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Demyelination contributes to the dysfunction after traumatic spinal cord injury (SCI). We explored whether the combination of neuro-
trophic factors and transplantation of adult rat spinal cord oligodendrocyte precursor cells (OPCs) could enhance remyelination and
functional recovery after SCI. Ciliary neurotrophic factor (CNTF) was the most effective neurotrophic factor to promote oligodendrocyte
(OL) differentiation and survival of OPCs in vitro. OPCs were infected with retroviruses expressing enhanced green fluorescent protein
(EGFP) or CNTF and transplanted into the contused adult thoracic spinal cord 9 d after injury. Seven weeks after transplantation, the
grafted OPCs survived and integrated into the injured spinal cord. The survival of grafted CNTE-OPCs increased fourfold compared with
EGFP-OPCs. The grafted OPCs differentiated into adenomatus polyposis coli (APC *) OLs, and CNTF significantly increased the percent-
age of APC " OLs from grafted OPCs. Inmunofluorescent and immunoelectron microscopic analyses showed that the grafted OPCs
formed central myelin sheaths around the axons in the injured spinal cord. The number of OL-remyelinated axons in ventrolateral
funiculus (VLF) or lateral funiculus (LF) at the injured epicenter was significantly increased in animals that received CNTF-OPC grafts
compared with all other groups. Importantly, 75% of rats receiving CNTF-OPC grafts recovered transcranial magnetic motor-evoked
potential and magnetic interenlargement reflex responses, indicating that conduction through the demyelinated axons in VLF or LF,
respectively, was partially restored. More importantly, recovery of hindlimb locomotor function was significantly enhanced in animals
receiving grafts of CNTF-OPCs. Thus, combined treatment with OPC grafts expressing CNTF can enhance remyelination and facilitate
functional recovery after traumatic SCI.

Introduction

The pathophysiology and dysfunction after spinal cord injury
(SCI) includes demyelination caused by oligodendrocyte (OL)
cell death (Crowe etal., 1997; Liu et al., 1997; Liet al., 1999). Even
after severe contusive SCI, demyelinated axons persist in the sub-
pial rim of white matter in both humans (Bunge et al., 1993;
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Guest et al., 2005) and experimental animals (Blight, 1983, 1993;
Cao et al., 2005a; Totoiu and Keirstead, 2005). Some remyelina-
tion by endogenous oligodendrocytes and invading peripheral
Schwann cells occurs (Gledhill et al., 1973; Itoyama et al., 1983;
Dusart et al., 1992; McTigue et al., 2001; Tripathi and McTigue,
2007). However, conduction deficits persist chronically in hu-
mans (Alexeeva et al., 1997, 1998) and rodents (Nashmi et al.,
2000; Nashmi and Fehlings, 2001), suggesting spontaneous re-
myelination is limited and incomplete.

Multiple cell types have been grafted into the demyelinated
spinal cord and remyelinate the demyelinated axons to varying
degrees (Cao et al., 2002a; Kocsis et al., 2004). Neural stem cells
(NSCs) and glial precursor cells have the potential to differentiate
into OLs in vitro and in vivo. However, multipotent NSCs mainly
differentiate into astrocytes after transplantation into the injured
spinal cord (Chow etal., 2000; Shihabuddin et al., 2000; Cao et al.,
2001; Wu et al., 2002; Vroemen et al., 2003; Hofstetter et al.,
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2005). Such astrocyte differentiation from grafted NSCs may lead
to allodynia (Hofstetter et al., 2005). Oligodendrocyte precursor
cells (OPCs) may be optimal cell grafts because of their potential
for more extensive remyelination and their lack of differentiation
into astrocytes after transplantation. The adult CNS contains a
significant number of OPCs (Wolswijk and Noble, 1989; Wolswijk
et al,, 1991; Roy et al,, 1999; Chang et al., 2000; Horner et al.,
2000). Although the turnover of these cells is relatively low under
normal conditions, their proliferation increases significantly af-
ter SCI (Ishii et al., 2001; McTigue et al., 2001; Yamamoto et al.,
2001) or multiple sclerosis (MS) (Wolswijk, 1998, 2000). More
importantly, they can survive and differentiate into myelinating
OLs after transplantation into demyelinated adult CNS (Zhang et
al., 1999; Windrem et al., 2002, 2004).

Ciliary neurotrophic factor (CNTF) has neuroprotective ef-
fects on a variety of CNS and PNS neurons (Barbin et al., 1984;
Hagg and Varon, 1993; Naumann et al., 2003). In addition,
CNTF promotes OL differentiation and maturation from OPCs
in vitro (Barres et al., 1996; Marmur et al., 1998; Stankoff et al.,
2002). It also increases the survival of mature OLs (Barres et al.,
1993; Louis et al., 1993). Importantly, CNTF and LIF (leukemia
inhibitory factor) decrease the severity of experimental autoim-
mune encephalomyelitis by decreasing the OL apoptosis and en-
hancing OPC proliferation and differentiation (Butzkueven et
al., 2002; Linker et al., 2002). These studies suggest a potential
therapeutic role for CNTF in promoting remyelination by grafted
or endogenous OPCs after injury. In this study, we have explored
the potential of adult OPCs transplanted into the spinal cord to
promote remyelination and functional recovery after traumatic
SCl in rats. Our results indicate that CNTF increases the survival
and differentiation of adult OPCs both in vitro and in vivo. Fur-
thermore, transplantation of CNTF-expressing OPCs promotes
remyelination and functional recovery after SCI.

Materials and Methods

All animal care and surgical interventions were undertaken in strict ac-
cordance with the Public Health Service Policy on Humane Care and Use
of Laboratory Animals, Guide for the Care and Use of Laboratory Animals
(Institute of Laboratory Animal Resources, National Research Council,
1996), and with the approval of the University of Louisville Institutional
Animal Care and Use Committee and Institutional Biosafety Committee.

Isolation of OPCs from adult spinal cord. OPCs were immunopanned
with an O4 antibody from the spinal cord of adult Fischer 344 rats that
ubiquitously express human placental alkaline phosphatase (hPAP), as
detailed previously (Talbott et al., 2006; Cheng et al., 2007). Briefly, the
dissected spinal cords were minced into 1 mm? pieces and incubated in
HBSS containing 0.1% papain, 0.1% neutral protease, and 0.01% DNase
for 30 min at 37°C. The digestion was stopped by the addition of an equal
volume of DMEM containing 20% fetal bovine serum. Tissues were dis-
sociated by repeated trituration with fire-polished Pasteur pipettes and
were filtered through 70 um nylon mesh. The cells were incubated on an
anti-RAN-2 antibody-coated dish for 30 min to deplete type 1 astrocytes
and meningeal cells and then transferred to an O4-coated dish for 45 min
to select OPCs. The purified OPCs on the dish were removed with trypsin
and cultured in poly-L-lysine/laminin-coated dishes with DMEM/F12
medium containing 1X N2 and 1X B27 supplements, fibroblast growth
factor 2 (FGF2) (20 ng/ml), platelet-derived growth factor aa (PDGFaa)
(10 ng/ml), insulin (5 ug/ml), and BSA (0.1%). Cells were fed with fresh
growth medium every other day. 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
04 were used in the experiments.

Differentiation and survival of OPCs by growth factors in vitro. To de-
termine which neurotrophic factor is most effective in promoting OL
differentiation, adult OPCs were cultured in either basal media (DMEM/
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F12 plus 1X N2 plus 1 X B27 plus 0.1% BSA) plus 5 ng/ml FGF2 without
(control) or with one of the following neurotrophic factors at concentra-
tion of 10 ng/ml for 3 d: neurotrophin 3 (NT3), CNTF, neuregulin
(NRG), insulin-like growth factor-1 (IGF1), or glial cell line-derived
growth factor (GDNF). All these neurotrophic factors have been shown
previously to promote OL development. FGF2 was added to both groups
to minimize spontaneous OPC differentiation. After 3 d of treatment,
cell preparations were fixed and stained with antibodies for the more
mature OL marker O1. The percentage of O1 ¥ OLs was counted, and the
differences among groups were analyzed by repeated-measures ANOVA
followed by Tukey’s honestly significant difference (HSD) post hoc t tests
using a 0.05 confidence interval. To examine the effect of neurotrophic
factors on the survival of OLs, adult OPCs were induced to differentiate
into O1 " OLs by withdrawal of FGF2 and PDGFaa for 2 d. Then the
differentiated OLs continued to grow in the basal medium alone or basal
media with one of the above neurotrophic factors (all, 10 ng/ml) for 5
more days. Cell survival was assessed either by an MTT colorimetric assay
according to the manufacturer’s instructions (Millipore Bioscience Re-
search Reagents) or by counting the apoptotic O1 * OLs based on con-
densed and/or fragmental Hoechst-stained nuclei.

Immunofluorescence in vitro. To detect the surface membrane anti-
gens, cells cultured on 24-well plates were incubated with primary anti-
bodies A2B5, O4, or O1 (hybridoma supernatant, undiluted; American
Type Culture Collection) at 4°C for 45 min. After fixation with 4% para-
formaldehyde, cells were incubated in FITC- or Texas Red-conjugated
donkey anti-mouse IgM for 1 h at room temperature (RT). For recogni-
tion of other antigens, cells cultured on 24-well plates were fixed with 4%
paraformaldehyde. Mouse monoclonal antibodies against 2',3'-cyclic
nucleotide phosphodiesterase (CNPase) (1:800; Covance), myelin basic
protein (MBP) (1:50; Millipore Bioscience Research Reagents), or glial
fibrillary acid protein (GFAP) (1:400; Sigma-Aldrich) were applied over-
night at 4°C. Then the appropriate fluorescence-conjugated secondary
antibodies (1:200; Jackson ImmunoResearch Laboratories) were applied,
and the nuclei were counterstained with DAPI (4',6'-diamidino-2-
phenylindole). Controls were performed with the appropriate species-
specific nonimmune sera and showed negligible background. Total
cellular counts for each experimental well were obtained in 10 fields
under 20X objective from three culture wells. The result for each exper-
imental condition was verified a minimum of three independent times.

Cell preparation for transplantation. Enhanced green fluorescent pro-
tein (EGFP) and human CNTF cDNAs were cloned into the LZRS retro-
viral vector (Kinsella and Nolan, 1996). To generate high-titer virus,
ONX cells (provided by Dr. Gary Nolan, Stanford University, Stanford,
CA) were transfected using GenePorter II (Gene Therapy Systems),
which routinely gave transfection efficiencies of 50—65%. Selection with
2 pg/ml puromycin began 48 h later. To harvest viral supernatant, media
was changed to the appropriate serum-free media without mitogens
overnight and harvested the next day. We routinely obtain titers of 5 X
10°to 5 X 10° pfu/ml. OPCs were treated with 1 pg/ml polybrene for 1 h,
followed by incubation in growth medium containing LZRS-EGFP or
LZRS-CNTF-EGFP retrovirus for 4 h. Routinely, ~60% of the cells were
labeled. Two hours before transplantation, the labeled cells were de-
tached from the dishes using a cell lifter, collected by centrifugation at
1000 X gfor 4 min, and resuspended in 1 ml of culture medium. After cell
count and viability assessment with trypan blue in a hemacytometer, the
cell suspension was centrifuged a second time and resuspended in a
smaller volume to give a density of 5 X 10* viable cells/ul.

Surgical procedures. Surgical procedures were as described previously
(Cao etal., 2001, 2002b, 2005a). Briefly, after anesthetization with Nem-
butal (50 mg/kg, i.p.), age- and weight-matched adult female Fischer 344
rats received a dorsal laminectomy at the ninth thoracic vertebral level
(T9) to expose the spinal cord, and then a 150 kdyn contusive SCI using
the IH impactor (Infinite Horizons). At 8 d after injury, rats were ran-
domly assigned to five groups, which received DMEM, EGFP-OPCs,
CNTF-OPCs, EGFP-fibroblasts (FBs), or CNTE-FBs, respectively. Ani-
mals were reanesthetized as above, and the laminectomy site was reex-
posed. Four injections were made at 1 mm cranial to, caudal to, and left
and right of the lesion at depth 1.3 and 0.6 mm laterally from midline. At
eachssite, 2 ul of cell suspension or vehicle was injected through a glass
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micropipette with an outer diameter of 50-70 wm and the tip sharp-
beveled to 30-50° at rate of 0.5 ul/min as described previously (Cao et
al., 2001, 2002b). Thus, a total of 400,000 cells was grafted into each
injured spinal cord. The animals were allowed to survive 8 weeks after
transplantation.

ELISA assessment of CNTF expression. To detect the expression of
CNTF in the cultured OPCs in vitro, OPCs were infected with EGFP or
CNTF retroviruses. Two days later, the uninfected, EGFP- or CNTEF-
OPCs were harvested with cold lysis buffer consisting of 137 mm NaCl, 20
mM Tris-HCI, 1% NP-40, and 1X protease inhibitor mixture set III (Cal-
biochem). Protein concentrations were calculated with the BCA protein
assay (Pierce). Expression of CNTF was examined by commercially avail-
able sandwich technique ELISA kit (R&D Systems) following the manu-
facturer’s recommended protocol. Oxidized horseradish peroxidase
enzymatic products in the microplate wells were read at 450 nm absor-
bance using a SpectraMax Plus 384 plate reader (Molecular Devices).
Differences of CNTF expression among three groups was compared with
repeated-measures ANOVA, followed by Student-Newman—Keuls post
hoc test. The level of statistical significance was set at p < 0.05. To detect
the expression of CNTF in the injured spinal cord, a total of nine animals
received 150 kdyn IH contusion SCI as described above. Eight days later,
they were then randomly divided into three groups that received 8 ul of

Invitro differentiation of adult OPCs. All purified OPCs expressed hPAP (A-() as well as OPCs markers 04 (A), A2B5 (B),
orNG2 (C). Three days after withdrawal of FGF2 and PDGFaa, OPCs constitutively differentiated into OLs expressing 01 (D). Six days
after differentiation, OPCs differentiated into mature OLs expressing MBP with complex membrane sheet (E). Two weeks after
cocultured with DRG neurons, adult OPCs became OLs, which formed myelin sheaths around the axons (F). Scale bars: A, E, F, 20
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CNTF-OPCs, EGFP-OPCs, or DMEM, respec-
tively, at four sites as described above. One
week after transplantation, animals were killed
with an overdose of Nembutal and 4 mm of
spinal cord (2 mm from the injured epicenter
cranially and caudally, respectively) was used
for protein isolation. Spinal cords were ho-
mogenized with cold lysis buffer as described
above. After protein concentrations were cal-
culated with the BCA protein assay, expression
of CNTF in the injured spinal cord was de-
tected by using the same ELISA assay as de-
scribed above for OPCs.

Behavioral assessment. Open-field locomo-
tor testing using the Basso—Beattie—Bresnahan
(BBB) locomotor rating scale (Basso et al.,
1995) was performed at day 7 after injury and
once weekly thereafter for 7 weeks after injury.
All the animals were coded and behavioral as-
sessments were performed by two investigators
blinded with respect to the treatment groups.
The mean BBB scores were tallied by injured
groups and plotted as a function of time after
injury. Changes in BBB scores over time for the
five groups were analyzed using repeated-
measures ANOVA with the between-groups
factor. Differences among the groups and each
group over the 7 postinjury test weeks were
performed using Tukey’s HSD post hoc t tests.

Electrophysiological assessment of spinal cord
function. The methods for evaluating transcranial
magnetic motor-evoked potential (tctMMEP)
and magnetic interenlargement reflex (MIER)
responses were described in detail in previous
studies (Loy et al., 2002; Cao et al., 2005a,b;
Beaumont et al., 2006). Briefly, ttMMEPs
were recorded preoperatively and every
other week postoperatively in restrained,
unanesthetized rats as a means to evaluate con-
duction through long descending motor path-
ways. The tctMMEP system used a MagStim
200 magnetic stimulator attached to a 50-mm-
diameter transducer coil (Magstim) and re-
corded using a Cadwell Sierra II data acquisition
system. The transducer was placed over the
skull, and a short (70 ws) magnetic pulse was
delivered while EMG responses were recorded
from hindlimb flexor (tibialis anterior) and ex-
tensor (gastrocnemius) muscles with single needle electrodes.

MIER responses were used as a means to evaluate conduction of long,
interenlargement ascending propriospinal axons. Also recorded from
unanesthetized animals, EMGs from the triceps muscle after magnetic
stimulation of the contralateral hindlimb were recorded in response to
magnetic stimulation (single or paired with a 1 ms separation) of the
sciatic nerve in one hindlimb by placing a dual 25 mm figure eight coil
(Magstim) over the hip and proximal femur. Both amplitudes and laten-
cies of ttMMEP and MIER responses were analyzed by random and
fixed-effects model with repeated-measures ANOVA followed by the
appropriate post hoc t tests using a 0.05 confidence interval.

Immunohistochemistry. For the histological analysis of the grafted cells,
rats were anesthetized with 80 mg/kg Nembutal and perfused transcar-
dially with 0.01 m PBS, pH 7.4, followed by 4% paraformaldehyde in
0.01 M phosphate buffer (PB). The spinal cord segments that received the
grafts were removed, cryoprotected in 30% sucrose buffer overnight at
4°C, and embedded in OCT compound. Some cords were transversely
sectioned at 16 pwm on a cryostat, whereas others were cut longitudinally.
After blocking with 10% donkey serum in Tris-buffered saline (TBS)
containing 0.3% Triton X-100 (TBST) for 1 h at room temperature (RT),
the sections were incubated in TBST containing 5% donkey serum, poly-



2992 - J. Neurosci., February 24, 2010 - 30(8):2989 -3001

clonal chicken anti-GFP (1:500; Millipore Bio-
science Research Reagents) or polyclonal
rabbit anti-neurofilament M (NFM) (a marker
for axons; 1:200; Millipore Bioscience Research
Reagents) with one of the following monoclo-
nal mouse antibodies: anti-MBP (a marker for
myelin; 1:50; Millipore Bioscience Research
Reagents), anti-GFAP (a marker for astrocytes;
1:100; Millipore Bioscience Research Reagents),
anti-adenomatus polyposis coli (APC) (also
called CC1; a marker that labels cell bodies of
mature OL) (1:200; BD Pharmingen), anti-
NG2 (a marker for OPCs; 1:200; Millipore Bio-
science Research Reagents), or anti-nestin (a
marker for undifferentiated NSCs or progeni-
tor cells; 1:10; DSHB) overnight at 4°C. After
three washes of 10 min in TBS, sections were
incubated in TBST containing 5% donkey serum,
donkey anti-sheep or donkey anti-chicken FITC-
conjugated Fab’ fragments (1:100), donkey anti-
mouse Texas Red-conjugated Fab’ fragments
(1:200), or donkey anti-rabbit AMCA (amino-
methyl-coumarin-acetate)-conjugated Fab’
fragments (1:100; Jackson ImmunoResearch
Laboratories) for 1 h at RT. The sections were
rinsed in TBS and coverslipped with antifade
mounting medium (Invitrogen). A Nikon
Eclipse TE300 inverted fluorescence micro-
scope equipped with RT color Spot camera or a
Zeiss Axiophot, LSM 510 confocal microscopy
was used to capture representative images. Pho-
tomicrographs were assembled using Adobe
Photoshop and Adobe Illustrator software.

To determine the differentiation of grafted EGFP- or CNTF-OPCs in
the injured spinal cord, four coronal sections, 200 wm apart, were taken
spanning the lesion epicenter. The percentage of engrafted OPCs (either
EGFP- or CNTF-infected, identified by EGFP expression) that coex-
pressed APC was quantified for the two groups of grafted animals. For
ratio analysis, unbiased stereological counting methods are not needed
(Coggeshall and Lekan, 1996).

Quantification of axonal density and remyelination. High-precision
design-based unbiased systematic random sampling technique (Storke-
baum et al., 2005) was used to quantify the number of normally myelin-
ated, OL- or Schwann cell-remyelinated axons in the ventrolateral
funiculus (VLF) and lateral funiculus (LF) where ttMMEP and MIER
responses are carried, respectively. Three representative toluidine blue-
stained 1 um semithin cross sections at the injured epicenter were used
for each animal. To obtain accurate counts without relying on densities
or introducing shrinkage bias, geometrical anatomy in the injured spinal
cord was used to define the VLF and LF (Casley-Smith, 1988). The whole
spinal cords on toluidine blue-stained 1 wm semithin cross sections were
traced with an Olympus BX60 microscope attached to a stereology work-
station (StereoInvestigator; MicroBrightField) at 120X magnification.
This outer trace was then partitioned into eight equal segments. The
center of each section was determined by the intersection of two digitally
imposed lines that connected any point to its opposite point. The VLF
was defined by connecting the points in the anterior median fissure, the
point directly lateral to the anterior medial fissure, and the center point.
The LF was defined by connecting the points immediately lateral to the
anterior median fissure, the point immediately lateral to the dorsal cen-
ter, and absolute center point. The VLF and LF at each representative
section were divided into counting frames of 25 by 25 um using the
Optical Fractionator probe of the software Stereolnvestigator at 120X
magnification. The scan grid size was anticipated to be 250 X 250 um,
allowing for an area-sampling fraction (ASF) of 1/100 (the scan grid size
and ASF were determined by the software with a Schmitz—Hof coefficient
of error <0.10). The scan grid orientation was randomly rotated since
the spinal cords were non-isotropically cut. The number of normally
myelinated and OL- or Schwann cell-remyelinated axons were counted

Figure 2.

Scale bars, 50 pm.
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CNTF promoted OL differentiation of adult OPCs in vitro. Adult OPCs were grown in basal medium containing FGF2 (5
ng/ml) and theindicated growth factor for 3 d. The effect of individual growth factor to overcome the inhibition of FGF2 to promote
differentiation was defined by the percentage of 01 OLs. Compared with control (), CNTF (B) and IGF1 (C) significantly pro-
moted differentiation, whereas otherfactors had no significant effect (D). Data in Drepresent the mean = SD (n = 4). **p < 0.05.

in the sampling area at 3000X magnification using an oil-immersion
objective with a high numerical aperture (100 X; oil; numerical aperture,
1.00) by a investigator who was blinded to the animal groups. The axon
counts of each category in all sampling areas in the defined VLF or LF of
each section were multiplied by the sampling probability to give an esti-
mate of the total number of axons of each category within VLF or LF as
described previously (Schmitz and Hof, 2000). The numbers from the
three sections at the epicenter were averaged. The difference between the
axon number in each category in the VLF or LF among groups was
analyzed with repeated-measures ANOVA followed by the appropriate
post hoc t tests using a 0.05 confidence interval.

Electron microscopic immunocytochemistry. For immuno-EM, rats
were perfused with the same perfusion fixatives as described above for
immunohistochemistry but with addition of 0.1% glutaraldehyde. After
perfusion, the spinal cord was carefully dissected out and blocked into
proximal (injured epicenter) and distant (8 mm away from the epicen-
ter) segments in both caudal and rostral directions. Horizontal sections
were cut at 40 wm on a vibratome. The sections were subjected to immu-
nohistochemical processing for hPAP using the avidin—biotin peroxi-
dase complex (ABC) method. Briefly, sections were blocked in 10% goat
serumin 0.01 M PBS containing 0.05% Triton X-100 for 30 min at RT and
then incubated with polyclonal rabbit anti-hPAP antibody (1:2000; Mil-
lipore Bioscience Research Reagents) containing 3% goat serum for 24 h
at 4°C. After several rinses in 0.01 M PBS, the sections were reacted with
biotinylated goat anti-rabbit IgG (1:200; Vector Laboratories) for 1 h and
subsequently with Vector ABC reagent (1:200; Vector Laboratories) for
1 hat RT. The reaction product was revealed by incubation for 5-10 min
with 0.05% diaminobenzidine tetrahydrochloride (DAB) and 0.01%
H,0, in 0.05 M Tris-HCI, pH 7.6. After reaction, the sections were
postfixed in 1% osmium tetroxide in 0.1 M PB, pH 7.4, for 1 h at RT
and dehydrated in graded ethanols and propylene oxide. The sections
were then flat-embedded in Epon on slides. After cutting, sections
were examined and the VLF was cut out and glued to Epon cylinders
for ultrathin sectioning. The ultrathin sections were mounted on
grids and examined and photographed using a Philips CM10 trans-
mission electron microscope.
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CNTF significantly increased OL survival and maturation in vitro. Adult OPCs were differentiated for 2 d in basal medium (BM) to become 01 OLs and continued to mature for 5 more

daysin BM plus the indicated growth factor. Without additional trophic support, most OLs underwent apoptosis (4). Addition of CNTF prevented most OLs from initiating apoptosis (B). The surviving
OLs showed mature OL morphology with complex membrane sheets. Although all tested growth factors protected differentiated OLs from death, CNTF was the most effective (€). The survival of OLs
was also measured by MTT (D—F ). Compared with control BM (D), there was significantly more survival with all growth factors, but CNTF was the most effective (E, F). Datain Cand F represent the

mean = SD (n = 4). “A‘p < 0.05. Scale bars: A, B, 25 um; D, E, 50 um.

Results

Isolation, expansion, and characterization of OPCs from
adult spinal cord

All isolated OPCs expressed hPAP (Fig. 1A,B). More impor-
tantly, >95% of these cells expressed the OPC-specific markers
04 (Fig. 1 A), A2B5 (Fig. 1 B), or NG2 (Fig. 1C). Less than 10% of
adult OPCs expressed the more mature oligodendrocyte-specific
marker O1 (data not shown). Adult OPCs were not labeled by
antibodies recognizing the mature oligodendrocyte-specific pro-
teins MBP and PLP (proteolipid protein) or the astrocyte-specific
proteins GFAP and vimentin (data not shown). Adult OPCs pro-
liferated in culture medium containing FGF2 and PDGFaa for
multiple passages (at least 10) in vitro without changing pheno-
type (Cheng et al., 2007). To test their differentiation potential,
adult OPCs were induced to differentiate by withdrawing FGF2
and PDGFaa. When cultured in serum-free medium containing
insulin and CNTF but lacking FGF2 and PDGFaa for 3 d, >85%
of cells expressed O1 and developed the typical, highly process-
bearing morphology of OLs (Fig. 1D). Moreover, over 6 d of
differentiation, >80% of the cells developed into mature MBP ©
OLs with visible membrane sheets (Fig. 1 E). To further test their
capacity to myelinate axons in vitro, adult OPCs were cocultured
with purified embryonic dorsal root ganglion (DRG) neurons
(Plant et al., 2002; Cao et al., 2005b). After coculture for 2 weeks,
adult OPCs were observed to myelinate the DRG axons as as-
sessed by MBP expression (Fig. 1F). These results demonstrate
that adult OPCs have the capacity to differentiate into mature
oligodendrocytes to myelinate axons in vitro. Whereas no astro-
cytic differentiation was observed in the differentiation medium
without serum, >60% of adult OPCs differentiated into GFAP *
astrocytes after differentiation in the same medium with 10%
FBS (Cheng et al., 2007). These astrocytes also expressed A2B5
with the typical stellate morphology of type 2 astrocytes. These
results showed that adult OPCs from the spinal cord were bipo-
tential with the capacity to differentiate into oligodendrocytes in

the absence of serum and into type 2 astrocytes in the presence of
serum, similar to their perinatal counterparts (Raff et al., 1983).

Differentiation and survival of adult OPCs induced by growth
factors in vitro

A substantial number of growth factors play critical roles in the
regulation of OPC differentiation, maturation, and survival dur-
ing CNS development. Their effects on adult OPCs have not been
well investigated. We examined whether OL differentiation of
adult OPCs could be promoted by the growth factors NT3,
CNTF, IGF1, NRG, or GDNF, all having been previously shown
to regulate OL development. Adult OPCs were differentiated for
5 d in basal medium with 5 ng/ml FGF2 plus one growth factor
(10 ng/ml). Our previous study showed that adult OPCs sponta-
neously differentiated into OLs after withdrawal of mitogens
FGF2 and PDGFaa (Cheng et al., 2007). Hence, addition of FGF2
(5 ng/ml) prevented the spontaneous differentiation. After cul-
ture for 3 d in basal medium containing 5 ng/ml FGF2 but with-
out growth factor, 17% of OPCs differentiated into O1 ™ OLs
(Fig. 2A,D). After differentiation with CNTF (Fig. 2B), IGF1
(Fig. 2C), NT3, NRG, or GDNF, the percentages of O1 * OLs
were 41, 40, 18, 22, and 29, respectively (Fig. 2D). Addition of
CNTF or IGF1 significantly increased the percentage of O1 * OLs
compared with the control cultures without growth factor (all
p < 0.05).

We further tested whether these growth factors could pro-
mote the survival of differentiated OLs. Adult OPCs were in-
duced to differentiate into O1 * OLs by withdrawal of FGF2 and
PDGFaa for 2 d. The differentiated OLs were subsequently grown
for 5 d in basal medium alone or with NT3, CNTF, IGF1, NRG, or
GDNF (10 ng/ml). In basal medium, 85% of OLs were apoptotic
(Fig. 3A, C). The membrane sheets in these OLs were broken and
lost (Fig. 3A). However, the majority of OLs in the CNTF cultures
survived (Fig. 3B,C). These OLs had an extensive membrane
sheet, a typical in vitro morphology of mature OLs (Fig. 3B). The
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percentage of apoptotic OLs in the cul-
tures with CNTF, NT3, IGF1, NRG, or
GDNF was 28, 65, 52, 54, 68%, respec-
tively (Fig. 3C), all being significantly de-
creased compared with 85% in basal
medium. The number of surviving OLs,
assessed by MTT staining, was much
higher in the cultures with CNTF than in
control cultures (Fig. 3D,E). The total
number of OLs in the cultures with
CNTF, NT3, IGF1, NRG, or GDNF was
4.6, 2, 2.8, 2.9, or 1.9 times greater than
that seen in the control cultures, respec-
tively (Fig. 3F) (all p < 0.01). Therefore,
among all these tested growth factors,
CNTF was the most effective in promot-
ing the survival and differentiation of
adult OPCs.

Transplanted OPCs survive and
migrate within the injured spinal cord
We next asked whether adult OPCs would
survive and integrate into the injured spi-
nal cord after transplantation. We further
examined whether expression of CNTF
would promote the survival and differen-
tiation of grafted OPCs in the injured spi-
nal cord. We infected hPAP * OPCs with
retroviruses expressing either EGFP or
CNTF before transplantation. Two days
after infection, >70% of OPCs expressed
EGFP or CNTF (Fig. 4A). The expres-
sion of CNTF in the infected OPCs was
confirmed by ELISA (Fig. 4B). The con-
centration of CNTF in CNTF-OPCs is
fivefold increased compared with the
uninfected or EGFP-OPCs at 2 d after
infection. To further examine whether
CNTF-OPCs could stably express CNTF
in the injured spinal cord after transplan-
tation, we grafted CNTF-OPCs into the
injured spinal cord at 8 d after SCI and
then detected their expression of CNTF
by immunohistochemistry and ELISA 1
week later. As shown in Figure 4C, the
grafted CNTF-OPCs retained their ex-
pression of CNTF in vivo 1 week after
transplantation. Our ELISA also showed
that expression of CNTF in animals that
received grafts of CNTF-OPCs was signif-
icantly higher compared with ones that
received grafts of DMEM or EGFP-OPCs
at 1 week after transplantation (2 weeks
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Figure 4.  CNTF promoted the survival of grafted OPCs after SCI. Adult OPCs were infected with retroviruses to express EGFP or
CNTF. At 2 d after infection, >70% of OPCs were infected (A). Importantly, expression of CNTF in CNTF-OPCs was significantly
higher compared with uninfected or EGFP-OPCs by ELISA (B). One week after transplantation, CNTF-OPCs continued to express
CNTF in the injured spinal cord (C, arrows). The ELISA showed that CNTF concentrations in the injured spinal cord from animals
receiving grafted CNTF-OPCs were significantly higher than animals receiving DMEM, or EGFP-OPCs (D). The effects of CNTF
expression on the long-term survival of grafted OPCs were detected by hPAP immunohistochemistry. At 2 months after transplan-
tation, robust graft survival was observed for both CNTF- (E-G) or EGFP-OPCs (data not shown). At higher magnification, the
hPAP-immunoreactive processes formed ring-like structures that were evident in cross sections (F) and sheath-like structures
readily apparent in longitudinal sections (G). The survival and process elaboration from the grafted OPCs, measured by hPAP
immunoreactivity, was four time greater in C(NTF-OPCs compared with EGFP-OPCs (D), indicating that expression of CNTF pro-
moted the survival of grafted OPCs after SCI. Datain B, D and Hrepresent the mean == SD (n = 3inBand Dand 6in H). *p << 0.05.
Scale bars: 4, C, 50 wum; E, 500 wm; F, G, 20 pm.

after injury) (Fig. 4D). These results demonstrated that expres-
sion of CNTF was significantly increased in CNTF-OPCs both in
vitro and in vivo. We next tested the effects of CNTF expression
on the long-term survival of grafted OPCs in the injured spinal
cord. The survival of grafted OPCs was identified by hPAP im-
munoreactivity at 7 weeks after transplantation. As shown in
Figure 4, robust survival of transplanted OPCs was observed in
CNTF-OPC-grafted animals ( E-G) and also EGFP-OPC-grafted
animals (data not shown). Surviving OPCs distributed around
the cavities and integrated into the spared spinal cord paren-

chyma in the injured epicenter (Fig. 4E). The hPAP-immuno-
reactive processes from grafted OPCs formed ring structures in
cross sections (Fig. 4 F, arrows) and sheaths along axons in lon-
gitudinal sections (Fig. 4G, arrows).

To further examine whether expression of CNTF could in-
crease the survival of the grafted OPCs in the injured spinal cords,
we quantified the total volume of hPAP immunoreactivity in
animals that received EGFP-OPC or CNTF-OPC grafts at 7 weeks
after transplantation. The average volume of hPAP immunore-
activity in CNTF-OPC-grafted animals was 0.23 mm *, which was
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3.4 times higher compared with 0.07 mm? in EGFP-OPC-grafted
ones (Fig. 4H). The survival of grafted OPCs was significantly
increased in CNTF-OPC grafts compared with EGFP-OPC
grafts, indicating that the expression of CNTF promoted the sur-
vival of grafted OPCs in the injured spinal cord.

Transplanted OPCs differentiate into OLs in the injured
spinal cord

The grafted OPCs were double-stained with hPAP or EGFP and
one of these neural cell markers: APC (mature OLs), p75
(Schwann cells), GFAP (astrocytes), or NG2 (undifferentiated
OPCs). Before transplantation, most OPCs expressed NG2 (Fig.
1), a marker of undifferentiated OPCs. However, the majority of
the grafted cells lost their expression of NG2 (data not shown).
The results suggest that most grafted OPCs have started to differ-
entiate. Most grafted OPCs, identified by hPAP in their mem-
branes, expressed APC in their cytoplasm (Fig. 5A—C, arrows).
Since the grafted OPCs also expressed EGFP, we double stained
for EGFP and APC. Both EGFP and APC labeled the cytoplasm,
and their colocation was more clearly shown in Figure 5D—F.
These results showed that majority of grafted OPCs, identified by
either hPAP (Fig. 5A-C) or EGFP (Fig. 5D-F) immunobhisto-

EGFP/GFAP/DAPI

OL differentiation of transplanted OPCs after SCI. Two months after transplantation, many grafted CNTF-OPCs
differentiated into APC * mature OLs in the injured spinal cord (A—F ). The grafted hPAP * OPCs coexpressed the mature OL
marker, APC, in their cytoplasm (A-C, arrows). Similarly, the grafted OPCs identified by EGFP immunoreactivity in their
cytoplasm also coexpressed APC (D—F, arrows). Although p75 ™ Schwann cells were found in the contused spinal cord,
Schwann cell differentiation of transplanted OPCs was not observed (G—/, arrows). The grafted OPCs also did not differen-
tiate into GFAP ™ astrocytes, although gliosis, shown by GFAP immunoreactivity, was obvious in the injured spinal cord.
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chemistry, differentiated into OLs. We
chose EGFP over hPAP to quantify the dif-
ferentiated phenotypes of grafted OPCs
since EGFP labeled mainly the cell body.
The OL differentiation from EGFP- or
CNTF-OPCs was 46 and 70%, respec-
tively. The percentage of OL differentia-
tion from CNTF-OPCs was significantly
higher than the control EGFP-OPCs ( p <
0.05). Our previous study (Talbott et al.,
2006) showed that adult OPCs differenti-
ate into Schwann cells after transplanta-
tion into chemically demyelinated spinal
cord. Moreover, another study reported
that APC labeled Schwann cells in addi-
tion to OLs (McTigue et al., 2001). To
directly detect whether grafted OPCs
differentiate into Schwann cells, we exam-
ined the expression of p75 in the grafted
OPCs. Although strong expression of p75
was observed in the Schwann cells of the
nerve root and Schwann cells that invaded
in the injured spinal cord (Fig. 5G-I), the
grafted EGFP- or CNTF-OPCs did not ex-
press p75 (Fig. 5G-I, arrows). Previous
studies showed that the microenviron-
ment in the contused spinal cord induced
grafted NSCs mainly to differentiate into
astrocytes (Chow et al., 2000; Cao et al.,
2001; Hofstetter et al.,, 2005). We ad-
dressed whether the grafted OPCs differ-
entiated into astrocytes in the injured
spinal cord by double staining the grafted
OPCs with EGFP and GFAP. Gliosis,
shown by the strong GFAP immunoreac-
tivity, is evident in the injured spinal cord
(Fig. 5]-L). However, grafted OPCs did
not express GFAP, indicating no astrocyte
differentiation. Our results indicated that
adult OPCs mainly differentiated along
mature OLs after transplantation into the
injured spinal cord and that expression of CNTF significantly
increased their OL differentiation.

To test the effects of grafted OPCs on the differentiation of
endogenous OPCs after SCI, the endogenous OPCs were labeled
by injection of BrdU for the first 5 d after contusion. Then the
percentage of BrdU ™ cells that differentiated into APC ™ OLs in
the white matter at the injury epicenter was quantified in an-
imals receiving grafts of DMEM, EGFP-OPCs, or CNTF-OPCs
at 1 week after transplantation. As shown in supplemental
Figure 1 (available at www.jneurosci.org as supplemental ma-
terial), OL differentiation from endogenous BrdU * cells was
observed in animals receiving grafts of CNTF-OPCs (A-D,
arrows), EGFP-OPCs (E-H, arrows), or DMEM (I-K). How-
ever, the percentages of BrdU ¥ cells that differentiate into
APC™ OLs were significantly higher in animals receiving
grafts of CNTF-OPCs (27.1 = 5.7) or EGFP-OPCs (22.7 =
8.8) compared with one receiving grafts of DMEM (14.7 =
4.3). The percentages in CNTF-OPC-grafted animals were
also higher than EGFP-OPC-grafted animals. These results
suggest that OL differentiation of endogenous OPCs was en-
hanced by transplantation of EGFP- or CNTF-OPCs.
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Transplanted OPCs remyelinate the
demyelinated axons in the injured
spinal cord

All grafted OPCs express hPAP in their
membrane. Therefore, we used hPAP im-
munoreactivity to directly detect whether
mature OLs derived from the grafted
hPAP * OPCs would form a myelin sheath
around axons in the injured spinal cord.
We found that grafted hPAP * OPCs differ-
entiated into APC ™ OLs (Fig. 6 A—C, arrow-
head), which formed multiple rings
around the NFM * axons evident in cross
sections (Fig. 6 A—C, arrows). Multiple
rings were seen emerging from a cell body
of a hPAP "/APC " OL (arrowhead). We
further demonstrated that these hPAP ©
rings around NFM * axons were MBP *
(Fig. 6 D-F, arrows). The remyelination
from the grafted hPAP * OPCs was more
evident in longitudinal sections (Fig. 6G—
I). NFM " axons were clearly wrapped by
the hPAP ™ processes, which were cola-
beled by MBP (Fig. 6G-I, arrows). We fur-
ther confirmed the grafted OPC-derived OL
remyelination by using immunoelectron
microscopy. hPAP immunoreactivity was
detected in the membrane of processes or
cell bodies of the grafted cells in the injured
spinal cord. The hPAP ™ cells showed ultrastuctural characteristics
of mature OLs, which sent their processes to wrap multiple axons
close to them (Fig. 7A). The hPAP immunoreactivity was directly
detected in myelin at higher magnifications (Fig. 7 B,C), indicating
remyelination derived from grafted OPCs.

The remyelination was further quantified on the toluidine
blue-stained 1 wm semithin cross sections of the transplanted
spinal cord by using high-precision design-based unbiased sys-
tematic random sampling technique. OL- or SC-remyelinated
axons were readily distinguished under high magnification (Fig.
7D). OL-remyelinated axons (Fig. 7D, arrows) were identified by
their characteristically thin myelin sheaths relative to the diame-
ter of the axons, with a myelin sheath thickness ranging from
0.1 to 0.4 wm (Hildebrand and Hahn, 1978; Guy et al., 1989;
Keirstead etal., 2005). Schwann cell-remyelinated axons (Fig. 7D,
arrowheads) were identified by their characteristically thick my-
elin sheaths relative to axon diameter, with myelin sheath thick-
ness ranging from 0.6 to 1.2 um, their darker myelin staining
relative to OL myelin, and the presence of a cell body immediately
juxtaposed to the myelin sheath (Hildebrand and Hahn, 1978;
Gilson and Blakemore, 2002; Keirstead et al., 2005). We counted
OL- or SC-remyelinated axons in the VLF and LF of spinal cord at
the injured epicenter. The number of OL-remyelinated axons was
10,898, 6912, 3898, 3625, and 3513, respectively, in the VLF at the
injury epicenter of spinal cords that received the grafts of CNTF-
OPCs, EGFP-OPCs, CNTF-FBs, EGFP-FBs, or DMEM (Fig. 7E).
The number of OL-remyelinated axons in the CNTF-OPC-
grafted group is significantly higher than all other groups (p <
0.001). The number of OL-remyelinated axons in all other groups
was not statistically different, although the EGFP-OPC-grafted
group had more OL-remyelinated axons than other three groups.
The number of OL-remyelinated axons in the LF of the epicenter
of the injured spinal cords that received the grafts of CNTF-
OPCs, EGFP-OPCs, CNTF-FBs, EGFP-FBs, or DMEM was

Figure 6.
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OL remyelination by grafted OPCs after SCI. The grafted OPCs differentiated into mature APC * OLs (A-C, arrow-
heads), which formed myelin rings around NFM * axons (4—C, arrows). Double staining for hPAP and MBP in cross sections further
confirmed that hPAP-immunoreactive rings around NFM * axons were MBP * myelin (D~F, arrows). In longitudinal section, MBP
myelin sheaths from the grafted OPCs were more clearly shown along the NFM * axons (G-1, arrows). Scale bars: A—1, 20 m.

42,739, 25,382, 14,704, 13,493, and 12,957, respectively. The
CNTF-OPC-grafted animals had significant more remyelinated
axons in LF than all other groups ( p < 0.01). The EGFP-OPC-
grafted animals also had significant more OL remyelination than
animals receiving CNTE-FBs, EGFP-FBs, or control DMEM. The
number of Schwann cell-remyelinated axons in either VLF or LF
were not significantly different among five groups (Fig. 7F).

Electrophysiological and locomotor functional recovery after
transplantation of adult OPCs

We next asked whether the increased remyelination by OPC
transplantation could restore electrophysiological conduction.
Previous studies showed that ttMMEP and MIER responses pro-
vided a reproducible, noninvasive, and objective assessment of
axonal conduction and functional integrity in the descending
VLF and intersegmental LF motor pathways, respectively, in both
normal and injured spinal cord (Fehlings et al., 1987; Loy et al.,
2002; Beaumont et al., 2006). We used these responses to monitor
the electrophysiological function of VLF and LF axons after graft-
ing. In the normal adult rat, the latency of the monosynaptic
tcMMEP response was 6.2 = 0.3 ms and the amplitudes of this
normal response ranged from 9.0 to 21.0 mV with an average of
16.0 = 3.8 mV (Loy et al., 2002; Cao et al., 2005a). After a 150
kdyn contusive SCI, tctMMEP responses disappeared (Fig. 84).
One week after transplantation of CNTF-OPCs, tctMMEP re-
sponses were partially restored in 6 of 10 rats (Fig. 8 A); however,
the latencies (8.03 = 0.26 ms) were significantly longer (p <
0.001) and the amplitudes (0.75 = 0.47 mv) were significantly
smaller (p < 0.001) than in normal animals (Fig. 8 B,C). The
latencies of ttMMEP responses in CNTF-OPC-transplanted an-
imals continued to become shorter over time (Fig. 8 B). The la-
tencies at 3 weeks after graft, 6.35 = 0.66 ms, were significantly
shorter compared with week 1 after graft (p < 0.01) but still
significantly longer than the latencies in normal animals. At week
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5 after grafting, the latencies dropped to 5.84 * 0.39 ms, which
were significantly shorter than at weeks 1 and 3 after grafting (all
p < 0.05), but were not significantly different from normal ani-
mals ( p > 0.05). The mean amplitudes of the returned tctMMEP
were also significantly increased over time (Fig. 8C). The ampli-
tudes at week 3 and 5 weeks after graft, 2.0 = 1.9 and 4.33 = 1.3,
respectively, were significantly higher than at week 1 after graft,
0.75 * 0.47 (all p < 0.01). The tcMMEP responses were also
partially recovered in 2 of 10 rats receiving EGFP-OPC grafts
from 1 week to 5 weeks after graft. In the animals that received
DMEM, EGFP-FBs, or CNTF-FBs, the return of tctMMEP re-
sponses was not observed (data not shown). MIER responses
were also conducted at 7 weeks after graft. Animals with recov-
ered MIER responses were 2, 3, 2, 4, and 8 of 10 in groups that
received grafts of DMEM, EGFP-FBs, CNTEF-FBs, EGFP-OPCs,
or CNTF-OPCs, respectively (Fig. 8 D). The latencies of recov-
ered MIER responses in CNTF-OPC-grafted animals were 6.6 =
0.24 ms, which were significantly longer than in the normal rats
(5.44 = 0.61) (Fig. 8 E). The amplitudes of the recovered MIER
responses (2.13 = 1.99) were significantly smaller than normal
(6.65 = 0.22) (Fig. 8 E). Our results showed that transplantation
of CNTF-OPCs significantly increased the animals’ tcMMEP and
MIER responses, indicating that the conduction of the initially
demyelinated axons in the VLF and LF was partially restored.

CNTF increased the number of OL-remyelinated axons by grafted OPCs after SCI. Immuno-EM confirmed that OLs from
grafted OPCs, as shown by hPAP immunoreactivity, formed myelin on multiple axons (A). At higher magnification (the boxin Ais shownin
B),itisevident that DAB reaction product of hPAP immunoreactivity is found with the myelin surrounding one of the axons (B, €), indicating
that these myelin sheaths were derived from grafted OPCs. OL- (D, arrows) and Schwann cell-remyelinated axons (D, arrowheads) were
readily distinguished in the thin plastic section of spinal cord stained with toluidine blue. The OL-remyelinated axons (), but not SC-
remyelinated axons (F), significantly increased in both VLF and LF at the injury epicenter in rats with grafts of OPCs or C(NTF-OPCs. Datain E
and Frepresent the mean = SD (n = 6). *p << 0.05; **p < 0.01. Scale bar: A-C, 1 jum; D, 10 .
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We further asked whether the electro-
physiological restoration of ttMMEP and
MIER responses correlated with improve-
ment of hindlimb locomotor function.
Locomotor function assessed by the BBB
locomotor scores significantly improved
over time in each group (Fig. 9A). BBB
scores were significantly higher at weeks
4-7 (p<0.01) than at week 1 after injury
in all five groups. More importantly,
CNTF-OPC-grafted animals exhibited
significantly higher BBB locomotor scores
than those receiving DMEM, EGFP-FBs,
or CNTF-FBs at 3—7 weeks after injury (all
p < 0.05). BBB scores in EGFP-OPC-
grafted animals were also significantly
higher than these three groups at 5-7
weeks after injury (all p < 0.05). Although
there was a trend for greater improvement
of BBB scores in CNTF-OPC-grafted ani-
mals over EGFP-OPC-grafted ones from
3 to 7 weeks after injury, this improve-
ment was not statistically significant. BBB
scores among the five groups were not sig-
nificantly different at 1 week after injury
and before transplantation or at 2 weeks
after injury and 1 week after transplanta-
tion. The BBB locomotor function scores
were not significantly different among an-
imals receiving DMEM, EGFP-FBs, or
CNTE-FBs at all tested time points. There-
fore, our behavioral results showed that
transplantation of CNTF- or EGFP-OPCs
significantly improved the hindlimb loco-
motor functions after SCI. To further inves-
tigate the relationship of remyelination and
locomotion functional recovery, we asked
whether the number of OL-remyelinated
axons in the injured spinal cord correlated
with BBB scores. As shown in Figure 9, B and C, the OL-
remyelinated axons in the LF and VLF in the injury epicenter from
animals of all groups were closely correlated with their BBB scores at
7 weeks after injury. The results suggest the direct contribution of OL
remyelination to locomotion functional recovery.

Discussion

Differentiation of adult OPCs in the injured spinal cord
Multiple types of cells, including NSCs, glial-restricted precur-
sors (GRPs), and OPCs, have been transplanted into the injured
spinal cord (Enzmann et al., 2006; Coutts and Keirstead, 2008;
Kulbatski et al., 2008; Louro and Pearse, 2008). Multipotent
NSCs, isolated from fetal or adult CNS, mainly differentiate into
astrocytes with a few (<<5%) into OL after transplantation into
the injured spinal cord (Chow et al., 2000; Shihabuddin et al.,
2000; Cao et al., 2001; Wu et al., 2002; Vroemen et al., 2003;
Hofstetter et al., 2005). Approximately 15% of grafted GRPs in
the injured spinal cord differentiate into mature OLs (Cao et al.,
2005b). In contrast, a much higher percentage (47%) of grafted
adult OPCs differentiate into mature OLs as shown in this study.
Importantly, when xenografted to the forebrains of newborn
shiver mice, OPCs from adult human subcortical white matter
generate OLs more efficiently and ensheathed more host axons
per donor cell than OPCs from 21- to 23-week-old fetal human
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forebrain (Windrem et al., 2004). Consis-
tent with their findings, our results showed
that adult OPC transplantation leads to
faster locomotion recovery than their em-
bryonic counterpart (Cao et al., 2005b).
Furthermore, although adult spinal cord
OPCs differentiate into type 2 astrocytes
in medium containing serum or bone
morphogenetic proteins (Cheng et al.,
2007), transplanted adult OPCs either dif-
ferentiate into mature OLs or remained
undifferentiated in the injured spinal
cord. These results are consistent with
previous studies. Bipotential OPCs from
neonatal optical nerve or brain differenti-
ate along OL lineages without astrocyte
commitment after transplantation into
the adult demyelinated (Groves et al.,
1993) or contused (Lee et al., 2005) spinal
cord. Since astrocyte differentiation from
grafted NSCs enhances the plasticity of
pain fibers and promotes allodynia after
SCI (Hofstetter et al., 2005), lack of astro-
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cyte differentiation and concomitant allo-
dynia plus its greatest potential for OL
differentiation may make adult OPCs an
ideal candidate for cell grafts to OL re-
placement and remyelination after SCIL.
Successful OL differentiation and re-
myelination from engrafted OPCs raises
the question of why endogenous remy-
elination is incomplete. OPCs persist in
the normal adult spinal cord (Horner et
al., 2000), and although the turnover of
these cells is relatively low under normal
conditions, their proliferation increases
significantly after SCI (Ishii et al., 2001;
McTigue et al., 2001; Yamamoto et al.,
2001) or MS (Wolswijk, 1998, 2000). OL
differentiation and remyelination from en-
dogenous adult OPCs occur after CNS inju-
ries (Gensert and Goldman, 1997; Zai and
Wrathall, 2005; Tripathi and McTigue,
2007), but spontaneous remyelination is
limited and incomplete after SCI. Electro-
physiological experiments show persis-
tent deficits of axonal conduction after
SCI in humans (Alexeeva et al., 1997,
1998) and rodents (Blight, 1983; Talbott
et al., 2005). Anatomical evidence also
shows the demyelinated axons after acute
and chronic SCI in both experimental an-
imals and human (Bunge et al., 1993; Cao
etal., 2005a; Guest et al., 2005; Totoiu and
Keirstead, 2005). More recent data showed
that demyelination after traumatic SCI is
chronic and progressive. Although remyelinated axons do appear in
the injured spinal cord, demyelinated axons are observed up to 450 d
after injury (Totoiu and Keirstead, 2005). Surprisingly, the number
of demyelinated axons increases in the chronic stage. A limited num-
ber of precursor cells, the presence of inhibitory factors for OL dif-
ferentiation, and/or the lack of growth factors for OL survival and
myelination in the injured CNS may all contribute to this failure of
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Electrophysiological recovery after transplantation of adult OPCs. Six of 10 animals receiving CNTF-adult OPCs showed recov-
ery of tt MMEP responses compared with 2 of 10in OPC-grafted rats and none in animals receiving grafts of DMEM, FBs, or CNTF-FBs (A). The
latencies (B) and amplitudes (C) of recovered tcMMEP responses improved over time. The latencies at 4 and 6 weeks were significantly
shorter than at 2 weeks after injury ( p << 0.05) (B). The amplitudes at 6 weeks were also significantly higher than at 2 and 4 weeks after
injury ( p <<0.05) (0). Eight of 10 rats receiving CNTF-OPCs grafts showed recovery of MIER responses at 8 weeks after graft compared with
4 of 10 in OPC-grafted rats, and 2 of 10 in animals receiving DMEM, FBs, or CNTF-FBs (D). The latencies (E) and amplitudes (F) of the
recovered MIER responses in CNTF-OPC-grafted animals were significantly longer and small, respectively, than the baseline responses
before injury (all p << 0.05). Quantitative data are the mean = SD (n = 6).

endogenous remyelination. Therefore, strategies to promote signif-
icant functional recovery after SCI by remyelination from endoge-
nous NSCs or OPCs may be proven feasible once mechanisms
regulating their proliferation, differentiation, and maturation are
better understood. OPC transplantation is presently a more effective
approach to enhance remyelination and locomotion functional re-
covery after SCL
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Figure9.  Hindlimblocomotor recovery after transplantation of adult OPCs. Locomotor func-

tion, determined using the BBB locomotor score, was significantly recovered in CNTF-OPC-
grafted animals from weeks 3 to 7 after injury, and also in EGFP-OPC-grafted animals from
weeks 5 to 7 after injury, compared with FB- or DMEM-grafted animals (4) (data are mean =
SD; n = 10; *p << 0.05). BBB scores were closely correlated with the number of OL-
remyelinated axons in both the LF (B) and VLF (C) at the injury epicenter of spinal cord.

Oligodendrocyte survival is increased by CNTF

CNTF promoted OL differentiation of adult OPCs in vitro (Fig.
2), consistent with previous studies of neonatal OPCs (Barres et
al., 1996; Marmur et al., 1998). Also consistent with studies on
neonatal OPCs (Barres et al., 1993), OLs newly differentiated
from OPCs undergo apoptosis in defined culture medium with-
out additional extracellular trophic support (Fig. 3). Addition of
CNTF in the differentiation medium dramatically decreases OL
apoptosis and supports their survival (Fig. 3). Among all tested
growth/neurotrophic factors, CNTF is most effective factor for
OL survival in vitro. CNTF also promoted OL differentiation of
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transplanted OPCs in the injured spinal cord from 47 to 70%. In
addition, the survival of the transplanted CNTF-expressing OPCs
was threefold greater than control EGFP-OPCs (Fig. 4). Since the
majority of grafted CNTF-expressing OPCs differentiate into
mature OLs (Fig. 5), the dramatic survival effect of CNTF in
grafted OPCs likely results from its protection of differentiated
OLs. CNTF has previously shown to decrease the OL cell death
and myelin loss as well as the severity of functional loss after
experimental autoimmune encephalomyelitis (Butzkueven et al.,
2002; Linker et al., 2002). More importantly, we show that com-
bination of CNTF expression and OPC transplantation signifi-
cantly increases the number of remyelinated axons in the injured
spinal cord (Figs. 6, 7). CNTF may promote remyelination from
grafted OPCs by increasing its OL differentiation and survival
or/and directly enhancing its myelination. CNTF increases OL
maturation and the expression of myelin proteins such as MBP
and MOG (myelin oligodendrocyte glycoprotein) (Stankoff et
al., 2002) and promotes myelination by OPCs when cocultured
with dorsal root ganglion neurons (Ishibashi et al., 2006). These
mechanisms may work synergistically to promote remyelination
by grafted OPCs in the injured spinal cord. Delivery of CNTF
alone is not enough to increase remyelination, since transplanta-
tion of CNTF-expressing fibroblasts did not increase the number
of remyelinated axons in the injured spinal cord or enhance hind-
limb locomotor recovery.

Remyelination as a mechanism for SCI repair

We provide strong evidence that enhancing remyelination by
transplanted OPCs is an important mechanism for SCI repair.
Transplanted OPCs predominantly differentiate into OLs, which
form myelin around the axons in the injured spinal cord. Second,
the number of OL-remyelinated axons is dramatically increased
in both the VLF and LF of the injured spinal cord after OPC
transplantation. Correspondingly, axonal conduction in the VLF
and LF, detected by tctMMEP and MIER responses, respectively,
is also significantly recovered. Third, the increased OL remyeli-
nation and electrophysiological restoration of tctMMEP and
MIER responses are highly correlated with significant improve-
ment of hindlimb locomotion. Finally, greater electrophysiolog-
ical and locomotor recoveries are achieved after expression of
CNTF in transplanted OPCs results in increasing OL differentiation
and survival and more OL-remyelinated axons in the injured spinal
cord. Importantly, the close correlation of BBB scores and the num-
ber of OL-remyelinated axons in both VLF and LF further support
the importance of remyelination in SCI repair.

Our results indicate that OPC transplantation is an effective
strategy for OL replacement and remyelination after traumatic
SCI, consistent with previous studies using NSC (Cummings et
al., 2005; Karimi-Abdolrezaee et al., 2006) or OPC grafts (Cao et
al., 2005b; Keirstead et al., 2005). Our results also support the
observation that remyelination by engrafted adult OPCs can re-
store axonal conduction, as evidenced by ttMMEP and MIER
responses. These findings suggest that the demyelinated axons in
the adult CNS can regain function if they are properly remyeli-
nated (Bambakidis and Miller, 2004; Cao et al., 2005b; Lee et al.,
2005). Previous studies have shown behavioral improvement af-
ter transplantation of NSCs or OPCs after SCI (Cao et al., 2005b;
Hofstetter et al., 2005; Keirstead et al., 2005; Karimi-Abdolrezaee
et al., 2006). Here, we more importantly demonstrate a direct
correlation of remyelination and hindlimb locomotor recovery.
In addition to cell replacement, transplanted stem cells or precur-
sor cells can release soluble neurotrophic factors to promote ax-
onal regeneration and sprouting and other constitutive repair
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after CNS injuries (Teng et al., 2002; Lu et al., 2003; Zhang et al.,
2006). Although we cannot rule out the possibility that these
“non-cell replacement” effects contribute to the locomotion re-
covery, the early recovery of electrophysiology and hindlimb lo-
comotor function supported by histological evidence suggest
remyelination is the major contributor to the observed recovery
since functional recovery from successful axonal regeneration
may take much longer, at least >1 month. The close correlation
between the number of remyelinated axons and locomotor func-
tion underscores the importance of remyelination in behavioral
improvement. It is possible that the regenerating axons and their
subsequent remyelination could facilitate functional recovery in
this experimental paradigm. However, the time course of recovery
likely rules out regeneration as a major mechanism. Expression of
CNTF dramatically increases OL differentiation and survival of and
OL remyelination by grafted OPCs, which lead to greater electro-
physiological and behavioral improvement. These results suggest
that combinatorial strategies including delivery of growth factors
and transplantation of stem cells is one effective approach for more
optimal functional recovery after SCI (Bambakidis and Miller, 2004;
Cao et al., 2005b; Karimi-Abdolrezaee et al., 2006).
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