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Cellular/Molecular

Schwann Cells But Not Olfactory Ensheathing Cells Inhibit
CNS Myelination via the Secretion of Connective Tissue
Growth Factor

Rebecca Lamond and Susan C. Barnett
Institute of Infection, Immunity and Inflammation, University of Glasgow, Glasgow G12 8TA, United Kingdom

Cell transplantation is a promising strategy to promote CNS repair and has been studied for several decades with a focus on glial cells.
Promising candidates include Schwann cells (SCs) and olfactory ensheathing cells (OECs). Both cell types are thought to be neural crest
derived and share many properties in common, although OECs appear to be a better candidate for transplantation by evoking less
astrogliosis. Using CNS mixed myelinating rat cultures plated on to a monolayer of astrocytes, we demonstrated that SCs, but not OECs,
secrete a heat labile factor(s) that inhibits oligodendrocyte myelination. Comparative qRT-PCR and ELISA showed that SCs expressed
higher levels of mRNA and protein for connective tissue growth factor (CTGF) than OECs. Anti-CTGF reversed the SCM-mediated effects
on myelination. Both SCM and CTGF inhibited the differentiation of purified rat oligodendrocyte precursor cells (OPCs). Furthermore,
pretreatment of astrocyte monolayers with SCM inhibited CNS myelination and led to transcriptional changes in the astrocyte, corre-
sponding to upregulation of bone morphogenic protein 4 mRNA and CTGF mRNA (inhibitors of OPC differentiation) and the downregu-
lation of insulin-like growth factor 2 mRNA (promoter of OPC differentiation). CTGF pretreatment of astrocytes increased their
expression of CTGF, suggesting that this inhibitory factor can be positively regulated in astrocytes. These data provide evidence for the
advantages of using OECs, and not mature SCs, for transplant-mediated repair and provide more evidence that they are a distinct and

unique glial cell type.

Introduction

Disease or injury to the CNS results in a series of detrimental
effects, including loss of tissue, irreversible damage of neurons
and their demyelination, as well as the formation of a glial scar,
which presents a physical and molecular barrier to repair (Silver
and Miller, 2004). Many strategies have been studied to promote
neurite outgrowth and remyelination, including cell transplanta-
tion and pharmacological intervention to counteract inhibitory
signals.

A range of neural cells have been proposed as candidates for
transplant-mediated repair of the CNS. We have focused on glial
cells, making comparison between Schwann cells (SCs) and ol-
factory ensheathing cells (OECs). OECs have been studied be-
cause of their ability to support continual neurogenesis within
the olfactory system while guiding regenerating fibers to their
targets in the olfactory bulbs (Graziadei et al., 1978, Graziadei and
Graziadei, 1979; Farbman, 1990). Furthermore, OECs have been
demonstrated to enhance the regeneration of DRGs, which suc-
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cessfully transcend the glia limitans to reenter the CNS (Ramén-
Cueto and Nieto-Sampedro, 1994) in addition to enhancing
axonal regeneration in several models of spinal cord injury (SCI)
(Li et al., 1998; Ramoén-Cueto et al., 1998; Richter et al., 2005;
Andrews and Stelzner, 2007; Toft et al., 2007). SCs have also
shown promise after transplantation for SCI (Kuhlengel et al,,
1990; Paino et al., 1993; Raisman et al., 1993; Zujovic et al., 2012).
Both OECs (Franklin et al., 1996; Barnett et al., 2000; Sasaki et al.,
2004) and SCs (Gilmore, 1971; Blakemore and Crang, 1985;
Baron-Van Evercooren et al., 1997) myelinate CNS axons with
peripheral type myelin after transplantation.

However, much controversy surrounds which cell type would
be most beneficial for transplant-mediated repair of the CNS.
One possible caveat of using SCs is that they form boundaries
with astrocytes and exacerbate astrogliosis, whereas OECs inte-
grate well with host glia and do not cause reactive gliosis (Lakatos
et al., 2000, 2003; Ramer et al., 2004; Fairless et al., 2005 Santos-
Silva et al., 2007; Afshari et al., 2010a,b; Higginson et al., 2012).
Although both cells types differ in their interactions with astro-
cytes, relatively little is known regarding whether or not they
affect the myelinating capability of host oligodendrocytes. Be-
cause remyelination is an important consideration for maximiz-
ing functional recovery after CNS injury/disease (Bartzokis,
2012), identifying possible key differences in candidate cells for
transplantation could be beneficial for developing clinically rele-
vant therapies for CNS repair.

Recently, it was shown that the astrocyte-reactive phenotype
influenced myelination in culture and microarray analysis of
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these astrocytes identified candidates, which reduced myelina-
tion. These included CXCL10 and connective tissue growth fac-
tor (CTGF/CCN2) (Nashetal.,2011). Exogenous CTGF has been
demonstrated to block the excessive differentiation of oligoden-
drocytes in vitro and in vivo (Stritt et al., 2009), further suggesting
its role as a possible negative regulator of oligodendrocyte myeli-
nation. Previous work from our laboratory demonstrated the
necessity of an astrocyte monolayer for supporting myelination
and long-term survival of neurons in our established culture sys-
tem (Sorensen et al., 2008). Using these same cultures, we have
shown in the current study that SCs, but not OECs, inhibit CNS
myelination in vitro via secretion of CTGF. Furthermore, al-
though we have shown that CTGF reduces the differentiation of
purified oligodendrocytes in the absence of other CNS cells, we
also demonstrated that factors secreted by SCs reduce CNS my-
elination via astrocyte-dependent effects. Thus, despite their an-
tigenic and morphological similarities, OECs and SCs differ
significantly in important aspects of CNS repair.

Materials and Methods

Astrocyte monolayers. Confluent monolayers of astrocytes were differen-
tiated from neurospheres derived from the striata of postnatal day 1 (P1)
Sprague Dawley rat pups of both sexes, as previously described (>95%
positive) (Sorensen et al., 2008; Nash et al., 2011). To produce monolay-
ers of astrocytes, spheres were gently triturated and placed into DMEM
containing 10% FBS and plated down onto poly-1-lysine (13 ug/ml,
Sigma) coated 13 mm glass coverslips (VWR International) in 24-well
plates (Corning). Astrocyte monolayers were grown to confluency, and
myelinating cultures were plated directly on top of the astrocytes or the
astrocyte monolayers were taken for analysis or treated with experimen-
tal growth factors (GFs) and then analyzed using PCR, Western blotting,
or immunocytochemistry.

OECs. OECs were isolated from the olfactory bulbs of postnatal day 7
(P7) Sprague Dawley male and female rat pups as previously described
using a DIY EasySep kit and the p75™™ antibody (Franceschini and
Barnett, 1996; modified in Higginson and Barnett, 2011) (Stem Cell
Technologies) Purified OECs were maintained in DMEM low glucose
(Invitrogen) containing 5% (v/v) FBS (Invitrogen) fibroblast growth
factor 2 (FGF2, 25 ng/ml; PeproTech), forskolin (5 X 107 M, Sigma),
heregulin (Hrg B1, 50 ng/ml; R&D Systems), and astrocyte-conditioned
medium (ACM, 1:5), which was collected from a confluent T75 cm ? flask
of astrocytes after 48 h in serum free media (Alexander etal., 2002). OECs
were added directly to myelinating cultures, to generate condition me-
dium, or prepared as lysates for further analysis.

Schwann cell (SC) preparation. SCs were generated from the sciatic
nerve of P7 Sprague Dawley rat pups (male and female) and purified
using cytosine arabinoside (10 ~> M, Sigma) and a complement kill using
anti-Thyl.1 (1:50 supernatant, Sigma), followed by the addition of rabbit
complement (1:4, Harlan Laboratories) as previously described (Lakatos
et al., 2000). Purified SCs were maintained in 10% FBS supplemented
with (Hrg 81, 20 ng/ml; R&D Systems) and forskolin (10 ~° m).

Myelinating cultures. These were prepared as previously described (So-
rensen et al., 2008; Nash et al., 2011). The myelinating cultures were
generated from the spinal cords of embryonic day 15.5 rat pups by enzy-
matic dissociation and plated on a monolayer of neurosphere-derived
astrocytes. The mixed culture (150,000 cells/100 ul) were maintained in
high-glucose DMEM supplemented with 0.5 mg/ml insulin, 50 nm hy-
drocortisone, 10 ng/ml biotin, and a mixture of hormones, including 1
mg/ml apotransferrin, 6 uM selenium, 20 mM putrescine, and 4 um pro-
gesterone (differentiation media, DM *). After 12 d in culture, the insu-
lin was removed from the media (DM ™) to encourage the differentiation
of oligodendrocyte precursor cells. For the addition of exogenous glial
cells to the cultures, cell suspensions of OECs or SCs were added to the
plating media containing the dissociated embryonic cells before plating
on to astrocyte monolayers.

Collecting conditioned media (CM) from purified cells. To assess the
effects of secreted factors derived from OECs and SCs on myelinating
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CNS cells, CM was collected from purified monolayers of each cell type.
Cells were grown to confluency in a T25 cm? flask, and fresh media was
added to each flask (3 ml), collected after 72 h, and filtered sterile (0.22
pm filter, Sartorius Stedim). CM was collected in media specific for each
cell type/cultures being investigated and from cells, which were around
passage 3 (i.e., DMEM-10% FBS for treating astrocytes, DM for treating
myelinating cultures). CM experimental treatment involved either a 1:4
or a 1:8 dilution with fresh media. In some experiments, SC conditioned
medium (SCM) was heat treated at 55°C for 1 h to assess whether the
factor was a protein. Heat-treated SCM (h.SCM) was then diluted as
before with fresh DM and added to the cultures every other day from
day 12.

Treatment of myelinating cultures. In some experimental paradigms,
myelinating cultures were treated with CTGF (11 kDa human recombi-
nant protein, PeproTech) every other feeding day from day 12 at a con-
centration of 10 ng/ml, which was added to fresh DM. A neutralizing
antibody to CTGF (mouse monoclonal; R&D Systems) was used at a
concentration of 10 ng/ml and added directly to SCM or directly to DM
for control, and then added to the cultures from day 12 onwards. Astro-
cyte monolayers (before the myelinating cultures being plated on top)
were treated by (1) conditioned media from coverslips of SCs placed
directly in the same Petri dish, (2) addition of diluted SCM for 4 d, or (3)
incubation with 10 ng/ml CTGEF. Thereafter, pretreated astrocytes and
their supernatants were retained for qRT-PCR and ELISA studies or
rinsed in PBS and used as normal as a monolayer for myelinating
cultures.

Oligodendrocyte precursor cell (OPC) cultures. OPCs were generated by
shaking off from monolayers of cortical-derived astrocytes from P1 rats
as described by Noble and Murray (1984). Briefly, the cortices were
dissected and enzymatically digested. Cells were triturated, spun and
resuspended in DMEM-10% FBS, and cultured for 10-14 d in a poly-L-
lysine-coated flask. Top-dwelling OPCs were shaken off flasks and placed
in a 90 mm Petri dish for ~20 min (McCarthy and de Vellis, 1980). The
shaken-off supernatant was removed from the Petri dish (leaving behind
the attached microglia), spun down, and the OPCs resuspended in
DMEM-BS (defined serum-free medium modified from Bottenstein and
Sato, 1979) containing 0.5 mg/ml insulin, 10 mm human transferrin, 100
mu glutamine, and 100 mg/ml gentamycin (all Sigma), supplemented
with the GFs, FGF2 (10 pg/ml), and platelet-derived growth factor (2
ug/ml; PeproTech), and plated onto poly-L-lysine-coated coverslips
(Raff et al., 1983; Bogler et al., 1990). The cells were maintained in
DMEM-BS plus GFs for 5-7 d to promote proliferation. After this time,
FGF2 and platelet-derived growth factor could be removed and replaced
with DMEM-BS alone (to promote differentiation into oligodendro-
cytes), SCM, OCM (collected in DMEM-BS), or CTGF (10 ng/ml) di-
luted in DMEM-BS every other day for 7 d. Controls included retaining
some OPCs in GFs, to maintain the progenitor population.

Immunocytochemistry and antibodies. Neurites were visualized using
an antibody against phosphorylated neurofilament (SMI-31, anti-mouse
IgG1, 1:1500; Covance), whereas mature myelin was visualized using the
AA3 antibody (1:100, anti-rat) (Yamamura et al., 1991), which labels
proteolipid protein (PLP)/DM20. Caspr (contactin-associated protein)
was used to stain paranodes (Abcam, IgGl, 5 pg/ml) after methanol
fixing. The O4 antibody (1:1 hybridoma, anti-mouse IgM) (Sommer and
Schachner, 1981) and an antibody against NG2 (1:200 mIgG1, Millipore)
were used to define purified OPCs and to assess their differentiation
status. For surface labeling, primary antibodies (diluted in DMEM) were
applied and left for 20-30 min at room temperature, washed, and the
isotype-specific secondary antibody (1:100, Invitrogen) added for a fur-
ther 20—30 min. Finally, cells were fixed in 4% PFA for 15 min, washed in
PBS, and ddH,0, and then mounted in Vectashield (Vector Laborato-
ries) containing DAPI to visualize nuclei. For intracellular antigens, cells
were fixed in 4% PFA for 15 min, permeabilized with 0.05% Triton X-100
for a further 15 min, and then blocked using blocking buffer (containing
PBS with 0.1% Triton X-100, 0.2% gelatin). Primary antibodies were
added to the cultures for 1-2 h at room temperature or overnight at 4°C,
followed by washing and then incubation with the corresponding sec-
ondary antibody for 45 min at room temperature. Coverslips were
washed and mounted as described before.
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Imaging and quantification. Cells were imaged using an Olympus BX51
fluorescent microscope, and images were captured using Image-Pro soft-
ware. Quantitative analysis of neurite density and myelination has been
described previously in detail (Sorensen et al., 2008). Briefly, 10 images
from each coverslip were taken at random at 10 X magnification (dupli-
cate/experiment and # of at least 3). Images were opened in Image] (NIH
systems, version 1.45) or Adobe Photoshop Elements 7.0 for further
analysis to determine neurite density, the percentage of myelinated ax-
ons, or to calculate cell numbers and their expression of markers of
interest. Neurite density was calculated as the percentage of pixels of
SMI-31/total pixels. To only quantify myelin sheaths and not immature
and mature oligodendrocytes, Adobe Photoshop was used to edit images
of myelinating cultures. Myelin sheaths were manually drawn over using
a pure blue brush size 9 paint tool. A custom-made macro, which recog-
nizes the pixel value of where the blue (manually drawn sheaths) overlaps
with the green channel (PLP staining), was then run on all images. These
values were expressed as a percentage of the total SMI-31 reactivity to
give a value for percentage myelinated axons, which were standardized to
control levels of myelination, denoted throughout this study as myelin
arbitrary units (Sorensen et al., 2008; Nash et al., 2011).

Quantification of oligodendrocyte markers. Immunocytochemistry was
performed 1 and 5 d after treatment of purified OPCs, using anti-NG2
and the O4 antibody. Their differentiation stage was based upon the
number of cells expressing each of these markers, coupled with a brief
descriptive of their morphology. Total cell number was calculated by
counting DAPI nuclei using the Image] cell counter. The number of cells
that did not express oligodendrocyte markers (contaminating astrocytes
or microglia in OPC preps or astrocytes, neurons, or microglia in
myelinating cultures) was then subtracted from this value to give an
approximation of the total DAPI count for the OPC/oligodendrocyte
population.

RNA extraction. RNA was extracted from purified cultures of OECs
and SCs or from pretreated astrocytes using a PureLink RNA Mini-Kit
(Ambion/Invitrogen) according to the manufacturer’s protocol. The in-
tegrity and quality of the RNA were assessed using a Bioanalyzer 6000
Nano LabChip platform, and the RNA was retained for qRT-PCR stud-
ies. The synthesis of genomic DNA was minimized by using a Precision
DNase kit (Primer Design).

qRT-PCR. cDNA was synthesized from RNA using a reverse transcrip-
tion kit (Primer Design; RT-nanoscript) according to the manufacturer’s
instructions. The reaction was prepared in a 96 well plate using a 7900HT
Fast Real-Time PCR System with SDS 2.3 software (Applied Bioscience).
Mastermix containing SYBR Green, was used to quantify mRNA expres-
sion (Precision-SY, Primer Design). The software was set up to include
four distinct phases of thermocycling ranging from 60°C to 95°C. An
average of the three triplicate wells for each sample was taken and any
outliers, whereby the C;. values differed by more than one cycle, were
removed. Values of 35 cycles or above were considered to represent little
or no mRNA expression. C values were expressed relative to the house-
keeping gene GAPDH using the comparative C; method (Livak and
Schmittgen, 2001) to describe data in terms of a relative quantification of
fold change (RQ value), normalized to control expression. Forward and
reverse primers for connective tissue growth factor (CTGF/CCN2), bone
morphogenic protein 4 (BMP4) and insulin growth factor 2 (IGF2) were
bought from Primer Design and validated for use in rat cultures.

ELISA. To assess the levels of CNTF or CTGF in CM from SCs, OECs,
and astrocytes, ELISA kits were used according to the manufacturer’s
instructions (CNTF DuoSet ELISA Kit, RayBiotech; CTGF standard pro-
tein detection kit, PeproTech). The standards and samples were added to
the wells in triplicate, and the plate was read using a spectrophotometer
(Dynex Technologies; MRX 2.02) and Revelation software (version 4.25)
to determine the optical density of each well. Media was collected from
confluent flasks of OECs, SCs, and astrocytes, and cells were counted
from each flask so that data could be normalized to give a concentration
per 100,000,000 cells. Supernatants were collected in the same media for
all cell types within an experiment. In some cases, astrocytes were pre-
treated (PT) with SCM or CTGF for 4 d, followed by removal of all media
and then rinsed 3 times in PBS for a total of 15 min before fresh DMEM-
FBS was added for a further 24 h to be collected as CM.
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Western blotting. After 4 d of treatment with SCM, astrocyte monolay-
ers were washed with PBS and lysed using CelLytic M Cell Lysis Reagent
(Sigma). The cells were then scraped off the coverslip, spun, and total
protein concentration for each sample measured using the Nanodrop
(Invitrogen). A total of 5-10 ug of protein was loaded into a NuPage
4-12% Bis-Tris Gel (Invitrogen) alongside rainbow molecular weight
markers (GE Healthcare). The gel was run, transferred using the iBlot
system (Invitrogen), and placed into PBST (0.1%) containing 5% dried
milk (Marvel) for 2 h at room temperature. Anti-GFAP (polyclonal rab-
bit; Dako) was diluted in the blocking agent and added to the membrane
for 1 h followed by anti-rabbit HRP-conjugated secondary antibody
(anti-rabbit, 1:10,000, Santa Cruz Biotechnology) for 1 h at room tem-
perature. The membrane was developed using an enhanced chemilumi-
nescence kit (ECL plus, GE Healthcare). Optical densitometry was
calculated using ImageJ, which attributed a pixel value to each band.
Expression was then given as a ratio of the densitometry of each band
relative to the densitometry of the GAPDH loading control for each
condition.

Statistical analysis. For comparisons between groups of conditions,
data were analyzed using paired Student’s  test in Microsoft Excel, with
1 as the null hypothesis of the mean. All values were expressed as mean *+
SEM. Significance was represented using p values where values 0.05 were
considered significant and were indicated by the presence of an asterisk.
Two asterisks indicated results that were termed “highly significant”
(p < 0.01). For myelinating cultures, the percentage of myelinated neu-
rites was expressed as a ratio of the control to give myelin arbitrary units,
where the control value was assigned 1.

Results

Exogenously added OECs, but not SCs, enhance
oligodendrocyte myelination

To assess the effects of exogenously added OECs or SCs on oligo-
dendrocyte myelination in vitro, either 5000 or 10,000 purified
OECs or SCs were added into the mixed embryonic spinal cord
cell suspension and plated directly on top of an astrocyte mono-
layer from day 0 (Fig. 1). Control cultures did not contain exog-
enous OECs or SCs. After 26 d in culture, the level of myelination
as assessed by PLP immunoreactivity was significantly higher af-
ter the addition of 10,000 OECs (Fig. 1B) compared with control
cultures (Fig. 1A) or myelinating cultures containing 5000 OECs
(Fig. 1F) (n = 3, p = 0.04 and p = 0.03, respectively). Although
there appeared to be a slight decrease in the level of myelination
observed with the addition of 5000 OECs compared with control,
this trend was not significant (p > 0.05). Conversely, the addition
of SCs to the myelinating cultures reduced the level of myelina-
tion detected after 26 d. Although myelination was not com-
pletely abolished under these conditions, the addition of 5000
SCs or 10,000 SCs significantly reduced the level of myelination
compared with controls (Fig. 1C) (n = 3, p < 0.01). The percent-
age of myelinated fibers observed in cultures containing 10,000
exogenous SCs versus cultures where 5000 SCs were added was
also significantly lower (p = 0.04). Neurite density remained
consistent with no significant change between conditions, at
~75% (data not shown). OECs and SCs survived throughout the
culture period, as evidenced by p75™"™® immunoreactivity, typi-
cal of both cell types, which was absent from control cultures
However, the presence of p75™"® did not colocalize with PLP in
the myelin sheaths (Fig. 1 D, E). Although the addition of a com-
bination of both OECs and SCs to the embryonic spinal mix
limited the survival of the cultures, labeling with an antibody
against myelin protein zero (MPZ/P0) demonstrated its punctu-
ate expression in OEC/SC-like cells (Fig. 1H), although it re-
mained absent from the myelin sheath or from control cultures,
suggesting a lack of peripheral myelin (Fig. 1G).
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OECs, but not SCs, significantly enhanced the level of myelination in culture. A total of 5000 or 10,000 OECs or SCs were added to myelinating cultures. After 26 d, the level of myelination

in control cultures (A, F) or cultures where 5000 OECs had been added (F) was significantly less than that of cultures containing 10,000 OECs (B, F). A slight reduction (nonsignificant) in the level of
myelination was seen between control cultures and cultures with 5000 exogenous OECs. Conversely, the addition of 5000 or 10,000 SCs (€, F) significantly reduced the level of myelination compared
with controls or OEC-containing cultures. OECs (D) and SCs (E) were present at the end stage of culture but did not appear to associate with the myelin sheaths. In cultures containing both SCs and
OECs, the peripheral myelin protein zero (MPZ/P0) was evidenced in the cell bodies of OEC/SC-like cells but absent from the myelin sheaths (H) and in control cultures where no exogenous cells were
added (G). 4, Inset, caspr staining. SMI-31 labeled neurites, anti-PLP labeled mature myelin, and anti-p75 "™ labeled OECs and SCs. Scale bars, 100 and 50 m. n = 3.%p < 0.05. **p < 0.01.

SC effects on endogenous myelination were mediated by
secreted factor(s)

To investigate whether or not the SC-mediated effects on endog-
enous myelination were contact dependent or due to secreted
factors, conditioned media (CM) was collected in differentiation
media (DM) from comparable confluent flasks of both SCs
(SCM) and OECs (OCM) and added to myelinating cultures 3
times weekly from day 12 onwards at a dilution of 1:8 in DM.
Control cultures were maintained in DM. After 26 d in vitro, there
was a significant reduction in myelination in cultures treated with
SCM (Fig. 2B, F) versus untreated controls (Fig. 2A,F) (n = 3,
p = 0.03). Furthermore, the addition of OCM did not signifi-
cantly affect the level of myelination compared with untreated
controls (Fig. 2C,F) (n = 3, p > 0.05), although it did result in a
significantly higher level of myelination compared with cultures
treated with SCM (n = 3, p = 0.04). To further investigate the
nature of the SC-secreted factors, SCM was heat treated and
added to the cultures. Heat-treated SCM (h.SCM) abrogated the
negative effect on myelination compared with SCM treatment
alone (Fig. 2D,F) (n = 4, p < 0.01). Although this increase
appeared to supersede the amount of myelin observed in control
cultures, this was not statistically significant (p > 0.05). Neurite
density was unaffected by all treatments (Fig. 2E).

Reduction in myelination levels after SC/SCM addition to
cultures was not due to demyelination

To determine whether the SC-mediated decrease in oligodendrocyte
myelination was the result of demyelination of myelinated fibers or

the inhibition of the endogenous myelinating capacity of the cul-
tures, myelinating cultures were allowed to develop as normal until
day 26, and then SCM was added everyday for 4 d. Untreated cul-
tures were stained at both day 26 and day 30. Results demonstrated
that the addition of SCM to established (myelinated) cultures did
notaffect myelination (Fig. 2G). By day 30, there was a slight increase
in the level of myelination in both untreated and SCM-treated cul-
tures versus day 26 untreated cultures (Fig. 2G), although this in-
crease was not significant (n = 3, p > 0.05). Neurite density was
unaffected (remained at 75-80%). These data suggest that SCM
prevents the formation of myelin as opposed to causing demyelina-
tion to occur in established CNS cultures.

SCs and OECs express comparable levels of the
promyelinating factor CNTF, but SCs express significantly
more of the myelin-inhibitory factor, CTGF, than OECs

CTGF has recently emerged as a possible negative regulator of
oligodendrocyte myelination (Stritt et al., 2009; Nash et al,
2011), whereas CNTF has been well documented for its role
in enhancing oligodendrocyte differentiation and myelination
(Stankoff et al., 2002; Cao et al., 2010; Nash et al., 2011). To
determine whether there was a difference in the expression of
CTGF mRNA between OECs and SCs, RNA was extracted from
three biological replicates of comparably confluent cultures and
compared by qRT-PCR (Fig. 3A). Supernatant was also collected
from confluent flasks of OECs and SCs and from coverslips of
Ns-astrocytes (ACM) to determine CTGF (Fig. 3B) and CNTF
protein levels using commercial ELISA kits (Fig. 3C). In addition,
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Figure2.  SCM, butnot OCM, significantly reduced the level of myelination compared with control cultures. SCM or 0CM was added to myelinating cultures. After 26 d, the level of myelination after

SCM treatment (B, F) was significantly lower compared with controls (4, F). The addition of 0CM to cultures (C) did not significantly affect myelination compared with controls. Heat treatment of
the SCM (h.SCM; D) reversed the SCM-mediated inhibition of myelination. Neurite density was not affected by treatment (E). The late addition of SCM to already myelinated cultures did not cause
demyelination (G). Scale bars, 100 pm. Myelin sheaths and oligodendrocytes were labeled with an anti-PLP and SMI-31 labeled neurites. n = 4. **p < 0.01.
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Figure 3.  The expression of CNTF, and CTGF in SCs and OECs. A, qRT-PCR analysis of purified SCs and OECs demonstrated the significant upregulation of (TGF mRNA in SCs compared with OECs.
B, ELISA demonstrated greater levels of CTGF in SCM compared with 0CM and ACM and heat-treated SCM (h.SCM). There was no significant difference in secreted levels of CTGF comparing ACM, 0CM,
and h.SCM. ¢, ACM contained the greatest amount of the promyelinating factor CNTF, compared with OCM or SCM. There were no significant differences in CNTF levels in SCM versus OCM. *p << 0.05.

*¥p <0.01.n = 3 biological replicates for qRT-PCR; n = 4 batches of CM for ELISA.

h.SCM was also analyzed to assess the amount of CTGF that
could still be detected after heat treatment. SCs expressed ~20
times more CTGF mRNA than OECs (Fig. 3A) (n = 3, p < 0.01).
SCM contained ~500 pg/ml of CTGF assessed by ELISA (Fig.
3B), which was ~3 times (p = 0.02) greater than that secreted by
OECs. Also, SCM contained significantly more CTGF than ACM
(p = 0.03). h.SCM contained significantly less detectable CTGF
than SCM, suggesting that heat treatment was sufficient to dena-
ture SC-secreted CTGF (p < 0.01) (n = 4 throughout). Although
ACM appeared to contain more CTGF than OCM and h.SCM,
this was not significant. The expression of CNTF, however, was
significantly greater in ACM, whereas SCM and OCM contained
comparable levels (Fig. 3C) (n = 4, p < 0.01).

The addition of CTGF significantly reduced the level of
myelination in vitro

A human recombinant CTGF peptide containing only the C termi-
nus of the molecule was added to the myelinating cultures from day

12 onwards to assess its effects on oligodendrocyte myelination (Fig.
4). The addition of CTGF significantly reduced the level of myelina-
tion compared with untreated cultures, although many PLP * oligo-
dendrocytes not contacting axons were detected (Fig. 4B, E,F) (n =
3, p < 0.01). Neurite density was not significantly affected by the
addition of CTGF (Fig. 4A). To confirm that SCM contained CTGF,
a neutralizing antibody to CTGF was added to SCM before its addi-
tion to the cultures. Conditions also included untreated cultures,
SCM treatment without antibody, and antibody alone. SCM signif-
icantly reduced the level of myelination compared with control cul-
tures (Fig. 4D) (n = 4, p < 0.01) whereas anti-(a)-CTGF added to
SCM significantly increased the level of myelination compared with
SCM treatment (Fig. 4 D, G) (n = 3, p < 0.01), although this increase
was not significantly greater than the level of myelination in controls
(p > 0.05). Treatment with the antibody alone did not significantly
affect the level of myelination compared with controls (p > 0.05).
Neurite density was not affected by the addition of the neutralizing
antibody to CTGF (Fig. 4C).
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Figure 4.  The inhibition of oligodendrocyte myelination in SCM can be reversed by anti-CTGF. CTGF peptide (10 ng/ml) was

added to the cultures every other day from day 12. After 26 d in culture, myelination was significantly reduced in CTGF-treated
cultures (B, F), compared with controls (B, E). A, Neurite density was not significantly affected by CTGF treatment. Anti-CTGF
significantly restored the level of myelination versus treatment with SCM (D, G). However, although this increase appeared to
exceed the level of myelination observed in controls, this trend was not significant. The addition of the antibody alone to DM did not
significantly alter myelination compared with controls, although this was significantly greater than that seen after SCM treatment
(D). Neurite density was not significantly affected by treatment (C). SMI-31 labeled neurites; anti-PLP was used to detect oligo-
dendrocytes and myelin sheaths. Scale bar, 100 wm. n = 3.*p << 0.05. **p < 0.01.
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Figure5. Pretreatment (PT) of astrocyte monolayers with SCM or CTGF causes translational changes in the astrocyte and a reduction in
endogenous CNS myelination. Astrocytes were pretreated everyday for 4 d with SCM or CTGF before being taken directly for analysis (4, B,
D-F) orbeing used asa monolayer to support a myelinating culture (C). Anti-GFAP suggested morphological changes in the astrocyte akin
toareactive phenotype after SC-PT (4, B), but Western analysis demonstrated no significant changes in GFAP levels (D). However, gRT-PCR
studies showed that mRNA BMP-4 was significantly upregulated in astrocytes after SC or CTGF-PT, compared with controls. Conversely,
1GF-2 mRNA was significantly downregulated after both types of treatment. (TGF mRNA was upregulated in astrocytes after CTGF-PT
compared with both SC-PT and untreated controls (E), which was also confirmed by ELISA (F). Pretreated astrocytes not rinsed free
(unwashed) of CTGF had significantly higher levels of CTGF in ACM compared with other conditions (F). The above findings correlated with
asignificant decrease in the level of oligodendrocyte myelination in culture after SC-PT of the astrocyte monolayer (€). Anti-GFAP labeled
astrocytes, whereas DAPI labeled nuclei. Myelin was quantified using SMI-31 to label neurites and anti-PLP to label myelin sheaths and
oligodendrocytes.n = 3.*p << 0.05. **p << 0.01. Scale bar, 50 um.

Pretreatment of astrocyte monolayers with SCM or CTGF
reduced the level of myelination in culture while inducing
transcriptional changes in the astrocyte

Astrocyte monolayers were pretreated (PT) with SCM (SCM-PT) or
CTGF (CTGE-PT) everyday for 4 d. After this time, they were rinsed
3 times in PBS and then used as a typical monolayer support for
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myelinating cultures in a 22-28 d assay. Sis-
ter astrocyte monolayers were retained at
this point for qRT-PCR or Western blot
analysis or pretreated with SCM or CTGF
for subsequent ELISA studies. Immunola-
beling of SCM-pretreated astrocytes (for
4 d) demonstrated a marked difference in
the morphology of treated versus untreated
monolayers (Fig. 5A, B). Whereas untreated
astrocytes displayed a flatter morphology,
those that had been exposed to SC factors
had a more protoplasmic appearance,
typical of reactive gliosis. Furthermore,
myelination was significantly reduced in
cultures where the astrocyte monolayer had
been pretreated by SCs (Fig. 5C) (n=3,p <
0.01). Optical densitometry of Western
blots detecting GFAP protein, however, in-
dicated that its expression in astrocyte
monolayers was not significantly altered by
SCM pretreatment (Fig. 5D) (n = 3, p >
0.05). Both SCM and CTGF pretreatment of
monolayers resulted in significant tran-
scriptional changes in the astrocytes (Fig.
5E). The expression of bone morphogentic
protein 4 (BMP4) mRNA was significantly
increased in astrocytes after SCM or CTGF
pretreatment (n = 3, p = 0.02and p < 0.01,
respectively), but IGF2 mRNA was signifi-
cantly decreased in astrocytes after either
form of pretreatment versus untreated con-
trols (n = 3, p < 0.01). Pretreatment of as-
trocytes only with exogenous CTGF
peptide, however, resulted in significant in-
creases in the level of CTGF mRNA ex-
pressed by astrocytes, compared with
untreated or SCM-treated astrocytes (n = 3,
p < 0.01). These findings were further vali-
dated by ELISA, which demonstrated that
pretreating astrocytes for 4 d with CTGF
peptide resulted in significant increases in
the levels of CTGF protein detected in astro-
cyte supernatants, versus untreated or
SCM-pretreated astrocytes (Fig. 5F) (n = 4,
p < 0.01). To ensure that these results were
not due to exogenously added CTGF re-
maining in the astrocyte supernatant de-
spite the washing steps, we tested for levels
of CTGF in the supernatant of pretreated
astrocytes not washed 3 times with PBS (un-
washed CTGE-PT) (Fig. 5F). Failing to rinse
the CTGF-treated astrocyte monolayers in
PBS resulted in a significant increase in the
detectable levels of CTGF protein in the as-
trocyte supernatant, compared with un-
treated astrocyte controls as well as SCM-
pretreated and CTGF-pretreated astrocytes,

which were washed in PBS (n = 4, p < 0.01). Although it cannot be
proven definitively that the CTGF detected by ELISA was secreted by
the astrocytes as opposed to being leftover recombinant CTGF not
washed out by the PBS, these results demonstrate that rinsing, at least
to some extent, limits this effect and may correlate with the increase
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MATURATION

The expression of OPC differentiation markers is significantly reduced after treatment with SCM or CTGF. Purified OPCs were kept in GFs () to retain their progenitor phenotype, whereas

others were placed in DMEM-BS media (B) to promote oligodendrocyte differentiation. SCM (€) or CTGF (D) was added to cultures every other day for 7 d. E, Graphical representation to show that
as expected, GF promoted proliferation (A), whereas SCM, CTGF, or DMEM-BS had no effect. F, Graphical representation of the effect of GFs, SCM, and CTGF on OPC differentiation. SCM or CTGF
significantly reduced oligodendrocyte differentiation compared with DMEM-BS cultures to a similar extent, although SCM/CTGF-treated cells were more differentiated than those grown in GF
conditions. Anti-NG2 labeled early lineage/progenitor cells; the 04 antibody labeled intermediate to mature oligodendrocytes. Scale bars, 50 pm. *p << 0.05.**p < 0.01.n = 3.

in mRNA for CTGF detected in the astrocytes pretreated with CTGF
(Fig. 5E).

Treatment of purified OPCs with SCM or CTGF inhibited
their differentiation

Purified cultures of OPCs were treated with SCM (collected in
DMEM-BS) or CTGF (10 ng/ml) for 7 d. Controls included
retaining some OPCs in GFs, to maintain the progenitor popula-
tion, or DMEM-BS to induce OPC differentiation into oligoden-
drocytes. After 7 d, a significant increase in cell numbers was
apparent after GF treatment, as assessed by counting DAPI* nu-
clei, compared with all other conditions (Fig. 6E) (n = 3, p <
0.05). There were no significant differences in the cell counts
between the remaining treatments. The percentage of cells ex-
pressing NG2 alone in the absence of immunoreactivity of the O4
antibody (typical of an early lineage OPC) was significantly less in
DMEM-BS (Fig. 6 B, F), compared with GF controls (Fig. 6A,F)
(p = 0.03) or treatment with SCM (Fig. 6C,F) (p = 0.02) or
CTGF (Fig. 6D,F) (p = 0.03). The percentage of cells solely
expressing NG2 after either SCM or CTGF treatment was not
significantly altered compared with GF controls (p > 0.05).
There was a significantly greater proportion of cells in the tran-
sient stages of differentiation (expressing both NG2 and posi-
tive for the O4 antibody) in GF conditions, compared with
DMEM-BS controls (p = 0.02). Likewise, after treatment with
SCM or CTGF, there were significantly more cells expressing
both markers compared with DMEM-BS (p = 0.02) (Fig. 6F).
The percentage of cells expressing both markers after treatment
with SCM or CTGF compared with GF controls was not signifi-
cantly different (p > 0.05). Approximately 80% of the cells main-
tained in DMEM-BS labeled with the O4 antibody in the absence

of NG2 (suggesting a more differentiated phenotype), and this
value was significantly greater than the percentage of cells labeled
with the O4 antibody alone in GF controls (p < 0.01), and in
SCM (p < 0.01) or CTGF-treated cultures (p = 0.01). However,
there was a significantly greater proportion of cells labeled with
the O4 antibody in the absence of NG2 after treatment with SCM
(p = 0.03) or CTGF (p = 0.04) compared with GF controls.
When comparing SCM treatment with CTGF treatment, there
were no significant differences across all cell profiles. Thus, treat-
ment with SCM or CTGF resulted in significant shifts in marker
expression, suggesting that, although these cells were more dif-
ferentiated than those grown in GF, they were significantly less
differentiated than OPCs, which were grown in DMEM-BS alone
(n = 3 throughout).

A method of quantifying differentiation based upon charac-
teristic morphology was also used to analyze data as a more
sensitive means of assessing the stages of oligodendrocyte matu-
ration (adapted from Huang et al., 2011). This method involved
assessing the cell morphology as presimple, simple, complex, or
membrane forming to describe the level of branching and differ-
entiation (Fig. 7A). Values were given as percentage morphology
of the total oligodendroglial population. Quantification using
this method confirmed that the majority of cells in GF conditions
retained a pre-simple morphology with little obvious process
branching, typical of progenitor cells (Fig. 7B). This value was
significantly higher than the percentage of cells displaying this
morphology after incubation in DMEM-BS (p < 0.01) and SCM
or CTGF treatment (p = 0.03). There was also a higher propor-
tion of cells with pre-simple morphology after SCM or CTGF treat-
ment compared with DMEM-BS alone (p < 0.01). Furthermore,
the percentage of cells with a simple morphology (mostly primary
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duction velocity (Felts and Smith, 1992;
Honmou et al., 1996; Black et al., 2006),
there is little evidence reporting on the
long-term consequences of replacing
central myelin with its structurally dis-
tinct peripheral counterpart.
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Figure 7.

branching) was significantly higher in DMEM-BS (p = 0.04)
and SCM or CTGF treatment (p = 0.03, p = 0.02) compared
with GF treatment. However, there was no significant difference
in the percentage of cells displaying this morphology after either
treatment (CTGF or SCM) versus DMEM-BS (p > 0.05). Virtually
none of the cells grown in GF exhibited a complex (highly branched)
morphology, and this value was highly significantly less than values
obtained from DMEM-BS cultures (p < 0.01) and in SCM or
CTGF-treated cultures (p = 0.02 and p = 0.04, respectively). In
addition, there were significantly fewer cells with complex morphol-
ogies after SCM or CTGF treatment compared with DMEM-BS
conditions (p = 0.02). Finally, although myelin membrane forma-
tion was uncommon under all conditions, there was significantly
more detected when OPCs were grown in DMEM-BS compared
with GF, SCM, or CTGF treatment. There were no significant differ-
ences when comparing myelin membrane formation in treated cul-
tures (SCM/CTGF) versus GF conditions (p > 0.05).

Discussion

The use of glial cell transplants in the treatment of SCI is a strategy
that holds great promise for repair of the damaged CNS. Clinical
trials using autologous transplants of OECs and SCs as a regenerative
strategy in spinal-injured patients have already begun (Féron et al.,
2005; Lima et al., 2006, 2010; Mackay-Sim et al., 2008; Saberi et al.,
2011;seealso http://www.miamiproject.miami.edu/page.aspx?pid=
1076). However, before this study, relatively little was known about
the possible implications of transplanting either cell type on host
oligodendrocyte behavior or how this could potentially impact
upon patient recovery. Although some reports have suggested
that OEC or SC remyelinated CNS fibers exhibit restored con-

OPCs treated with SCM or CTGF were significantly less differentiated than those cultured in DMEM-BS, based upon
morphological classification. Purified OPCs were kept in GFs DMEM-BS SCM or CTGF. Quantification was performed by assessing
cells according to their morphology (A) and expressed as a percentage over the total oligodendroglial cell count. “Presimple”
described cells that were either bipolar or exhibited very little branching of their processes. The term “simple” was assigned to cells
where there was evidence of moderate primary branching and the cells were no longer polarized. “Complex” described cells with
extensive primary and secondary branching, whereas “membrane” was used to characterize cells that formed flat sheets of myelin
membrane and were considered to be terminally differentiated. SCM or CTGF-treated OPCs were significantly less differentiated
than those grown in DMEM-BS because the majority of these cells retained a presimple/simple morphology compared with the
simple/complex phenotype exhibited by oligodendroglial cells in DMEM-BS (B). Approximately 90% of OPCs retained in GF exhib-
ited a presimple morphology, making these cells significantly less differentiated than those grown in CTGF/SCM conditions. For all
comparisons, there were no significant differences comparing SCM treatment with CTGF treatment. Anti-NG2 labeled early lin-
eage/progenitor cells; the 04 antibody labeled intermediate to mature oligodendrocytes. *p << 0.05. **p < 0.01.n = 3.

when monolayers of OECs are allowed to
condition a myelinating culture (two cov-
erslips in the same Petri dish), myelina-
tion was significantly increased (Nash et
al., 2011). In this paradigm, OECs were
also exposed to factors being secreted by
endogenous cells within the myelinating
culture, as is also the case when OECs are
exogenously added to the cultures. In the
current study, the OEC-mediated en-
hancement of CNS myelination was not
evidenced when using OCM collected
from flasks of purified OECs, which had
not been exposed to paracrine signaling
from the myelinating cultures. On the other hand, SCs secrete a
factor(s) that negatively affects oligodendrocyte myelination in
culture, regardless of whether or not the SCs were exposed to
paracrine signaling from endogenous CNS glia and neurons
(data not shown).

It is unclear from this study which OEC secreted factors could
be promoting myelination. From previous studies, CNTF has
been shown to be a promyelinating factor (Stankoff et al., 2002;
Nash et al., 2011); however, ELISA data demonstrated that puri-
fied OECs and SCs secrete comparable levels of CNTF. It is now
evident that chemokines and their receptors play important roles,
notonly in recruitment of inflammatory cells and the initiation of
immune-mediated demyelination but also in remyelination and
repair of lesions (Robinson et al., 1998; Arnett et al., 2003; Omari
et al., 2005; Kadi et al., 2006; Liu et al., 2010). Thus, a future
microarray study could help to characterize the cytokine reper-
toire expressed by both OECs and SCs and their implications for
the repair potential of both cell candidates.

The SC-Induced Inhibition of CNS Myelination is Mediated
via the Expression of CTGF

Comparisons between purified OECs and SCs suggested that SCs
expressed significantly higher levels of CTGF mRNA and protein
than OECs. Furthermore, the neutralization of CTGF in SCM
restored the level of myelination to control levels, whereas exog-
enous CTGF inhibited myelination. CTGF is a member of the
CCN family of secreted matricellular proteins and can bind mul-
tiple ligands interacting with many other proteins to regulate cell
function. Several CTGF receptors have been reported, but none is
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Hypothesized signaling mechanisms of CTGF. A, The11 kDa human recombinant CTGF peptide inhibited endogenous myelination in culture. This particular peptide contained only the

Cterminus and all of its binding domains. Unlike the full-length CTGF, it lacked, among other things, the IGF binding domain, said to underpin the previously published mechanisms by which CTGF
inhibits oligodendrocyte maturation. B, Our results have shown that SCM, which contains CTGF, and/or CTGF alone significantly, reduced the differentiation of purified OPCs in culture. This direct
inhibition of oligodendrocyte maturation could be the result of the sequestering of vital promyelinating factors by CTGF, or via the CTGF-induced modulation of the ECM, which is known to mediate
aspects of process extension in oligodendrocytes. SC-secreted CTGF (and other possible factors) could also affect myelination indirectly, by enhancing astrocyte reactivity. Reactive astrocytes may
alter their expression of mediators of myelination, such as BMP4 or IGF2, which in turn downregulate vital transcriptional factors in oligodendrocytes (i.e., 0lig1and Olig2). Furthermore, as reactive
astrocytes are also a source of CTGF after injury, this could exacerbate the SC-induced block on oligodendrocyte differentiation by enhancing the bioavailability of CTGF at the lesion site. Because of
the highly complex nature of the CTGF molecule, it is possible that CTGF affects myelination through multiple pathways. Furthermore, its signaling mechanisms are also likely to involve several
unknown mediators of glial and neuronal cell behavior, culminating in this reduction in oligodendrocyte myelination.

unique for the cytokine (Mason, 2013). A previous study by Stritt
et al. (2009) reported that CTGF negatively regulated oligoden-
drocyte myelination in vitro and in vivo, an effect that they pos-
tulated to be mediated via the sequestering of the promyelinating
factor, insulin, by CTGF. However, our study has provided novel
evidence to suggest that CTGF signaling may be more compli-
cated than originally thought, given that our use of an 11 kDa
CTGEF peptide lacking an IGF binding domain still resulted in a
reduction in oligodendrocyte myelination in vitro (Fig. 8A). Al-
though there is no denying the importance of IGF signaling on
oligodendrocyte maturation (McMorris et al., 1986; Bartlett et
al., 1991; Mozell and McMorris, 1991; Goddard et al., 1999) and
the likelihood that its sequestration would impair this process,
this study opens up the possibility that other mechanisms may
also underpin the actions of the CTGF-mediated inhibition of
myelination. For example, interactions with the ECM and integ-
rins have been reported to affect oligodendrocyte differentiation
(Frostetal., 1999; Colognato et al., 2002; Baron et al., 2003); thus,
the presence of the integrin interacting site at the C terminus of
CTGEF could be involved in its dysregulation of myelination. Sim-
ilarly, heparan sulfate proteoglycans affect the adhesion and po-
larization of oligodendrocytes, which precedes process extension
and differentiation (Yim et al., 1993). Therefore, the interaction
of oligodendrocyte heparan sulfate proteoglycans with the hepa-
ran sulfate proteoglycan binding domain of CTGF could conceiv-
ably alter oligodendrocyte behavior.

CTGF acts directly upon OPCs, as well as inducing
transcriptional changes in astrocytes, to mediate its effects on
myelination

CTGF treatment of purified OPCs inhibited their antigenic and
morphological maturation in vitro. Furthermore, whereas Stritt
etal. (2009) reported that astrocytes were not the target of CTGF,
our data suggested that they may be involved, potentially via
modulation of astrocyte-secreted factors, such as BMP4 (in-

creased expression) or IGF2 (reduced expression). Previous
reports have demonstrated that BMP4 inhibits oligodendro-
cyte differentiation and myelination (See et al., 2004; Sabo et
al., 2011) and was upregulated by reactive astrocytes in a con-
tusion model of SCI (Wang et al., 2011). It has been suggested
that BMP4 could exert its effects on myelination by downregu-
lating the transcription factors, Olig 1 and Olig2, which are
required for oligodendrocyte differentiation (Cheng et al.,
2007). The role of IGF2 in enhancing oligodendrocyte survival
and differentiation is well documented (McMorris et al., 1986;
Ye et al., 1995, 2002).

CTGF has been shown to be upregulated by reactive astro-
cytes in models of SCI in vivo, as well as in human patients with
amyotrophic lateral sclerosis, where it is hypothesized to play
arole in scar formation (Schwab et al., 2000; Spliet et al., 2003;
Conrad etal., 2005). Whereas heparan sulfates, ephrins, FGF9,
and N-cadherin have previously been implicated in SC/astro-
cyte boundary formation and gliosis (Fairless et al., 2005;
Santos-Silva et al., 2007; Afshari et al., 2010a; Higginson et al.,
2012), SC-secreted CTGF could also be an important mediator
in this process. Furthermore, by inducing astrocyte reactivity,
SCs could actually drive the secretion of CTGF by astrocytes,
thus exacerbating the nonpermissive environment arising after
CNS injury via autocrine and paracrine signaling. Therefore, the
possible mechanisms by which CTGF could negatively regulate en-
dogenous CNS myelination are likely to be highly complicated and
may involve multiple overlapping pathways, as summarized
in Figure 8B. It is possible that a number of unidentified
SC-related factors are also involved in negatively regulating
oligodendrocyte myelination via astrocyte-dependent and in-
dependent mechanisms. Similarly, by neutralizing CTGF in
SCM, other SC-secreted promyelinating factors may then be
able to influence myelination.
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Correlation of findings in vivo

The majority of OEC or SC transplantation studies focus on re-
porting the ability of these exogenously added cells to myelinate
CNS axons, as opposed to their effects on endogenous CNS my-
elination (Franklin et al., 1996; Barnett et al., 2000; Sasaki et al.,
2004; Lankford et al., 2008) or endogenous SC myelination
(Gilmore, 1971; Blakemore, 1975; Baron-Van Evercooren et al.,
1997). However, early work has suggested that SC myelination
overtakes endogenous myelination in the CNS in toxin-induced
models of demyelination and that both central and peripherally
myelinating glia are predominantly segregated by the presence of
astrocytic end-feet (Blakemore, 1975; Blakemore and Patterson,
1975; Sims and Gilmore, 1983). Although these data do not prove
that SCs are inhibitory to oligodendrocyte myelination in vivo,
via the secretion of CTGF or other factors, they do suggest an
interesting relationship between SCs and oligodendrocytes me-
diated by astrocytes, which may require further investigation in
vivo. It has been shown that SCs can be modified to overexpress
factors, such as BDNF and PSA-N-CAM, thus improving their
integration within the glial scar and enhancing their repair po-
tential after transplantation into a CNS lesion (Girard et al., 2005;
Lavdas et al., 2006). Moreover, Schwann cells at immature stages
of differentiation may overcome the negative effect on astrocytes
documented by mature Schwann cells and hold therapeutic
promise in the treatment of CNS pathologies. For example, skin-
derived precursors transplanted into the contused rat spinal cord
were not only shown to promote a degree of locomotor recovery
and remyelination after their differentiation into SCs, but they
also demonstrated enhanced integration and reduced astrogliosis
compared with transplants of differentiated SCs (Biernaskie et
al., 2007). In addition, boundary cap cells have also been reported
to differentiate into SCs with enhanced migratory abilities after
their transplantation into the demyelinated rodent spinal cord
(Woodhoo et al., 2007; Zujovic et al., 2010).

In conclusion, this study has provided novel evidence identi-
fying key differences in SC and OEC properties, despite their
similarity in origin from the neural crest (Barraud et al., 2010),
which could be clinically relevant in a transplant scenario where
remyelination is a key factor. Although SCs have many attractive
growth-promoting attributes, these observations may be an im-
portant consideration for selecting the most appropriate cell can-
didate to promote the competent long-term functional repair of
the damaged spinal cord. Thus, these findings could be inter-
preted as suggesting that OECs may be a more suitable candidate
than unmodified mature SCs for cell-mediated repair strategies.
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