs, n Z 5.3 � 1.2 versus 1.0
� 1.0; P < 0.05) (Table 3 and Supplemental Figure S5);
(for OLs, n Z 4.0 � 2.1 versus 0.3 � 0.4; P Z 0.11)
(Table 3 and Supplemental Figure S6). We did not detect
any significant differences under the other culture conditions
(MEMþFCS or DMþGF-AO versus DMþGF).

The most significant change in gene expression was
observed for the extrinsic proapoptotic gene category that was
up-regulated under all culture conditions in the OPC pop-
ulation compared to OLs (approximately 8 to 10 of 23 genes
evaluated) (Figure 4D). These included receptors and ligands
521
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Figure 4 Gene expression changes in OPCs versus oligodendrocytes
(OLs). The number of antiapoptotic (A), effector (B), proapoptotic intrinsic
(C), or extrinsic (D) genes with increased or decreased expression among
the 84 genes included in the PCR apoptosis array between cell types when
first isolated (day 0) or under different culture conditions at day 6 was
calculated by comparing expression between OPCs and OLs in each condi-
tion. Increased or decreased expression was based on fold >2.0 (n Z 3
samples for each condition). Statistical significance was determined by
two-way analysis of variance, followed by Bonferroni’s post hoc test. **P <

0.01 up-regulated versus down-regulated genes.
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for cell deatheactivating molecules, which are members of the
TNF receptor (TNF-R) superfamily (Supplemental Figure S4).

To assess whether the increased expression of the extrinsic
apoptotic pathway in OPCs could result in enhanced suscep-
tibility to TNF-aemediated injury, we exposed cultures,
maintained under optimal (DMþGF) or suboptimal (MEM
alone) conditions, to 100 ng/mL TNF-a for 48 hours
(Figure 5). InMEM, bothOPC andOLs showed an increase in
the percentage of TUNELþ cells after treatment with TNF-a.
Under both optimal and suboptimal conditions, TNF-a
produced a greater increase in the percentage ofTUNELþ cells
for OPCs compared to OLs (P < 0.05).

Discussion

Our in situ analysis implicates OPCs as a component of the
tissue injury that occurs in active demyelinating lesions in
MS. The cell markers used to identify OPCs and OLs in white
matter are the same as used previously,6 having been opti-
mized for use in fixed human tissue sections. The percentage
of mature OLs was reduced in all of the actively demyelin-
ating lesions, as well as in the PPWM, compared to control
white matter, suggesting that restoration of mature OLs
remains insufficient over the time course we have evaluated.
OPCs (strongly Olig2þ cells) were reduced in 11 of 20
actively demyelinating lesions when compared to non-MS
control tissue. In eight of these cases, the relative reduction
was greater for OPCs than for mature OLs in the corre-
sponding sample, suggesting that OPCsweremore vulnerable
to injury mediators in the same microenvironment.
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In the other nine cases, OPC numbers were increased in the
lesions when compared to non-MS control tissue, suggesting
that OPCs have migrated or proliferated to initiate tissue
repair. These findings are consistent with experimental
studies showing migration or proliferation of OPCs during
initiation of remyelination.5,31 OPC numbers were also on
average increased in PPWM, even in cases where OPC
numbers in lesions remained reduced. The low numbers of
OPCs in some lesions, despite a marked increase of OPCs in
PPWM, may hint also to a disturbed migration of OPCs into
MS lesions as described in an earlier study.32

Our co-culture studies demonstrate that the cells designated
as OPCs (A2B5 selected), rather than the mature OLs, have
greater capacity to ensheath axons, the initial step in myelin
formation. OPCs selected with the A2B5 antibody from the
adult human CNS are able to myelinate following adoptive
transfer into the CNS of the dysmyelinated shiverer mouse
mutant.33,34 Earlier observations showing that mature OLs
were present in demyelinated MS lesions led to the postulate
that these cells contributed to remyelination.35However,when
mature OLs were transplanted into experimentally demyeli-
nated lesions, they failed to remyelinate.36,37 Conversely,
depletion of OPCs prevented successful remyelination.38 The
matureOLs used in our study are a post-mitotic cell population
that expresses myelin basic protein (MBP) and MOG.26 Such
cells comprise approximately 30% of the total numbers
recovered from adult human brain specimens, supporting the
conclusion that these are previously myelinating OLs and not
derived over time in vitro from a relatively small progenitor
population. Our microarray analysis further demonstrated that
the A2B5-selected cells expressed higher levels of the OPC-
associated markers PDGFRa and the protein tyrosine phos-
phatase, receptor-type, Z1 (PTPRZ1),29 further strengthening
the notion that these cells are indeed OPCs and that the
nonselected fraction consists of mature OLs.
In the OPC-DRGN co-cultures, we observed clustering of

Caspr, an indication of axonal response to contact with
OPCs. However, the extent of sodium channel redistribution
was limited and less than observed previously using fetal
human CNS-derived OPCs.39 We cannot determine whether
this limited response reflects the experimental paradigm, for
example, due to a species difference, or the intrinsic prop-
erties of the adult CNS-derived OPCs. We note that rodent
OPCs produce extensive myelination of DRGN axons in this
system.30 Our isolated cell culture observations regarding
process outgrowth under optimal conditions by mature OLs
indicate that the limited capacity of mature OLs to ensheath
axons cannot be attributed to an intrinsic inability to extend
cellular processes.

Comparative in Vitro Injury Responses of OPCs and OLs
to Metabolic Insults

Our comparative cell survival studies in isolated culture
suggest that under all growth conditions, OPCs are more
vulnerable to metabolic insults than mature OLs. The
ajp.amjpathol.org - The American Journal of Pathology
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Table 3 Gene Expression Changes in OPCs or OLs Cultured under Suboptimal Conditions Compared to Optimal Condition

Conditions

Antiapoptotic Intrinsic Extrinsic Effector

[ Y [ Y [ Y [ Y

OPCs

MEMþFCS 2.7 � 1.3 2.3 � 1.9 3.7 � 1.3 2.3 � 1.9 2.7 � 2.2 2.3 � 0.9 0.3 � 0.3 0.7 � 0.3
MEM 4.0 � 1.7 3.0 � 1.0 5.3 � 1.2* 1.0 � 1.0 3.0 � 1.0 4.7 � 2.2 0.3 � 0.3 1.0 � 0.6
DMþGF-AO 0.3 � 0.3 0.3 � 0.3 0.7 � 0.3 0.7 � 0.3 1.0 � 0.6 0.0 � 0.0 0.0 � 0.0 0.3 � 0.3

OLs

MEMþFCS 2.0 � 0.6 1.0 � 0.6 3.0 � 1.7 0.7 � 0.7 1.0 � 0.6 2.7 � 0.3 0.3 � 0.3 1.0 � 0.6
MEM 2.0 � 0.7 1.7 � 0.4 4.0 � 2.1 0.3 � 0.4 2.3 � 1.5 4.3 � 1.1 0.3 � 0.4 1.0 � 0.0
DMþGF-AO 2.0 � 0.6 1.0 � 0.2 2.0 � 1.5 0.3 � 0.3 1.3 � 0.9 1.0 � 0.6 0.3 � 0.3 0.0 � 0.0

OPCs or OLs maintained in defined culture conditions for 6 days before RNA extraction. Real-time PCR microarray was performed using a human apoptosis
PCR array kit as indicated in methods. The 84 genes were classified into four groups as listed in Table 2. Data are expressed as mean number of genes �SEM
with>2 fold increased ([) or decreased expression (Y) under suboptimal conditions (MEMþFCS, MEM, DMþGF-AO) compared to optimal condition (DMþGF) in
OPCs or OLs. Analyses of all gene changes are presented in Supplemental Figures S3 and S4 as heat maps.

*P < 0.05.

Human Oligodendrocyte Progenitor Injury
greatest differences in cell death were observed under the
extreme growth deprivation conditions when both growth
factors and antioxidants were removed. We note that under
such conditions, A2B5 cells selected from the fetal human
CNS do not survive at all (data not shown). However,
significant differences were also observed under less
extreme conditions, such as prolonged culture (3 weeks) in
MEMþFCS or when antioxidants alone were withdrawn.
With regard to mechanisms of injury, we found a modest
increase in the number of intrinsic cell-death pathway genes
up-regulated in OPCs versus OLs after 6 days under the
most severe culture conditions. We cannot exclude the
possibility that intrinsic or final effecter signaling pathway
activation would be more apparent if cultures were analyzed
at earlier time points or that cell necrosis could also contribute
to cell death. Both in vitro and in situ studies demonstrate that
ischemia can produce cytotoxic as well as active cell death,
Figure 5 Injury responses of OPCs (white bars) and OLs (grey bars) to
TNFa under optimal (DMþGF) and suboptimal (MEM) cell conditions. Cell
cultures were exposed to 100 ng/mL TNF-a for 48 hours under each
condition followed by TUNEL assays. Data represent percentage TUNELþ

cells in four independent experiments performed in duplicate for each
condition. Addition of TNF-a increased percentage TUNELþ cells for both
OPCs and OLs under all conditions. **P < 0.01, two-way analysis of vari-
ance, followed by Bonferroni’s post hoc test. In the presence of TNF-a,
percentage TUNELþ cells were greater for OPCs than OLs for both the
DMþGF and MEM conditions. yP < 0.05, Student’s t-test.
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including the death of OLs (reviewed by Dewar et al40). Our
observations of a maturation-dependent susceptibility of
oligodendroglial injury are consistent with earlier studies
demonstrating similar results using rodent cells and animal
models for periventricular leucomalacia.41,42

Under all culture conditions, OPCs up-regulated extrinsic
apoptotic pathway genes to an extent greater than OLs. Such
responses could be triggered either directly by the selective
sensitivity of these cells to the stress of culture conditions
compared to OLs or be triggered by molecules of the
intrinsic pathway or molecules released by injured or dying
cells. Studies on PC1243 and Jurkat cell lines,44 as well as
primary dopaminergic neurons,45 showed that withdrawal of
trophic support, as in our experiments, can induce expres-
sion of genes in the extrinsic pathway resulting in cell death.
Overexpression of extrinsic pathway signaling receptors and
ligands may have specific relevance for continuing injury
in MS lesions.46,47 We previously showed that inducing
sublethal increases in expression of p53, an intrinsic pathway
cell deathepromoting molecule in OLs by adenovirus
transduction resulted in up-regulated expression of members
of the TNF-R superfamily, making the OLs more vulnerable
to fas- and TNF-related apoptosis-inducing ligand (TRAIL)-
mediated cell death.48 Our experiments further show that the
OPCs are more vulnerable to TNFa-mediated injury than are
the mature OLs when assessed under optimal and suboptimal
growth conditions.

Conclusions

We suggest that vulnerability of human OPCs to conditions
that induce injury of mature OLs in MS lesions contribute to
the limited remyelination observed in both acute and
chronic stages of MS. Studies based on animal models
indicate that the severity and duration of an injury is an
important determinant of the extent to which remyelination
will be limited. Studies using the OL lineage toxin cupri-
zone indicate that remyelination can occur after repeated
523
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rounds of injury, but if the injury is sufficiently severe (eg,
prolonged exposure to high-dose toxin), recovery will fail to
occur.49 In MS, repeated or chronic insults to OPCs would
be expected. Multiple additional variables are also expected
to contribute to failure of remyelination, including the
presence of inhibitory molecules, absence of signals needed
to recruit and induce OPC differentiation, and compromised
integrity of demyelinated axons.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2013.04.016.
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