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Abstract
Chronic demyelination is a pathophysiologic component of compressive spinal cord injury (SCI) and
a characteristic finding in demyelinating diseases including multiple sclerosis (MS). A better
characterization of endogenous cells responsible for successful remyelination is essential for
designing therapeutic strategies aimed at restoring functional myelin. The present study examined
the spatiotemporal response of endogenous oligodendrocyte precursor cells (OPCs) following
ethidium bromide (EB)-induced demyelination of the adult rat spinal cord. Beginning at 2 days post-
EB injection (dpi), a robust mobilization of highly proliferative NG2+ cells within the lesion was
observed, none of which expressed the oligodendrocyte lineage-associated transcription factor
Nkx2.2. At 7 dpi, a significant up-regulation of Nkx2.2 by OPCs within the lesion was observed,
90% of which coexpressed NG2 and virtually all of which coexpressed the bHLH transcription factor
Olig2. Despite successful recruitment of Nkx2.2+/Olig2+ OPCs within the lesion, demyelinated
axons were not remyelinated by these OPCs in regions lacking astrocytes. Rather, Schwann cell
remyelination predominated throughout the central core of the lesion, particularly around blood
vessels. Oligodendrocyte remyelination was observed in the astrogliotic perimeter, suggesting a
necessary role for astrocytes in oligodendrocyte maturation. In addition, reexpression of the radial
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glial antigen, RC-1, by reactive astrocytes and ependymal cells was observed following injury.
However, these cells did not express the neural stem cell (NSC)-associated transcription factors Sox1
or Sox2, suggesting that the endogenous response is primarily mediated by glial progenitors. In vivo
electrophysiology demonstrated a limited and unsustained functional recovery concurrent with
endogenous remyelination following EB-induced lesions.
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Introduction
A comprehensive understanding of the cells responsible for mediating oligodendrocyte
remyelination in the central nervous system (CNS) is essential to the development of therapies
aimed at promoting remyelination in demyelinating diseases such as multiple sclerosis (MS).
Gensert and Goldman (1997) were the first to convincingly demonstrate that the adult CNS
harbors immature cycling cells with the potential to differentiate into mature myelinating
oligodendrocytes following a demyelinating insult. Several subsequent studies have confirmed
the capacity for remyelination by endogenous progenitors, with particular emphasis on the
proliferative response to demyelination by oligodendrocyte precursor cells (OPCs) (Carroll et
al., 1998; Di Bello et al., 1999; Keirstead et al., 1998; Levine and Reynolds, 1999; Redwine
and Armstrong, 1998; Reynolds et al., 2002; Watanabe et al., 2002). Although its specificity
is controversial, NG2 has been extensively utilized as a marker for adult OPCs in many of these
studies. Recently, Nishiyama et al. (2002) proposed the term polydendrocyte to define
parenchymal NG2+ cells endogenous to the CNS. Based largely on morphological criteria and
CD9 expression, Berry et al. (2002) have suggested that only a small minority (approximately
1%) of polydendrocytes in the adult are truly OPCs. Therefore, the identification of markers
more specific for the oligodendrocyte lineage is needed to accurately characterize the OPC
response to demyelination.

Recent developmental studies have identified several transcription factors important for
oligodendrocyte differentiation in the embryo. It is likely that these same factors operate in
regulating differentiation of OPCs during remyelination in the adult (Franklin and Hinks,
1999). In support of this hypothesis, Sim et al. (2000) demonstrated transient up-regulation of
Nkx6.2 before remyelination in the adult rat brain. Other recently identified transcription
factors important for oligodendrocyte development include the bHLH protein Olig2 (Lu et al.,
2000; Zhou et al., 2000) and the transiently expressed homeodomain protein Nkx2.2 (Fu et al.,
2002; Qi et al., 2001; Soula et al., 2001; Sun et al., 2001; Xu et al., 2000; Zhou et al., 2001).
In addition to providing specific markers for OPCs, the expression of these proteins by
endogenous progenitors in the adult may identify specific stages of oligodendrocyte
differentiation at which factors present or absent in the lesioned adult spinal cord interrupt the
recapitulation of developmental myelination.

In addition to OPCs, there is some evidence that the adult mammalian spinal cord harbors pools
of neural stem cells (NSCs), which might be activated following injury and contribute to repair
(Brundin et al., 2003; Calza et al., 2002; Oumesmar et al., 1995). Several laboratories have
isolated cells from the adult spinal cord that demonstrate properties of NSCs in vitro (Johansson
et al., 1999; Shihabuddin, 2002; Shihabuddin et al., 1997; Yamamoto et al., 2001); however,
the role these cells play in vivo during remyelination remains to be elucidated.

In the present study, we chose the ethidium bromide (EB) lesion (Blakemore, 1982) as a model
to examine the temporal response and transcription factor expression of endogenous OPCs
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following demyelination. Moreover, we addressed the question of whether NSCs are mobilized
following EB-induced demyelination. Finally, we analyzed the extent to which in vivo
electrophysiology measures recover within ventrolateral funiculus (VLF) motor path-ways
concurrent with endogenous remyelination.

Materials and methods
Animal surgery

A total of 50 female Fischer 344 rats (160–200 g) were used throughout the study. Animals
were anesthetized with sodium pentobarbital (50 mg/kg ip). Following induction of anesthesia,
dorsal laminectomies were performed at the T9/T10 vertebral level and the dura was opened
transversely at two sites 2 mm apart. To assess the endogenous precursor response to
demyelination, unilateral injections (0.75 µl/injection, n = 20) of 0.1 mg/ml EB were delivered
at stereotactic coordinates for the VLF (0.7 mm lateral to midline and depths of 1.3 and 1.6
mm) of the thoracic spinal cord using custom-pulled and -beveled micropipettes attached to a
Parker picospritzer (Loy et al., 2002a). For transcranial magnetic motor-evoked potential
(tcMMEP) studies (described below), bilateral VLF lesions were created (n = 20). Surgical
interventions and perioperative care were provided in strict accordance with the Public Health
Service Policy on Humane Care and Use of Laboratory Animals and were approved by the
University of Louisville Institutional Animal Care and Use Committee.

Tissue processing
To evaluate the response of endogenous precursors following demyelination, animals were
sacrificed at 2 (n = 4), 7 (n = 4), 14 (n = 4), and 28 (n = 8) days post EB injection (dpi).
Uninjured, age-matched animals were used as controls (n = 3). Animals were deeply
anesthetized with sodium pentobarbitol (60 mg/kg) and transcardially per-fused with 100 ml
of 0.1 M PBS followed by 300 ml of 4% paraformaldehyde in 0.1 M PBS. Spinal cords were
dissected and postfixed overnight at 4°C, then transferred to 30% sucrose at 4°C for
cryoprotection (48 h). Specimens were cut transversely at the epicenter of the lesion and
mounted with the cut surfaces facing down in TBS tissue freezing medium (Triangle
Biomedical Sciences, Durham, NC).

Immunohistochemistry and fluorescence microscopy
After tissue embedding, 20-µm-thick transverse sections were cut on a Leica CM3050 cryostat
and mounted on microscope slides. Before incubation with primary antibodies, sections were
permeabilized and blocked with 0.3% Triton X-100/10% normal donkey serum (NDS) in 0.1
M TBS (7.4) for 30 min. Primary antibodies were then applied for 48 h at 4°C. The following
primary antibodies were used: Sox1 for NSC (1:2000; kind gift of Dr. L. Pevny), Sox2 for
NSC (1:3000; kind gift of Dr. L. Pevny), Nestin for NSC/radial glia (1:20; Developmental
Studies Hybridoma Bank-DSHB), RC1 for radial glia (1:20; DSHB), NG2 for polydendrocytes
(1:200; Chemicon), Nkx2.2 for oligodendrocyte lineage cells (1:5; DSHB), Olig2 for
oligodendrocyte lineage cells (1:8000; kind gift of Dr. D. Rowitch), BrdU for dividing cells
(1:200; Biodesign), glial fibrillary acidic protein (GFAP) for astrocytes (1:200; Dako),
adenomatous polyposis coli (APC) for mature oligodendrocytes (1:100; Oncogene), P0 for
Schwann cells (1:800; Dr. J.J. Archelos), and ED-1 for activated microglia/macrophages
(1:500; Chemicon). Appropriate secondary antibodies were applied for 90 min at room
temperature. The following species-specific secondary antibodies were used: donkey anti-
sheep 7-amino-4-methylcoumarin-3-acetic acid (AMCA)-conjugated IgG (1:100), donkey
anti-mouse fluoroisothiocyanate (FITC)-conjugated (1:100) and rhodamine red-conjugated
IgG (1:200), donkey anti-rabbit rhodamine red (1:200), and FITC-conjugated Fab’ fragments
(1:100). All secondary antibodies were supplied by Jackson Immunoresearch Lab (Baltimore,
MD). Sections were then rinsed in TBS and coverslipped with antifade mounting media
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(Molecular Probes, Eugene, OR). Staining was visualized with a Nikon Eclipse TE300
microscope and photographed with a Spot RT Color CCD camera. Figures were assembled
using Adobe Photoshop and Illustrator software.

BrdU pulse labeling and immunohistochemistry
BrdU (Sigma, St. Louis, MO) solutions (20 mg/ml) in normal saline were prepared and syringe
filtered. Animals received a total of three intraperitoneal injections of 50 mg/kg BrdU delivered
every 8 h over a 24-h pulse period. Table 1 describes the timing between BrdU pulse labeling
and animal sacrifice for experimental groups 1–5. Immunohistochemistry for BrdU was
performed as above, except that sections were incubated in 2 N HCl (30 min) and 0.1 M borate
buffer (10 min) before blocking steps.

Histological analysis of lesion
Schwann cell and oligodendrocyte remyelinations were examined in 1 µm-thick plastic
toluidine blue-stained sections from animals sacrificed at 74 dpi. For luxol fast blue (LFB)
staining, cryostat sections were dehydrated in graded alcohol and placed in 0.1% LFB at 37°
C overnight. Sections were then differentiated in 0.05% LiCO3 for 4 min, dehydrated in graded
alcohol and xylene, and coverslipped.

Electron microscopy
Following anesthetization with 100 mg/kg IP sodium pentobarbital, animals were
transcardially perfused at 7 (n = 4) and 28 dpi (n = 3) with 100 ml 0.1 M phosphate buffer (PB;
pH 7.4) then with 300 ml of 4% paraformaldehyde (PFA) and 2% glutaraldehyde in 0.1 M PB.
One millimeter tissue slices was cut from the lesion epicenter and immersed in 1% osmium
tetroxide in 0.1 M cacodylate buffer for 1 h. Tissues were rinsed in buffer, dehydrated in graded
ethanol and propylene oxide, and embedded in Embed812 epoxy resin (Electron Microscopy
Sciences, Fort Washington, PA). Ultrathin sections were prepared and stained with uranyl
acetate and lead citrate and examined in a Philips CM10 transmission electron microscope.

Transcranial magnetic motor-evoked potential (tcMMEP) responses
tcMMEP responses, which are carried in the VLF (Loy et al., 2002a,b), were recorded from
stimulation of awake, nonanesthetized, restrained rats, as described previously (Linden et al.,
1999; Magnuson et al., 1999). Briefly, rats were placed in a prone position on a wooden board
and wrapped in a cloth stockingette tacked to the board surface. The hindlimbs were pulled
through the cloth and left exposed in order to allow the insertion of needle electrodes into the
gastrocnemius muscle of each hindlimb, with the active electrode placed into the gastrocnemius
muscle belly and the reference electrode placed near the distal tendon. The ground electrode
was placed subcutaneously between the coil and recording electrodes. tcMMEP responses were
elicited by activation of subcortical structures with a Cadwell MES10 (Kennewick, WA)
electromagnetic coil placed over the cranium. A single magnetic pulse with a stimulus intensity
of 60 mV and a gain of 5000 was used. The onset latency and amplitude were recorded with
a Cadwell Sierra II console. All animals were recorded biweekly for up to 74 days postinjury.
Left and right tcMMEP responses were analyzed independently; thus, two tcMMEP responses
were counted for each animal. Animals were sacrificed at 7 (n = 5 animals), 14 (n = 5 animals),
28 (n = 5 animals), and 74 days (n = 5 animals) following bilateral EB injections. For statistical
analysis, amplitude and latency values for all recovered tcMMEP signals (those observed after
14 dpi) were collapsed. Paired t tests were performed to compare amplitude and latency values
between baseline and recovered tcMMEP signals.
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Cell quantitation
For quantification, four cryostat sections from the epicenter of lesions from at least three
different animals were analyzed. Digitized images of the lesion were obtained with a Spot RT
Color CCD camera (Sterling Heights, MI) at 40× magnification. Cell proliferation within the
lesion was assessed by manually counting the total number of BrdU+ nuclei in a 190 × 150 µm
rectangle drawn within the lesion borders using SPOT RT Software v3.1 (Sterling Heights).
The density of NG2+ cells within lesions was assessed at 2, 7, and 28 days following EB
injection as well as in the VLF of sections from uninjured animals. Identification of NG2+ cells
for quantification was performed as previously described (McTigue et al., 2001). Briefly,
NG2+ cells were only counted if a clearly defined cell body was observed. Double-label
quantification for NG2 and BrdU (2 dpi) or NG2 and Nkx2.2 (0, 7 dpi) was also performed.
Cells were only counted as double labeled if the BrdU+ or Nkx2.2+ nuclei were completely
surrounded by NG2 immunoreactivity. Data are expressed as cells/mm2. The VLF of uninjured
animals served as controls for comparison with experimental groups. To assess NG2 and
Nkx2.2 up-regulation following injury, one-way ANOVA was used to compare control values
with experimental groups followed by a Tukey’s post hoc comparison test. Independent t tests
were performed to analyze the proportion of cells coexpressing NG2 and Nkx2.2 in control
and injured tissue.

Results
EB-induced demyelination in the VLF

Injection of EB into the VLF of the adult rat spinal cord consistently resulted in a characteristic
demyelinating plaque as evidenced by LFB staining of frozen sections from the lesion epicenter
28 days after injection (Figs. 1A and B). Well-defined demyelination consistently followed a
linear diffusion pattern extending away from the injection point medially toward the ventral
gray matter and peripherally toward the pia mater. After 28 days, the lesion was largely devoid
of both astrocytes and oligodendrocytes as evidenced by a lack of GFAP and APC
immunoreactivity (Figs. 1C and D), although a rim of oligodendrocytes and reactive astrocytes
was present within the perimeter of the lesion and delineated the lesion from adjacent uninjured
white matter. Ultrastructural analysis revealed that many viable demyelinated axons in both
the peripheral (Fig. 1E) and central (Fig. 1F) regions of the lesion survived EB treatment.

NG2+ polydendrocyte response to EB injection
NG2 immunohistochemistry revealed an evenly spaced distribution of polydendrocytes
throughout the white matter in uninjured adult spinal cord. They were bipolar and multipolar
cells with irregularly shaped cell bodies (Fig. 2A). In the uninjured VLF, polydendrocyte
density was 153 ± 28 cells/mm2. Beginning at 2 dpi, reactive polydendrocytes within the EB
injection site demonstrated increased staining for NG2 and extended only short processes such
that they could be easily distinguished morphologically from NG2+ cells in unaffected white
matter (Fig. 2B). There were no ED-1+ macrophages in Day 2 lesions suggesting that NG2+

cells were not invading blood macrophages at this time point (data not shown). The density of
polydendrocytes within the lesion at 2 dpi was significantly increased compared with controls
(394 ± 85 cells/mm2). At 7 dpi, demyelination was nearly complete and polydendrocyte density
remained increased within the lesion relative to controls (521 ± 73 cells/mm2). At this stage,
many polydendrocytes exhibited a complex morphology with numerous branching processes
(Fig. 2C). By 7 dpi, many ED-1+ macrophages were also present within the lesion; however,
coexpression with NG2 was not observed (Fig. 2D). Increased NG2+ cell density within the
lesion was maintained through 28 dpi (381 ± 64 cells/mm2).

To evaluate the proliferative response of polydendrocytes, lesioned animals were subjected to
24 h BrdU pulse labeling at time points ranging from 2 to 28 dpi. The early increase in
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NG2+ cell number after EB injection was at least in part due to cell division as evidenced by
incorporation of BrdU in the nuclei of polydendrocytes within the lesion following 24 h BrdU
pulse labeling beginning 24 h after injury (Fig. 2F). Polydendrocytes that incorporated BrdU
during this pulse were primarily located within the EB injection site. Eighty-five percent of
the polydendrocytes within the lesion were BrdU+ and they accounted for 83% of all BrdU+

cells within the lesion. In addition to the lesion area, NG2+/BrdU+ cells were also noted in the
pia and adjacent subpial region of the dorsal spinal cord in response to trauma associated with
laminectomy, durotomy, and micropipette injection. However, these cells were not quantified.
At all BrdU pulse time points examined, NG2+/BrdU+ cells were not observed in the
contralateral VLF, indicating that the NG2+ cell reaction in the injured VLF was specific to
EB injection and not a response to the laminectomy and/or durotomy (data not shown).

Nkx2.2 and Olig2 expression within the lesion
The expression of two transcription factors, Nkx2.2 and Olig2, by OPCs following EB injection
was examined to better understand the extent to which these factors potentially modulate adult
OPC-mediated remyelination. In uninjured white matter, faint Nkx2.2 expression was observed
in the nuclei of many cells (212 ± 35 cells/mm2; Fig. 3A). Approximately one third of all
Nkx2.2+ nuclei in normal white matter demonstrated clear coexpression with NG2 (33% ±
8%). Many Nkx2.2+ nuclei appeared to be associated with faint NG2+ processes; however,
they did not meet criteria for double labeling. At 2 dpi, Nkx2.2 expression within the lesion
was absent (Fig. 3B). At 7 dpi, Nkx2.2 expression within the lesion was up-regulated to levels
significantly greater than uninjured white matter (327 ± 99 cells/mm2, P < 0.05, t = 3.1, df =
8.4) and 90% ± 7% of the Nkx2.2 cells within the lesion coexpressed NG2, representing a
significant increase compared to the proportion of Nkx2.2+ cells coexpressing NG2 in normal
white matter (Fig. 3C). While the proportion of Nkx2.2+ cells within the lesion coexpressing
NG2 was significantly increased compared to controls at 7 dpi, the proportion of NG2+ cells
expressing Nkx2.2 was not significantly different from uninjured controls (Figs. 3G and H).

During development, Nkx2.2 and Olig2 are expressed by OPCs in the spinal cord (Liu et al.,
2002). Double label immunohistochemistry for Nkx2.2 and Olig2 revealed that virtually all
Nkx2.2+ cells within the lesion also coexpressed Olig2 at 7 dpi (Figs. 3D–F). Since nearly all
Nkx2.2+ cells also express NG2 at 7 dpi, this suggests that the predominant population to
respond after injury is an NG2+/Nkx2.2+/Olig2+ precursor cell.

Radial glia antigen expression by reactive astrocytes and ependymal cells
Immunohistochemistry for RC-1, nestin, and GFAP was performed sequentially at 0, 2, 7, 14,
and 28 dpi. Beginning at 7 dpi, long arborized processes positive for nestin immunoreactivity
were observed around the perimeter of the lesion (Fig. 4A). Maximal nestin expression in the
VLF was observed at 14 dpi and was still confined to the perimeter of the lesion (Fig. 4D). By
28 dpi, nestin immunoreactivity had decreased but could still be detected in arborized processes
in the perimeter of the lesion (data not shown). Increased nestin expression was never observed
in ependymal cells or in the subependymal region (Figs. 4G and H).

Because up-regulation of nestin by reactive astrocytes has been demonstrated in other injury
models (Lin et al., 1995; Shibuya et al., 2002) and the pattern of nestin expression overlapped
with the region of reactive astrocytosis, double label immunohistochemistry for nestin and
GFAP was performed. Coexpression of nestin and GFAP at 7 and 14 dpi confirmed that
virtually all nestin+ cells bordering the lesion were indeed GFAP+ reactive astrocytes (Figs.
4C and F). Twenty-four-hour BrdU pulse labeling at 7, 14, or 28 dpi revealed that, despite
extensive proliferation at these times, nestin+ cells did not undergo cell division as BrdU+/
nestin+ cells were not observed (data not shown). Therefore, nestin+ astrocytes do not
proliferate and give rise to NG2+ OPCs.
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Beginning at 7 dpi, a marked increase in the expression of RC-1 was observed surrounding the
lesion in a pattern very similar to that observed for nestin (Fig. 5A). As with nestin, complete
coexpression of RC-1 with GFAP was observed by reactive astrocytes in the perimeter of the
lesion at both 7 and 28 dpi (Figs. 5C and F). RC-1+/GFAP+ astrocytes surrounding the lesion
did not incorporate BrdU during 24 h pulse labeling at 7, 14, or 28 dpi (data not shown). In
contrast to nestin, RC-1 was expressed by ependymal cells beginning at 7 dpi and these cells
did not coexpress GFAP (Figs. 5G and H). BrdU pulse labeling at 7 dpi revealed that many
RC-1+/GFAP− ependymal cells were dividing (Figs. 5I and J). Ependymal cell up-regulation
of RC-1 was transient and by 28 dpi, RC-1 expression was limited to reactive astrocytes in the
perimeter of the lesion (Figs. 5K–N).

Because the up-regulation of the NSC/radial glial cell antigens nestin and RC1 after injury may
signify a stem cell response, the NSC identity of these cells was investigated by examining the
expression of Sox1 and Sox2, transcription factors that function to maintain neural progenitor
identity (Aubert et al., 2003; Cai et al., 2002; Graham et al., 2003). Neither Sox1 nor Sox2
expression was observed (data not shown). The specificity of the antibodies was tested by
examining hippocampal sections where Sox-2+ and Sox-1+ cells are present in the adult (Ellis
et al., 2004; and data not shown).

Remyelinating oligodendrocytes are restricted to the perimeter of the lesion
Both immunohistochemistry and electron microscopy were utilized to determine the extent of
oligodendrocyte remyelination 28 dpi. Immunohistochemistry for APC, a marker for mature
oligodendrocytes, revealed that the central, astrocyte-free portions of the lesion were devoid
of mature oligodendrocytes after 28 days. APC+ oligodendrocytes were observed in the
perimeter of the lesion (excluding the pia border) and appeared to be more densely distributed
than in adjacent normal white matter (Fig. 6A). This result is consistent with previous studies
demonstrating increased oligodendrocyte densities in remyelinating regions (Blakemore and
Keirstead, 1999). To determine if the APC+ oligodendrocytes observed in the perimeter of the
lesion were derived from cells dividing on Day 2, we pulsed animals with BrdU for a 24-h
interval at 2 dpi and then allowed the animals to survive to 28 dpi. Many APC+

oligodendrocytes within the perimeter of the lesion coexpressed BrdU in these animals.
Because APC+ oligodendrocytes do not incorporate BrdU when pulsed on Day 2 and sacrificed
immediately thereafter (data not shown), BrdU+ oligodendrocytes observed in animals pulsed
on Day 2 and sacrificed on Day 28 must be derived from undifferentiated precursor cells
proliferating on Day 2 (Figs. 6A–C). Moreover, remyelinating oligodendrocytes were closely
associated with reactive astrocytes in the perimeter of the lesion (Fig. 6D). Ultrastructural
analysis confirmed that the astrocyte-free region of the lesion was devoid of CNS-type myelin.
CNS-type remyelination was confined to the perimeter of the lesion, confirming that APC+-
positive oligodendrocytes observed in this region were indeed synthesizing new myelin (Fig.
6F).

Schwann cell remyelination predominates in astrocyte-free regions
P0 immunohistochemistry revealed that by 28 dpi, a large number of axons within the lesion
were remyelinated by Schwann cells in a distinct perivascular pattern (Fig. 7A). Ultrastructural
analysis confirmed the presence of Schwann cell myelin, especially around perivascular axons
(Figs. 7C and D). In more chronic lesions (74 days), toluidine blue-stained plastic sections
demonstrated extensive Schwann cell remyelination in the central portions of the lesion (Fig.
7B). Schwann cell myelin sheaths are identified by the presence of a nucleus adjacent to the
myelin (Fig. 7D).
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Endogenous remyelination fails to restore sustained electrophysiologic function
To assess recovery following demyelination, tcMMEP responses were utilized as an in vivo
functional measurement of descending axonal conduction in the VLF (Loy et al., 2002a,b).
Left and right tcMMEPs were analyzed independently; thus, two signals were counted for each
animal. Bilateral baseline tcMMEPs were consistently observed in all animals with an average
latency of 5.8 ± 0.1 ms (Fig. 8C) and an average amplitude of 12.6 ± 3.6 mV (Fig. 8D). The
functional consequence of EB injection was apparent at 7 dpi at which point 95% of the initial
tcMMEP signals analyzed were abolished. Complete loss of all tcMMEP signals at 14 dpi
indicated that functional demyelination was complete at this time point. In 3/10 of the lesions
analyzed from five animals surviving to Day 74, functional recovery was observed as evidenced
by a return of tcMMEP signals. Partial tcMMEP recovery is first observed at 21 dpi, which
correlates in time with the appearance of significant endogenous Schwann cell remyelination
in the central portions of the lesion (data not shown). However, the recovery was less than
optimal. Further analysis of recovered tcMMEP signals revealed that, on average, they were
significantly lower in amplitude (3.9 ± 1.4 mV; Fig. 8C) and had significantly increased
latencies (6.6 ± 0.2 ms; Fig. 8D) compared to baseline controls. This limited functional recovery
did not improve with time and indeed, by Day 56, no tcMMEP signals were detected.

Discussion
Nkx2.2+/Olig2+ OPC are mobilized within EB lesions

Recruitment of OPCs is a critical first step in remyelination. Here, robust mobilization of
polydendrocytes within EB lesions was observed. These results are consistent with previous
studies that have similarly demonstrated survival and proliferation of polydendrocytes within
EB lesions in the brainstem (Levine and Reynolds, 1999; Penderis et al., 2003a). Despite local
proliferation of polydendrocytes, present results do not exclude the possible contribution of
migration from surrounding regions. Nevertheless, increased polydendrocyte density within
EB lesions up to 28 dpi suggests that recruitment of polydendrocytes within EB lesions is not
impaired.

Although the importance of Nkx2.2 and Olig2 for regulating oligodendrocyte specification and
maturation in the embryonic spinal cord has been demonstrated (Fu et al., 2002; Qi et al.,
2001; Sun et al., 2001; Zhou et al., 2001), their coexpression during remyelination in the adult
was unknown. Watanabe et al. (2004) recently showed that Nkx2.2 is up-regulated by
differentiating OPCs following lysolecithin-induced demyelination, suggesting a
recapitulatory role for this protein in the adult. In the uninjured adult spinal cord, Nkx2.2
recognizes a heterogeneous population of cells, approximately 1/3 of which are NG2+

polydendrocytes (Fig. 3G). At 2 dpi, Nkx2.2 expression was absent in regions of EB injection
despite a significant increase in polydendrocyte density. The lack of Nkx2.2 expression by
reactive polydendrocytes within the EB injection site may suggest that Nkx2.2+/NG2+

polydendrocytes are susceptible to EB toxicity. Alternatively, the lack of Nkx2.2+

polydendrocytes within EB lesions at 2 dpi could reflect Nkx2.2 down-regulation among
NG2+/Nkx2.2+ polydendrocytes concomitant with ‘dedifferentiation’ of resident OPCs in
response to local signals. This possibility is consistent with the highly proliferative capacity
and less complex morphology of polydendrocytes within the lesion at 2 dpi (Figs. 2B and F).
In vitro studies have demonstrated a similar reversion by OPCs in response to specific growth
factors (Shi et al., 1998; Wolswijk and Noble, 1992). Therefore, in the adult, NG2+/Nkx2.2+

cells may represent a transitional phenotype between immature NG2+/Nkx2.2− OPCs and
mature oligodendrocytes. Consistent with this possibility, Liu et al. (2002) noted that NG2
expression is coincident with PDGFRα expression and precedes the acquisition of Nkx2.2
expression. Importantly, Nkx2.2+ cell density within the lesion is above control levels by 7
dpi. However, this increase did not reproduce the pattern of Nkx2.2 expression observed in
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normal white matter in regards to coexpression with NG2. Whereas 33% of Nkx2.2+ cells
coexpress NG2 in normal white matter, 90% of Nkx2.2+ cells within the lesion coexpress NG2
at 7 dpi (Fig. 3G). Thus, among the Nkx2.2+ cell population, there is a selective increase in
the NG2+ subpopulation at 7 dpi. Watanabe et al. (2004) similarly observed a transient up-
regulation of Nkx2.2 in NG2+ cells as they differentiated in a demyelinating/remyelinating
lesion in the rat spinal cord and demonstrated Nkx2.2 expression in a subpopulation of both
OPCs and mature oligodendrocytes. Collectively, these data are consistent with the hypothesis
that NG2+/Nkx2.2+ cells represent a transitional phenotype between NG2+/Nkx2.2− OPCs and
mature oligodendrocytes, as this phenotype is significantly up-regulated when OPCs begin
differentiating.

Among the polydendrocyte population at 7 dpi, at least half are OPCs as evidenced by Nkx2.2
expression. The identity of the remaining NG2+ cells remains unknown. Recent studies
demonstrated NG2 expression by blood macrophages in contusion (Jones and Tuszynski,
2002; McTigue et al., 2001) and kainic acid-induced (Bu et al., 2001) lesions. However,
consistent with previous studies examining NG2 up-regulation in demyelinating lesions (Di
Bello et al., 1999; Levine and Reynolds, 1999; Nishiyama et al., 1997), no overlap between
NG2+ cells and activated macrophages was observed. Thus, remaining NG2+/Nkx2.2− cells
are likely Nkx2.2− OPCs, synantocytes (Butt et al., 2002), or nonmyelinating Schwann cells
invading the lesion (Jones et al., 2003).

Further, supporting the oligodendrocyte lineage of NG2+/Nkx2.2+ polydendrocytes was the
complete coexpression of Nkx2.2 with Olig2. Embryonic coexpression of Nkx2.2 and Olig2
in the CNS is specific for OPCs. Since Nkx2.2 expression is up-regulated in differentiating
OPCs (Fu et al., 2002), the up-regulation of Nkx2.2 in Olig2+ OPCs present throughout the
lesion demonstrates that these cells have initiated differentiation towards mature myelinating
oligodendrocytes.

OPC remyelination failure in the absence of astrocytes
A failure in OPC recruitment is not responsible for the limited oligodendrocyte-mediated
remyelination observed. Whereas previous studies have similarly demonstrated poly-
dendrocyte recruitment following EB lesions in the brainstem (Levine and Reynolds, 1999;
Penderis et al., 2003b), we further show that a significant population of Nkx2.2+/Olig2+ OPCs
are mobilized within astrocyte-free regions, which ultimately remain demyelinated or are
remyelinated by Schwann cells after 1 month. This is surprising as coexpression of Nkx2.2
and Olig2 by OPCs in the embryo is tightly associated with oligodendrocyte differentiation
(Qi et al., 2001; Zhou et al., 2001). Ultrastructural evidence of spared, demyelinated axons
coupled with eventual Schwann cell remyelination in astrocyte-free regions indicates that a
lack of viable axons cannot explain the observed OPC remyelination failure. It is unlikely that
Schwann cells outcompete OPCs for axons to remyelinate, as Schwann cell remyelination
occurs over several months, providing ample opportunity for OPC-mediated remyelination.
Together, these results suggest that although Olig2+ OPCs initiate differentiation by up-
regulating Nkx2.2, these two transcription factors are not sufficient to induce terminal
differentiation and remyelination in astrocyte-free regions.

There are two possible explanations for oligodendrocyte remyelination failure. The astrocyte-
free regions of the lesion (i) contain inhibitory signals that prevent terminal differentiation of
OPCs or (ii) lack appropriate signals necessary for OPCs to undergo terminal differentiation.
The relationship between astrocytes, Schwann cells, and oligodendrocytes within
demyelinating lesions has been extensively examined by Blakemore and Colleagues
(Blakemore, 1992; Blakemore and Crang, 1988, 1989; Blakemore et al., 1977; Franklin et al.,
1992; Shields et al., 2000). Their studies suggest that astrocytes inhibit Schwann cell infiltration
and possibly promote oligodendrocyte remyelination. Why Nkx2.2+/Olig2+ OPCs fail to

Talbott et al. Page 9

Exp Neurol. Author manuscript; available in PMC 2010 January 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



remyelinate viable, denuded axons in the absence of astrocytes remains unresolved. The
localization of remyelinating oligodendrocytes to the zone of reactive astrocytes is consistent
with previous studies in support of a promyelinating role for reactive astrocytes (Blakemore
and Crang, 1989; Franklin et al., 1991; Jasmin and Ohara, 2002). However, Blakemore et al.
(2003) recently demonstrated that the transplantation of nonmitotic, resting astrocytes into EB
lesions inhibits oligodendrocyte remyelination by transplanted OPCs, thereby emphasizing
that the activation state of astrocytes likely determines their permissive or inhibitory influence.
Activated astrocytes express growth factors known to promote oligodendrocyte proliferation
and differentiation including PDGF, IGF-1, neuregulin, and CNTF. Woodruff et al. (2004)
recently demonstrated that overexpression of PDGF, an astrocyte-derived growth factor known
to be mitogenic for OPCs, enhances OPC recruitment but does not increase the extent or
efficiency of remyelination following lysolecithin-induced demyelination in the mouse.
Therefore, because OPCs are successfully recruited, a shortage of PDGF within the central
portions of EB lesions does not explain oligodendrocyte remyelination failure observed in the
present study. Mason et al. (2001) showed that microglia- or macrophage-derived IL-1β
induces astrocytes to secrete IGF-1, which is crucial for successful remyelination of cuprizone-
induced demyelinating lesions by endogenous progenitors in mice. Thus, macrophages, which
are abundant throughout EB lesions, in coordination with reactive astrocytes, possibly
contribute to promoting OPC differentiation in the perimeter of EB lesions. Further studies,
however, are needed to confirm this conclusion. Alternatively, inhibitory signals within the
lesion may impair oligodendrocyte differentiation. The intense NG2 expression within EB
lesions up to 28 dpi coupled with recent data demonstrating that NG2 impairs oligodendrocyte
differentiation (Larsen et al., 2003) points to NG2 as a candidate inhibitory signal.

Radial glia antigen expression by reactive astrocytes and ependymal cells
The close relationship between radial glia and NSCs coupled with the NSC potential of late
embryonic radial glia has led investigators to propose that adult NSCs may indeed be radial
glia (Tramontin et al., 2003;Weissman et al., 2003). Recent data demonstrated that a
subpopulation of astrocytes reexpress the radial glial antigen 3CB2 following spinal cord injury
(SCI) (Shibuya et al., 2003). These authors hypothesized that such cells may play an active
role in repair. We likewise observed a radial glia response, as evidenced by the up-regulation
of RC-1 in reactive astrocytes surrounding EB lesions. Although RC-1 and nestin double
labeling were not performed because the antibodies are of identical species and isotype,
examination of adjacent sections reveals that both markers appear to identify the same
population of reactive astrocytes surrounding the lesion. The reexpression of embryonic
antigens by reactive astrocytes occurs in numerous injury models and may represent an attempt
at astrocytic dedifferentiation (Lin et al., 1995; Shibuya et al., 2002). A lack of cell division
by RC-1-positive astrocytes around lesions at 7, 14, and 28 dpi in the present study, however,
indicates that they do not reenter the cell cycle. Thus, dedifferentiation appears to be
incomplete.

RC-1 was up-regulated by ependymal cells, many of which were dividing at 7 dpi. Previous
studies have suggested that ependymal cells in the adult spinal cord are NSCs that may be
mobilized following injury (Calza et al., 2002; Oumesmar et al., 1995). Although ependymal
cell migration was not addressed in the present study, the simultaneous up-regulation of RC-1
in ependymal cells and reactive perilesional astrocytes suggests that RC-1+ ependymal cells
do not give rise to all perilesional RC-1+ astrocytes. Evidence that both ependymal and
subependymal cells contribute to the recruitment of reactive astrocytes around clip
compression (Namiki and Tator, 1999) and laceration (Frisen et al., 1995) SCI exists; therefore,
a portion of perilesional RC-1+ astrocytes observed in the present study may be derived from
ependymal cells. The lack of Sox1 and Sox2 expression by endogenous cells, however, further
indicates that RC-1 does not recognize a population of NSCs and that NSC mobilization
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following EB-induced demyelination does not occur. Similarly, Han et al. (2004) demonstrated
up-regulation of glial precursor antigens with no equivalent increase in neuronal precursor
markers following a laceration SCI, suggesting that the endogenous precursor response to
multiple injury types is predominated by glial-restricted progenitors.

Endogenous remyelination elicits limited and unsustained functional recovery
tcMMEP responses define the conduction capacity of descending myelinated fibers in the VLF
(Loy et al., 2002a,b). Present data are the first demonstration of in vivo electrophysiological
recovery. Jeffery et al. (1999) similarly demonstrated recovery in locomotor ability following
spontaneous remyelination of EB lesions in the rat dorsal funiculus. Importantly, neither
locomotor or electrophysiological recovery occurs when doses of irradiation sufficient to
prevent spontaneous remyelination are delivered to thoracic spinal cord (Jeffery et al., 1999;
Loy et al., 2002b). These data suggest that the observed recovery results from remyelination
rather than reorganization of propriospinal pathways caudal to the lesion. Prolonged latencies,
diminished amplitudes, and the transient nature of these responses observed over time in the
present study, however, indicates a more restricted capacity for long-term functional recovery
following endogenous remyelination attempts in the VLF compared to the dorsal funiculus
(Jeffery and Blakemore, 1997).

Development of remyelinating therapies will require identification of cells capable of
differentiating into mature, myelinating oligodendrocytes in the restrictive environment of the
lesioned adult CNS. Importantly, the present study demonstrates that Nkx2.2+/Olig2+ OPCs
are unable to remyelinate the VLF in the absence of astrocytes. Identification of putative factors
and/or cell interactions responsible for remyelination success or failure is critical to facilitating
both endogenous remyelination and potential myelinating cell engraftment approaches for
spinal cord repair.

Abbreviations

OPC oligodendrocyte precursor cell

NSC neural stem cell
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EB ethidium bromide
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Fig. 1. EB-induced demyelination in the VLF
(A) Stereotactic injection of EB into the VLF consistently resulted in well-defined lesions as
schematically illustrated. (B) LFB staining reveals a loss of myelin throughout most of the
lesion after 28 days. EB is toxic to both GFAP+ astrocytes (C) and APC+ oligodendrocytes
(D). Ultrastructural analysis revealed that after 7 days, many viable demyelinated axons survive
EB treatment in both the peripheral (E) and central (F) portions of the lesion. Scale bar = 100
µm in (B–D); 2 µm in (E and F).
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Fig. 2. NG2+ polydendrocyte response to EB injection
(A) NG2+ cells are evenly spaced in the uninjured VLF and have irregularly shaped cell bodies.
(B) At 2 dpi, NG2+ polydendrocytes demonstrate increased NG2+ staining and short processes.
In (B, C, and E), the larger inset box shows the entire lesioned VLF while the inner box shows
the region shown at higher magnification. (C) By 7 dpi, NG2+ polydendrocytes exhibited
complex morphologies with many branching processes. (D) NG2 did not label activated
macrophages at 7 dpi as evidenced by a lack of NG2 and ED-1 coexpression. (E) Increased
NG2+ immunoreactivity is observed in EB lesions up to 28 dpi. (F) In animals sacrificed at 2
dpi, 85% of the polydendrocytes within the lesion express BrdU following a 24-h BrdU pulse
on Day 2, suggesting that the increase in polydendrocyte density within EB lesions is at least
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partially due to local proliferation. (G) Polydendrocyte density within EB lesions is
significantly increased at 2, 7, and 28 dpi compared to uninjured controls. Data are expressed
as the mean ± SD (uninjured; n = 10, Day 2; n = 9, Day 7; n = 8, Day 28; n = 8). One-way
ANOVA (F = 50.5, df = 3.31, P < 0.001). Tukey post hoc (all comparisons, *P < 0.001). Scale
bar = 5 µm in (A, D, and F); 8 µm in (B); 3 µm in (C and E).
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Fig. 3. Nkx2.2 and Olig2 expression within EB lesions
(A) In the uninjured VLF, faint Nkx2.2 expression is observed in many cells, approximately
one third of which are NG2+ (arrow). Many Nkx2.2+ nuclei are associated with NG2 processes;
however, they do not meet criteria for NG2 coexpression (arrowheads). The inset shows the
entire region of the VLF and the inner box shows the area presented at higher magnification.
(B) At 2 dpi, Nkx2.2 is not expressed within the lesion despite the increased density of
NG2+ polydendrocytes. (C) At 7 dpi, 90% of Nkx2.2+ nuclei coexpress NG2. (D–F) All
Nkx2.2+ nuclei coexpress Olig2 at 7 dpi. The proportion of Nkx2.2+ cells coexpressing NG2
is significantly increased in Day 7 lesions compared to uninjured controls (G), whereas the
proportion of NG2+ cells coexpressing Nkx2.2 is not (H). Data are expressed as the mean ±
SD. *P < 0.05, t = 3.1, df = 8.4. Scale bar = 6 µm in (A); 15 µm in (B and D– F); 24 µm in
(C).
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Fig. 4. Nestin up-regulation by reactive astrocytes
(A) Beginning at 7 dpi, nestin is up-regulated by cells surrounding the lesion. In (A–F), the
insets show the entire region of the VLF and the inner box designates the area shown at higher
magnification. (B and C) GFAP double labeling reveals that nestin+ cells are GFAP+-reactive
astrocytes. (D–F) Nestin up-regulation by reactive astrocytes around the lesion is maintained
at 14 dpi. Nestin up-regulation by ependymal and/or subependymal cells was not observed at
7 (G) or 14 (H) dpi. Asterisks (*) identify the central canal. Scale bar = 30 µm.
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Fig. 5. RC-1 up-regulation by reactive astrocytes and ependymal cells
(A) RC-1, a marker for radial glia, is up-regulated by cells surrounding EB lesions. In (A–F),
the inset shows the entire region of the VLF and the inner box illustrates the areas shown at
higher magnification. (B and C) GFAP double labeling reveals that RC-1+ cells are GFAP+-
reactive astrocytes. (D– F) RC-1 up-regulation by reactive astrocytes around the lesion is
maintained at 28 dpi. (G) RC-1 is also up-regulated by ependymal cells surrounding the central
canal at 7 dpi. (H) GFAP is expressed by subependymal astrocytes, but not ependymal cells.
(I) Twenty-four-hour BrdU pulse labeling at 7 dpi reveals that many ependymal cells are
dividing at this time. (J) Merged image of (G– I). (K) At 28 dpi, ependymal cells no longer
express RC-1. (L) GFAP expression by subependymal astrocytes at 28 dpi. (M) Twenty-four-
hour BrdU pulse labeling at 28 dpi shows that ependymal cells are no longer dividing at this
time. (N) Merged image (K– M). Scale bar = 30 µm in (A– F); 25 µm in (G–N).
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Fig. 6. Remyelinating oligodendrocytes are restricted to the perimeter of the lesion
(A) APC+ oligodendrocytes are present in the perimeter of the lesion after 28 days, but not in
the central region. Twenty-four-hour pulse labeling with BrdU at 2 dpi in animals, which were
sacrificed at 28 dpi, reveals that (A–C) many APC+ oligodendrocytes in the perimeter of the
lesion are BrdU+. (D) Triple label immunohistochemistry reveals that new oligodendrocytes
are closely associated with the band of reactive astrocytes in the perimeter of the lesion. (E)
Ultrastructural analysis reveals that oligodendrocytes in the perimeter of the lesion produce
thin myelin, characteristic for CNS-type remyelination; these may be distinguished from the
thicker, spared myelin. Scale bar = 25 µm in (A– C); 28 µm in (D); and 6 µm in (E).
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Fig. 7. Schwann cell remyelination in the lesion core
(A) P0 immunohistochemistry demonstrates considerable Schwann cell-mediated
remyelination as early as 28 dpi. Schwann cell remyelination begins in a distinct perivascular
pattern. (B) After 74 days, Schwann cell (S) remyelination is extensive in the central portion
of the lesion while oligodendrocyte (O) remyelination is limited to the perimeter of the lesion,
adjacent to normal (N), uninjured white matter. In toluidine blue-stained plastic sections,
Schwann cell myelin appears darker than CNS myelin. (C) Ultrastructural analysis confirmed
the presence of characteristic Schwann cell remyelination in the central core of the VLF at 28
dpi; bv = blood vessel. (D) Higher magnification of remyelinating Schwann cells in the center
of Day 28 lesions. Schwann cell nuclei are indicated by arrows. Scale bar = 90 µm in (A); 30
µm in (B); 3 µm in (C); and 1 µm in (D).
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Fig. 8. Endogenous remyelination fails to restore sustained electrophysiologic function
(A) A representative sample of tcMMEP responses from an animal demonstrating transient
electrophysiologic functional recovery. (B) By 14 dpi, 100% of tcMMEP signals were
abolished (n = 22). Electrophysiologic function returned in some lesions as evidenced by a
return of tcMMEP signals. (C) Recovered tcMMEP signals demonstrated significantly
increased latencies (P < 0.001, t = 10.7, df = 6) and significantly decreased amplitudes (P <
0.01, t = 4.1, df = 6) compared to baseline controls.
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Table 1

Experimental groups for assessing endogenous remyelination

Group no. N 24-h BrdU pulse Sacrifice (dpi)

1 4 24–48 h 2

2 4 Day 6 7

3 4 Day 13 14

4 4 Day 27 28

5 4 Day 2 28
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