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Abstract

The transplantation of neural stem/progenitor cells is a promising therapeutic strategy for
spinal cord injury (SCI). In this study, we tested whether combination of neurotrophic factors
and transplantation of glial-restricted precursor (GRPs)-derived astrocytes (GDAs) could
decrease the injury and promote functional recovery after SCI. We developed a protocol to
quickly produce a sufficiently large, homogenous population of young astrocytes from GRPs,
the earliest arising progenitor cell population restricted to the generation of glia. GDAs
expressed the axonal regeneration promoting substrates, laminin and fibronectin, but not the
inhibitory chondroitin sulfate proteoglycans (CSPGs). Importantly, GDAs or its conditioned
medium promoted the neurite outgrowth of dorsal root ganglion neurons in vitro. GDAs
were infected with retroviruses expressing EGFP or multi-neurotrophin DI5A and trans-
planted into the contused adult thoracic spinal cord at 8 days post-injury. Eight weeks after
transplantation, the grafted GDAs survived and integrated into the injured spinal cord.
Grafted GDAs expressed GFAP, suggesting they remained astrocyte lineage in the injured
spinal cord. But it did not express CSPG. Robust axonal regeneration along the grafted GDAs
was observed. Furthermore, transplantation of D | 5A-GDA:s significantly increased the spared
white matter and decreased the injury size compared to other control groups. More im-
portantly, transplantation of DI5A-GDAs significantly improved the locomotion function
recovery shown by BBB locomotion scores and Tredscan footprint analyses. However, this
combinatorial strategy did not enhance the aberrant synaptic connectivity of pain afferents,
nor did it exacerbate posttraumatic neuropathic pain. These results demonstrate that
transplantation of DI5A-expressing GDAs promotes anatomical and locomotion recovery
after SCI, suggesting it may be an effective therapeutic approach for SCI.
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Introduction

Despite extensive research, clinical advance- are currently available to promote significant func-
ments, and improved rehabilitation strategies, spinal  tional recovery. Therefore, new therapeutic strategies
cord injury (SCI) continues to be a major cause of are urgently needed. Stem cells have shown great
disability and mortality. Unfortunately, no treatments  therapeutic potentials for SCI repair in several ex-
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perimental models and may represent one of the ef-
fective novel therapies. Neural stem cells (NSCs) [1-3]
or oligodendrocyte precursor cells (OPC) [4-8] dif-
ferentiate into mature oligodendrocytes (OL), increase
remyelination and enhance the functional recovery
after transplantation into the injured spinal cord.
Grafted NSCs or neuronal progenitor cells have also
shown to differentiate into neurons and potentially
replace the lost neurons after SCI [9-11]. In addition to
the neuronal and OL replacement, NSCs or neural
progenitor cells could also decrease the injury and
promote constitutive repair by modifying the injury
microenvironment. Stem cell and progenitor cells
could secrete neurotrophic factors which are known
to alter injury and disease pathogenesis. For example,
the transplanted human NSCs constitutively secrete
nerve growth factor, brain-derived neurotrophic fac-
tor (BDNF) and glial-derived neurotrophic factor
(GDNF) which could promote the growth of host ax-
ons after SCI [12]. In addition to promote remye-
lination, human embryonic stem cells
(hESCs)-derived OPCs also express hepatocyte
growth factor, transforming growth factor b-2 and
BDNF [13], which may contribute to the functional
recovery after SCI following transplantation [4;5;7].
Although grafted human ESC-derived motor neuron
progenitor cells fail to differentiate into mature neu-
rons for neuronal replacement, they decrease the in-
jury size and functional deficits after SCI following
transplantation likely by secreting multiple neuro-
trophins such as neurotrophin-3 (NT-3), neurotro-
phin-4 [14]. In additional to the trophic support, the
stem cells or progenitor cells can also provide sub-
strates or decrease the inhibitors to promote the ax-
onal regeneration after SCI. For example, young as-
trocytes derived from glial-restricted precursor cells
(GRPs) decrease astrogliosis and CSPG expression
and, importantly, promote axonal regeneration after
transplantation following SCI [15;16]. GRPs or NSCs
differentiate mainly into astrocytes to change the mi-
croenvironment to promote neurogenesis after trans-
plantation into hippocampus of aged rat [17]. Thus,
transplanted stem cell derivates can modify the in-
jured environment by providing survival factors,
guidance molecules, or cues for proliferation and dif-
ferentiation of endogenous stem and progenitor cells.

Neurotrophins play important roles in axonal
regeneration and plasticity in developing and adult
animals  following SCI  [18-20].  Neurotro-
phin-mediated regeneration of specific supraspinal
and sensory pathways has been well documented
[21]. Particularly, neurotrophins NT-3 exerts strong
and preferential effects on regeneration of injured
axons in CST [22-24] and in DC [25-27]. BDNF signif-

icantly promotes the regeneration of rubrospinal and
supraspinal tracts after SCI [28-30]. Additionally,
neurotrophins also play important roles on remye-
lination after CNS injury. For example, transplanta-
tion of fibroblasts genetically modified to express NT3
or BDNF in the injured spinal cord increases the pro-
liferation of OPCs and the myelination of regenerat-
ing and/or spared axons [18]. Our previous study
also showed that transplantation of GRPs genetically
over-expressing D15A, a novel neurotrophin with
both NT3 and BDNF activities [31], promoted the
functional recovery of electrophysiological conduc-
tion and locomotor [6]. However, it still remains to
determine whether the functional recovery comes
from OL remyelination by grafted D15A-GRPs or its
neurotrophin effects, or both. Grafted 15A-GRPs se-
crete D15A into the injured spinal cord, and they also
differentiate into mature OLs which remyelinate the
demyelinated axons. Importantly, expression of D15A
further increase the OL differentiation of grafted
GRPs. It will be difficult to distinguish the contribu-
tions of OL differentiation and remyelination and
neurotrophic effects of grafted D15A-GRPs to func-
tional recovery.

In this study, we induced GRPs to differentiate
into astrocytes in vitro before transplantation and
tested the therapeutic potential of GRP-derived as-
trocytes (GDAs) after SCI. GDAs lost its potential to
differentiate into OLs both in vitro and in vivo. Thus,
functional recovery after GDA transplantation will
depend on mechanisms other than graft-derived re-
mylination. Such study combining with our previous
GRP transplantation study [6] will help us understand
the underlying mechanisms for functional recovery
following cell transplantation. Such understanding
may help us to optimize our cell transplanta-
tion-based therapies for SCI and other neurological
diseases. Our results showed that the grafted GDAs
survived and integrated into the host spinal cord and
remained astrocyte lineage. Transplantation of GDA
decreased the gliosis and formed bridge to increase
the attachment of host axons in the injured epicenter.
In spite of these anatomical benefits, transplantation
of GDA alone did not promote significant locomotion
recovery. But transplantation of D15A-GDAs signifi-
cantly increased the spared white matter and de-
creased the injury, and, importantly, improved the
locomotion function recovery after SCI. These results
suggest that combination of GDAs transplantation
and neurotrophin expression may be an effective
therapeutic approach after SCI.

Materials and Methods

All animal care and surgical interventions were
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undertaken in strict accordance with the Public
Health Service Policy on Humane Care and Use of
Laboratory Animals, Guide for the Care and Use of
Laboratory Animals, and with the approval of both
Animal Welfare Committee and institutional bi-
osafety committee at the University of Texas Health
Science Center at Houston.

Preparation of GRPs. GRPs were im-
munopanned from embryonic day 14 (E14) Fischer
344 rat spinal cord using an A2B5 antibody and a
protocol modified from previous studies [32;33].
Growth medium, which consisted of DMEM-F12 (Life
Technologies/BRL), N2 and B27 supplements (Invi-
trogen, Carlsbad, CA, each at 1x), Fibroblast growth
factor 2 (FGF2, 20 ng/ml), and Platelet derived
growth factor aa (PDGFaa, 10 ng/ml), was changed
every other day and growth factors (FGF2 and PDG-
Faa, 20 and 10 ng/ml, respectively) were added daily.
In all cases, an aliquot of cells was analyzed the next
day to determine the efficiency of the immunopan-
ning. Only those cell preparations in which >95% of
the bound cells expressed A2B5 were used in the ex-
periments. After about 5 days, the cells were pas-
saged.

To differentiate GRPs into astrocyte in vitro, the
cells were plated in polyornithine/laminin-coated 24
well plates. The following day, the FGF2 was re-
moved and 20 ng/ml bone morphogenetic protein 4
(BMP4) was added to the growth medium. Thus, dif-
ferentiation medium consisted of DMEM/F12, 1x N2
and 1x B27 supplements, and BMP4 (20 ng/ml) and
medium was changed every other day. After 1,3,5,7
days, the cells were fixed and immunohistochemically
analyzed for their differentiated phenotypes.

Before transplantation, GRPs were infected with
the LZRS retrovirus expressing either enhanced green
fluorescence protein (EGFP) or D15A-EGFP. For ret-
roviral labeling, GRPs were treated with 1pg/ml
polybrene for 1 hour, followed by incubation in
growth medium containing LZRS-EGFP or
LZRS-D15A-EGFP retrovirus for 4 hours. Routinely,
about 60% cells were labeled. For GDAs transplanta-
tion, EGFP- or D15A-labeled GRPs were differentiat-
ed for 3 days in the differentiation medium with
BMP4 before transplantation. Two hours before
transplantation, the labeled cells were detached from
the dishes using a cell lifter, collected by centrifuga-
tion at 1000 x g for 4 min, and resuspended in 1 ml
culture medium. After cell count and viability as-
sessment with trypan blue in a hemacytometer, the
cell suspension was centrifuged a second time and
re-suspended in a smaller volume to give a density of
5 x 104 viable cells/ pl.

Co-culture of dorsal root ganglion neuron

(DRGN) and GDA. Ganglia were dissected from the
entire length of the vertebral column of postnatal day
1 rats. Axons extending from the ganglia were re-
moved under a stereoscopic microscope. The ganglia
were incubated in Ca?*/Mg?*-free phosphate-buffered
saline (PBS) containing 300 U/ml collagenase type IV
(Worthington Biochemical, Lakewood, NJ, USA),
0.12 pg/ml DNase I and 1 mg/ml BSA for 2 h at 37 °C
and then rinsed with PBS to remove the enzymes.
They were then incubated in PBS containing 0.25%
trypsin (Life technologies, California, USA) and
1 mg/ml BSA for 15 min at 37 °C. After the enzymatic
digestion, the cells were gently triturated with a sili-
con-coated Pasteur pipette and centrifuged at
1000 rpm for 5 min to remove the enzymes. The cells
were suspended in DMEM (Life technologies) with
glucose (4.5g/l) and plated onto polyorni-
thine/laminin-coated 24 well plates or on the top of
GRP, or differentiated 1, 3, 5 or 7 days GDA. The cells
were grown for 18 hours in neurobasal medium con-
taining 1x B27 supplement, 1ImM L-Glutamine and
Nerve Growth Factor (25 ng/ml). Then the cells were
fixed in 4% paraformaldehyde in 0.01 M phosphate
buffer (PB) and processed for immunohistochemistry
with first antibodies rabbit agaist neurofilament M
(NFM, axonal marker, 1:200, Chemicon) and mouse
against GFAP (astrocyte marker, 1:500, Sigma) and
appropriate Fluorescence tagged secondary antibody.
The longest neurite from each DRGN was measured
and at least 100 DRGN’s were measured in control and
each co-culture. The average of the longest neurite
length in each culture condition was calculated and
difference among the groups was analyzed statisti-
cally using one-way ANOVA followed by Tukey’s
post-hoc testing.

To test the effects of GRP and GDA conditioned
medium on the neurite growth of DRGNs, a whole
ganglia from postnatal day 1 rats was cultured as ex-
plants in polyornithine/laminin-coated 24 well plates
in neurobasal medium containing 1x B27 supplement,
ImM L-Glutamine and Nerve Growth Factor (25
ng/ml) with or without conditioned medium from
GRP or GDA for 3 days. To collect the conditioned
media of GRPs or GDA, 90% confluence of GRPs or
differentiated 3 day GDA were washed with
DMEM/F-12 and then incubated in neurobasal me-
dium supplemental with B27 and glutamine for 24
hours. CM was centrifuged, filtered, and concentrated
30-fold with a Centriplus 10 filter (Amicon) and
stored at -80 °C until use. The concentrated CM was
diluted to 1:30 in fresh DRGN culture media when
use. The DRG explants were stained with im-
mune-fluorescence using NFM antibody and
NFM-positive areas of DRG explants were measured
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and the difference among groups was analyzed sta-
tistically using one-way ANOVA followed by Tukey’s
post-hoc testing.

Construction and characterization of the
D15A-LZRS retrovirus. EGFP and D15A [31] cDNAs
were cloned into the LZRS retroviral vector [34]. To
generate high titer virus, ®PNX cells (provided by Dr.
Gary Nolan, Stanford University) were transfected
using GenePorter II (Gene Therapy Systems, Inc., San
Diego, CA) which routinely gave transfection effi-
ciencies of 50-65%. Selection with 2 pg/ml puromycin
begins 48 hr later. To harvest viral supernatant, media
was changed to the appropriate serum free media
without mitogens overnight and harvested the next
day. We routinely obtain titers of 5 x 10°>- 5 x 10°
pfu/ml

Surgical procedures. Surgical procedures were
described previously [9;35;36]. Briefly, after anesthe-
tization with Nembutal (50 mg/kg, i.p.), adult Fischer
344 rats received a dorsal laminectomy at the 9t tho-
racic vertebral level (T9) to expose the spinal cord and
then a moderate to severe contusion SCI was per-
formed by the Louisville Injury System Apparatus
(LISA) at 0.8mm displacement and 1.5mm/second
velocity [37]. At 9 days post-injury, rats were ran-
domly assigned to four groups, which received
DMEM, EGFP-GRPs, EGFP-GDAs, and D15A-GDAs,
respectively. Animals were re-anesthetized as above
and the laminectomy site was re-exposed. Four injec-
tions were made at 1 mm cranial to, caudal to and left
and right of the lesion epicenter at depth 1.3 mm and
0.6 mm laterally from midline. At each site, 2 pl of cell
suspension or vehicle was injected through a glass
micropipette with an outer diameter 50-70 pl and the
tip sharp-beveled to 30-50° at rate of 0.5 pl /min as
described previously [9;36]. Thus, a total of 400,000
cells were grafted into each injured spinal cord. The
animals were allowed to survive 8 weeks after trans-
plantation.

Behavioral assessment. Open-field locomotion
test using the Basso-Beattie-Bresnahan (BBB) loco-
motor rating scale [38] was performed once weekly
for the first three weeks and then bi-weekly thereafter
until 9 weeks after SCI. All the animals were coded
and behavioral assessments were performed by two
investigators blinded with respect to the treatment
groups. The mean BBB scores were tallied by injured
groups and plotted as a function of time post-injury.
Changes in BBB scores over time for the four groups
were analyzed using repeated measures ANOVA
with the between groups factor. Differences among
the groups and each group over the eight post-injury
test weeks were performed using Tukey HSD post hoc
t-tests.

Mechanical sensitivity test. To determine the
degree of tactile sensory changes present after SCI,
Von Frey hair monofilaments (VFH; Stoelting Co.,
Wood Dale, IL) were applied to the plantar surface of
the hindpaw using a modified version of the up-down
method (Chaplan et al., 1994). To ensure that all rats
could withdraw their hindpaws from an unpleasant
stimulus, plantar VFH was not initiated unless

hindlimb weight support recovered according to
BBB testing (BBB score 10 or above). The rats were
placed in an inverted acrylic glass cage (20.25 - 13.5 -
15.25 ¢cm) with a wire mesh bottom (0.635 cm grid
size) allowing access to the plantar surface of the
hindpaws. Testing commenced with the 15.14-g

VFH filament applied perpendicularly at a con-
sistent rate (*1 sec) to the plantar surface of the hind-
paw (1 cm posterior to the foot pads). When a brisk,
immediate paw withdrawal occurred, the next lower
VFH was applied. When no hindpaw withdrawal
occurred, the next higher VFH was applied. Ten VFH
applications were used, and approximately 30-60 sec
separated each touch. If an animal lifted the paw, the
trial was discarded and the animal was retested fol-
lowing the standard interstimulus interval. The tactile
sensory threshold was defined as the lowest gram
force needed to produce hindpaw withdrawal on at
least 50% of its applications. The animals were tested
before surgery and before sacrifice at 8 weeks.

Immunohistochemistry. For the histological
analysis of the grafted cells, rats were anesthetized
with Nembutal and perfused transcardially with 0.01
M phosphate buffered saline (PBS) (pH 7.4), followed
by 4% paraformaldehyde in 0.01 M phosphate buffer
(PB). The spinal cord segments that received the grafts
were removed, cryoprotected in 30% sucrose buffer
overnight at 4°C and embedded in OCT compound.
Some cords were transversely sectioned at 20 pm on a
cryostat, while others were cut longitudinally. After
blocking with 10% donkey serum in Tris buffered
saline (TBS) containing 0.3% Triton X-100 (TBST) for 1
hour at room tempture (RT), the sections were incu-
bated in TBST containing 5% donkey serum, poly-
clonal chick anti-GFP (1:500, Chemicon) or polyclonal
rabbit anti-neurofilament M (NFM, a marker for ax-
ons, 1:200, Chemicon) with one of the following
monoclonal mouse antibodies: anti-glial fibrillary
acidic protein (GFAP, a marker for astrocytes, 1:100,
Chemicon), anti-adenomatus polyposis coli (APC,
also called CC1, a marker that labels cell bodies of
mature oligodendrocyte, 1:200, Pharmigen), anti-NG2
(a marker for oligodendrocyte progenitor cells, 1:200,
Chemicon), or anti-nestin (a marker for undifferenti-
ated neural stem cells or progenitor cells, 1:10, DSHB)
overnight at 4°C. After three washes of 10 min in TBS,
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sections were incubated in TBST containing 5% don-
key serum, donkey anti-chick FITC-conjugated Fab’
fragments (1:100, Jackson-ImmunoRes Lab, Baltimore,
MD), donkey anti-mouse Texas red-conjugated Fab’
fragments (1:200, Jackson-ImmunoRes Lab), or don-
key anti-rabbit AMCA-conjugated Fab’ fragments
(1:100, Jackson-ImmunoRes Lab) for 1 hour at RT. The
sections were rinsed in TBS and cover-slipped with
antifade mounting medium (Molecular Probes, Eu-
gene, OR). Some sections were double- or tri-
ple-stained with chick anti-GFP (1:500, Chemicon)
and mouse anti-GAP43 (a marker for axonal regener-
ation, 1:400, Sigma), or rabbit anti GFAP (1:500, Dako)
or mouse anti-CSPG (1:200, Sigma) with appropriate
fluorescence tagged secondary antibodies. A Nikon
Eclipse TE300 inverted fluorescence microscope
equipped with RT color Spot camera or a Zeiss Axi-
ophot, LSM 510 confocal microscopy was used to
capture representative images. Photomicrographs
were assembled using Adobe Photoshop® and Adobe
[ustrator® software.

Histological analyses. The total volume of
spared white matter in the injured epicenter was de-
termined as described previously [35]. Briefly, after
the final behavioral and physiological assessments,
rats were anesthetized with an overdose of Nembutal
(100 mg/ml) and perfused transcardially with 0.01 M
PBS followed by 4% paraformaldehyde in PB (pH 7.4).
Serial 20 um thick sections through the entire injury
site were cut transversely on a cryostat. Two sets of
slides (every 9t and 10t section, each set containing
serial sections spaced 200 um apart) were stained with
the iron-eriochrom cyanine R (EC) and Cresyl violet,
respectively, to identify myelinated white matter and
residual spared tissue. The lesion epicenter was de-
fined as the section containing the least amount of
spared white matter. White matter sparing was de-
fined as tissue showing normal myelin appearance
and density (lacking cysts, degeneration). Septae or
fibrous bands of tissue observed within and/or span-
ning areas of cystic cavitation were not considered to
represent spared tissue. The total cross-sectional area
of the spinal cord and the lesion boundary were
measured with an Olympus BX60 microscope at-
tached to a Neurolucida system (Microbrightfield Inc.,
Colchester, VT). An unbiased estimation of the per-
centage of spared tissue was calculated using the
Cavalieri method. The total volume of spared white
and lesion area was calculated by summing their in-
dividual subvolumes [39]. Individual subvolumes of
lesion area and spared tissue were calculated by mul-
tiplying the cross-sectional area (A) x D, where D
represents the distance between sections (200 pm).
The percent spared white matter and injured areas

were calculated by dividing the total volume of
spared white matter and lesion area by the total white
matter (WM) volume and spinal cord volume, re-
spectively. Mean values of percent lesion area and
spared WM among different injured groups were
calculated and statistically compared using one-way
ANOVA followed by Tukey’s post-hoc testing.

Results

GRP and GDA promote neurite growth in
vitro. GRPs were immunopanned from E14 spinal
cord with the A2B5 antibody as described previously
[6;33]. All undifferentiated GRPs expressed A2B5
(Fig.1A). No GFAP expression was observed (Fig.1A).
After differentiation for 1 day in the presence of
BMP4, most of GRPs down-regulated their expression
of A2B5 and some began to differentiate into GFAP+
astrocytes (Fig. 1B). At 3 day after differentiation, al-
most all GRPs differentiated into GFAP+ astrocytes
(Fig. 1C). At 5 and 7 days after differentiation, ex-
pression of GFAP continued to increase in the differ-
entiated astrocytes (Fig. 1D, E). Western blot experi-
ments further confirmed that expression of GFAP,
fibronectin and laminin was increased in the differen-
tiated GRPs with longer differentiation time in the
presence of BMP4 (E).

To directly test whether GRPs or GRP-derived
astrocytes (GDAs) could promote axonal growth in
vitro, the dorsal root ganglion neurons (DRGN) were
isolated from postnatal day 1 rat and grown in either
the PDL/laminin-coated plates or on the top of un-
differentiated GRPs, or GDAs after being differenti-
ated for 1-7 days. After culturing for 18 hours, the
longest neurite from each DRGN was measured. Most
DRGN cultured in the laminin-coated plates were
bipolar or unipolar without secondary branch in the
primary processes (Fig. 2A). However, DRGNs
co-cultured with GRPs or GDAs were usually multi-
polar with more complex processes and secondary
branches were often observed in the primary pro-
cesses (Fig. 2B). The neurite length of DRGNS cultured
in all cells was significantly longer than in control
laminin (Fig. 2C). The neurite length cultured in
GDA3d or GDA5d was significantly longer than in
GRPs, or GDA1d (Fig. 2C). To further test whether
promotion of neurite growth by GRPs or GDAs is
mediated by soluble factors, the conditioned media
(CM) from GRP or GDA3d were collected. DRG ex-
plants were cultured in neurobasal medium contain-
ing NGF (50 ng/ml) for 1 day and continue to grow in
the same medium with or without GRP or GDA CMs
for 2 more days. The neurite areas of DRG explants,
viewed by NFM immunohistochemistry, were signif-
icantly greater in GDA or GRP CMs than in control
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medium (Fig 2D-F). These data showed that GRP,
GDA or their CMs promoted neurite growth in vitro.

Survival and differentiation of grafted GRPs
and GDAs in the injured spinal cord. Robust sur-
vival of grafted GRPs, GDAs or D15A-GDAs was ob-
served in all animals. Most of grafted cells were lo-
cated in the injured area and integrated in the host
spared tissue (Fig. 3). The grafted cells were mainly
located in the spared white matter around the cavity
with some within the cavity (Fig. 3A). Extensive cau-
dal-rostral migration was observed in all grafted
GRPs, GDAs or D15A-GDAs. Some grafted cells were
observed to migrate up to 1 cm caudally or rostrally
along the central canal. The survival or migration was
not significantly different among GRPs, GDAs or
D15A GDAs.

Consistent with our previous study, GRPs sur-
vived and migrated extensively at eight weeks after

A:GRP: A2B5/GFAP

D: GDA5d: A2B5/GFAP

B: GDA1d: A2B5/GFAF

transplantation (Fig. 4A-C). The grafted GRPs sur-
vived and migrated preferentially in white matter and
sent their processes longitudinally along the axons
(Fig. 4A). Some grafted GRPs differentiated into oli-
godendrocyte-like cells with multiple processes (Fig.
4B) and form close relationship with axons (Fig. 4C).
To further examine whether these differentiated GRPs
were oligodendrocyte, we double stained the
GFP-labeled cells with oligodendrocyte specific
marker, CC1. As shown in Figure 4D-F, some grafted
GRPs differentiated into CCl-positive oligodendro-
cytes. More grafted GRPs differentiated into
GFAP-positive astrocytes (Fig. 4G-I). No neuronal
differentiation was observed (data not shown). The
results were consistent with previous studies [6;40]
showing that GRPs were bi-potential in vivo to dif-
ferentiate into both astrocytes and oligodendrocytes.

C:GDA3d: A2B5/GFAP

GFAP

avenl

Figure 1. Astrocyte differentiation of GRPs in vitro. (A) All undifferentiated GRPs expressed A2B5 but not GFAP. (B) After differentiated | day in the
presence of BMP4, the expression of A2B5 was dramatically decreased and some cells started to express GFAP. (C, D, E) After differentiated 3 days (C),
5 days (D) or 7 days (E) in the presence of BMP4, almost all cells differentiated into GFAP positive astrocytes. Expression of GFAP continued to increase
along the longer differentiation time. (F) The Western blot results confirmed that expression of GFAP, laminin (LM) and fibronectin (FN) was all increased
with increasing differentiated time in the culture. Scale bar for A-E, 20pum.
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Figure 2. GDAs promoted axonal growth in vitro. (A) After been cultured for |18 hours in the control culture condition, most dorsal root ganglion
neurons (DRGNs) were bipolar or unipolar without secondary branch from the primary processes. (B) After culture with GDAs for 18 hours, DRGNs
were multipolar with more complex processes and secondary branches were often observed from the primary processes. (C) Quantitative analyses
showed that the neurite length of DRGNs cultured in all cells was significantly longer than in control laminin (p < 0.05). The neurite length cultured in
GDA3d or GDAS5d was significantly longer than in GRPs, or GDAId (p < 0.05). (D) DRG explants cultured in control neurobasal medium had less neurite,
viewed by NFM immunohistochemistry. (E) DRG explants cultured in GDA conditioned medium had much more neurite compared to the control. (F)
Quantitative analyses showed that the neurite areas of DRG explants were significantly greater in GDA or GRP CMs than in control medium (p < 0.05).
Data in C and F represent the mean * SD (n=4). Scale bars: 100 pm.

Figure 3. Survival of Grafted GDAs after SCI. Robust survival of
grafted GDAs was observed in the injury epicenter. The grafted
cells were mainly located in the spared white matter around the
cavity with some within the cavity. The grafted GDAs were
morphologically astrocyte-like cells (insert). Scale bar, 200pm.
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Figure 4. Differentiation of grafted GRPs after SCI. (A) Grafted GRPs survived and migrated in the white matter and sent multiple processes longitudinally.
(B) The grafted GRPs differentiated into oligodendrocyte like cells with multiple processes. (C) The processes of oligodendrocyte like grafted GRPs formed
close relationship with the host axons. (D-F) The grafted GRPs differentiated into oligodendrocytes expressing oligodendrocyte specific marker APC
(arrows). (G-l) Many grafted GRPs also differentiated into GFAP positive astrocytes. Scare bars: 20 pm.

Almost all grafted GDAs were GFAP-positive
astrocytes (Fig. 5A-C). No neuronal or oligodendro-
cyte differentiation was observed. These data showed
that the grafted GDAs remained glial lineage. GDAs
also mainly distributed and migrated in the white
matter to form close relationship with the host axons
(Fig. 5D-F). In the injured epicenter, the axons were
observed to attach the grafted GDA bridges to across
the injury epicenter (Fig. 5D-F).

D15A-GDA transplantation increased the
spared white matter after SCI. Previous studies sug-
gested that GRP or GDA transplantation could mod-
ify the injured environment to promote axonal re-
generation [15]. To evaluate whether grafted GRPs or
GDAs could modify gliosis after SCI, we double
stained the injured spinal cord with GFAP and GFP.
As shown in Fig. 5G-], GFAP expression was signifi-
cantly decreased in area receiving grafts of GRPs or
GDAs. More importantly, CSPG expression was also

significantly decreased in these areas with grafts of
GDAs. The grafted GDAs were not expressed CSPG.
In contrast, strong CSPG expression was observed in
the host reactive astrocytes in the injured epicenter
without GDA grafted (Fig. 5K-N). To test whether
transplantation of GRPs or GDAs could promote ax-
onal regeneration, we quantified the expression of
GAP43 for the regenerating axons or expression of
pan-axons for total axons in the injured epicenter.
There was no significant difference in the expression
of either GAP43, or pan-axons among all groups (data
not shown). To further test whether transplantation of
GRPs or GDAs could affect the spared white matter
after SCI, we quantified the percentage of spared
white matter to the total spinal cord at the injured
epicenter as well as areas caudally or rostrally away
from the epicenter. As shown in Fig 6 and 7, the per-
centage of spared white matter in epicenter, 0.6 or 1.2
mm caudally and rostrally was not significantly dif-
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ferent among control, GRP or GDA transplantation  and rostrally from the epicenter. These data showed
groups. However, the percentage of spared white that transplantation of D15A-expressing GDAs in-
matter in D15A-GDA group was significantly higher  creased the spared white matter after SCI.

than other three groups in epicenter, 0.6 mm caudally

Figure 5. Survival and differentiation of grafted GDAs after SCI. (A-C) Almost all grafted GDAs (A, arrows) remained to express GFAP (B,C, arrows) at
2 months after transplantation. (D-F) The grafted GDAs sent multiple processes longitudinally to form cellular bridge for the host axons in the injured
epi-center. (G-J) The grafted GDAs, which remained GFAP positive astrocytes (H, arrows), didn’t express CSPG (|, arrows). The expression of CSPG (H)
and GFAP (1) in the injured spinal cord was also dramatically decreased following transplantation of GDAs. (K-N) In contrast, in the injured epicenter
without GDA graft, strong CSPG expression was observed in the host reactive astrocytes. Scale bars: 20 pm.
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D15A-GDA

C1.8mm C1.2mm C06mm  Epi-center RO.6mm R1.2 mm R1.8mm

Figure 6. The injury cavity and spared white matter after SCI by the iron-eriochrom cyanine R (EC) staining. The injury size in control (A), GRP grafts (B),
or GDA grafts (C) group was much bigger than in DI5A-GDA grafts group (D). The percentage of spared white, on the other hand, was significantly
increased in DI5A-GDA group than in other three groups. Scale bars: 100um.
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Figure 7. Increased spared white matter after SCI following D I5A-GDA transplantation. The percentages of spared white matter to the whole spinal cord
were calculated and quantified using ES staining. The percentages of spared white matter in the injury epiecenter, 0.6mm caudally or rostrally were
significantly increased in D15A-GDA grafted group compared to other three groups (p < 0.05). There was not significantly different among the control,
GRP or GDA graft group. Data represent the mean + SD (n=8).
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D15A-GDA transplantation increased the  control, GRP or GDA graft group at 5 or 9 weeks after
functional recovery after SCI. To test whether trans-  injury were significantly shorter compared to the
plantation of GRPs or GDAs could promote function-  baseline before injury (Fig. 8B). There was no signifi-
al recovery, we assessed BBB scores for the open-field  cantly different among the control, GRP and GDA
locomotion and tradscan for foot-print analyses. The  groups. However, the toe spreads in 15A-GDA graft
BBB scores were all significantly improved from the  group were significantly longer than the control, GRP
first weeks to 8 weeks after injury in all groups (Fig.  or GDA group at both 5 and 9 weeks after injury.
8A). This is consistent with previous studies in this  Similarly, the foot print angles were significantly in-
model showing the spontaneous recovery of locomo-  creased in all injured groups compared to baseline
tion function after injury [37]. The BBB scores were  before injury (Fig. 8C). There was no significant dif-
not significantly different among all four groups at 1  ference among the injury control, GRP and GDA
week after injury before cell transplantation. After  groups at 5 and 9 weeks after injury. However, the
transplantation, the BBB scores in groups receiving  foot print angles were significantly recovered in
grafts of GRPs or GDAs were also not significantly =~ D15A-GDA group compared with the other groups at
from the control groups at all tested time points from  these time points (Fig. 8C). These results showed that
1 to 8 weeks after transplantation. However, the BBB  transplantation of GRPs or GDAs alone failed to im-
scores in D15A-GDAs graft group were significantly =~ prove the locomotion function after SCI. But combi-
higher than other three groups from 1 week to 8 nation of GDA transplantation and D15A expression
weeks after transplantation. The objective foot-print  leaded to significantly functional recovery.
analyses also showed that the toe spreads in the injury
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Figure 8. Locomotion recovery after DI5A-GDA transplantation. The locomotion functions were assessed by BBB locomotion score and treadscan
footprint analyses. (A) BBB scores were not significantly different among all groups at | week post-injury (Pl). From 2 week Pl (I week after transplantation)
to 9 weeks PI, BBB scores are significantly improved in D15A-GDA group compared to control, GRP or GDA graft groups (p < 0.05). BBB scores were not
significantly different among these three groups at all tested time points (p > 0.05). (B) Footprint analyses showed that toe spread measurements were
significantly improved in DI5A-GDA graft group compared to control, GRP or GDA group at 5 or 9 weeks Pl (p < 0.05). (C) Footprint analyses also
showed that toe sprint angles were significantly larger in all grafted groups compared to baseline at 5 or 9 weeks Pl (p < 0.05). However, angles in
DI15A-GDA group were significantly improved to become smaller compared to control, GRP, or GDA graft groups (p < 0.05). There was no significantly
different among these three groups (p > 0.05). (D) Von Frey hair monofilament test showed that the withdrawal forces were not significantly different
among control, GRP, GDA or DI5A-GDA groups at both left and right limbs at 6 and 8weeks PI (p > 0.05). Data in A-D represent the mean + SD (n=12).
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Previous studies showed that transplantation of
NSCs or GRPs could cause allodynia after SCI [16;41].
To determine if grafted GRPs or GDAs affected pain
perception in transplanted animals, mechanical sensi-
tivity (Von Frey test) was performed. Von Frey fila-
ment testing at both 6 and 8 weeks after injury (5 and
7 weeks after transplant) showed the paw withdrawal
thresholds in GRP, GDA or D15A-GDA grafted ani-
mals were not significantly different from the injury
control animals (Fig. 8D). These results suggested that
transplantation of GRPs, GDAs or D15A-GDAs did
not cause allodynia.

Discussion

In the present study, we have tested the thera-
peutic potential of GRPs and GDAs after contusion
SCI. Robust survival and extensive migration of
grafted GRPs were observed in the host injured spinal
cord after transplantation. The grafted GRPs migrated
and integrated in the host spinal cord. They differen-
tiated into both astrocytes and oligodendrocytes.
These results are consistent with previous in vitro [42]
and in vivo [6;40] studies showing that GRPs have
potential to differentiate into both astrocytes and OLs
and could be one of the cell resources for astrocyte or
oligodendrocyte replacement after SCI. Our results
showed that GRPs or its conditioned media promoted
neurite growth in vitro, suggesting that GRPs can
promote axonal regeneration by providing substrates
and/or secreting factors. This is consistent with pre-
vious study [43] showing GRPs enhance the axonal
growth of co-cultured neurons even in the presence of
CSPG. After transplantation into the injured spinal
cord, GRPs also decreased the gliosis shown by the
decrease of GFAP and CSPG expression in vivo.
However, they did not promote significantly axonal
regeneration and functional recovery. Our previous
study [6] showed that transplantation of GRPs alone
did not increase the spared white matter or functional
recovery after contusion SCI. More recent studies also
showed that transplantation of rat or human GRPs
after contusion SCI improved the injured environ-
ment by reducing cyst and scar formation [44;45]. But
neither rat nor human GRP grafts resulted in signifi-
cant axonal regeneration and locomotion functional
recovery. Similarly, transplantation of rat or human
GRPs did not promote significant axonal regeneration
and functional recovery after dorsolateral laceration
of cervic spinal cord. These studies suggest that
transplantation of GRPs alone may not be sufficient to
promote significantly functional recovery after SCI
although it shows some anatomical improvements.
Combination of GRP transplantation with other
treatments such as over-expression of multineuro-

trophin D15A may be necessary for significantly
functional recovery after SCI [6].

Although transplantation of undifferentiated
GRPs fails to promote axonal regeneration and func-
tional recovery after laceration SCI, priming GRPs
into astrocytes before transplantation has proved ef-
fective to promote regeneration and functional re-
covery after dorsal hemisection SCI [15]. In this study,
we extended to test the therapeutic potential of GDAs
after contusion SCI. Our in vitro results showed that
almost all GRPs differentiate into astrocytes after ad-
dition of BMP4 in the culture medium for 3 days. And
the newly differentiated astrocytes from GRPs are
more effective than undifferentiated GRPs to promote
neurite growth of cultured DRGNSs. Interestingly, the
GRPs differentiated for 3 days are most effective and
the ones differentiated for longer time such as 5 or 7
days are less effective. These results suggest that
young GDAs could be more capable to promote ax-
onal growth in vitro than the old ones. These results
are consistent with previous studies using embryonic
astrocytes. For example, embryonic astrocytes have
long been thought of as an attractive cell type for re-
pair of the adult CNS [46,47]. Astrocytes directly iso-
lated from the embryonic CNS promote axonal re-
generation after transplantation into adult CNS inju-
ries [48;49]. But isolating embryonic astrocytes di-
rectly from the embryonic CNS is very challenging,
owing to the relatively low abundance of these cells in
vivo. The generation of postnatal astrocyte cultures is
normally associated with prolonged growth in condi-
tions in vitro that allow aging of these cells to a less
supportive phenotype [50], which has also resulted in
minimal axon growth after their transplantation to
adult spinal cord injuries [51]. Our results suggest that
young GDAs may mimic the astrocytes from devel-
oping CNS to support the axonal growth. Important-
ly, it is easy and fast to obtain a large, homogeneous
population of embryonic-like supportive astrocytes
from embryonic GRPs for transplantation [15;52].

We further tested the effects of GDAs on axonal
regeneration and functional recovery after SCI. After
transplantation, GDAs survived and integrated well
into the injured host. They remained astrocyte line-
age. In contrast to the host reactive astrocytes, the
grafted GDAs did not express inhibitory CSPGs. Im-
portantly, they formed close relationship with the
host axons. In spite of its anatomical benefits, howev-
er, transplantation of GDAs alone did not lead to sig-
nificant axonal regeneration shown by GAP 43 stain-
ing or locomotion functional recovery by BBB scores.
These results are unexpected since our in vitro data
show that GDAs or its conditioned medium can
promote axonal or neurite growth in vitro. And pre-
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vious studies also showed that transplantation of
GDAs into a hemisection SCI promoted robust axonal
regeneration from rubrospinal axons and ascending
sensory axons into and out of the lesion, resulting in
functional recovery [15;53]. However, there are a few
differences between these studies and the present
study. For example, they transplanted the GDAs im-
mediately after injury. We grafted GDAs at 7 days
after SCI. The injury models are also different be-
tween these studies. They used dorsal hemisection
SCI and we used the contusion injury. Consistent with
our present study, a recent study also showed that
transplantation of human GDAs after contusion also
resulted in some anatomical benefits but not func-
tional recovery [44], suggesting that the injury model
may play important roles in the in vivo functions of
grafted GDAs. The microenvironment in the different
injury models may be very different. Similarly, the
microenvironments in different time points after in-
jury are also very different. These different injury en-
vironments could induce the grafted GDAs to behave
differently. Previous studies show that astroccytes
derived from the same GRPs induced by BMPs or
CNTF function very different after transplantation
into the hemisection SCI [16;53]. The astrocytes de-
rived from GRPs by BMPs show significant histology
and locomotion functional benefits, but not allodynia.
In contrast, astrocytes derived from GRPs by CNTF
cause allodynia but not any histology or locomotion
functional recoveries. These studies suggest that dif-
ferent astrocytes could function very differently after
transplantation into the injured spinal cord. Future
studies are needed to further determine whether
GDAs become different types of astrocyte after trans-
planted into different injuries and how GDAs func-
tion differently in different injury environment.

Since transplantation of GDAs alone is not suffi-
cient to allow significant funtional recovery after
contusion SCI, we further tested whether combination
of GDA transplantation and increasing expression of
multi-neurotrophin, D15A, would lead to greater re-
covery. Our results showed that transplantation of
D15A-expressing GDAs significantly increased the
spared tissue and importantly, promoted the locomo-
tion functional recovery. Our previous study showed
that transplantation of D15A-expressing GRPs also
promoted functional recovery [6]. There are a few
differences between the present and our previous
D15A-GRPs studies. GRPs differentiate into oli-
godendrocytes after transplantation in the contused
spinal cord and expression of D15A doubles its oli-
godendrocyte differentiation. In contrast, grafted
GDAs remain the astrocyte lineage without differen-
tiation into oligodendrocytes. Secondly, D15A-GDA

transplantation significantly increases the spared tis-
sue after contusion SCI. In contrast, D15A-GRP
transplantation fails to do so. Thirdly, the locomotion
functional recovery in D15A-GDA transplantation is
much earlier: one week after D15A-GDA transplanta-
tion compared to five weeks after D15A-GRP trans-
plantation. Thus, functional recovery after
D15A-GRPs transplantation is at least partially due to
its increasing remyelination. However, the functional
recovery after D1I5A-GDA transplantation may come
from the mechanisms other than remyelination since
D15A-GDAs lost it potential to differentiate into oli-
godendrocytes. Although the underneath mecha-
nisms for functional recovery after D1I5A-GDA trans-
plantation need to be further studied, our results, such
as significant increase in spared tissue and early
functional recovery, suggest that neuroprotection
could be one of the important mechanisms. Consistent
with our results, previous studies demonstrated that
delivery of neurotrophin NT3 or BDNF with or
without grafted cells was one of effective approaches
to promote neuroprotection after SCI [54;55]. In addi-
tion, enhancing axonal sprouting and regeneration
[12;22;28] or endogenous remyelination [18] by
D15A-expressing GDAs may also contribute to the
functional recovery, especially in the chronic SCL
However, it is difficult to study its effects on axonal
regeneration and sprouting in the incomplete contu-
sion injury since the spared and regenerated axons are
not easy to distinguish in this injury model. It is wor-
thy to note that our previous study [6] show delivery
of multineurotrophin D15A alone does not lead to
significant locomotion functional recovery after con-
tusion SCI. The functional recovery after transplanta-
tion of D15A-expressing GDAs is likely the synergis-
tic benefits from both GDAs and D15A expression.
Multiple different types of cells have been tested
in combination with neurotrophin after SCI [56]. For
example, Schwann cell transplantation combining
with neurotrophin delivery promotes axonal regen-
eration and Schwann cell remyelination after SCI
[57;58]. Neurotrophin-expressing bone mesenchymal
stem cells (BMSC) show the benefits to bridge the
injury and promote axonal sprouting and regenera-
tion after transplantation [30]. Similarly, olfactory
ensheathing cells (OECs) or fibroblasts also show be-
havioral or histological benefits after combination
with neurotrophins following SCI [59]. Compared to
these cells, GRPs and GDAs are origin cells of central
nervous system and integrate into the glial injured
environment much better after transplantation. GDAs
provide additional benefits to decrease the glial scare
in addition to provide a cellular bridge or scaffold for
axonal regeneration [15;53]. GDAs also create a better
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glial microenvironment to support the survival of
host neurons [60;61] or the co-grafted neuron precur-
sor cells [62]. Schwann cells, BMSC and even OECs
have the benefit for autologous transplantation. This
is important for clinical translation since autologous
transplantation will obviate the need for immuno-
suppression and avoid the ethical issues using abor-
tion fetus tissue or human ESCs. Nonetheless, the
newly developed induced pluripotent stem cells
technology [63;64] offers the potential for autologous
GRPs and GDAs for treatment of SCI and other neu-
rological diseases.

Concern about neuropathic pain has been raised
in previous studies using neural stem cell transplan-
tation after contusion [41] or GRP graft following
dorsal hemisection SCI [16]. To address this important
concern, we also test whether pain is increased after
transplantation of GRPs or GDAs following contusion
SCI. Our results showed that GRP or GDA grafts did
not increase pain even though astrocyte differentia-
tion from transplanted GRPs and GDA is present at
and around the injury site. This result is contrast to
previous studies [16;53], which showed that trans-
plantation of GRPs or GDA differentiated by CNTF
but not GDA differentiated by BMP increased allo-
dynia after hemisection SCI. As discussed previously,
there are a few differences among the present study
and their studies, the different injured models (con-
tusion versus hemisection) and different transplanta-
tion time after injury (1w after SCI versus immediate
after hemisection). These differences especially the
different injured SCI models could be one of the rea-
sons for the contrast allodynia results between the
present study and the previous studies [16]. In fact,
previous studies showed that transplantation of hu-
man GRPs [44] or rat GRPs [45] after contusion SCI
did not cause allodynia. These results are consistent
with our present study, suggesting that not all astro-
cytes derived from transplanted neural stem cells or
glial precursor cells will cause allodynia or increase
neuropathic pain. The differentiation of grafted GRPs
may be different in the contusion or hemisection SCL.
Different subtypes of astroyctes could cause opposite
effects on pain after transplantation into the injured
spinal cord [16].

In summary, we showed that grafted GRPs or
GDAs survived and integrated into the injured spinal
cord. They improved the anatomical outcomes by
decreasing gliosis, but did not promote functional
recovery. However, combination of transplantation of
GDAs and delivery of multi-neurotrophin D15A sig-
nificantly increased the spared white matter and
promoted locomotion functional recovery. These re-
sults suggest that combination of GDA transplanta-

tion with neurotrophin expression may be an effective
therapeutic approach for SCL.
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