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ABSTRACT

The glial scar resulting from spinal cord injury is rich in chondroitin sulfate proteoglycan (CSPG), a for-
midable barrier to axonal regeneration. We explored the possibility of breaching that barrier by first
examining the scar in a functional in vitro model. We found that embryonic stem cell-derived neural
lineage cells (ESNLCs) with prominent expression of nerve glial antigen 2 (NG2) survived, passed
through an increasingly inhibitory gradient of CSPG, and expressed matrix metalloproteinase 9
(MMP-9) at the appropriate stage of their development. Outgrowth of axons from ESNLCs followed
because the migrating cells sculpted pathways in which CSPG was degraded. The degradative mech-
anism involved MMP-9 but not MMP-2. To confirm these results in vivo, we transplanted ESNLCs di-
rectly into the cavity of a contused spinal cord 9 days after injury. A week later, ESNLCs survived and
were expressing both NG2 andMMP-9. Their axons had grown through long distances (>10 mm), al-
though they preferred to traverse white rather than gray matter. These data are consistent with the
concept that expression of inhibitory CSPG within the injury scar is an important impediment to re-
generation but that NG2+ progenitors derived from ESNLCs can modify the microenvironment to al-
low axons to grow through the barrier. This beneficial action may be partly due to developmental
expression of MMP-9. We conclude that it might eventually be possible to encourage axonal regen-
eration in the human spinal cord by transplanting ESNLCs or other cells that expressNG2. STEMCELLS

TRANSLATIONAL MEDICINE 2015;4:401–411

INTRODUCTION

The injured adult spinal cord can regain limited
function, despite a well-formed glial scar and early
syrinx formation. Proliferation of endogenous oli-
godendrocyte progenitors is one regenerative
mechanism, but its role in long-term recovery is
poorly understood. Moreover, our ideas about
the expression of nerve glial antigen 2 (NG2),
a chondroitin sulfate proteoglycan (CSPG), are in
flux. It has long been thought thatNG2 inhibits ner-
vous system regeneration by contributing to glial
scar formation [1, 2]. In 1994, Dou and Levine [3]
first demonstrated that NG2 inhibits axon out-
growth in vitro. In 2003, Jones et al. [4] noted that
axons appear to be closely associated with NG2 in
chronically injured spinal cords.

After spinal cord injury and within the glial
scar, the extracellular matrix contains several dif-
ferent CSPGs whose repulsive properties result
largely from glycosaminoglycan (GAG) compo-
nents attached to a protein backbone. As early
as 72 hours after spinal cord injury (SCI), CSPG ex-
pression is sufficient to inhibit axonal outgrowth
[4]. However, masking, disrupting, or avoiding

expression of these specific inhibitory proteins
enhances neurite regrowth and sprouting [5–12].
For example, immediately after dorsal column
crush injury, intrathecal injection of a bacterial
enzyme, chondroitinase ABC, cleaved GAG chains
from the protein core, permitting axonal growth
and partial functional recovery [9]. However,
injecting the enzyme directly into injured tissue
can causebystander cell injury, elicit an inflamma-
tory response, and promote some reformation of
the inhibitory scar without long-distance axonal
regrowth. Additionally, ablation of recruited en-
dogenous astrocytic progenitors that contribute
to the glial scar is detrimental to the neurotro-
phic support and prevention of furthered axonal
loss [13].

Other factors that can support axonal regen-
eration include elevating cAMP levels, express-
ing neurotrophic factors, inhibiting epidermal
growth factor receptor, inhibiting r, creating sup-
portive biomaterial bridges, and transplanting
nerve cell progenitors [14–27]. Inevitably, a com-
bination of strategies that target both intrinsic
and extrinsic causes of regeneration failure may
be required, not only formultilineage cell survival
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and repair but also for axonal regrowth [12, 28–32]. However, few
studieshave lookedbeyond theacute injuryperiod,when theglial
scar is fully developed [33–38]. Remarkable long-distance axonal
growth was achieved in transected rat spinal cords receiving
delayed transplantation of neural stem cells 2 weeks after injury
[39]. The intrinsic properties of immature neural cells, combined
with growth factors and scaffolds, demonstrate potential for new
axonal growth, even after delayed periods of time in which the
glial scar is well formed.

We addressed this issue by transplanting embryonic stem
cell-derived neural lineage cells (ESNLCs) 9 days after injury and
examining the spinal cord a week later. Neurally induced embry-
onic stem cells are model systems for microenvironmental stud-
ies because they are capable of remyelination in the diseased
spinal cord when guided toward the oligodendroglial lineage
[40, 41]. They can also be genetically engineered to express green
fluorescent protein. We first examined various stages of embry-
onic stem (ES) cells along the neural lineage in a functional in vitro
model of the glial scar. We then transplanted neurally induced ES
cells into the spinal cord, hypothesizing that such cells could sup-
port axonal outgrowth even after the syrinx had filled with fluid
and a glial scar had formed. Our results provide the first evidence
that cellular support for axonal outgrowth through the glial scar
may be a property of the NG2+ cell, challenging the idea that NG2
expression is always inhibitory. The mechanism involves a metal-
loproteinase, matrix metalloproteinase 9 (MMP-9). Our study
opens the door to new treatment strategies by suggesting that
various cell types expressing NG2 might stimulate axonal growth
even after the acute phase of SCI is over.

MATERIALS AND METHODS

Cell Culture

B5 (strain 129SVJ; A. Nagy, University of Toronto, Toronto, Can-
ada) [42] and Rosa 26 (from E.J. Robertson) male murine ES cell
lines were maintained at low passage (,25 passages in our lab-
oratory) with normal karyotypes [40]. R26 ES cells or B5 ES cells
were differentiated using the 42/4+ retinoic acid protocol by
withdrawing leukemia inhibitory factor (Chemicon, Temecula,
CA, http://www.chemicon.com) on day 0. They were cultured in
Neurobasal A (Invitrogen, Carlsbad, CA, http://www.invitrogen.
com) containing B27, L-glutamine, and penicillin/streptomycin
[40, 43, 44]. The cells were collected via centrifugation and
resuspended in culture medium. To identify transplanted B5
ES cells, continuous expression of enhanced green fluorescent
protein (GFP) was optimized in the clonal B5 ES cell line bymain-
taining G418 (gentamicin; 500 mg/ml) in the culture medium dur-
ing passage of undifferentiated ES cells prior to neural induction,
culture, and transplantation [42]. Rosa 26 ES cells lack GFP expres-
sion and instead were prelabeled with Hoechst 33342 nuclear la-
beling as a marker to identify these cells after transplantation in
all replicated experiments [32, 40, 43]. For culture experiments,
cells were cultured at a density of 53 105/coverslip on a substrate
of poly-L-lysine, nitrocellulose, and an inhibitory spot gradient
comprised of 20 mg/ml laminin (Biomedical Technologies, Inc.,
Wardhill, MA, http://www.btiinc.com) and 0.7 mg/ml aggrecan
(Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com).
Polylysine-coated glass coverslips were coated with a dropped
spot of the 2-ml solution of aggrecan/laminin. This method
creates an outermost inhibitory rim. Spotted coverslips were
allowed to dry at 37°C for at least 5 hours prior to use in cell

culture/plating experiments) [45]. Cellswere cultured for 3hours,
24hours, 3 days, or 5 days and then fixed in 2%paraformaldehyde
(PFA) for 1 hour and then 4% PFA for 30 minutes. Dorsal
root ganglion (DRG) control cells were collected from adult
female Sprague-Dawley rats (Zivic-Miller, Portersville, PA,
www.zivic-miller.com), dissociated in dispase/collagenase,
and resuspended in Neurobasal A containing B27, L-glutamine,
and penicillin/streptomycin. DRGs were cultured at 1,000 cells
per coverslip on the laminin/aggrecan gradient for 5 days before
a 30-minute 4% PFA fixation and immunostaining identical to
that used for the ES cells.

Spinal Cord Injury

Forty-four adult Long Evans female rats (275 6 25 g of body
weight; Simonsen Laboratories, Gilroy, CA, http://www.simlab.
com/) were anesthetized with ketamine and Domitor (100 and
1mg/ml, respectively, intraperitoneally). A laminectomywasper-
formed at level T9210, and a contusion injury was produced by
dropping a 10-g weight (2.5 mm in diameter) onto the dorsal sur-
face of the cord from a height of 25 mm (New York University
weight-drop injury device). During all surgical procedures and
2 hours after the contusion injury, thermoregulation (36.5°C 6
0.5°C) was maintained with a thermostatically regulated heating
pad (Versa-Therm 2156; Cole-Parmer, Chicago, IL, http://www.
coleparmer.com) and with convection heat from a rectal
temperature-based heating lamp, using a closed loop. Anesthesia
was reversed by Antisedan (0.06 ml subcutaneously; Pfizer, New
York, NY, http://www.pfizer.com). Autothermoregulation was
normal 2 hours after reversal [40]. Cyclosporine (10 mg/kg)
was administered daily, beginning 1 day before transplantation.

Transplantation

Nine days after SCI, a prominent, circumscribed glial scar was vis-
ible around the contusion injury cavity. In our preliminary experi-
ments, we transplanted 1 million mouse ES-derived neural
progenitor cells (both cell lines prelabeled with Hoechst 33342)
or ES cell inductionmedium (vehicle control) directly into the cyst
at the injury epicenter (n = 5 for each group).We then performed
time-independent replications of transplantation studies repre-
senting these two groups: ES-derived neural progenitors (n =
14) and vehicle control (n = 10). To control for possible cellular
uptake of GFP from dead transplanted cells, we performed addi-
tional control experiments: transplantation of (a) frozen, dead ES
cells (n = 5) and (b) GFP+ fibroblasts (n = 5). Transplantationswere
performed stereotaxically (Kopfmodels 5000and900;David Kopf
Instruments, Tujunga, CA, http://www.kopfinstruments.com) in-
to the center of the injury cyst at the T9 level over a 5-minute pe-
riod (total volume = 5 ml), using a 5-ml Hamilton syringe [43].
Animals were sacrificed 1 week after transplantation (16 days
after SCI).

Animal Care

All surgical interventions and animal care were provided in accor-
dance with the Laboratory Animal Welfare Act, the Guide for the
Care and Use of Laboratory Animals, and the Guidelines and Pol-
icies for Rodent Survival Surgery provided by the Animal Studies
Committees of Washington University School of Medicine in
St. Louis and Johns Hopkins University School of Medicine. The
studies were performed at both institutions, using our published
protocols [40, 43].
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Immunohistochemistry

Whole animal fixation was completed by transcardial injection of
buffered paraformaldehyde solution. The spinal cord was re-
moved, frozen at 240°C in isopentane, stored at 270°C, and
sectioned (14mm)while frozen. Immunohistochemistry was per-
formed as previously detailed [40].

For in vitro experiments, immunostaining was completed in
phosphate-buffered saline containing 5% nerve growth serum,
0.1% bovine serum albumin, and 0.1% Triton. Anti CS-56 (Sigma-
Aldrich; 1:100; used to visualize proteoglycan in the gradient)
was biotinylated (Molecular Probes, Eugene, OR, http://probes.
invitrogen.com; 1:500) and visualized with Texas Red-conjugated
streptavidin (Chemicon; 1:200). Cells were visualized with primary
antibodies againstb-tubulin (Sigma-Aldrich; 1:400), nestin 130 rab-
bit polyclonal (gift from R.D.G. McKay, Bethesda, MD, 1:1,000),
microtubule-associated protein 2 (MAP2) mouse IgG (Chemicon;
1:100), NG2 rabbit polyclonal (Chemicon; 1:1,000), A2B5 mouse
IgM (Boehringer Mannheim, Mannheim, Germany, http://www.
boehringer.com;1:200),O4mouse IgM(DevelopmentalStudiesHy-
bridomaBank[DSHB], IowaCity, IA,http://dshb.biology.uiowa.edu;
1:50), glial fibrillary acidic protein (GFAP) rabbit polyclonal (Dia-
Sorin, Varese, Italy, http://www.diasorin.com; 1:4),MMP-9 (rabbit,
1:1,000; Sigma-Aldrich), and Hoechst 33342 (Molecular Probes;
1:200) counterstain.Secondaryantibodies includedMolecularProbes
Oregon Green (Life Technologies, Rockville, MD, http://www.
lifetech.com; 1:500) or goat-derived CY-3 (Chemicon; 1:300).

For in vivo experiments, primary antibodies against NeuN
(Chemicon; mouse IgG, 1:300), MAP2 (Chemicon; mouse IgG,
1:40), glutamate (DiaSorin; mouse IgG, 1:2,000), g-aminobutyric
acid (GABA; Immunostar, Hudson, WI, http://www.immunostar.
com; IgG rabbit polyclonal, 1:500), choline acetyltransferase (ChAT;
Chemicon; rabbit polyclonal, 1:3,000), and vesicular acetylcholine
transferase (Chemicon; 1:2,000), SMI 31 (Sternberger, Dedham,
MA, http://antibody.biolegend.com); mouse IgG, 1:10,000), SMI-
311 (Sternberger; mouse IgG/IgM, 1:10,000), NG2 (Chemicon; rab-
bit polyclonal, 1:1,000), anti-adenomatous polyposis coli (APC; Cal-
biochem, SanDiego, CA, http://www.emdbiosciences.com;mouse
IgG2, 1:200), nestin 130 (R.D.G.McKay, Bethesda,MD; rabbit poly-
clonal, gift from 1:1,000), MMP-9 (Sigma-Aldrich; rabbit, 1:1,000),
GFAP (DiaSorin; rabbit polyclonal, 1:4), anti-mouse EEM-1 (D.I.
Gottlieb, Washington University School of Medicine; hamster
IgG, 1:10), anti-LeX/SSEA-1 (gift from S. Temple Albany Medical
College, 1:200), anti-mouse embryonic membrane antigen (rat
IgG hybridoma, 1:4; DSHB), anti-mouseM2 (C. Lagenaur, University
of Pittsburgh; rat IgM, 1:4), anti-mouse Thy1.2 (Serotec Ltd., Oxford,
U.K., http://www.serotec.com; rat IgM, 1:1,000), CS-56 (Sigma-
Aldrich; mouse IgM 1:200), CSPG (Chemicon; mouse IgM 1:100),
smooth muscle actin (Sigma-Aldrich; mouse IgG 1:400), anti-GFP
(MolecularProbes; rabbit IgG/Alexa488,1:500),anti-GFP(Molecular
Probes; mouse 3E6, 1:1,000), Hoechst 33342 counterstain and sec-
ondary antibodies against goat-derived CY-3 (Chemicon; 1:300),
goat-derivedCY-5(Chemicon;1:300),goat-derivedAlexa488(Chem-
icon; 1:300), goat-derived biotinylated anti-hamster (Chemicon;
1:200), and goat-derived CY-3 avidin (Chemicon; 1:300).

Quantification

We calculated respective immunopositive subpopulations of sur-
viving ES cells using confocal microscopy (i.e., ChAT+ expression
with double immunofluorescent expression of markers for ChAT
and stem cell-derived GFP) by examining three longitudinal

sections (14mm); the first was centered at themiddle of the cord,
and the other two were 200mm in either the dorsal or ventral di-
rection (n = 15). This number was divided by the total number of
GFP+ ES cells counted per section, and the results were averaged
per rat. GFP+/SMI+ neurite outgrowth was quantified (modified
from a previously described method) by attaching a 1-mm grid
template to sequentially count each 1mm area examined [46].
This was done by placing a 1-mm boxed grid pattern over ob-
served transplant/glial scar zones and then counting each box se-
quentially in rostral and caudal directions and inwhite versus gray
matter areas. Each ES-derived neurite (GFP-tagged) traversing
the 1-mmboxed gridwas quantified. The two blinded technicians
were not directly involved with the study’s hypothesis. For each
respective immunolabel quantified at the glial scar interface, at
least two zones per section were examined (20240 zones per la-
bel) and compared, using Student’s t test (accepted p valueswere
,.05 [p] and ,.01 [pp]). Zones of CSPG expression (transplant/
glial scar interface), neurite penetration, andNG2 cell localization
were counted, and CSPG expression was converted to a bitmap
mode, appearing in black/white on Adobe Photoshop software.
We examined areas enclosed by a 100-mm-diameter circle gener-
ated from Adobe Photoshop. These images were converted to
a binarymode for high and lowCSPG expression. Both areaswere
examined for neurite penetration and tabulated as such; if they
were crossed by a GFP+/SMI+ neurite, they were counted as

Figure 1. The 42/4+ staged embryoid bodies (EBs) are immunore-
active for neuralmarkers. (A, B): EB cells expressed positive for neural
phenotypes, including neuronal (anti-TUJ-1 [A]) and astrocytic (anti-
GFAP [B]) expression. (C, D):The majority of EB cells demonstrated
early tripotential neural progenitor predominance, positive for oligo-
dendroglial (anti-NG2, red [C]) and neural (anti-nestin, green; anti-
NG2, red [D]) precursors. (E, F): However, other stages of oligoden-
droglial showed differentiation as well (anti-A2B5 [E] and anti-O1
[F]). Nuclei were counterstained with Hoechst 33342 (blue). Scale
bar = 50 mm. Abbreviations: GFAP, glial fibrillary acidic protein;
NG2, nerve glial antigen 2.
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penetrated zones. The 100-mm circles enclosing either CSPG
alone or CSPG penetrated by GFP+/SMI+ neurites were counted
as zones with associated NG2+ or MMP-9+ cells if GFP cells were
labeledwithbothNG2+andMMP-9+.Weevaluated longdistance
GFP+axonoutgrowthwith thesameblindedsemiautomatedquan-
tificationmethoddescribed above; however,weonly includedpro-
cesses that are observed extending greater than 2 mm from the
cystepicenterandoutsidetheSCIcyst/scarbarrier.Datacomparing
gray versus white matter long-distance outgrowth were evaluated
for statistical significance with a repeated measures analysis of

variance (Tukey’s test, n = 5 rats). Five or six longitudinal sections
spanning the graft were analyzed per animal.

In vitro studies were quantified by collecting black and white
photomicrographs with a Leitz Orthoplan 2 fluorescence micro-
scope attached to an Optronics digital camera and operated by
Magnafire software. Seven images of CS-56 immunostaining
(representing CSPGs) were randomly collected: six regions on
the spot’s rim and one in the spot’s center. In these images, black
represented blank areas (areas of digestion). The grayscale of the
images was then inverted in Adobe Photoshop so the black areas

Figure 2. Embryonic stem (ES) cell-derived progenitors that can remodel CSPGexpress early glial characteristicswhen cultured onamonolayer
of aggrecan. (A):Three hours after partially dissociated 42/4+ staged neural-induced embryoid bodieswere plated (CS-56, red), a percentage of
ES cells survived anddisplayed earlyNG2+expression (indicated by coexpressionofNG2andHoechst nuclear counterstain; NG2, green; Hoechst
nuclear label, blue). (B–Q): After 5 days of culture, differential immunostaining for neural phenotypes demonstrated colocalized expression of
MMP-9 andNG2. Occasionally, some cells positive for GFAP (type I [B] and type II astrocytes [C]) and neuronalmarkers (nestin [D], TUJ1 [E], and
MAP2 [F]) weakly expressed MMP-9 as well, but they were a small fraction of total MMP-9 cells. Stronger MMP-9 expression was evident in
oligodendroglial cells at the stage when they strongly expressed NG2+ (two different cells are represented by [G–K] and [L]). (M, N): A diffuse,
high level of MMP-9 expression that was more dense in cells coexpressing NG2+ than cells expressing the A2B5 or O4 phenotype ([M] and [N],
respectively). (O–Q): Inverted black/white-coded images of original photomicrographs. Scale bars = 10 mm. Abbreviations: CSPG, chondroitin
sulfate proteoglycan; GFAP, glial fibrillary acidic protein; Hrs, hours; MMP9, matrix metalloproteinase 9; NG2, nerve glial antigen 2.

404 NG2+ ES Cells Penetrate Glial Scar

©AlphaMed Press 2015 STEM CELLS TRANSLATIONAL MEDICINE



became white for analysis. The inverted images were quantified
using Metamorph software. Areas of digestion (number of white
pixels) were presented as a percentage of those in the control
cultures (totaled white pixels set as the 100% threshold).

RESULTS

ES Cells Preferentially Differentiate to an
Oligodendroglial Lineage on Aggrecan Monolayers

Genetically taggedB5ES cells capable of overexpressingGFPand
Rosa 26 ES cells that were not genetically tagged were exposed
to retinoic acid following the 42/4+ neural induction protocol
[44]. Embryoid bodies—aggregates of neurally induced cells
seen 8 days after the leukemia inhibitory factor was removed—
were evaluated for neural phenotypic markers TUJ-1 and
GFAP (Fig. 1A, 1B). Additionally, they were evaluated for neural
precursor expression patterns (NG2, nestin, A2B5, and O1;
Fig. 1C–1F) prior to culture and transplantation experiments.
NG2+ expression occurred in 43% 6 2% (Fig. 1). Our previous
work identified these early cells as tripotential neural progenitors
(capable of differentiating into neurons, astrocytes, or oligoden-
drocytes) [40, 43, 47].When 42/4+ tripotential progenitors were
plated as embryoid bodies on aggrecanmonolayers, we observed
glial predominance (3 hours to 3 days after plating), most being
immunopositive for theNG2marker (Fig. 2A). Five days after plat-
ing, only two populations survived on the dense aggrecan mono-
layers. The first was a limited population of GFAP-expressing cells
that were in the same position as when plated on day 0. The sec-
ond population did not immunoreact to GFAP, and the cells
expressed NG2 and had a halo around them, suggesting they
had migrated by degrading local CSPG (Fig. 2B–2K).

Penetration of the Inhibitory Rim During Migration on
the Glial Scar Spot Gradient

Our second set of experiments involved a functional inhibitory
model of the glial scar in vitro. As outlined by Tom et al. [48], we
questioned the glial scar’s inhibitory action on the 42/4+ ES cells
isolated against a gradient of aggrecan. Our main questions were:

c Is there a subpopulation of ES cell-derived cells that promotes
CSPG breakdown rather than being reactive and promoting
glial scar formation?

c Do newly formed axons have the intrinsic ability to respond to
a harsh gradient of aggrecan and penetrate the inhibitory rim?

To answer these questions, we cultured ES-derived neural
progenitors on a gradient of inhibitory substrates—a very potent
in vitro model of proteoglycan-mediated inhibition [48]. Toward
theouter edgeof the gradient, a distinct rimof high aggrecan con-
centration and low laminin concentration inhibits all cellular
growth, and normal neuronal processes of adult DRGs and all
other cell types from ganglia (e.g., satellite cells) are unable to
cross this barrier (Fig. 3A). When we cultured ESNLCs on this gra-
dient, we noted amoeboid cells that digested the aggrecanwithin
the gradient, even at the most inhibitory peripheral regions
(Fig. 3B). In discrete regions of the inhibitory rim, those ES cell-
derived cells, which were positive for NG2, digested their way
completely through to the outside (Fig. 3C), even in the absence
of neuronsat theouter rim.Further staining revealedthatb-tubulin-
positive processes of other ES-derived neural progenitors were

Figure 3. Embryonic stem (ES)-derived neural progenitors remod-
eledCSPGbarriers in vitro (1–3DAP) in our CSPG spot gradientmodel.
When plated for longer than 3 hours as seen in Figure 2A, NG2 cells
were capableofmigrating through themost inhibitory rimat1–3days
after plating. (A): Photomicrograph of DRG neurites (b-tubulin,
green) inhibited by the edge of the CSPG gradient (CS-56, red). (B,
C): Merged DIC and epifluorescence images of CSPG spot gradient
with plated ES cell-derived progenitors (green fluorescent protein
[GFP], green; CS-56, red). (B): ES cell-derived progenitor (black arrow)
migrating through the CSPG spot gradient, demonstrating proteogy-
can digestion (zones free of CSPG). (C): Breakthrough zone debrided
of CSPG,where axonswould subsequently grow across the CSPG spot
gradient barrier. (D): ES cell-derived neural processes crossing the in-
hibitory CSPG spot gradient (b-tubulin, green; CS-56, red; white ar-
row indicates b-tubulin-positive process crossing CSPG-free zone
of the spot gradient). (E, F): ES cell-derived neural progenitors
24–72 hours after plating in a CSPG spot gradient. ES cell-derived pro-
genitors (GFP, green) exhibiting high MMP-9 expression (CS-56, red)
associated with zones of CSPG removal. (G, H): Graph illustrates per-
centage of pixel area assigned to the absence of CS-56 epifluores-
cence as a function of values in untreated control, untreated
control (ES cell-derived neural progenitor cultures), leupeptin (100
mM, specific inhibitor ofMMP-9), GM6001 (50mM,negative control),
and GM6001 (50 mm, general inhibitor of MMP-9). Student’s t test
(p, .05) was used. Scale bars = 10 mm. Abbreviations: CSPG, chon-
droitin sulfate proteoglycan; DAP, days after plating; MMP9, matrix
metalloproteinase 9.
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thenable to cross the inhibitory rimby selectively growing through
tunnels freed of aggrecan (Fig. 3D). This observation points to
cellular penetration rather than initial axonal penetration as
the predominant mechanism of passage.

MMP-9-Dependent Digestion of CSPG

We next questioned whether matrix metalloproteinases were in-
volved in this functional clearance of CSPG in vitro. Indeed, we
found that the digested areas (areas free of CSPG) coincided with
MMP-9 expression (Fig. 3E, 3F). MMP-2, however, was not
expressed. To test the proposedmolecular mechanism of glial scar
remodeling after ES cell-derived neural progenitors were plated,
we applied leupeptin or GM6001 (specific and generalMMP inhib-
itors, respectively).Whereas control oruntreated cultures contain-
ing CSPG were fully digested, only 10%–15% of the territory was
digested in the presence of the inhibitors (Fig. 3G, 3H). b-Tubulin-
positive processes appeared to have crossed the barrier in areas
where remodeling cells (ES cell-derived NG2+ cells) had already
digested the aggrecan, suggesting that these cells might prepare
the local environment for subsequent outgrowth of axons.

ES Cells Transplanted Within the Cyst Differentiate
Into Neurons

To explore the fate of ES cell-derived neural cells in vivo, we first
induced ES cells expressing GFP to form predominantly neural
progenitors in culture [43]. Thenwe transplanted1millionES cells
(Fig. 4A, 4B) or ES cell induction medium (vehicle) into the cavity

of a lesion that we had created with aweight dropped 9 days pre-
viously. Injection directly into the syrinx allowed the ES cell-
derived neural cells to fill most of the cavity without distorting
the implantation site. Immunolabeling with GFP, Hoechst, and
anti-mouse marker indicated that the transplanted cells re-
mained within the injury cyst or just outside its perimeter (within
one segment of the lesion’s edge). This observation is consistent
with our previous demonstration that migration of progenitor
cells is limited and that the cells differentiate mostly into oligo-
dendroglia or, in some cases, neurons or astrocytes (unpublished
observations) [40, 43].WeobservednoGFPexpression in vehicle-
transplanted animals.

Oneweek after transplantation,many of the ESneural progen-
itors had differentiated into neuronal phenotypes akin to spinal
cordcells,displayingGABA,glutamate,andChAT immunoreactivity
(Fig. 4C–4G). We identified neuronal differentiation using the
NeuN immunolabel. Quantification of cells coexpressing the GFP
and NeuN labels revealed that 12% 6 3% of the total number of
surviving transplanted ES cells had neuronal properties and that
4%6 4% of those neural cells displayed ChAT immunoreactivity.

Transplanted ES Cells Differentiate Into Oligodendrocyte
Progenitors Within the Periscar Niche

At 1 week, transplanted cells located within the inhibitory micro-
environment of the cystic scar (GFAP 33%6 6%, NG2 51%6 8%,
and APC 8% 6 2%) or outside the scar (GFAP 25% 6 4%, NG2
46% 6 5%, and APC 39% 6 7%) had a glial phenotype. Various

Figure 4. ES cell-derived neural progenitors induced using the 42/4+ retinoic acidmethod [40, 43, 44] and transplanted into an injury-induced
cyst differentiated into central nervous system-type neurons. (A, B): Transplanted ES cells expressedGFPwithin the center of the transplant. (C):
One week after transplantation, ES cell-derived cells (green) had differentiated into neurons displaying ChAT (red) immunoreactivity (yellow
indicates double labeling with GFP (green) and ChAT (red)). Orthogonal views of this image are outlined in green and red and are represented
within the confocal imagewith their respective lines. (D–G):Hoechst nuclear counterstain (D, blue) identifies another transplanted ES cell (green
[E]) that expressed GFP (green [E]) and ChAT ([F], red; [G], merge). Scale bars = 1mm (A), 10mm. (B–G). Differentiation of transplanted ES cells
within the inhibitory microenvironment of the CSPG scar. (H): Percentage quantification of neural phenotypes inside and outside the cyst scar.
(I):Photomicrograph illustrating that amajorityofGFP+cells thatmigratedoutof the cavitywere immunopositive forNG2. Yellowbox inset from
(I) shows individual NG2 labeling at higher magnification. Student’s t test was used. p, p, .05; pp, p, .01. Transplanted cells shown here were
derived from the B5 GFP ES cell line. Scale bars = 20 mm (I). Abbreviations: ChAT, choline acetyltransferase; ES, embryonic stem; GFAP, glial
fibrillary acidic protein; GFP, green fluorescent protein; NG2, nerve glial antigen 2.
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stages of oligodendroglial development were seen. In agreement
with earlier observations, greater neuronal expression was ob-
served inside (nestin 30% 6 4%, TUJ-1 26% 6 7%, and MAP2
19%6 8%) than outside (nestin 22%6 9%, TUJ-1 9%6 5%, and
MAP2 4%6 4%) the cyst scar (Fig. 4H, 4I).

Transplanted NG2+ ES Cells Associate With Axonal
Penetration of the Glial Scar

We observed robust axonal outgrowth in distinct patterns pene-
trating through the well-developed scar. GFP+ processes elon-
gated through zones of high CSPG expression within the scar
and in both gray and white matter (supplemental online Fig. 1).
On closer examination, it was evident that the axons preferred
to elongate through areas with less dense CSPG expression
(i.e., inhibitory areas that had been rendered permissive but
were immediately adjacent to zones of high CSPG expression;
supplemental online Fig. 1). We questioned whether axons out-
side the initial transplant site would correlate with the overall

pattern of CSPG immunoreactivity per lesion. However, in this
gross observation test, we were unable to demonstrate that
the number of GFP+ neurites 2 mm from the epicenter (white
or gray matter) or with the maximal length of neurite outgrowth
(supplemental online Fig. 1, inset table) is associated with
variations in CSPG expression.

Double labeling with antibodies to neurofilaments (SMI),
microtubules (TUJ-1), or glial markers identified the processes
extending.1mmoutside the cellular graft as axons and not pro-
cesses of glial cells (Fig. 5A–5C; TUJ-1and GFAP data not shown).
Axons that grew out from the transplanted cells projected
through the glial scar in zones where CSPG concentrations may
appear more permissive (Fig. 5D).

We could not determine which subclass of ES cell-derived neu-
rons produced axons. Despite scar penetrance, it was unclear
whether the axons themselves were initially derived from neurons
within the cyst or extended from neurons adjacent to the scar. We
examined this issue by comparing the number of cell bodies that
were double-labeled for endogenous GFP expression and Hoechst
nuclear labeling at two locations: 0.5mm inside the glial scar (within
thecyst)and0.5mmoutside thescar.Both locationswerewithin the
1-mm grid we centered over CSPG zones rendered permissive and
populated with numerous axonal profiles. We examined the total
number of immunopositive cell bodies within these respective
locales and compared thatwith the overall number of processes tra-
versing the glial scar throughout the 1-mm grid. This percentage of
immunopositive neural cells per total neurites inside the cyst scar
(31%6 4%) compared with outside the scar (6.5%6 2%) clearly in-
dicated that, after a1-week survival, long-distanceneuriteswerede-
rived predominantly from neurons within the cyst rather than from
neurons located just outside the cyst (Fig. 5E). Therefore, trans-
planted neurons within the cyst/transplant location were the likely
source of this long-distance neurite outgrowth.

We next examined whether the penetrated zones that were
populated byNG2+ cells were capable of remodeling the glial scar,
which had occurred in our functional in vitro modeling experi-
ments.We foundNG2+ cells concentratedwithin these zones con-
comitantlypopulatedbyanabundanceofGFP+neurites justwithin
and outside the cyst scar barrier. When we compared zones of
NG2+ cells with regions of high or low CSPG that also contained
GFP+processes,we foundastrongcorrelationbetweenaxonalout-
growth andNG2+ cell activity in the general vicinity of CSPG+ areas
of the cyst scar (Fig. 6). Examining the distribution of MMP-9 ex-
pression in the same zones, we found distinct labeling at the
boundary of the cyst scar (Fig. 6D, demarcated by yellow dashed
lines) andwithin the ES cell graft. By counting the number of zones
of CSPG that had been penetrated by axons at these locales, we
observedmetalloproteinaseactivity, in agreementwithour invitro
data. Confocal microscopy showed that 43% 6 4% of the trans-
planted cells in the inhibitory CSPG-cyst scar were positive for
MMP-9 (Fig. 6E–6G). Three-dimensional reconstruction at single-
cell resolution demonstrated a large area of MMP-9 expression
(Fig. 6H, 6I) rather than areas limited to oligodendrocyte bodies
and processes. These in vivo experiments showed that MMP-9 is
a critical component of the remodeling activity of ES cells inmicro-
environments that normally inhibit axonal outgrowth.

Preferential Axonal Outgrowth in White Matter Rather
Than Gray Matter

Using confocal microscopy, we measured the outgrowth of neu-
rites in1-mmsegments 1.5 cmrostral and caudal to theepicenter.

Figure 5. Transplanted embryonic stem (ES) cell-derived neurons
extended axons in both rostral and caudal directions. (A–C): Recon-
structed confocal micrographs demonstrate process profiles (GFP
[A]) exhibiting the immunoreactivity (neurofilament [B] and merge
[C]) of axons traversing the cyst glial scar (white dotted lines demar-
cate cyst barrier). (C):Merged view (orthogonal view outlined in blue
is representative of demarcated blue line) demonstrates relatively
few cells and numerous axons within this spatial pattern of robust
outgrowth. (D): A GFP+ neuron extended its neurite (white arrows;
white arrowhead represents neuronal cell body) through a relatively
less dense CSPG zone, whereas it remained within the cyst cavity/
transplantation site (GFP, green; CSPG, red). (E): Quantification of
thenumber ofGFP/Hoechst+ ES cell-derived cells relative to thenum-
ber ofGFP+neuriteswithin a1-mmmeasurement box, comparing the
inside and outside of the cyst cavity. The percentage is expressed in
relation to the total number of axonal processes. Student’s t test was
used. p, p, .05; pp, p, .01. Transplanted cells shown here were de-
rived fromtheB5GFPES cell line. Scalebars =10mm (A–C), 20mm (D).
Abbreviations: CSPG, chondroitin sulfate proteoglycan; G, gray
matter; GFP, green fluorescent protein; W, white matter.
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We observed a predilection for long-distance outgrowth into
white rather than gray matter (Fig. 7A–7D). GFP+ growth cones
were evident in white matter even 8 mm away from the lesion’s
edge, which was 10mm from the injury epicenter (Fig. 7D, inset).
Blinded counters detected significantly more neurites in white
matter than in gray matter 2–6 mm from the epicenter (Fig.
7E). One week after transplantation, the longest axons extended
more than 9 mm from the epicenter into rostral white matter.

DISCUSSION

Our results promote a novel mechanism for axonal outgrowth
from a well-developed cyst scar and at a delayed time point after
traumatic SCI. We observed that neurally induced ES cells with
remodeling activity digested through proteoglycans within an in-
hibitory spot gradient in vitro and through a cyst scar after

contusion SCI, although CSPG expression indicated no overall
change in glial scar size. Neural progenitorswere capable of cross-

ing the cyst scar, with a large population expressing glial charac-

teristics, including aunique population ofNG2+ cells that also had

metalloproteinase activity. These cells were dependent onMMP-

9, but not MMP-2, and their migration was followed by robust

axonal outgrowth from other ESNLCs, both in vitro and in vivo.

Axonal outgrowth was greater in white matter than in gray

matter, including over the longest distance.
There are several reasonswhy newly derived axonsmight fol-

low NG2+ cells whose surface is thought to be inhibitory [49]. For
example, axons might prefer to regrow by following NG2+ cells
across the CSPG barrier rather than by using them as a scaffold.
However, Jones et al. [4] showed that the pattern of NG2 expres-
sion closely approximated that of regenerating fibers [14–27,
33–38, 50, 51], whereas Nishiyama’s group [52] demonstrated

Figure 6. After being transplanted into the contused adult rat spinal cord, ES cells expressed NG2 in zones of high CSPG expression. (A, B): The
cavity displayed intense zones of the highest CSPG expression (as determined by consistent, low-power epifluorescent imaging), zones pen-
etrated by axons, and zones infiltrated with transplanted ES cells showing NG2 immunoreactivity. (C): Schematic illustration of zones of high
CSPG expression that contain NG2+ ES cells penetrated by axons (green dashed circles represent high CSPG zones penetrated by GFP+ neurites,
and red solid dots indicate penetrated zones populated with numerous NG2 labeled cells). (D): Midpower image demonstrating strong NG2
expression located at the graft/cyst cavity border. (E): Image corresponding to yellow box inset in (D), demonstrating an individual transplanted
NG2+ cell colabeled with GFP passing through graft/cyst zones. Scale bars = 10 mm. ES-derived neural progenitors displayed MMP-9 immuno-
reactivity in zones of high CSPG expression after being transplanted into the contused adult rat spinal cord. Inset: The cavity displayed a profile
similar to that of NG2+ labeled zones, demonstrating consistent labeling of MMP-9 where axons penetrated. (F): MMP-9 was expressed in
diffuse patterns at the glial scar boundary (demarcated by dashed yellow lines; GFP, green; MMP-9, red). (G, H): A GFP+ transplanted ES cell
(GFP, green [G]) colocalized with MMP-9 expression (CS-56, red [H]) at the graft/cyst cavity border (dashed yellow line). (I): Three-axis view of
merged images represented in (G) and (H). Orthogonal views of this image are outlined in green and red and are representedwithin the confocal
image (I)with their respective lines. (G,H):Reconstructed three-dimensional images of the same transplanted ES cell-derived neural cells shown
in (J) and (K), demonstrating the extent ofMMP-9 expression to a single cell in vivo. Transplanted cells shownherewere derived from theB5GFP
ES cell line. Scale bars = 20mm (D), 10mm (E–I). Abbreviations: CSPG, chondroitin sulfate proteoglycan; ES, embryonic stem; gfp or GFP, green
fluorescent protein; MMP9, matrix metalloproteinase 9; NG2, nerve glial antigen 2.
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that NG2+ oligodendrocyte progenitors associated with axonal
growth in hippocampal cocultures and callosal axons in vivo.
These important findings may not contradict our hypothesis, be-
cause it is not possible to differentiate following from scaffolding
in postmortem tissue from single time points after injury. Alter-
natively, the intrinsic nature of embryonic derived axons may
represent immaturitywith growth across chondroitin sulfate pro-
teoglycans [53], suggestive of axonal elongation without regard
to receptor based inhibition, for example, leukocyte common
antigen-related phosphatase [54].

MMP-9, along with MMP-2 and -3, plays important roles in
wound remodeling, cell migration, and neurite outgrowth after
SCI [55]. Although endogenous cells in the injured spinal cord ex-
press MMP-9 early after injury [56], levels are insufficient to con-
tribute to significant axonal regrowth, and MMP-2 expression
predominates at 1 week [56]. Therefore, cellular expression of

MMP-9 9 days after injury suggests ES cell-derived expression
rather than an endogenous inflammatory response.

Taken together, our results suggest that the injured spinal
cord has an MMP-9-dependent ability to remodel CSPG. This
property came primarily from transplanted ES cell-derived pro-
genitors that were positive for NG2. The evidence includes (a)
the creation of CSPG-free tunnels in our in vitro CSPG spot gradi-
ent associated with ES cell-derived progenitor migration and was
MMP-9 dependent; (b) our culture system was free of other cells
such as macrophages and other non-neural cells known to pro-
duce MMP-9; (c) production of MMP-9 by non-neural cells is un-
likely to play a substantial role in CSPG remodeling 9 days after
contusion injury, because it occurs earlier in injured spinal cord
models; (d) endogenous cells express MMP-2 at week 2, but
MMP-2 inhibitors had no effect in our CSPG spot gradient [56],
and (e) we used cyclosporine in our cultures, which deterred
a macrophage response.

Our in vivo observations that ES cell-derived progenitors cola-
beled with NG2 and MMP-9 migrated across the CSPG barrier in
theglial scarare inkeepingwith theobservationsofour invitroCSPG
spotgradient.Althoughwehavenotyetdeterminedwhichsubtypes
ofEScell-derivedNG2+progenitorcellsmakeMMP-9 inoursystems,
oligodendrocyte progenitors are known to express the proteinase
early in centralnervous system(CNS)oligogenesis [57–59].Although
it is possible that the active population of NG2+ ES cells shown here
are early staged oligodendrocytes, we do not demonstrate in these
studies that NG2 labeling is exclusive to a homogenous cell lineage.
Additionally, our laboratory has recently published observations of
CSPGs modulating NG2+ oligodendrocyte process extension and
myelination but not differentiation through the tyrosine phospha-
tases receptor [60].Whether CSPG affects theMMP-9 degradative
mechanism of NG2+ cells is a topic for future experiments. Interest-
ingly,ES-derivedNG2+cells capableofCSPGdegradationwithMMP-
9 expression observed here may not, however, be capable at this
stage of engaging in synaptic commitment unlike recently demon-
strated reactive NG2+ cells up-regulated in injured host spinal cord
tissue capable of entrapping dystrophic adult axons [61].

Robust expression of MMP-9 in and around the CSPG scar in
our in vivo study was exclusive to ES cell-derived progenitors. We
have not yet attempted to characterize the contribution ofMMP-
9 expression from endogenous NG2+ progenitors, which are
known to proliferate at this phase of injury [62–65].

Previous studies suggest that MMPs derived from the axonal
growth cone are also important for matrix remodeling and that
they promote axonal regeneration in the peripheral nervous sys-
tem [66]. Moreover, Duchossoy et al. [67] correlated gelatinase
degradationof scar tissue in the injured spinal cordwith ingrowing
neurites. However, we did not see axons crossing areas of high
CSPG,which suggests that release ofMMP-9by the axonal growth
cone is not by itself sufficient to break down the formidable CSPG
gradient barrier. Therefore, an important finding that differenti-
ates our data is that delivery of MMP-9 from progenitor cells—
rather than from axonal growth cones alone—is the primary
mechanism for the scar remodeling that promotes robust axonal
regeneration out of the cyst and into the injured spinal cord.

We do not believe our progenitor cells produced MMP-9 be-
cause theywere tumorigenic (MMP-9 is also expressedwhen tumor
cells migrate [68]). We evaluated this possibility by repeating our
experiments with ES cell lines of low passage number (,25 pas-
sages) anddifferent origins andobtained the same results as before.
Moreover, all routine evaluations of karyotypes in our laboratory

Figure 7. Neurite outgrowth indicated rapid growth through white
matter in the injured adult rat spinal cord. (A–D): Confocal images of
GFP-expressingEScell-derivedneurites (green)extending throughgray
(A, C)andwhite (B,D)matterat24mm (A,B)and28mm (C,D) rostral
to theepicenter.Oneweekafter transplantation intoacavitycausedby
contusion injury, long-distance outgrowthwas observed inwhitemat-
ter, whereas few processes were observed in gray matter beyond
4mm. (D):Growth cone-like structures expressing GFPwere apparent
in white matter (white box inset demonstrates magnified field repre-
sented by dotted box. (E): Blinded quantification of GFP+ processes
crossingeachmillimeterof corddemonstrated thatneurites grewpref-
erentially through whitematter. p, p, .001 (repeatedmeasures anal-
ysis of variance with Tukey’s test, 226mm in both rostral and caudal
directions, white matter vs. gray matter; data represent means 6
SEM, n = 5 rats; 526 longitudinal sections spanning the graft were
analyzed per animal). Transplanted cells shown here were derived
from the B5GFP ES cell line. Scale bars = 100mm (A–D), 10mm (inset
in [D]). Abbreviations: C, caudal; R, rostral.
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have demonstrated euploid cell lines within this range of passage
number (unpublished observations). Also, this study and our previ-
ous studies of transplanted ES cell-derived neural progenitors and
those of many other groups have consistently demonstrated that
these cells show normal growth contact inhibition (including self-
limited cell proliferation and the absenceof tissueovergrowth), nor-
mal patterns of cellular differentiation (i.e., absenceof teratoma for-
mation), and normal cell density. Finally, we observed selective
MMP-9 expression in NG2+ cells and showed that degradation
was dependent on MMP-9, but not MMP-2, which also argues
against generalized transformation.

CONCLUSION

Ourcentral findingsarethatdelayedtransplantationofEScell-derived
neuralprogenitors (a)producesNG2+neuralprecursors that remodel
the CSPG scar via an MMP-9-dependent mechanism; (b) extends
axons over long distances at rates of.1 mm per day; and (c) regen-
erates with a preference for regrowth in white matter tracts. These
events occurred 9 days after SCI, despite the development of a glial
scarwith prominent growth inhibition.We provide the first evidence
that newly formed CNS neurons can grow axons through a well-
formed injury-induced glial scar that produces CSPGs. Our data are
consistent with the hypothesis that inhibitory CSPGs normally block
axonal regenerationbut that transplantedprogenitor cells sculpt tun-
nels through the glial scar that are free of CSPG.
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