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Abstract
Grafting oligodendrocyte precursor cells (OPCs) has been used as a strategy to repair demyelination
of the central nervous system (CNS). Whether OPCs can promote CNS axonal regeneration remains
to be tested. If so, they should be permissive to axonal growth and may express less inhibitory
molecules on their surface. Here we examined the expression of two oligodendrocyte-associated
myelin inhibitors Nogo-A and myelin-associated glycoprotein (MAG) during
oligodendrogliogenesis and tested their abilities to promote neurite outgrowth in vitro. Whereas the
intracellular domain of Nogo-A was consistently expressed throughout oligodendrocyte
differentiation, MAG was expressed only at later stages. Furthermore, the membrane-associated
extracellular domain of Nogo-A was not expressed in OPCs but expressed in mature
oligodendrocytes. In a dorsal root ganglion (DRG) and OPC/oligodendrocyte co-culture model,
significantly greater DRG neurite outgrowth onto OPC monolayer than mature oligodendrocyte was
found (1042 ± 123 vs. 717 ± 342 micrometer; p = 0.011). Moreover, DRG neurites elongated as
fasciculated fiber tracts and contacted directly on OPCs (133 ± 37 cells/fascicle). In contrast, few, if
any, direct contacts were found between DRG neurites and mature oligodendrocytes (5 ± 3 cells/
fascicle, p<0.001). In fact, acellular spaces were found between neurites and surrounding mature
oligodendrocytes in contrast to the lack of such spaces in OPC/DRG coculture (51.1 ± 16.5 vs. 2.4
± 3.9 micrometer; p<0.001). Thus, OPCs expressing neither extracellular domain of Nogo-A nor
MAG are significantly more permissive than mature oligodendrocytes expressing both. Grafting
OPCs may thus represent a feasible strategy to foster CNS axonal regeneration.
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Introduction
Injury to the adult mammalian central nervous system (CNS) is devastating partly due to the
inability of injured central axons to regenerate and to rebuild their functional connections.
Neural cell transplantation has provided a great potential for investigating therapeutic strategies
for human CNS injuries. Previously, we demonstrated that Schwann cells, a type of peripheral
myelin-forming cells, combined with neurotrophins, supported axonal growth across and
beyond a lesion gap in the injured spinal cord (Xu et al., 1997; Bamber et al., 2001). Although
Schwann cells are strong promoters of axonal regeneration and have many unique growth-
promoting properties (Chau et al., 2004; Oudega and Xu, 2006), they do not normally reside
in the CNS, form only one myelin segment on a single axon, and produce space-filling basal
lamina and extracellular matrix molecules (ECMs). These factors making Schwann cells less
efficiency in tissue repair than their CNS counterparts, the oligodendrocytes.

Given their efficiency and environmental compatibility, oligodendrocytes are theoretically
more appropriate donor cells for CNS transplantation than Schwann cells. Impressively, a
single oligodendrocyte can myelinate up to 50 axonal segments (Peters et al., 1991; Baumann
and Pham-Dinh, 2001). However, ample evidence suggests that mature oligodendrocytes and
components of the CNS myelin are non-permissive substrates for neurite outgrowth in vitro
(Schwab and Caroni, 1988) and axonal regeneration in vivo (Schnell and Schwab, 1990). To
date, three major inhibitory components have been identified in the CNS myelin: myelin-
associated glycoprotein (MAG) (McKerracher et al., 1994; Mukhopadhyay et al., 1994), Nogo-
A (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000), and oligodendrocyte myelin
glycoprotein (OMgp) (Kottis et al., 2002; Wang et al., 2002b). Interestingly, each of these three
myelin components acts through a common receptor complex consisting of the Nogo-66
receptor (NgR) (Fournier et al., 2001; Domeniconi et al., 2002; Liu et al., 2002; Wang et al.,
2002b), a GPI-anchored molecule that binds each of the inhibitors, and p75, a transmembrane
signal transducer previously shown to be a low-affinity receptor for the neurotrophins (Wang
et al., 2002a; Wong et al., 2002).

Although mature oligodendrocytes and the CNS myelin are inhibitory to regeneration, their
progenitor cells may not. During development, oligodendrocytes originated from
oligodendrocyte progenitor cells (OPCs) or glial-restricted precursor cells (GRPs) (Baumann
and Pham-Dinh, 2001). In the mouse spinal cord, the early OPCs originate from the pMN
domain (motor neuron progenitor domain) occurring as early as embryonic day (E) 12.5,
migrate out from the ventral ventricular zone, and proliferate to generate more progenitors
during migration (Lu et al., 2002). Recent studies also showed a dorsal origin of OPCs from
progenitor domains dp3–5 of the mouse neural tube at E14.5 (Cai et al., 2005). This indicates
that the timing of OPC generation, migration and distribution in the spinal white matter occurs
much earlier than the growth of many long fiber tracts into the spinal cord. For example, the
growth of the corticospinal tract (CST) into the mouse spinal cord occurs postnatally with the
leading axons arriving at the caudal cervical cord at postnatal day (P) 2 and lumbar cord at P9
(Gianino et al., 1999). This implies that, during development, CST axons must navigate through
a white matter region within which the OPCs have already populated (Qi et al., 2001). It also
implies that, during the course of CST axonal growth, OPCs are less inhibitory than their adult
counterparts. If so, the OPCs at early developmental stages may express less or no myelin
inhibitors. Whether myelin inhibitors are expressed at early stages of oligodendrocyte
development and whether cells at these stages have different effects on neurite outgrowth
remain largely unknown.

In the present study, we sought to determine whether OPCs expressed myelin-associated
inhibitors, specifically Nogo-A and MAG, during their in vitro development, and, if so, whether
their expression (or lack of expression) had any effect on neurite outgrowth.
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Materials and methods
Embryonic OPC isolation

OPCs were immunopanned from the embryonic day (E) 15 rat spinal cords (Sprague-Dawley;
Charles River Laboratories, Inc., Wilmington, MA) using an A2B5 antibody according to a
protocol described previously (Mayer-Proschel et al.,1997; Mujtaba et al.,1999; Cao et al.,
2005). Briefly, E15 embryos were removed from their mothers under anesthesia and placed in
dishes containing L15 (Invitrogen, Carlsbad, CA). Spinal cords were isolated, their meninges
removed, and tissues incubated in HBSS-containing 0.05% trypsin/EDTA (Invitrogen) for 30
min at 4 °C. The cells were dissociated in single-cell suspension by trituration through a fire-
polished Pasteur pipette and seeded into a Petri-dish to deplete astrocytes and meningeal cells
followed by incubation on an A2B5- (IgM; American Type Culture Collection, ATCC,
Rockville, MA) coated Petri-dish to select A2B5-positive cells. After A2B5 immunopanning
at room temperature (RT) for 1 h, the binding cells were dislodged by a cell lifter (Corning
Inc., Stone Mountain, GA) and seeded into a poly-L-lysine (PLL, 20 µg/ml)/laminin (20 µg/
ml, Sigma, St Louis, MO) double-coated tissue culture dish (Becton Dickinson, Franklin Lakes,
NJ) containing OPC-growth medium (described below). Sequential immunopanning resulted
in OPC purity >94% from the E15 spinal cord.

Proliferation and in vitro differentiation of embryonic OPCs
Dissociated OPCs were allowed to proliferate in the growth medium (defined as OPC-growth
medium) consisting of 1× Dulbecco's Modified Eagle's Medium/F12 (DMEM/F12, Invitrogen)
supplemented with N2 and B27 supplements (each at 1×, Invitrogen), fibroblast growth factor
2 (FGF-2) (20 ng/ml, Invitrogen), and platelet-derived growth factor aa (PDGF-aa) (10 ng/ml,
Sigma). The medium was changed every other day. After 5–7 days, the cells were passaged at
70% confluence by incubation in accutase (1×, Innovative Cell Technologies, Inc., San Diego,
CA). The resuspended cells were replated at a density of 6× 105 cells/100 mm dish.

To induce OPCs to differentiate in vitro, the FGF-2 and PDGF-aa were removed and thyroid
hormone [tri-iodothyronine (T3), 30 ng/ml, Sigma] was added to the OPC-growth medium.
After the T3 introduction, A2B5-positive OPCs were induced to differentiate in vitro for 2, 4,
6, and 8 days respectively and were either lysed for Western blot or fixed for
immunocytochemical analysis.

Immunocytochemistry
During the course of OPC differentiation, cells sequentially express A2B5, platelet-derived
growth factor receptor-α (PDGFRα), NG2, O4, Gal-C and myelin basic protein (MBP) (Levine
et al., 2001). To detect the development from OPCs to mature oligodendrocytes in vitro, the
following antibodies were used: monoclonal anti-A2B5, anti-O4, anti-O1 IgM (all from ATCC,
Rockville, MA, used as undiluted hybridoma supernatants), anti-receptor-interacting protein
IgG (RIP, 1:20, DSHB, Iowa City, IA) and monoclonal anti-MBP antibody (1:10, Chemicon,
Temecula, CA). Monoclonal anti-GFAP antibody (1:400, Sigma) was used to detect OPC-
derived astrocytes. To detect at which developmental stage the two myelin inhibitors Nogo-A
and MAG expressed, immunofluorescence double-labeling was performed using polyclonal
anti-Nogo A (against intracellular domain; 1:200, Santa Cruz Biotechnol., Santa Cruz, CA),
polyclonal anti-Nogo-A (against extracellular domain; 1:50, Chemicon, Temecula, CA) and
anti-MAG (1:100, Zymed Lab., South San Francisco, CA) with the above-mentioned cell
specific markers.

For live labeling with antibodies against A2B5, O4, O1 and Nogo-A extracellular domains,
cells were incubated for 40 min at 4 °C with the respective hybridoma supernatants, rinsed and
then fixed with 4% paraformaldehyde (PFA, Sigma). After blocking with 10% heat-inactivated
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donkey serum-0.3% Triton X-100/PBS, cells were then incubated with anti-Nogo-A or anti-
MAG antibodies diluted in blocking solution at 4 °C overnight. The RIP, MBP, and GFAP
immunolabeling was performed similarly on fixed cells without the live labeling steps. The
primary antibodies were detected by secondary antibodies coupled to donkey anti-mouse Texas
Red-conjugated IgM (1:200, Jackson ImmunoResearch Lab, Baltimore, MD), donkey anti-
mouse FITC-conjugated IgM (1:200, Jackson ImmunoResearch Lab) or donkey anti-mouse
Texas Red-conjugated IgG (1:200, Jackson ImmunoResearch Lab), combined with donkey
anti-rabbit Cyκ™2-conjugated IgG (1:200, Jackson ImmunoResearch Lab) or donkey anti-
rabbit Texas Red-conjugated IgG (1:200, Jackson ImmunoResearch Lab). Mouse and rabbit
isotype controls (Zymed Lab) were used to confirm the specificity of the immunofluorescence
labeling. The cultures were mounted with Gel/Mount aqueous mounting media (Biomeda
Corp., Foster City, CA) containing Hoechst 33342, a nuclear dye (0.5 µM; Sigma). An
Olympus BX60 Upright Microscope and an Olympus FV1000 Confocal Laser Scanning
Biological Microscope (Olympus America Inc., Melville, NY) were used to capture
representative images.

To quantify cells that express cell-specific markers and/or myelin inhibitors, randomly selected
fields of each sample were photographed using a 20× objective. The percentage of cells labeled
by a specific marker was determined by counting the total number of cells labeled with this
marker, divided by the total number of Hoechst-labeled nuclei. For each staining, at least 500
cells per coverslip were counted from at least 3 randomly selected regions. Cell counts from
different samples in each condition were then averaged and statistically analyzed as described
below.

Western blot analysis
OPCs and differentiating oligodendrocytes at 0, 2, 4, 6 and 8 days in vitro after T3 induction
were detached by accutase and sedimented. After the removal of supernatant, the cell pellet
(2× 106 cells/150 µl lysis buffer) was lysed in lysis buffer (20 mM Tris–HCl, pH 7.4, 137 mM
NaCl, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF, Sigma], 1% Triton X-100,
1 mM sodium orthovanadate, 2 mM NaPPi, 25 mM β-glycerophosphate, and 10% glycerol
and protease inhibitor cocktail III [1 µl/100 µl lysis buffer, Calbiochem, San Diego, CA]) by
repetitive pipetting and sonication. The homogenate was centrifuged and the protein
concentrations were quantified by Bio-Rad protein assay dye reagent (Bio-Rad Laboratories,
Inc., Hercules, CA).

For Western blot analysis, equal amounts of protein from each sample were separated using
7.5% SDS-PAGE. After electrophoresis, the protein samples were transferred to a PVDF
membrane (Bio-Rad Laboratories) overnight at 4 °C. The membrane was incubated in blocking
buffer [Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBST) and 5% milk powder],
followed by rabbit polyclonal anti-Nogo-A (1:200, Santa Cruz), or anti-MAG (1:500, Zymed
Laboratories) incubation. The membrane was then incubated in an ECL-conjugated anti-rabbit
secondary antibody (1:12,000 and 1:5000) and visualized using the Chemiluminescence (ECL)
plus detection system (Amersham Bioscience, Buckinghamshire, England). To quantify the
protein, the expression bands of investigated molecules were scanned using a densitometer SI
scanner (Molecular Dynamics/Amersham Biosciences; n = 5 rats/group) and analyzed using
Image Quant v.5.1 (Amersham Biosciences). The house-keep protein β-actin was used as an
internal control.

Adult OPC isolation
Adult OPCs were immunopanned with an O4 antibody from the adult spinal cord of Fischer
rats. Briefly, the dissected spinal cords were minced into 1 mm3 pieces and incubated in HBSS
containing 0.1% papain, 0.1% neutral protease, and 0.01% DNase for 30 min at 37 °C. The
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digestion was stopped by the addition of an equal volume of DMEM containing 10% fetal
bovine serum. Tissues were dissociated by repeated trituration with fire-polished Pasteur
pipettes and were filtered through a 70 µm nylon mesh. The cells were then incubated on an
anti-RAN-2 antibody- (ATCC, Rockville, MA) coated dish for 30 min to deplete type-1
astrocytes and meningeal cells and then transferred to an O4 antibody-coated dish for 45 min
to select for adult OPCs. The purified adult OPCs on the dish were removed with trypsin and
cultured in DMEM/F12 medium containing N2 and B27 supplements, FGF2 (20 ng/ml),
PDGF-aa (10 ng/ml), insulin (5 µg/ml), and BSA (0.1%). In all cases, an aliquot of cells was
analyzed the next day to determine the efficiency of the immunopanning. Only those cell
preparations in which >95% of the bound cells expressed A2B5 were used in the experiments.
The results were confirmed by FACS analysis.

DRG preparation
DRGs were isolated from E15 Sprague-Dawley rat embryos (Charles River Laboratories) using
a protocol modified from a previous study (Wood and Williams, 1984). Briefly, the DRGs
were treated with 0.25% trypsin (Invitrogen) for 8 min at 37 °C to digest the ectoblast. Forty
percent fetal bovine serum (FBS, Invitrogen) in L-15 was used to neutralize the effect of trypsin.
The supernatant was removed after spinning for 5 min at 1500 rpm, and DRG explants were
resuspended in 3 ml of 10% FBS/L-15 and spinning for 5 min at 1500 rpm. After washing
twice, DRG explants were resuspended in 1 ml DRG-growth medium containing Neurobasal
medium plus B27 (Invitrogen) supplemented with 200 mM/ml L-glutamine.

Neurite outgrowth on OPCs or adult oligodendrocytes
To test neurite outgrowth of DRG neurons on a monolayer of embryonic OPCs, we developed
a “half-half seeding model” in which dissociated cells were seeded onto one half of the
coverslip and DRGs were seeded onto the other half. Briefly, after dissociation, OPCs were
resuspended with an OPC-growth medium at a density of 5× 104 cells/ml and seeded onto one
half of a PLL/laminine-coated coverslip (250 µl/half coverslip) in a way that a sharp cell border
was formed along the midline of the coverslip. On the following day, the medium was replaced
with an OPC-growth medium (500 µl) containing 100 ng/ml nerve growth factor (NGF,
Chemicon) that covered the entire coverslip. DRG explants (1–2 DRGs/coverslip) were then
seeded onto the other half of the coverslip, approximately 0.5 mm from the cell border. The
medium was changed every other day.

For adult oligodendrocytes co-culture with DRG explants, the resuspended adult OPCs (5×
104 cells/ml) were plated onto one half of the PLL/laminine-coated coverslips in an adult OPC-
growth medium (DMEM/F12, 1×N2, 1×B27, 1×P/S, 20 ng/ml FGF-2, 10 ng/ml PDGF-aa, and
30 ng/ml Insulin). On the following day, the cultures were changed to a differentiation medium
(DMEM/F12, 1×N2, 1×B27, 1×P/S, 30 ng/ml insulin) to induce adult OPC differentiation into
mature oligodendrocytes. After 2 days of differentiation, 100 ng/ml NGF was added into the
differentiation medium and DRG explants (1–2 DRGs/coverslip) were plated onto the coverslip
0.5 mm away from the differentiated oligodendrocyte border. The medium was changed every
other day.

After 4–5 days in vitro, co-cultures were fixed with 4% PFA as described above and processed
for immunofluorescent double-labeling. Neurite outgrowth was identified by a polyclonal anti-
neurofilament antibody (NF-200, Sigma) double stained with either a monoclonal anti-A2B5
antibody for embryonic OPCs or an anti-MBP antibody for adult oligodendrocytes according
to a method described above.
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Quantification of neurite outgrowth
To assess neurite outgrowth from DRG neurons into monolayers of either embryonic OPCs or
adult oligodendrocytes, we measured four indices, i.e., the length of axon fascicles, the area
of axon fascicles, the number of cells that contacted axon fascicles, and the space between an
axon fascicle and surrounding cell border. The length of axon fascicles that grew into the cell
monolayer from its border to the fascicles tip was measured from images captured by a SPOT
v 4.0.5 digital camera (Diagnostic Instruments, Sterling Heights, MI) with a standard ruler
calibrated at 4× magnification. The lengths of 5 longest axonal fascicles from a single DRG
were measured and averaged. The areas of the same fascicles measured above were measured
and averaged by a Neurolucida System (MicroBrightField, Colchester, VT). The numbers of
the cells (either OPCs or oligodendrocytes) contacting with each fascicle of a single DRG were
counted and averaged using Image J (NIH, Bethesda, MD) at 20× magnification. The spaces
between an axon fascicle and the surrounding cell border at both the fascicle mid-point and tip
were measured from images captured by the SPOT v 4.0.5 digital camera with a standard ruler
calibrated at 20× magnification.

Statistical analysis
Data were expressed as mean ± standard deviation (S.D.). Two-way ANOVA was used to
compare temporal expressions of different cell markers as well as myelin inhibitors at different
developmental stages of oligodendrocyte lineage cells. A student t-test was used to compare
neurite outgrowth of DRG neurons co-cultured with either embryonic OPCs or adult
oligodendrocytes. Differences were considered significant if p<0.05.

Results
Differential expression patterns of Nogo-A and MAG in OPC differentiation in vitro

OPCs isolated from embryonic rats could be subsequently expanded for multiple passages in
vitro, and exhibited bipolar or tripolar morphology. Immunofluorescent staining showed that
>94% of these cells expressed A2B5 (data not shown), an OPC marker. In the presence of T3,
the OPCs readily differentiated into O4-, O1-, RIP-, and MBP-positive cells along with
morphological changes such as the formation of multipolar processes characteristic of mature
oligodendrocytes. Using this in vitro OPC differentiation model, we first determined at which
differentiation stage those OPCs expressed myelin inhibitors. Specifically, we examined
localization of two myelin-inhibitors, Nogo-A and MAG, in cells that expressed
oligodendrocyte lineage or astrocyte markers. Unexpectedly, OPCs at 0 day expressed Nogo-
A (Fig. 1). At this stage, most of the cells were A2B5- and Nogo-A double-labeled (Figs. 1A–
C, arrows), which composed >96% of the OPC population. At this stage, few, if any, O4- (Fig.
1D, arrow) and MBP-IR (Fig. 1G) oligodendrocytes or GFAP-IR astrocytes (Fig. 1J) were
found; therefore, few colocalization of these markers and Nogo-A was identified (Figs. 1D–
L).

During the course of T3-induced oligodendrocyte lineage differentiation in vitro, a progressive
increase in the expression of more mature oligodendrocyte markers was observed. In general,
a sequential increase in O4-, O1-, RIP- and MBP-IR was seen. At 6 days in vitro, colocalization
of Nogo-A and O4 (Figs. 2D–F) or MBP (Figs. 2G–I) was clearly seen. At this time point, as
high as 92.1 % RIP-IR and 91.5% MBP-IR oligodendrocytes were Nogo-A-positive.
Compared with the mild expression of Nogo-A at 0 day, the Nogo-A expression in the
differentiated oligodendrocytes was more intense (insert in Fig. 2E). Since the number of
A2B5-IR cells decreased over time, the percent of A2B5+/Nogo-A+ cells also decreased along
with an increase in the percent of A2B5−/Nogo-A+ cells (Figs. 2A–C; open arrows). Some
cells, however, remained A2B5+/Nogo-A− (Figs. 2A–C; open arrowheads, 31.8 %). These
cells, however, are unlikely undifferentiated OPCs seen at early stages of development but

Ma et al. Page 6

Exp Neurol. Author manuscript; available in PMC 2010 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



rather differentiated type II astrocytes which expressed both A2B5 and GFAP (data not shown).
As anticipated, Nogo-A was not localized in astrocytes expressing GFAP (Figs. 2J–L; open
arrows).

Results described above used Nogo-A antibody against an intracellular domain. However,
Nogo-A contains both intracellular and extracellular domains (GrandPre et al., 2000). To
determine whether the extracellular domain was also expressed at different developmental
stages of oligodendrocytes, we checked expression of Nogo-A extracellular domain in OPCs
and differentiated oligodendrocytes. Our result showed that the extracellular domain of Nogo-
A was not expressed by OPCs but expressed by almost all of differentiated O1+

oligodendrocytes (Fig. 3).

In contrast to the early expression of Nogo-A in OPCs at 0 day in vitro, MAG was not expressed
in the same OPC population. Immunofluorescent double-labeling showed that cells
immunoreactive for A2B5 and O4 (Figs. 4A, D; arrowheads) were MAG-negative (Figs. 4B,
E). In fact, the entire cell population at 0 day was MAG-negative (Fig. 4, middle column).
After T3 induction, MAG-IR was found increased in cells expressing oligodendrocyte markers.
For example, at 6 days in vitro, colocalization of MAG was found in cells that immunoreactive
for O4 (Figs. 5D–F), O1 (not shown), RIP (not shown) and MBP (Figs. 5G–I). The mature
oligodendrocytes typically contained several primary processes from which many secondary
and tertiary processes are emanated (Fig. 5D). In addition, they form membrane layer structure
(Fig. 5D; open arrowheads) which has the potential to wrap axons. MAG-IR was punctuatedly
distributed in the cytoplasm, along primary and secondary processes, and on the surface of the
membrane (Figs. 5E, F; arrowheads). Interestingly, colocalization of MAG was not found in
A2B5-IR cells at this time point (Figs. 5A–C), consistent with the earlier finding that MAG
was not expressed in OPCs at 0 day. Not surprisingly, MAG was not colocalized in astrocytes
that expressed GFAP (Figs. 5J–L).

Quantification of Nogo-A and MAG expression in OPC differentiation in vitro
To quantify the expression profiles of Nogo-A and MAG, we counted the number and estimated
the percent of Nogo-A- or MAG-IR cells in cultures at 0, 2, 4, 6, and 8 days after T3 induction
(Fig. 6). At 0 day in vitro, >91% cells were Nogo-A-IR. The percentage of Nogo-A-IR cells
gradually decreased over time and the difference in the percent of Nogo-A-IR cells between 0
day and 2 (p = 0.03), 4 (p<0.001), 6 (p<0.001), or 8 days (p<0.001) was statistically significant
(Fig. 6A). The decrease in the percent of Nogo-A-IR cells in vitro was likely due to a steady
increase in the number of GFAP-IR astrocytes. In contrast to Nogo-A, MAG-IR cells were not
found at 0 day. The percentage of MAG-IR cells gradually increased over time and the
difference in the percent of MAG-IR cells between 0 day and 4 (p<0.001), 6 (p<0.001), or 8
days (p<0.001) was statistically significant (Fig. 6C).

The expression profiles of Nogo-A and MAG were further confirmed using Western blot
analysis. For Nogo-A, a 200 kDa band was identified representing its full length (Fig. 6B).
Nogo-A expression was detected abundantly at the OPCs stage (0 day) and throughout the
entire time points examined. The expression of Nogo-A was slightly decreased at later time
points but the difference was not statistically significant (Fig. 6B). The difference was likely
due to an increase in the number of astrocytes that was Nogo-A negative. In contrast to Nogo-
A, the expression of MAG, at molecular weights of 72 kDa and 100 kDa, was not detected at
0 day. Such an expression, however, was steadily increased over time (Fig. 6D). MAG
expression was significantly increased at 4 (10.94-fold, p = 0.008), 6 (16.00-fold, p<0.001)
and 8 days (18.16-fold, p<0.001) post-T3 induction in vitro. Thus, the temporal expression
profiles of both Nogo-A and MAG in Western blot analysis matched well with that of
immunofluorescence staining results.
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The difference in expression profiles between the two myelin inhibitors at OPC (0 day) and
mature oligodendrocyte (6 days) stages in vitro is illustrated in Fig. 6. At the OPC stage, cells
expressed only Nogo-A (96.0%) but not MAG (0.0%) whereas at the mature oligodendrocyte
stage cells expressed both Nogo-A (91.5%) and MAG (80.7%). As anticipated, neither Nogo-
A nor MAG was expressed in cells expressing GFAP (Fig. 7).

OPCs expressing Nogo-A but not MAG were less inhibitory to neurite outgrowth than mature
oligodendrocytes expressing both Nogo-A and MAG

Since we observed differential expression profiles of the two myelin inhibitors between OPCs
and mature oligodendrocytes, our next experiment was to determine whether these two cell
populations act differently in terms of neurite growth-inhibition. Since the purity of mature
oligodendrocytes induced from embryonic OPCs decreased over time due to the increased
proliferation of astrocytes in vitro, we used mature oligodendrocytes isolated from the adult
rat spinal cord. These adult oligodendrocytes are highly pure (>90%) and expressed mature
oligodendrocyte markers MBP as well as the two myelin inhibitors Nogo-A and MAG. We
then used the “half-half seeding model” to examine neurite outgrowth from DRG neurons
across the margin of seeded cell substrate. On a PLL/laminin coated surface of the DRG-seeded
side, neurites grew vigorously radiating from the DRG explants (data not shown). When
encountering the border of cell monolayer, both OPCs and oligodendrocytes showed inhibitory
properties in that less neurites penetrated into the cell monolayer. However, OPCs were more
permissive to neurite outgrowth than the mature oligodendrocytes. In the OPC-DRG co-
culture, thick bundles of neurite fascicles penetrated into the OPC-monolayer (Fig. 8A). At the
cell border, many single, unfasciculated neurites grew into the OPC-monolayer through direct
contact on cell substrate (Fig. 8B). In fact, both fasciculated (Fig. 8C) and unfasciculated (Fig.
8B) fibers penetrated into the OPC monolayer and contacted directly on the surface of OPCs.
In contrast, mature oligodendrocytes were largely inhibitory to neurite outgrowth. Only thin
bundles of neurites penetrated into the mature oligodendrocyte monolayer and grew for shorter
distances (Fig. 8D). Strikingly, no contact was found between neurite bundles and mature
oligodendrocytes. In areas where only a few oligodendrocytes were present (Fig. 8E;
arrowheads), neurite outgrowth was not observed. In fact, an acellular gap or space was found
consistently between growing neurites and mature oligodendrocytes, either surrounding the
neurite fascicles (Figs. 8D, F) or along the border between oligodendrocytes and neurites (Fig.
8E).

Quantitative data showed that the lengths of neurite fascicles were significantly longer when
grown on the OPC substrate than the oligodendrocyte substrate (Fig. 8G; 1042 ± 123 µm vs.
717 ± 342 µm, p = 0.011). Additionally, in 9 of 10 OPC-seeded cultures, the lengths of neurites
exceeded the median length (877 µm) of neurites grown on the oligodendrocyte-seeded
cultures. Similarly, neurite fascicles occupied more surface area in the OPC-seeded group than
the oligodendrocyte-seeded group. The fascicle areas in 9 of 10 OPC cases exceeded the median
(6.2 mm2) of the oligodendrocyte cases and the difference was statistically significant (Fig.
8H; p = 0.043). In both groups, the number of fascicles that grew into the cell-seeded area was
similar (Fig. 8I, left). However, 25 times more OPCs contacted DRG neurites than
oligodendrocytes (Fig. 8I, right; 133 ± 37 vs. 5 ± 3 per fascicle, p<0.001). Finally, there was
significantly less space between cells and fascicles in the OPC-seeded group than the
oligodendrocyte-seeded group, both at the fascicle midpoint (2.4 ± 3.9 µm vs. 51.1 ± 16.5 µm,
p<0.001) and the tip (2.2 ± 2.9 µm vs. 72.2 ± 35.3 µm, p<0.001). These results collectively
suggest that OPCs expressing Nogo-A but not MAG are more permissive to neurite growth
than mature oligodendrocytes expressing both Nogo-A and MAG.
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Discussion
A major finding of this study is that OPCs expressing Nogo-A (intracellular domain) but not
MAG are significantly more permissive to neurite outgrowth than mature oligodendrocytes
expressing both. Furthermore, the membrane-associated extracellular domain of Nogo-A was
not expressed by OPCs but expressed by almost all O1+ oligodendrocytes. It is very possible
that the lack of expression of the extracellular domain of Nogo-A and MAG on OPCs may
account for the permissiveness of these cells to neurite outgrowth compared to mature
oligodendrocytes that express both molecules. These results suggest that OPC transplantation
may be a feasible strategy to promote axonal regeneration, in addition to its known action on
remyelination, in the damaged CNS.

To determine the time course of myelin inhibitor expression, it is essential to establish a reliable
in vitro model of oligodendrocyte differentiation. Using a modified immunopanning method
with A2B5 antibodies (Mayer-Proschel et al., 1997; Mujtaba et al.,1999; Cao et al., 2005), we
were able to isolate highly purified OPCs from the embryonic rat spinal cord. Upon T3
induction, OPCs underwent sequential differentiation changes and acquired O4-, O1-, RIP-,
and MBP-immunoreactivity over time, similar to those described by Rao and colleagues (Rao
and Mayer-Proschel, 1997; Rao et al., 1998; Lee et al., 2000). This allowed the studies of
temporal expression of myelin inhibitors in vitro.

OPCs expressed only intracellular domain of Nogo-A whereas mature oligodendrocytes
expressed both intracellular and extracellular domains

If OPCs are permissive to neurite outgrowth, one anticipates that these cells would not express
any of the known myelin inhibitors. In our initial attempt, Nogo-A was found to express in
OPCs as well as mature oligodendrocytes, consistent with results obtained from the P2 rat brain
reported by Strittmatter and colleagues (Wang et al., 2002c). However, Nogo-A contains both
intracellular and extracellular domains (GrandPre et al., 2000). The antibodywe used in the
first attempt only identifies the intracellular domain. Thus, we further examined the expression
of the extracellular domain of Nogo-A by OPCs and differentiated oligodendrocytes using an
antibody specifically against the extracellular domain of Nogo-A. Our result showed that the
extracellular domain of Nogo-A was not expressed by OPCs but expressed by almost all
differentiated O1+ oligodendrocytes. The confined distribution of Nogo-A within the
cytoplasm of OPCs may account for the less inhibitory nature of OPCs to axonal growth even
it is expressed at the OPC stage.

Notably, Nogo-A was expressed exclusively in oligodendrocyte lineage cells and was not
expressed when cells differentiated into astrocytes. Although the majority of cells at the OPC
stage expressed both A2B5 and Nogo-A, cells expressed either A2B5 or Nogo-A alone were
also found. The presence of A2B5-positive but Nogo-A-negative cells indicates that these cells
may be precursors of astrocytes that also express A2B5. The finding that Nogo-A is expressed
in OPCs raises the possibility that its expression may occur prior to the OPC stage. Such a
question remains to be investigated. Although Nogo-A is expressed in both OPCs and mature
oligodendrocytes, the expression patterns are somewhat different. In OPCs only intracellular
domain of Nogo-A was expressed whereas both intracellular and extracellular domains were
expressed in mature oligodendrocytes. The lack of extracellular domain of Nogo-A expression,
along with the lack of MAG expression in OPCs, suggests that these myelin-associated
inhibitory molecules are not expressed on the surface of OPCs therefore less inhibitory to
contact-mediated neurite outgrowth than their adult counterparts. Nonetheless, since neurite
outgrowth into the OPC substrate was less extensive than into the acellular region of our
coculture model, the presence of intracellular domain of Nogo-A in OPCs may still account
for some inhibitory properties of these cells on neurite outgrowth. Alternatively, other
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inhibitory molecules that expressed by OPCs may play a role in neurite growth inhibition in
this model.

MAG is not expressed in OPCs but is increasingly expressed during the course of
oligodendrocyte lineage development

In contrast to Nogo-A, MAG was not expressed in OPCs but gradually increased its expression
over time and reached full expression in mature oligodendrocytes. Although the percentage of
MAG-IR cells increased, it remained less than 50% of the total cell population in vitro. This
was most likely due to the increase of astrocytes that expressed neither Nogo-A nor MAG.
When astrocytes were excluded from the counting, the percentage of cells that express MAG
increased from 0% in OPCs to 80.7% in mature oligodendrocytes.

OPCs expressing intracellular Nogo-A but not MAG are more permissive to neurite outgrowth
than mature oligodendrocytes

Since we observed differential expression of Nogo-A and MAG between OPCs and mature
oligodendrocytes, we assessed whether these two oligodendrocyte lineage populations were
different in neurite growth inhibition. Remarkably, we found that OPCs were significantly
more permissive to neurite outgrowth than mature oligodendrocytes. Thicker fascicles and
longer growth distances were found only in DRG neurites grown on OPCs compared to those
on oligodendrocytes. More importantly, neurite-cell contact was found only in DRG-OPC co-
cultures. In fact, an acellular space was consistently found between growing neurites and
mature oligodendrocytes. Thus, in contrast to the well-characterized inhibitory effect of Nogo-
A in mature oligodendrocytes (Chen et al., 2000; GrandPre et al., 2000; Prinjha et al., 2000;
Domeniconi et al., 2002; Wang et al., 2002a; Domeniconi and Filbin, 2005), the inhibitory
property of Nogo-A in OPCs during development, particularly when expressed intracellularly,
is less effective, consistent with previous data showing that Nogo-A did not inhibit embryonic
hippocampal neuronal outgrowth in vivo (Mingorance et al., 2004) and that the expression of
Nogo-A and NgR in pre-E13 chick spinal cords was not sufficient to inhibit regeneration in
vivo (O'Neill et al., 2004).

The increased neurite outgrowth on OPCs, in light of current literature, could best be explained
by either the unique distribution of Nogo-A protein or their lack of MAG expression. Nogo-
A exerts its inhibitory effects through two domains, i.e. a 66-amino-acid extracellular loop
(Nogo-66) and an amino-terminal (Fournier and Strittmatter, 2001). These inhibitory domains
could be expressed on the membrane surface or released after CNS injuries to inhibit axonal
extension (McGee and Strittmatter, 2003; Spencer et al., 2003). In our case, it is possible that
Nogo-A-IR was localized intracellularly at the OPC stage and, therefore, had less effect on
neurite growth-inhibition. Indeed, intracellular expression of Nogo-A in OPCs has been
implicated and the protein was found in association with endoplasmic reticulum and Golgi
membranes (Oertle et al., 2003). The combined intracellular expression of Nogo-A and lack
of MAG expression in OPCs may make these cells more permissive than mature
oligodendrocytes to axonal growth. The fact that OPCs are more permissive than mature
oligodendrocytes in terms of neurite outgrowth has raised a possibility that OPC transplantation
may be used as an attractive repair strategy to promote the regeneration and myelination of
damaged axons in the injured CNS.

Mature oligodendrocytes expressing both Nogo-A and MAG are non-permissive to neurite
outgrowth

We also demonstrated that mature oligodendrocytes were nonpermissive to neurite outgrowth
of DRG neurons. The presence of a consistent acellular space between growing neurites and
mature oligodendrocytes indicates that DRG neurites not only were repelled by inhibitory
molecules on the surface of mature oligodendrocytes but also soluble substances secreted by
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these cells. One possible candidate could be a soluble domain of MAG. MAG can be
proteolyzed near its transmembrane domain by a calcium-activated protease and the soluble
proteolytic product dMAG was found in the cerebrospinal fluid (CSF) in vivo (Stebbins et al.,
1997). A second candidate could be the soluble Nogo-66 which is expressed on the surface of
the cell membrane or released to induce growth cone collapse or neurite growth inhibition
(Fournier et al., 2001; McGee and Strittmatter, 2003; Spencer et al., 2003).

Effects of oligodendrocyte lineage cells on the fasciculation of growing neurites
An interesting finding in the present study was that, while growing into the OPC or
oligodendrocyte substrate, neurites formed bundles or fascicles. This was similar to what
happens during development, when axons elongate in large tracts or fascicles (Vactor, 1998),
extensively segregated by a matrix of fine processes and surrounded by glial sleeves (Fraher,
1997; O'Brien et al., 1998). Our result indicates that molecules associated with OPCs may
provide directional guidance by channeling the growth of fasciculated axons and preventing
aberrant sprouting along their pathways. Other molecules, such as neural cell adhesion
molecule (NCAM) (Vactor, 1998) or ephrin-A5 may also play a role in axon fasciculation
(Winslow et al., 1995).

Additional myelin-associated molecules exist and may contribute to axon growth inhibition
While the present study has focused on the expressional pattern and inhibitory property of the
two myelin inhibitors Nogo-A and MAG, the presence of other myelin-associated molecules
should also be noted that requires further examination. The observation that neurite outgrowth
into the OPC substrate was less extensive than that into the acellular region in our study suggests
the existence of other OPC- or myelin-associated inhibitors. So far, at least half a dozen of
myelin-derived inhibitors have been identified (Yiu and He, 2006). Three of them, i.e. Nogo-
A, MAG and OMgp, are thought to be the most potent inhibitors of axonal regeneration. All
three inhibitors are highly expressed by CNS oligodendrocytes, whereas in the PNS only a low
level of MAG, but not Nogo-A and OMgp, was expressed by Schwann cells (Trapp, 1990;
Huang et al., 2005; Yiu and He, 2006). Notably, the three inhibitors, while sharing no
homology, can bind to a single neuronal receptor, NgR1, which together with co-receptors
p75NTR or TROY, and LINGO-1, mediates the inhibitory effect (Yiu and He, 2006).
Moreover, MAG can also bind to NgR2 (Venkatesh et al., 2005). Besides classical myelin
inhibitors mentioned above, several repulsive axon guidance molecules may also serve as
myelin-derived axon growth inhibitors such as Ephrin-B3 (Kullander et al., 2001), Sema4D
(Moreau-Fauvarque et al., 2003), Sema5A (Goldberg et al., 2004), Netrin-1 (Manitt et al.,
2006) and RGM (Hata et al., 2006). Since there are many inhibitors of neurite growth and
complicated signal molecules in their downstream, it is arduous but important to clarify the
complexity which they are responsible for regenerative failure. Thus, with a thorough
understanding of the role of myelin inhibitors in regeneration failure, it will be possible for us
to develop effective therapeutic strategies for repair of CNS injuries.

In summary, the present study shows that Nogo-A is constitutively expressed throughout
oligodendrogliogenesis whereas MAG is expressed only at later stages of oligodendrocyte
maturation. More importantly, OPCs expressing Nogo-A but not MAG are significantly more
permissive to neurite outgrowth than mature oligodendrocytes that express both. Given that
OPCs are CNS derived, capable of forming CNS myelin, and more efficient inmyelination than
Schwann cells, the use of OPCs to promote growth of damaged axons and subsequently
remyelination may represent an attractive strategy for the repair of CNS injuries.
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Fig. 1.
Cellular localization of Nogo-A in OPCs at 0 day in vitro. (A–C) Most Nogo-A-IR (B, solid
arrow) cells co-expressed A2B5 (A, solid arrow), which can be appreciated in the merged
image (C, solid arrow). (D–F) Nogo-A (E, solid arrow) was also localized in a few O4+ cells
(D, solid arrow), as can be seen in the merged image (F, solid arrow). Note that most OPCs
were Nogo-A+ and O4− (D–F, open arrow). The presence of Nogo-A+ but MBP− (G–I, open
arrow) or GFAP− (J–L, open arrow) cells in these panels further confirms the specificity of
Nogo-A expression at the OPC stage. Scale Bar: 50 µm.
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Fig. 2.
Cellular localization of Nogo-A in mature oligodendrocytes at 6 days in vitro. (A–C) Co-
localization of A2B5+ and Nogo-A can be found in a sub-population of cells at this stage (open
arrow). Many other cells, however, expressed A2B5 but not Nogo-A (open arrowhead). (D–
I) Nogo-A was co-localized in O4-positive (D–F; solid arrow) and MBP-positive (G–I; solid
arrow) oligodendrocytes. Note that Nogo-A-IR was found not only in the cytoplasm but also
in the fine processes of mature oligodendrocytes (insets in E, F). (J–L) Nogo-A (open arrow)
was not co-localized in GFAP-positive astrocytes (arrow head). Scale Bar: 50 µm.
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Fig. 3.
Expression of extracellular domain of Nogo-A in OPCs and O1+ oligodendrocytes in vitro.
(A–C) Few immunoreactivity of extracellular domain of Nogo-A was found in A2B5+ OPCs
(arrow). (D–F) Extracellular domain of Nogo-A was almost completely co-localized in O1-
positive oligodendrocytes (arrows). Scale Bar: 50 µm.
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Fig. 4.
Lack of MAG expression in OPCs at 0 day in vitro. MAG immunoreactivity (IR) was not found
in A2B5+ (A–C; open arrowhead) nor O4+ cells (D–F; open arrowhead). At this early
developmental stage, neither MBP+ (G–I) nor GFAP+ (J–L) cells were detected. Scale Bar: 50
µm.

Ma et al. Page 18

Exp Neurol. Author manuscript; available in PMC 2010 March 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Cellular localization of MAG in mature oligodendrocytes at 6 day in vitro. (A–C) MAG-
positive cells did not co-express A2B5 (open arrow). Co-localization of MAG was found in
mature oligodendrocytes that expressed O4 (D–F, solid arrow) or MBP (G–I, solid arrow). In
these cells, MAG-IR was distributed either in the cytoplasm, along the processes, or forming
puncta (E, F, solid arrowhead) on the surface of membrane structures (D, F, open arrowhead).
(J–L) MAG-IR (open arrow) was not found in GFAP-positive astrocytes (open arrowhead).
Scale Bar: 50 µm.
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Fig. 6.
Quantification of Nogo-A and MAG expression during oligodendrocyte differentiation in
vitro. (A, C) The percentage of cells that expressed either Nogo-A (A) or MAG (C) (n = 5 per
time point; **, p<0.01 vs. 0 day). (B, D) Western blot analysis further confirmed the expression
patterns of Nogo-A (B) and MAG (D). The top panel in B and D shows a representative time
course of Nogo-A or MAG expression. The bottom panel in B and D shows compiled results
in a bar graph for each time point (n = 5 per time point;**, p<0.01 vs. 0 day). Note that MAG
expression was not detected at 0 day by either cell counts (C) orWestern blot analysis (D). Its
expression, however, increased significantly at later time points (4, 6 and 8 days).
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Fig. 7.
Comparison between Nogo-A and MAG expressions in OPCs and OPC-derived
oligodendrocytes and astrocytes. OPCs expressed Nogo-A (96% of A2B5+-OPC) but not MAG
(p<0.001). In contrast, mature oligodendrocytes expressed both Nogo-A (91.5% of MBP+-
Oligo) and MAG (80.7% of MBP+-Oligo) and there was no statistically significant difference
between the two. As anticipated, mature astrocytes expressed neither Nogo-A nor MAG.
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Fig. 8.
Comparison of DRG neurite outgrowth on the OPCs or mature oligodendrocytes at 3 days in
vitro. (A–C) Representative photomicrographs show DRG neurites (NF+, green) growing into
the OPC (A2B5+, red) monolayer in thick bundles (A) or scattered fibers (B). Note that these
neurites grew in close proximity to the OPCs and contacted directly on the surface of the OPCs
(B, C, open arrows). At higher magnification (C), the growing neurites were found to contact
directly on the surface of the OPCs (open arrow). (D–F) Although DRG neurite bundles
(NF+, green) penetrated into the mature oligodendrocyte monolayer (MBP+, red), they were
thin and grew for a shorter distance. Notably, an acellular space (asterisk) between growing
neurites and mature oligodendrocytes was observed. Interestingly, the presence of only a few
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oligodendrocytes (E, arrowhead) at the border effectively blocked the growth of DRG neurites.
At higher magnification (F), the lack of growth cone-like structures at the tip of neurites, the
creation of an acellular space surrounding the neurite fascicle (asterisks), and the lack of direct
contact between the growing neurites and mature oligodendrocytes are clearly seen. Cultures
in A, C, D and F were counterstained with Hoechst 33342, a fluorescent nuclear dye. Dashed
lines in B and E indicate the seeding border of OPCs and oligodendrocytes, respectively.
Measurements of fascicle length (G) and area (H) showed that DRG neurites grew significantly
farther into the OPC monolayer (p = 0.011) and occupied more area (p = 0.043) compared to
that of the oligodendrocytes. (I) Although the number of fascicles that penetrated into the cell
monolayer between the two cell types was similar (left panel), significantly fewer
oligodendrocytes contacted the growing neurites compared to that of the OPCs (right panel,
**, p<0.001). (J) Less space was found between OPCs and growing neurites either at the
midpoint (left panel) or the tip of the fascicles (right panel) compared to the mature
oligodendrocytes (**, p<0.001). Scale bars, A, D: 400 µm; B, E: 100 µm, C, F: 50 µm.
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