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ABSTRACT

Cellular therapies are becoming a major focus for the
treatment of demyelinating diseases such as multiple
sclerosis (MS), therefore it is important to identify the
most effective cell types that promote myelin repair.
Several components contribute to the relative benefits
of specific cell types including the overall efficacy
of the cell therapy, the reproducibility of treatment,
the mechanisms of action of distinct cell types and
the ease of isolation and generation of therapeutic
populations. A range of distinct cell populations
promote functional recovery in animal models of MS
including neural stem cells and mesenchymal stem
cells derived from different tissues. Each of these
cell populations has advantages and disadvantages
and likely works through distinct mechanisms. The
relevance of such mechanisms to myelin repair in
the adult central nervous system is unclear since
the therapeutic cells are generally derived from
developing animals. Here we describe the isolation
and characterization of a population of neural cells
from the adult spinal cord that are characterized by
the expression of the cell surface glycoprotein NG2.
In functional studies, injection of adult NG2" cells into
mice with ongoing MOG;sss-induced experimental
autoimmune encephalomyelitis (EAE) enhanced
remyelination in the CNS while the number of
CD3" T cells in areas of spinal cord demyelination
was reduced approximately three-fold. In vivo

studies indicated that in EAE, NG2" cells stimulated
endogenous repair while in vitro they responded
to signals in areas of induced inflammation by
differentiating into oligodendrocytes. These results
suggested that adult NG2" cells represent a useful
cell population for promoting neural repair in a
variety of different conditions including demyelinating
diseases such as MS.

Keywords: NG2 glycoprotein; myelin; oligodendro-
cytes; experimental autoimmune encephalomyelitis;
multiple sclerosis; remyelination

INTRODUCTION

Cell therapies for central nervous system (CNS) insults
are becoming recognized as an important approach to fa-
cilitating functional recovery™. Such studies raise issues
about the most effective population of cells and defining
their mode of action. We have previously described the
functional benefit of bone marrow-derived mesenchymal
stem cells (MSCs) in animal models of experimental auto-
immune encephalomyelitis (EAE) and proposed that these
cells both suppress the immune response and promote the
development of myelinating oligodendrocytes from neural
stem cells (NSCs)®. Similar functional benefits have been
described following treatment of animals with NSCs"*?.
Bone marrow is not the only source of MSCs and such cells
have been isolated from adipose and a number of other tis-
sues®'? although in lower numbers. One hypothesis that
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has gained considerable attention is that MSCs are found in
all tissues and that they represent pericytes that are closely
associated with tissue vasculature!™. Consistent with this
hypothesis, both MSCs and pericytes express a number of
stem-cell properties. For example, MSCs are multipotent
and give rise to a variety of different cell types™"®. In gen-
eral, bone marrow-derived MSCs generate cells associated
with mesodermal derivatives including cartilage, muscle
and connective tissue. Likewise in the CNS, vascular or
capillary-associated pericytes have stem cell-like proper-
ties!" and those derived from the developing retina or CNS
capillaries give rise to cells with properties of mesodermal
or ectodermal derivatives""®*” suggesting they are capable
of generating diverse cell types including neurons and oli-
godendrocytes, the myelinating cells of the CNS®"#,

One characteristic shared by pericytes and the precur-
sors of oligodendrocytes (OPCs) is the expression of the
cell surface glycoprotein NG2%%, The NG2 protein was
originally defined by antibodies directed against surface
proteins in a rat cell line with glial and neuronal proper-
ties®, and more recently has been shown to identify a pop-
ulation of cells in both the developing and adult CNS that
have the capacity to generate oligodendrocytes®®”. These

[28]

adult OPCs or polydendrocytes™, which may constitute
up to 5% of the cells in the adult rodent CNS, have unique
properties in that they are multi-processed, electrically
coupled to axons, and have been proposed to modulate
neuronal connectivity in the CNS®. The most intense ex-
pression of NG2 in the adult CNS is, however, on pericytes
associated with the vasculature® where they are thought
to play a role in regulating tissue homeostasis®"** and the
blood-brain barrier® .

Given that NG2 is expressed by cells with stem cell-
like properties® and other stem cell populations promote
functional recovery in models of demyelinating diseases,
we developed an isolation protocol that allows for the se-
lection of NG2" cells from the adult mouse spinal cord and

characterized their functional properties.

MATERIALS AND METHODS

Animals
All cell cultures were obtained from 6—8-week-old C57BL/6
mice using techniques approved by the Institutional Ani-

mal Care and Use Committee of Case Western Reserve
University. Access to food and water was facilitated for
paralyzed mice to prevent dehydration. In some studies, to
distinguish between transplanted and host oligodendrocyte-
lineage cells, female mice expressing enhanced green fluo-
rescent protein (EGFP) driven by the promoter for proteo-
lipid protein promoter (PLP) on a C57BL/6J background®™”
were used as hosts following induction of EAE.

Purification of Mouse Adult Spinal Cord NG2* Cells
Using Percoll Gradient

For each isolation, the spinal cords from two adult (6—8
weeks) C57BL/6J mice were rapidly dissected and placed
in cold minimum essential medium (MEM) (Gibco, Grand
Island, NY, Cat. no. 12360). The spinal cords were dis-
sociated in trypsin/EDTA (1:1) for 30 min at 37°C in 5%
CO,. After incubation, tissue was mixed with 0.6 mL 0.5%
DNase in DMEM/F12 with 10% FBS for 10 min homogeni-
zation and centrifuged at 800 g for 5 min. The cells were
washed three times before layering onto a Percoll gradient
(GE Healthcare, Cleveland, OH, Cat. no. 17-0891-02). The
gradient was prepared from stock isotonic Percoll (SIP) at
70% in 1x PBS, 30% in 1x MEM without Ca** and Mg®*".
Tissue was homogenized in 10 mL of 30% SIP and slowly
layered on top of the 70% SIP. After centrifugation at 2 000
rpm for 30 min, the lipid layer was carefully removed from
the top of the tube and 2.0-3.0 mL of the 70%-30% inter-
face collected into a clean conical tube and washed at 1
200 rpm for 5 min. Cells were plated at 1x10° cells/mL in
poly-L-lysine (PLL) (Sigma, St. Louis, MO, Cat. no. P1274-
100MG)-coated 75-cm” flasks at 37°C in 5% CO, for at
least 3 weeks with replenishment of 2 mL DMEM/F12 once
a week. After ~3 weeks, colonies of cells developed and
the medium was changed every 3 days. After 5 weeks, the
cells reached 85% confluence, and the cultures were har-
vested with trypsin and passaged 1:4 into fresh PLL-coated
75-cm? flasks. Cells were grown to confluence and pas-
saged again as described. All cells for immunocytochemi-
cal analyses were seeded onto PLL-coated coverslips and
grown for 3 days unless indicated differently. Cell purity was
determined by NG2 antibody staining and the cells were
passaged at least once before use. To label cells prior to
transplantation, purified adult NG2* cells were labeled with
either 5-chlormethyfluorescein diacetate (Cell Tracker™ red
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CMFDA, Invitrogen, Grand Island, NY, No. 2925) or CFSE
(Renovar, Madison, WI) and 1x10° cells were injected via
the tail vein on day 15 post-immunization.

Antibodies

Polyclonal rabbit anti-NG2 chondroitin sulfate proteogly-
can was from Millipore, Billerica, MA (Cat. no. AB5320).
Monoclonal rabbit anti-PDGFB-receptor was from AbCam,
Cambridge, UK (Cat. no. ab32570). Monoclonal mouse
anti-a-smooth muscle actin (a-SMA, Cat. no. ab5694-100)
and anti-glial fibrillary acidic protein (GFAP, Cat. no. z0334)
antibodies were from AbCam and DAKO, Denmark. Mono-
clonal mouse anti-CD3 antibody was from BD Pharmingen
San Diego, CA (Cat. no. 553058). The Alexa Fluor 488 (Cat
no. A11029) and Alexa Fluor 594 (Cat. no. A11012) conju-
gated secondary antibodies against rabbit IgG and mouse
IgG were from Invitrogen.

Immunofluorescence and Microscopy
Cell cultures were fixed in 5% acid methanol (-20°C) for
12 min and then washed 2x for 5 min in room-temperature
DMEM with 5% normal goat serum (NGS). Cultures were
incubated with antibodies (diluted 1:100 in DMEM) for 30
min at 37°C in a humidified chamber and washed 6x for 5
min in DMEM with 5% NGS, followed by incubation with
fluorescent conjugated secondary antibodies diluted 1:200
in DMEM with 5% NGS for 30 min at 37°C, washed briefly
and mounted in Vectashield with DAPI (Sigma). For prolif-
eration assays, NG2" cells were grown until they reached
~75% confluence. Bromodeoxyuridine (5-bromo-2'-deoxyu-
ridine, BrdU) (Roche, Indianapolis, IN, Cat. no. 11170376001)
was added 18 h before fixation. Cells were washed with
DMEM/F12, and double-labeled for NG2 and BrdU. Each
experiment was repeated at least 3 times with data from
duplicate coverslips. Proliferation was assessed by quan-
tifying the number of BrdU-positive cells as a proportion of
the total number of NG2-positive cells, and the results ex-
pressed as the mean + SEM of three experiments. Statisti-
cal significance (P <0.05) was assessed by Student's t-test.
Animals were perfused with 4% paraformaldehyde and
selected tissues cryoprotected in 30% sucrose overnight,
frozen in OCT mounting medium, and sectioned (20 pum)
on a Leica cryostat. Black gold staining for myelin was con-
ducted according to the manufacturer’s instructions (Garbelli
et al., 2011)®¥. All stained cells and spinal cord sections

were imaged with a Leica microscope (DM5500B) and ana-
lyzed with Leica Microsystem (CH-9435).

EAE Induction and Animal Groups

Peptide of myelin oligodendrocyte glycoprotein, MOGgs .55
(MEVGWYRSPFSRVVH LYRNGK-COOH), was from Unit-
ed Biochemical Research, Inc., Seattle, WA (>70% HPLC,
Cat. no. UBR110920A-2). C57/BL/6 mice were immunized
subcutaneously with an emulsion of MOG;5.55 antigen pep-
tide (200 pg/mouse) in complete Freund’s adjuvant and
paraffin oil (EM Science, Gibbstown, NJ, Cat. no. PX0045-3)

mixed with mannide monooleate (Sigma, M8546-500G) at
a 1:9 ratio containing 0.3 mg heat-inactivated Mycobacteri-
um tuberculosis h37ra (Difco Laboratories, Detroit, MI, Cat.
no. 231141). Each animal also received 300 ng pertussis
toxin (List Biological Laboratories, Inc., Campbell, CA, Cat.
no. 181) on days 0 and 1 post-immunization. Mice were
randomly divided into a control group (n =10) with PBS (0.2
mL) and a treatment group with 1x10° NG2 cells in the vol-
ume injected into the tail vein of EAE mice on day 15 post-
immunization at the peak of clinical disease™. Animals in
both groups were scored daily for clinical symptoms of EAE
as follows: 0, healthy; 1, loss of tail tone; 2, ataxia and/or
paresis of hindlimbs; 3, paralysis of hindlimbs and/or pa-
resis of forelimbs; 4, tetraparalysis; 5, moribund or dead®.
Animals were tested daily for 48 days after the onset of
clinical symptoms. For histopathological and immunohis-
tochemical analyses, spinal cords from both NG2* cell-
treated and control animals with the best functional scores
were selected.

Preparation of EAE Slice Cultures and EAE-Condi-
tioned Media

For slice cultures, brains were isolated from 8-week-old
mice with ongoing EAE and 1-mm coronal slices (EAE-S)
were cut on a Vibratome (Leica, VT1000S). Slices were
placed on PLL-coated dishes (3 slices/dish) with DMEM/
F12, 15% horse serum and 2% GN2 (Gibco, Cat. no.
17504-044)°%. The medium was changed every other day
and collected after 48 h of incubation and defined as EAE-
conditioned medium (EAE-CM). Media were pooled and
stored at —20°C prior to use. For NG2" cell differentiation,
passage 2 NG2" cells were allowed to expand in either
EAE-CM or EAE-S for 3—7 days, and assayed for the pro-
portion of cells expressing the mature oligodendrocyte
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markers O1, CC1, and MBP as described above.

Statistical Analysis

All experiments were conducted in triplicate and repeated
at least twice. To quantify the cellular composition of cul-
tures, four experiments were performed in duplicate within
each experiment at each passage. All data are presented
as mean + SEM, and statistical significance was defined as
P <0.05 by Student's t-test*”. Group means and standard
deviations were calculated for each parameter. Statistical
differences between two groups were evaluated using the
two-tailed Student’s f-test. Differences were considered
statistically significant when the P value was <0.05.

RESULTS

Purification and Characterization of Adult Mouse
Spinal Cord-Derived NG2* Cells

After isolation of adult mouse spinal cord cells from the Per-
coll gradient and growth in DMEM/F12 with 10% FBS, cell
colonies began to emerge after ~3 weeks in vitro. These
cells initially had a characteristic morphology with a dis-
coid nucleus, dense cytoplasm and an irregular shape with
multiple processes (Fig. 1A)*". When the cells reached
confluence, they were passaged and most of the passaged
cells assumed a rhomboid morphology (Fig. 1B). To char-
acterize these cells in more detail, cultures were labeled
with antibodies to cell-type-specific markers including NG2
and platelet-derived growth factor-beta receptor (PDGFR-f)
to identify pericytes, the endothelial cell marker, VWF (von
Willebrand factor) and antibodies to GFAP (glial fibrillary
acidic protein), a characteristic of adult spinal cord astro-
cytes. By the second passage >98% of the cells were la-
beled with antibody to NG2 (Fig. 1C) and >80% of the NG2-
expressing cells were co-labeled with antibody to PDGFR-3
(Fig. 1D). By contrast, <3% of the NG2-expressing cells
were positive for VWF (Fig. 1E). To determine whether
the cultures contained substantial numbers of astrocytes,
they were labeled with antibody to GFAP, an intermedi-
ate filament found predominantly in astrocytes in the adult
spinal cord. Less than 2% of second passage NG2" cells
expressed detectable levels of GFAP (Fig. 1F) suggesting
there were few astrocytes in these cultures. These results
suggested that our purification procedure yielded cells that
shared some characteristics with pericytes.

Purified Adult NG2" Cells Remained Undifferentiated
Over Many Passages

To determine whether the phenotype and fundamental
properties of adult NG2" cells changed during long-term
culture as has been reported for pericytes?, cells from low
(P1) and high (P8) passage numbers were compared with
respect to morphology, proliferation rate and phenotype.
The NG2" cells retained similar characteristics through
the 8 passages. For example, the morphology was similar
for P1 and P8 cells and both cell populations strongly ex-
pressed NG2 (Fig. 1G). Somewhat unexpectedly, the P8
passage cells had a slightly higher mitotic index (~80%
per 18-h pulse) than the P1 cells (~57% per 18-h pulse)
suggesting that these cells retained a robust proliferative
capacity (Fig. 1H). Since these cells initially shared some
characteristics with pericytes, the expression of a-SMA was
compared between P1 and P8 cells (Fig. 11). In P1 cultures,
19.1 £ 5.5% of the cells expressed a-SMA and this pro-
portion decreased to 10.2 + 3.5% in P8 cultures (Fig. 1J)
suggesting not only no enhancement of differentiation with
increased passage number but also some loss of mature
pericyte characteristics with extended culture. Less than 2%
of the NG2 cells at either passage number expressed de-
tectable levels of oligodendrocyte lineage markers (PDGF-
aR, Sox10 or olig-1). Given the lack of evident differences
in the cell population up to P8, all subsequent studies were
conducted with cells at P8 or lower.

NG2" Cells Improved Functional Recovery and Promoted
Remyelination in EAE

To determine if adult NG2" cells had the capacity to pro-
mote remyelination in the setting of adult CNS demyeli-
nation, the functional effects of intravenous infusion of
cells into mice with ongoing MOG;; ss-induced EAE was
assayed. Cells were engrafted 15 days after the induction
of EAE, at the peak of the disease, and the animals were
evaluated histologically up to 47 days after engraftment.
The MOG;;.55; paradigm generated functional deficits that
developed 8 days after initial immunization, plateaued af-
ter 15-16 days and remained relatively constant in control
animals treated with PBS (Fig. 2A). By contrast, in animals
that received NG2* cells on day 15, a considerable func-
tional improvement was seen within 5 days and this was
maintained for the duration of the study (Fig. 2A). To deter-
mine whether the functional improvement was associated
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Fig. 1. Characterization of NG2® cells at low (P1) and high (P8) passage numbers. Enriched NG2" cells were isolated on a Percoll gradient.
A and B Phase-contrast images of an early culture of mouse adult spinal cord NG2* cells (A) and a confluent monolayer of mouse
adult spinal cord passage 2 NG2" cells (B). Note that the cultures from the early primary to subsequent passages show that most
cells have a largely rhomboid morphology more reflective of pericytes than OPCs. C: The NG2' cells were relatively homogenous
with limited contamination from other cell types. D-F: Dual-immunofluorescence staining of NG2* cells with PDGFR-B (D), VWF
(E) and GFAP (F) shows only a small fraction of the population expressed markers of endothelial cells (E) or astrocytes (F). G: Cell
cultures from P1 and P8 stained with immunofluorescent antibodies against NG2 and the differentiation marker a-SMA. The mor-
phology of the NG2" cells was similar in P1 and P8. H: Comparison of the rates of proliferation in P1 and P8 NG2" cells using BrdU
incorporation demonstrated a significant increase in the proliferation of late-passage cells. All points represent the mean + SEM of
3 experiments, *P <0.05. I: The expression of a-SMA by NG2" cells decreased with passage number. While P1 cells expressed low
but detectable levels of a-SMA, this decreased significantly at P8. J: Quantification of a-SMA expression by fluorescent imaging
using Image J. Note that P1 NG2" cells expressed very low levels of a-SMA, that decreased with further passages. *P <0.05 for P1
versus P8. Mean * SEM of duplicate preparations from three independent experiments. Scale bars in A-F, G and I, 100 pm.

with the migration of adult NG2" cells into the CNS, cells Within 24 h, labeled cells were detected in white-matter
were labeled prior to injection into PLP-EGF host animals. tracts of the brain and spinal cord (Fig. 2B), particularly in
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regions of demyelination. The areas of demyelination in the
spinal cord in cell-treated animals were also smaller than in
controls (Fig. 2C, D) and the levels of endogenous myelin
expression as revealed by expression of EGFP in the PLP-
EGFP hosts were elevated in those that received adult
NG2" cell transplants (Fig. 2E, F). To assess the extent of
immune cell infiltration, sections were labeled with antibod-

Clinical score

3

1 16 21

Days after immunization

26

ies to CD3, a T lymphocyte marker. In lesion areas, the
number of CD3" T cells was reduced four-fold in animals
treated with NG2 cells compared to controls (Fig. 2G, H).
For example, lesion areas in controls contained 44 + 10
CD3" cells, while lesion areas in animals treated with NG2
cells contained 10 + 7 CD3" cells (P <0.05). Consistent with
the increase in endogenous myelination seen in NG2-treated

+

-&— EAE+PBS
~—- EAE+NG2’ cells

31 36 41 46

Fig. 2. Purified NG2" cells ameliorate EAE, migrate into the demyelinated CNS, promote remyelination and reduce inflammatory T cell
infiltration. A: Injection of 1x10° NG2" cells into mice with MOG;; ;s-induced EAE resulted in significant neurological improvement
compared to control animals that received PBS. B: Labeled NG2" cells (red) were found in lesion areas of white matter identified
by reduced expression of PLP-EGFP 24 h after injection. C and D: The lesion load was reduced in the spinal cord of animals that
received NG2' cells compared to controls as shown by black gold staining. The relative area of demyelination at the periphery of
the spinal cord is delineated by white dots. E and F: Treatment with NG2" cells promoted endogenous myelination in PLP-EGFP
host animals with EAE. Control animals with EAE (E) showed significantly reduced EGFP expression in the corpus callosum and
forebrain compared to animals treated with NG2* cells (F). G and H: Demyelinated lesion areas in the spinal cord of control ani-
mals (G) were characterized by infiltrating CD3" T cells that were substantially reduced in animals treated with NG2* cells (H). | and
J: The number of endogenous oligodendrocytes (green) increased in regions of demyelination that contained NG2" cells (red) (1)
compared to regions devoid of NG2" cells (J). Scale bars: B, 50 um; C—F, 500 pm; G-J, 100 pm.
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animals, 48 h after cell treatment, lesion areas containing
transplanted cells had a >25% increase in the number of
PLP-EGFP oligodendrocyte lineage cells compared to re-
gions devoid of transplanted cells (Fig. 21, J). These data
suggest that NG2" cells have the capacity to suppress in-
flammation and promote myelin repair in the adult CNS.

NG2 Cells Generated Oligodendrocytes in Response to
EAE-Induced Cues

The enhancement of myelination and the increase in PLP-
EGFP" oligodendrocytes in lesion areas of mice treated
with NG2" cells suggested that they stimulate endogenous
oligodendrogenesis. The NG2" cells may also contribute
to repair by directly differentiating into oligodendrocytes in
lesion areas. To assess whether soluble signals from CNS
tissue with EAE lesions promoted the conversion of NG2*
cells into oligodendrocytes, two distinct approaches were
taken. First, NG2 cells were plated at low-density (1x10°)
in the presence of EAE tissue-derived conditioned medium
and the number of oligodendrocyte lineage cells that de-
veloped was compared with cultures grown in conditioned
medium derived from naive animals. After 24 h, 28 + 3% of
the cells were O1" oligodendrocytes, 12 + 2% were CC1"
cells and 27 + 6% were MBP" mature oligodendrocytes in
EAE-derived conditioned medium compared with <2% O1°
and CC" cells, and <5% MBP" cells in naive conditioned
medium (Fig. 3A-C, E). Second, NG2 cells were plated in
conditioned medium from living slices of naive and EAE
spinal cord, and the proportion of CNPase” cells was as-
sayed. When grown in the presence of EAE-derived slices,
>77% of the cells expressed CNPase while <56% of cells
grown in the presence of naive slices expressed detectable
CNPase (Fig. 3D, E). These findings suggested that NG2*
cells have the capacity to differentiate into mature oligoden-
drocyte lineage cells in response to signals from demyeli-
nated CNS tissue.

DISCUSSION

Cellular therapies are becoming increasingly important in
developing treatments for neurological disorders. The abil-
ity to isolate distinct cell populations and characterize their
functional properties will lead to the identification of the
mechanisms mediating repair and the cell populations ap-
propriate for the treatment of specific neural insults. Here,
we describe a novel approach for the isolation of a popula-

tion of cells from the adult mouse spinal cord that share
some characteristics with pericytes and promote functional
recovery in a animal model of MS. The cell population
was isolated through a dissociation and Percoll gradient
selection process that resulted in a relatively homogenous
population of cells that expressed the cell surface glycopro-
tein NG2 and had a flat non-process-bearing morphology.
When infused into mice with ongoing MOG;;_ss-induced
chronic EAE, these cells promoted functional recovery that
was associated with a reduction in the extent of demyeli-
nating lesions, stimulation of endogenous oligodendrocyte
numbers in lesion areas, and lower levels of T cell infiltra-
tion into the CNS. Exposure of these adult NG2 cells to
medium conditioned by EAE spinal cords, or slice cultures
derived from the spinal cords of animals with EAE, stimu-
lated the generation of mature oligodendrocytes suggesting
that fate determination in these cells can be modulated by
pathologically-derived signals.

The in vivo correlate of the isolated NG2* cells is cur-
rently unclear although they share several characteristics
with pericytes but relatively few with adult OPCs!®. First,
they expressed both NG2 and PDGFR-B“Y. While OPCs
can also be identified by the expression of NG2, they are
characterized by the expression of the PDGFR-a and their
major mitogen is PDGF-AA“**® Second, in early pas-
sages, a small proportion of the cells expressed a-SMA,
a characteristic shared with pericytes and not OPCs. This
expression was lost with later passage (P8), suggesting its
expression is not irreversibly constitutive to the cells. Third,
the morphology of the cells was not consistent with that
of OPCs. In vitro, OPCs are largely bipolar with long pro-
cesses and are highly motile™”. As OPCs are cultured, the
number of processes increases but they seldom assume a
flattened morphology such as that expressed by the NG2*
cells. One aspect of NG2" cells that is not currently clear
is their ability to generate multiple cell types. We demon-
strated that these cells gave rise to oligodendrocytes in re-
sponse to signals from demyelinated CNS tissues and they
were also capable of generating astrocytes and neurons
(data not shown). All these cellular products are, however,
neuroepithelial in nature and it is not clear if the NG2" cells,
like pericytes® can generate cells of mesodermal origin
given the correct environment.

One activity NG2* cells share with some stem cell
populations is the ability to promote functional recovery in
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Fig. 3. Adult NG2* cells generate mature oligodendrocytes in response to cues from demyelinating tissue. Adult spinal cord NG2" cells
grown in the presence of EAE-conditioned medium for 3-5 days generated increased numbers of differentiated mature oligoden-
drocytes that were O1* (A), CC1" (B), and MBP* (C) compared with parallel cultures grown in control medium. When 1 x 10* NG2"
cells were co-cultured with 1-mm slices from EAE brain tissue (EAE-S) for 3 days, higher numbers of CNPase” cells differentiated
from the NG2" cells (D). Quantification of cells differentiated from the NG2* cells in the presence of EAE-CM or EAE-S is shown in
E. *Control versus EAE-CM/S: O1 P <0.05, CC1 P <0.05, MBP P <0.05, CNPase P <0.001. Mean * SEM of duplicate preparations from
three independent experiments. Scale bars in A-C, 150 pm and D, 300 pm.

animal models of MS. Previous studies have demonstrated
that treatment with MSCs derived from either human or
mouse sources promotes functional recovery in EAE®%,
Similarly, NSCs promote functional recovery in EAE, sug-
gesting that this is a common characteristic of stem
cells®**% |n both cases, modulation of the immune re-
sponse is associated with the promotion of repair. A clear
function of MSCs is to promote a switch in the immune
response from a Th1-based pro-inflammatory to a Th2 anti-
inflammatory response®®. What the contribution of this
switch is to the overall functional improvement in EAE is
not yet defined.

The specific mechanisms by which NG2" cells promote
recovery in EAE is unclear but may be closely tied to the
process of myelin repair in the intact adult CNS. The reduc-
tion in CD3" T cells seen in the lesions of animals treated
with NG2" cells suggests that they may directly influence
the immune system. Alternatively, the reduction in T cells
and the enhanced functional and histological improvement
may reflect a primary contribution of the NG2* cells to neu-
ral repair and remyelination. Several lines of evidence sup-
port the hypothesis that there is a direct effect of NG2" cells
on CNS repair. Transplantation of NG2* cells promoted en-
dogenous myelination and increased the oligodendrocyte
number in lesion areas. Furthermore, in a model of spinal
cord injury, transplantation of NG2" cells resulted in en-
hanced axonal survival in the regions of injury. One hypoth-
esis for this phenomenon is that contact of growth cones
with these NG2" cells stabilizes the growth cone against
macrophage-induced collapse®®". In addition, it may be
that in the setting of demyelination, NG2" cells home in on
areas of insult and differentiate into oligodendrocytes that
contribute to myelin repair®™. Consistent with this hypothe-
sis are the findings that in our in vitro and ex vivo co-culture
systems, NG2" cells differentiated into mature oligodendro-
cytes in response to demyelinating signals released from
the spinal cord of animals with ongoing EAE, and it may be

that in normal conditions they are recruited for turnover and
replacement functions that are upregulated in response to
insults.

The nature of the signals that mediate enhanced host
myelination and oligodendrocyte numbers in response to
NG2 cell infiltration is currently unknown but may include
growth factors such as PDGFAA, IGF-1 and HGF, all of
which are implicated in modulating myelin repair. Likewise,
whether the NG2" cells promote oligodendrogenesis from
OPCs, or promote the survival of existing oligodendrocytes,
will require additional analysis. The signals that promote
the responses of NG2" cells to demyelination cues are also
currently unknown and their identification may reveal im-
portant targets for future therapeutic approaches to demy-
elinating diseases. Our studies suggest that the microen-
vironment in demyelinated lesions such as those in EAE
exerts an influence on NG2" cell differentiation, and OPCs
that also express NG2 can be stimulated by extracellular
signals to revert to NSCs®™. While conversion to NSCs or
generation of OPCs by NG2" cells could provide support for
repair in the CNS, conversion of those cells into astrocytes
that contribute to glial scar formation may actually inhibit re-
pair in some situations. The evidence for astrocytes derived
from NG2" cells in vivo is not particularly strong. The reac-
tive astrocytes in the setting of spinal cord demyelination or
injury appear to be mostly derived from astrocyte precur-
sors and not NG2" cells®*® while in mouse models of neu-
ronal degeneration such as hereditary amyotrophic lateral
sclerosis, a variant of the fatal motor neuron disease®®®,
there is also no strong evidence that NG2" cells generate
astrocytes although they appear to generate oligodendro-
cytes?®,

In conclusion, using a novel Percoll gradient approach
we have isolated a population of cells from the adult mouse
spinal cord that promotes functional recovery in EAE, an
animal model of demyelinating diseases, and promotes
regeneration in spinal cord injury. These cells share some
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characteristics with pericytes including the expression of
the glycoprotein NG2 and the tyrosine kinase receptor
PDGFR-B. Treatment of animals with ongoing EAE with
NG2" cells resulted in rapid infiltration of the cells into
the CNS and significant functional improvement. This im-
provement was correlated with enhanced generation of
host myelin and oligodendrocytes as well as the potential
conversion of NG2 cells to oligodendrocytes. Given that
NG2" cells are isolated in relatively small numbers and are
generated from adult CNS tissue, they are unlikely to be a
direct source for cell therapy in the immediate future. Fur-
ther analysis of their origin, and the mechanisms underlying
their ability to promote remyelination in demyelinating dis-
eases, as well as their ability to promote axonal regenera-
tion in the CNS will, however, provide valuable insights into
the cellular and molecular pathways that mediate recovery
from CNS insults. Such data are fundamentally important to
the future development of novel therapies for neural repair
in demyelinating diseases such as MS.
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