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Abstract

Spinal cord injury results in irreversible tissue damage and permanent sensorimotor impairment. The development of novel
therapeutic strategies that improve the life quality of affected individuals is therefore of paramount importance. Cell trans-
plantation is a promising approach for spinal cord injury treatment and the present study assesses the efficacy of human
embryonic stem cell-derived neural crest cells as preclinical cell-based therapy candidates. The differentiated neural crest cells
exhibited characteristic molecular signatures and produced a range of biologically active trophic factors that stimulated in vitro
neurite outgrowth of rat primary dorsal root ganglia neurons. Transplantation of the neural crest cells into both acute and
chronic rat cervical spinal cord injury models promoted remodeling of descending raphespinal projections and contributed to
the partial recovery of forelimb motor function. The results achieved in this proof-of-concept study demonstrates that human
embryonic stem cell-derived neural crest cells warrant further investigation as cell-based therapy candidates for the treatment
of spinal cord injury.
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The development of effective therapeutic strategies that
attenuate the immune response and foster functionally sig-
nificant de novo axonal regeneration and sprouting follow-
ing SCI is therefore important to improve the life quality of
affected individuals™>*'°.

Cell transplantation therapies have become a promising
preclinical strategy for the treatment of SCI, and various
human derived cell types including neural stem cells,

Introduction

The majority of spinal cord injuries (SCI) occur at the cer-
vical level, and affected individuals are left with severe
physical and mental health challenges due to sensorimotor
and autonomic impairment in addition to neuropathic pain'—.
Primary physical impact leading to neuroglial and vascular
damage, blood-spinal cord barrier disruption, hemorrhage,
and ischemia during the initial acute phase of SCI (ASCI)
gradually develops into a secondary injury cascade, which can
last for several weeks and is characterized by the expansion of
tissue damage, neuroglial degeneration, demyelination, and
macrophage-mediated axonal dieback®®.
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Several months after patients are discharged from hospi-
tal they are considered to be in the chronic phase of SCI
(CSCI). At this stage the lesion site often contains cysts and
cavities and is surrounded by a thick scar with fibrotic and
glial components™’. Other characteristic milestones of CSCI
are persistent neuroinflammation with suppressed systemic
immunity in addition to delayed secondary degeneration of
neurons in descending and ascending long spinal tracts*®.
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Cell Transplantation

Schwann cells, olfactory-ensheathing cells, and mesenchy-
mal stromal cells have been tested both experimentally and
clinically as suitable candidates>®!%"1®. Several possible
mechanisms that underlie the therapeutic effects of cell
transplants have been proposed and encompass neuroprotec-
tion, the stimulation of axonal regeneration and sprouting in
addition to the modulation of the neuroinflammation and
remyelination responses®. Human embryonic stem cells
(hESCs) possess the greatest conceptual potential for the
development of novel cell-based SCI therapies since they
are infinitely renewable and amenable to molecular manip-
ulation'®. To this end, hESC-derived neural progenitors have
been shown to support functional recovery in animal SCI
models in addition to showing promise in human Phase
I/II clinical trials>!°. However, studies have also demon-
strated that neural stem cells can induce deleterious side
effects such as allodynia-like hypersensitivity and the for-
mation of ectopic colonies following focal transplanta-
tion'>'®.  The identification of hESC-derived
transplantation candidates that circumvent these side effects
is therefore of significant importance for the development of
the future treatment strategies for SCI.

hESC-derived neural crest cells are uniquely qualified as
cell-based SCI therapy candidates due to their multipotent
capability and ontological similarity to spinal cord stem
cells'”"'?. Moreover, our previous study demonstrated that
neural crest cells could be rapidly differentiated from hESCs
and their transplantation into a peripheral nerve injury model
promoted robust sciatic nerve regeneration without tumor
formation’. The work presented in this study therefore
extends on our previous investigation and assesses the effi-
cacy of hESC-derived neural crest cells for the treatment of
acute and chronic cervical SCI. The differentiated neural
crest cells exhibited characteristic molecular signatures and
produced a range of biologically active trophic factors that
stimulated the in vitro outgrowth of rat primary dorsal root
ganglia (DRG) neuronal cultures. Transplantation of the
neural crest cells into a rat cervical SCI model promoted
remodeling of descending motor tracts and partial motor
recovery of forelimb function in both ASCI and CSCI sce-
narios. The results achieved in our proof-of-concept study
therefore demonstrates that hESC-derived neural crest cells
warrant further investigation as cell-based therapy candi-
dates for the treatment of SCI.

Materials and Methods
hESC Culture

hESCs (H9, WAO09, Passages 31 to 41) were cultured on
irradiated embryonic fibroblasts isolated from CF-1 mice?'
in Dulbecco’s modified Eagle’s medium/F12 supplemented
with 20% (v/v) KnockOut Serum Replacement, 1% (v/v)
nonessential amino acids, 100 mM L-glutamine, 0.1 mM
B-mercaptoethanol, 1% (v/v) penicillin—streptomycin
(PeSt), and 4 ng/ml basic fibroblast growth factor (bFGF).

hESC colonies were enzymatically passaged by collagenase
IV treatment as described previously*”. All hESC culture
reagents were purchased from Thermo Fisher Scientific,
Stockholm, Sweden.

Differentiation of Neural Crest Cells from hESCs

Neural progenitor cells were differentiated from hESCs by
small molecule inhibition of SMAD and WNT-signaling
pathways®® and the NGFR " neural crest population was sub-
sequently isolated by magnetic activated cell sorting
(MACS) using a CD271 human microbead kit (Miltenyi
Biotec Norden AB, Lund, Sweden). The NGFR ™ neural crest
cell population was then seeded on Matrigel-coated culture
vessels in N2 media®® supplemented with 10 ng/ml bFGF
and 20 ng/ml epidermal growth factor (EGF). Neural crest
cell cultures were enzymatically passaged onto Matrigel-
coated culture vessels by accutase treatment for a maximum
of five passages prior to transplantation. A total of three
independent differentiation experiments were performed
during this study.

Experimental Animals, SCI Model, and Cell
Transplantation

Transplantation experiments were performed on adult (10- to
12-week-old) female Sprague—Dawley rats under isoflurane
anesthesia in combination with buprenorphine (Temgesic,
Indivior Europe Ltd, Dublin, Ireland; 0.025 mg/kg, subcuta-
neous). Following dorsal cervical C3—C4 laminectomy on
the left side, a small 3 x 2 mm window was created in the
bone using Friedman-Pearson Rongeurs with a 0.5 mm cup
size. The dura mater was cut longitudinally and the border
between the C3 and C4 dorsal root entry zone and the dorsal
funiculus was identified prior to being vertically penetrated
with a 23G needle. After introducing one blade of a micro-
serrated Vannas spring scissors into the stab wound and the
other blade between the lateral surface of the spinal cord and
the dura mater, the lateral funiculus and adjacent gray matter
were transected from the lateral side. Care was taken to
avoid additional damage to the dura mater. This injury inter-
rupts descending bulbospinal motor tracts from the brain-
stem in addition to ascending sensory and propriospinal
pathways. The corticospinal tract in the dorsal column was
spared. Immediately after the injury, the animals were ran-
domly divided into three experimental groups: (i) neural
crest cell transplantation into acute SCI (ASCI; n = 17),
(i) neural crest cell transplantation into chronic SCI (CSCI;
n = 12), and (iii) time-matched SCI controls with medium
injections (n = 17). Normal uninjured rats (n = 15) served as
baseline controls (for details, see Supplemental Table S1).
The animals selected for the transplantation into ASCI and
matching SCI control animals were mounted into a stereo-
taxic instrument (see below) and cell injection (ASCI) or
injection of a cell medium (SCI control) was begun within
30 min after initial surgery. Transplantation into CSCI was
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performed 7 weeks postoperatively. In experimental rat
models of SCI, the chronic injury period is defined as one
that begins at least 4 weeks post-trauma®. The animals were
anesthetized as described above, the C3—C4 cervical verteb-
rae were re-exposed and the widow in the vertebrae created
during previous laminectomy was carefully extended both
rostral and caudal. The position of the injury site was iden-
tified and parts of the connective tissue covering the spinal
cord above and below the injury site were carefully dis-
sected. Special care was taken not to damage spinal cord
tissue and connective tissue directly above the injury site.
To simplify the initial penetration of the thin glass micro-
pipette into the chronically injured spinal cord, a small open-
ing in the meninges was made using 27G needle. For
transplantation, neural crest cells were detached by accutase
treatment and suspended at a concentration of 100,000 cells
per ul in N2 medium. The cells were then transferred into a
siliconized glass micropipette (100 pm O.D.) attached to a 5
pl Hamilton syringe. The cell suspension was slowly pres-
sure injected into the spinal cord (1.5 pl over 10 to 12 min) at
a depth of 1 mm and positions approximately 1 mm rostral
and caudal to the lesion site using a Stoelting’s Lab Standard
Stereotaxic Instrument (Stoelting Co., Wood Dale, IL,
USA). The micropipette was left in place for additional 3
min prior to being gently removed. The injury and transplan-
tation sites were subsequently covered with fibrin glue (Tis-
seel Baxter AG, Ziirich, Switzerland) and a thin layer of
Spongostan (Johnson & Johnson Medical Ltd, Wokingham,
UK) soaked in normal saline. The muscles and skin were
then closed in successive layers and the transplanted animals
were administered fluixin (Finadyne, Schering-Plough, Bal-
lerup, Denmark; 2.5 mg/kg, subcutaneous), normal saline (5
ml, subcutaneous), and benzylpenicillin (Boehringer Ingel-
heim Animal Health Nordics A/S, Copenhagen, Denmark;
30 mg, intramuscular). All experimental animals with SCI
were treated with cyclosporine A (CsA, Novartis Sverige
AB, Kista, Sweden; 15 mg/kg subcutaneous) for 3 weeks
after cell transplantation or medium injection. The duration
of CsA treatment was based on our previous studies demon-
strating markedly reduced expression of neurotrophic factors
by the transplanted human stem cells at 3 weeks postopera-
tively?* and unexpected significant additional neuroprotec-
tive effects of CsA following long-term administration®”.

Tissue Processing

Animals were sacrificed at 3- and 16-week post-
transplantation by an intraperitoneal overdose of sodium
pentobarbital. For quantitative reverse transcriptase-
polymerase chain reaction (QRT-PCR) and enzyme linked
immunosorbent assay (ELISA), C3 and C4 spinal cord seg-
ments (rostral and caudal to the lesion site, respectively)
were removed and divided sagittally prior to freezing in
liquid nitrogen. For immunohistochemical analysis, animals
were transcardially perfused with Tyrode’s solution fol-
lowed by 4% (w/v) paraformaldehyde (PFA) in 0.1 M

phosphate buffer (pH 7.4). Spinal cord segments
(C2, C3-C5, and C6) were then removed and transferred
into 4% (w/v) PFA in 0.1 M phosphate buffer (pH 7.4) at
4°C for 4 h. The tissue blocks were then cryoprotected in
10% (w/v) and 20% (w/v) sucrose in 0.1 M phosphate buffer
(pH 7.4) for up to 5 days prior to being frozen in liquid
isopentane and cryosectioned. Serial horizontal or transverse
cryosections (16 pm) were dried overnight at room tempera-
ture prior to being stored at —85°C.

Quantitative Reverse Transcriptase-Polymerase Chain
Reaction

Total RNA was isolated from hESCs, neural crest cells, and
spinal cord segments using the RNeasy Mini Kit (Qiagen
AB, Sollentuna, Sweden) and reverse transcribed using the
iScript cDNA Synthesis Kit (Bio-Rad Laboratories AB,
Solna, Sweden). The resulting templates were analyzed by
qPCR using a CFX96 Real Time System (Bio-Rad Labora-
tories AB, Solna, Sweden) and the SsoAdvanced Universal
SYBR-Green Supermix (Bio-Rad Laboratories AB, Solna,
Sweden). Species-specific oligonucleotides were employed
in this study. These were designed by BLAST alignment of
the requisite human and rat gene sequences to identify non-
homologous regions and species-specific primer pairs were
designed against domains that contained the greatest base
pair mismatches. The specificity of each primer pair was
verified by RT-PCR using total RNA isolated from neural
crest cells and rat C4 spinal cord segments using a T100
Thermal Cycler (Bio-Rad Laboratories AB, Solna, Sweden)
and the OneStep RT-PCR kit (Qiagen AB, Sollentuna, Swe-
den). Details of all oligonucleotide sequences used in this
study are given in Supplemental Table S2.

Immunostaining

Neural crest cells were fixed in ice-cold 4% (w/v) PFA in
phosphate buffered saline (PBS) for 10 min and immu-
nostaining as described previously?®*®. The cells were
washed three times for 5 min with PBST [PBS and
0.1% (v/v) Triton X-100], blocked for 1 h at room tem-
perature in 10% (v/v) fetal calf serum (FCS) in PBST and
then incubated overnight at 4°C with the required primary
antibodies diluted in 10% (v/v) FCS in PBST. Cells were
subsequently washed three times for 5 min with PBST
and then incubated for 1 h at room temperature with 5
ng/ml 4°,6-diamidino-2-phenylindole (DAPI) (Sigma-
Aldrich, St. Louis, MO, USA) and the required secondary
antibodies (Thermo Fisher Scientific, Stockholm, Swe-
den, 1:500) diluted in 10% (v/v) FCS in PBST. Cells
were finally washed three times for 5 min in PBST and
mounted using Vectashield Mounting Medium (Vector
Laboratories, Inc., Burlingame, CA, USA). Spinal cord
cryosections were rehydrated two times for 30 min in
PBSAB [PBS containing 0.1% (w/v) sodium azide and
0.1% (w/v) bovine serum albumin]. The slides were then
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incubated for 1 h in blocking solution [5% (v/v) normal
horse serum, 5% (v/v) normal goat serum, and 0.2% (v/v)
Triton-X100] in PBSAB prior to being incubated for 2 h
with the required primary antibodies diluted in PBSAB.
The slides were then washed with PBSAB and subse-
quently incubated for 1 h with the required secondary
antibodies (Thermo Fisher Scientific, Stockholm, Swe-
den, 1:500) diluted in blocking solution. The slides were
finally washed three times for 5 min in PBS and mounted
using ProLong antifade mounting medium with DAPI
(Thermo Fisher Scientific, Stockholm, Sweden). All incu-
bations were performed at room temperature. Antibody
specificity was verified by omission of primary antibo-
dies. Details of all primary antibodies used in this study
are provided in Supplemental Table S3.

Conditioned Medium

Neural crest cells were plated onto Matrigel-coated flasks
(50,000 per cm?) and cultured in N2 medium supplemented
with 10 ng/ml bFGF and 20 ng/ml EGF. Dispersed hESCs
were seeded as monolayers on Matrigel-coated culture
vessels (50,000 per cm?)* and grown in hESC medium con-
taining 10 ng/ml bFGF and 20 ng/ml EGF. Conditioned
medium was harvested from all cultures after 48 h incuba-
tion and filtered using a Steriflip Filtration System (Merck
Chemicals and Life Science AB, Solna, Sweden).

Enzyme Linked Immunosorbent Assay

Spinal cord segments were homogenized in ice-cold RIPA
Buffer (Thermo Fisher Scientific, Stockholm, Sweden) con-
taining Protease Inhibitor Cocktail (Sigma-Aldrich, St.
Louis, MO, USA) using a TissueRuptor (Qiagen AB, Sol-
lentuna, Sweden). The homogenate was agitated on an orbi-
tal shaker at 4°C for 2 h prior to the insoluble material being
pelleted by centrifugation at 13,000 x g for 10 min at 4°C.
The supernatant was carefully removed and snap-frozen in
liquid nitrogen. Soluble protein concentrations were deter-
mined using the DC Protein Assay (Bio-Rad Laboratories
AB, Solna, Sweden). ELISAs were performed on C3 spinal
cord protein extracts and conditioned media using RayBio
Sandwich ELISA kits (RayBiotech Life, Inc., Peachtree Cor-
ners, GA, USA).

Neurite Outgrowth Assay

Primary sensory neurons were dissociated from the DRG of
adult female Sprague-Dawley rats (n = 6) as described pre-
viously®*. The isolated neurons were seeded on 20 pg/ml
laminin coated culture vessels and grown for 24 h in
Neurobasal-A supplemented with B27, 0.5 mM L-glutamine,
and 1% (v/v) PeSt. The primary cultures were then briefly
washed in PBS prior to the addition of conditioned media
(0.5 ml). The cultures were then incubated for a further 72 h.

Total neurite outgrowth analyses were performed as
described previously?’.

Image Analysis and Quantification

Images were captured using a Zeiss LSM 710 confocal or
Nikon Eclipse E80i microscope coupled to a Nikon DS-U2
digital camera. All images were analyzed and compiled
using Fiji27, Adobe Photoshop, Adobe Illustrator (Adobe,
San Jose, CA, USA), and Image-Pro Plus (Media Cyber-
netics, Inc., Rockville, MD, USA). Density of the descend-
ing motor 5-hydroxytryptamine (5-HT") raphespinal axons
was quantified in the trauma zone and in the Rexed lamina
IX of the C2 and C6 ventral horns (Fig. 4A, B). Aberrant
ingrowth of the calcitonin gene-related peptide (CGRP™)
sensory axons into Rexed lamina III was studied in the C2
dorsal horn (Fig. 5A, B), and the reaction of the GFAP*
astrocytes and OX42* microglia was evaluated at distances
012,000 to 2,250 pum rostral and caudal from the injury site at
the level of the central canal in Rexed lamina VII. In addi-
tion, the density of GFAP™ astrocytes was analyzed in the
scar tissue surrounding injury site. All quantifications were
performed on cojoining regions of interest, regions of inter-
est (2,500 pm?) that were randomly placed on each image
prior to analysis using custom macros written in Adobe
Photoshop.

Vertical Cylinder Test

Spontaneous forelimb use was assessed using vertical explo-
ration of a clear plastic cylinder®®. All experimental animals
were recorded for 5 min upon placement within the cylinder
and the extent of motor recovery of the forelimb was
assessed from these video recordings. The following para-
meters were scored: (i) independent or simultaneous use of
the injured and uninjured forelimb for initial wall contact
during a full rear, (ii) independent or simultaneous use of
the injured and uninjured forelimb for wall exploration fol-
lowing a full rear, and (iii) independent or simultaneous use
of the injured and uninjured forelimb for landing following
exploration. These counts were then employed to calculate
the percentage of independent injured, independent unin-
jured, or simultaneous forelimb use for rearing, exploration,
and landing, respectively. Testing was performed at
8-, 12-, and 16-week post-transplantation.

Statistical Analyses

Statistical analyses were performed using GraphPad Prism
7 (GraphPad Software, San Diego, CA, USA). Unpaired
two-tailed Student’s ¢-tests, one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparisons test or
a repeated measures two-way ANOVA followed by Sidak’s
multiple comparisons test were used to determine all statistical
significances. Data on all graphs are presented as the mean and
the standard error of the mean. P-values are indicated as
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follows: ns, not significant, *P < 0.05, **P < 0.01, ***P <
0.001, and ****P < 0.0001.

Results

Differentiation and Characterization of hESC-derived
Neural Crest Cells

hESCs were differentiated toward neural lineages by small
molecule inhibition of SMAD and WNT-signaling path-
ways>> and the NGFR™ (nerve growth factor receptor) cell
population was enriched by MACS at 14 days in vitro
(DIV14). The isolated cells were then expanded for a max-
imum of five passages in the presence of bFGF/EGF (DIV14
to DIV30) (Fig. 1A). We first examined changes in gene
expression during the differentiation protocol by comparing
the transcription level of key marker genes between the par-
ental hESC (DIVO0) and the NGFR™ cell populations (DIV14
or DIV30) (Fig. 1B, C). A downregulation of pluripotent
genes (NANOG and POUSFI, also known as OCT-4)*°
(Fig. 1B) and parallel upregulation of neural crest cell mar-
kers (NGFR, B3GATI, and SNAI2)*° (Fig. 1C) was observed
in the NGFR™ cell population (DIV14) compared to the
hESC cultures (DIVO). Furthermore, subsets of the NGFR ™
population (DIV30) (22 + 3%, n = 67/308) (Fig. 1D)
expressed the neural crest markers B3GAT1 (beta-1,3-
glucuronyltransferase 1) (26 4+ 4%, n = 87/333), POU4F1
(POU domain, class 4, transcription factor 1) (88 + 3%,
n = 287/325), and TFAP2A (transcription factor AP-2
alpha) (22 + 1%, n = 82/369)'" (Fig. 1E-G). Taken
together, the marker signature analyses demonstrated a
reduction in pluripotency and a corresponding induction of
the neural crest lineage in the NGFR ™ population. Moreover,
the NGFR™ cells (DIV30) exhibited multipotent character-
istics as demonstrated by the robust expression of the inter-
mediate neurofilaments PRPH (peripherin) (94 + 1%,
n = 127/135) and NEFH (neurofilament heavy polypeptide)
(95 + 2%, n = 130/137) (Fig. 1H, I) in addition to the glial
cell markers GFAP (glial fibrillary acidic protein)
(91 + 4%, n = 107/117) and S100B (S100 calcium-
binding protein B) (90 + 2%, n = 143/159) (Fig. 1J, K)*'*2,

We next compared the trophic factor expression profile of
the enriched NGFR™ population (DIV30) with that of the
parental hESCs (DIV0 and DIV2) by qRT-PCR and ELISA
(Fig. 1L, M). An increase in neurotrophic gene transcription
(BDNF, NT-3, and NGF) but reduced levels of angiogenic
factor expression (ANGPTI and VEGFA) was observed in
the NGFR™ cells (DIV30) relative to the hESCs (DIV0)
(Fig. 1L). We also observed trophic factor secretion (BDNF,
ANGPT1 and VEGFA) in conditioned medium harvested
from the NGFR™ cells (DIV30) but not in the hESC popu-
lation (DIV2) (Fig. IM). In vitro neurite outgrowth assays
were therefore performed to assess the bioactivity of these
secreted trophic factors. Exposure of rat primary DRG neu-
rons to NGFR™ conditioned medium (DIV30) induced the
elaboration of TUBB3 ™ (tubulin beta class 3) neurites that

were consistently longer than the corresponding neurite out-
growth of primary neuronal cultures exposed to hESC-
conditioned medium (DIV2) (Fig. IN-P).

Transplantation of Neural Crest Cells into Rat Cervical
SCI Model

Our in vitro experiments demonstrated that multipotent
neural crest cells could be rapidly differentiated from hESCs
and that the enriched cells secreted biologically active
trophic factors that stimulated rat primary DRG neuron out-
growth. These features suggested that the neural crest cells
could be viable cell-based therapy candidates. We therefore
assessed their in vivo regenerative potential in a rat cervical
SCImodel (Fig. 2A). We observed numerous HNA™ (human
nuclear antigen) neural crest cells in both ASCI and CSCI
3 weeks after transplantation (Fig. 2B—E; Supplemental
Fig. 1). In ASCI we found that pressure-injected cells dis-
placed host GFAP™ astrocytes and formed a narrow tract that
connected the injection site with the trauma zone (Fig. 2B,
arrowhead). In contrast, transplantation into CSCI did not
induce any significant cell dispersion from the injection site
(Supplemental Fig. S1). Staining for myelin basic protein
(MBP) did not reveal any double-labeled HNAT/MBP™
transplanted cells, although we found singe HNA™ and
MBP" cells among HNA™ neural crest cells in the trauma
zone (Fig. 2C). Numerous HNA™ neural crest cells differ-
entiated along glial cell lineages within the spinal cord envi-
ronment as demonstrated by the robust coexpression of
S100B (Fig. 2D, E). Using human-specific antibodies we
also found separate groups of NGFR™ cells in the injection
sites and trauma zone (Fig. 2F, G). The lower number of
NGFR™ cells in the transplanted animals could be accounted
for by several possible mechanisms including downregula-
tion of receptor expression following stress caused by trans-
plantation and/or the hostile environment of the reactive
nerve tissue.

We did not observe any NeuN ™ cells in the injection sites
3 weeks postoperatively and we did not find any HNA™ cells
at 16 weeks after transplantation. Since neural crest cells can
potentially differentiate into non-neuronal cells, we per-
formed additional immunostaining with antibodies against
epithelial markers (cytokeratin), mesenchymal cells/fibro-
blasts (human-specific Thy-1/CD90), adipocytes (Glut4),
and alpha-smooth muscle actin. We did not find any cells
stained for these additional neural crest lineage markers.
Interestingly, qRT-PCR analysis using a panel of human-
specific primers demonstrated that the neural crest cells con-
tinued to express elevated levels of BDNF transcripts in C4
spinal cord segments in both ASCI and CSCI animals for up
to 3 weeks following transplantation (Fig. 2H). In addition,
while detectable levels of N7-3 mRNA were also observed in
both groups, the normalized values were similar to SCI con-
trols (Fig. 2H). However, all other qRT-PCR analysis of
human-specific genes (NGF, ANGPTI, and VEGFA) and
ELISAs for trophic molecules (BDNF, ANGPTI, and
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VEGFA) that were detected during the in vitro characteriza-
tion of the neural crest cells were undetectable in C4 spinal
cord segments. Furthermore, qRT-PCR analyses demon-
strated that cell transplantation did not affect the expression
of Ptprzl, Bcan, Ncan, and Vcan chondroitin sulphate pro-
teoglycan genes when compared to SCI alone (Fig. 2I). Not-
withstanding, the differences observed in the expression of
Ptprzl and Bcan between the ASCI and CSCI could reflect
the differences in the timing of cell transplantation.

Effects of Neural Crest Cell Transplantation on Axon
Sprouting and Glial Cell Reaction

We observed that neural crest expressed elevated levels of
BDNF for up to 3 weeks post-transplantation (Fig. 2H).
These results prompted us to assess whether the transplanted
cells had any long-term effects on regeneration and sprout-
ing of descending motor raphespinal (5-HT™") and aberrant
sprouting of sensory (CGRP™) axons, respectively. Sixteen
weeks after SCI we found single 5-HT™" raphespinal axons
present within the injury site of control animals (Fig. 3A-C).
In contrast, cell transplantation induced a four-fold increase
in the density of 5-HT' axons in animals with ASCI
(Fig. 3D—F and J) and a three-fold increase in the density
of regenerating axons in animals with CSCI (Fig. 3G-1
and J) when compared with time-matched SCI controls,
respectively. We subsequently quantified SHT sprouting
in rostral C2 and caudal C6 cervical segments (Fig. 4A, B
and Supplemental Fig. S2). SCI alone caused an increase in
the number of raphespinal axon arborizations in both the
operated and contralateral ventral horn of all animals ana-
lyzed relative to the uninjured control group (Fig. 4C-F).
Transplantation further stimulated this bilateral regenerative
response rostral to the trauma zone in C2 spinal cord seg-
ments since an increase in the area occupied by 5-HT™" term-
inals was observed in both ASCI (Fig. 4C) and CSCI
(Fig. 4D) animals. In contrast, transplantation had no effect
on the density of 5-HT™ terminals in C6 segments caudal to
the lesion site (Fig. 4E, F).

We also assessed the long-term effects of cell transplan-
tation on aberrant sensory (CGRP™) axon sprouting in
lamina III of the C2 cervical dorsal horn (Fig. 5A, B and
Supplemental Fig. S2). We observed that SCI alone and SCI

followed by transplantation of neural crest cells had no
effects on the density of CGRP™ terminals in both the oper-
ated and contralateral C2 cervical dorsal horn of ASCI and
CSCI animals (Fig. 5C, D). SCI also induced the activation
of both GFAP™" astrocytes and OX42" (integrin alpha-M)
microglial cells both rostral and caudal to the lesion and
injection sites (Fig. 6A—D, Supplemental Fig. S2A).
As expected, an increase in the density of GFAP™ astrocytes
was also found in the scar tissue surrounding injury site
(Supplemental Fig. S3B, C). However, the neural crest cells
had no effect on astrocytic activation in the scar region but
reduced astrocytic reactivity rostral and caudal to the injury
site when transplanted in CSCI animals (Fig. 6B and Supple-
mental Fig. S3). No effects on microglial cell activation was
observed in both treatment groups (Fig. 6C, D). Taken
together, our data demonstrate that transplantation of neural
crest cells promoted raphespinal axon ingrowth into the
trauma zone in addition to sprouting rostral to injury site and
did not induce aberrant sprouting of CGRP™ axons. More-
over, the transplanted cells attenuated astrocytic reactivity at
some distance from the injury and injection sites following
CSCI but had no effect on the astrocytes in the scar and host
microglial response.

Neural Crest Cell Transplantation Improves Locomotor
Activity Following Cervical SCI

The improvement of upper limb motor function is one of the
fundamental milestones that must be realized if cell trans-
plantation therapies are to be considered as a viable clinical
treatment option following cervical SCI''. We therefore
assessed spontaneous forelimb use by means of a vertical
cylinder test in transplanted ASCI and CSCI groups at 8,
12, and 16 weeks after cell transplantation (Fig. 7 and Sup-
plemental Fig. S4). These time points were chosen because
motor recovery could take up to several months after SCI*?
and the aim of this study was to establish the long-term
effects of cell transplantation rather than to demonstrate pos-
sible differences in the rate of functional improvements.
Moreover, this test is routinely used to assess motor recovery
following cervical SCI** and out of all motor activities
scored we observed that neural crest cell transplantation pro-
gressively improved the spontaneous use of the injured

Figure |. (Continued). (DIV30) express established neural crest (B3GAT |, POU4FI, and TFAP2A) in addition to pan-neuronal (PRPH and
NEFH) and glial (GFAP and S100B) markers, respectively. (L) qRT-PCR analysis of neurotrophic (BDNF, NT-3, and NGF) and angiogenic
(ANGPT | and VEGFA) markers in the parental hESC culture (DIVO) and NGFR™ enriched cells (DIV30). Relative expression levels are given
with respect to the hESC population whose value has been set to |. (M) ELISA analysis of conditioned medium harvested from the original
hESC culture (DIV2) and NGFR™ enriched cells (DIV30). (N to P) Quantitative total neurite outgrowth analysis of rat primary DRG neurons
exposed to conditioned medium harvested from NGFR™ enriched cells (DIV30) or hESCs (DIV2). All data represent the mean + SEM.
Statistical significances were calculated using unpaired two-tailed Student’s t-tests using data derived from three independent differentiation
experiments. P-values are denoted as follows: *P < 0.05, *P < 0.01, **P < 0.001, and ****P < 0.0001. Scale bars: (D to K) 25 um and (N, O)
200 pm. ANGPT I: angiopoietin-1; BDNF: brain-derived neurotrophic factor; CM: conditioned medium; DIV: days in vitro; ELISA: enzyme
linked immunosorbent assay; GFAP: glial fibrillary acidic protein; hESC: human embryonic stem cell; KSR: KnockOut Serum Replacement
medium; MACS: magnetic activated cell sorting; NGF: nerve growth factor; NT-3: neurotrophin-3; gqRT-PCR: quantitative reverse
transcriptase-polymerase chain reaction; SEM: standard error of the mean; SI0O0B: SI100 calcium-binding protein B; VEGFA: vascular
endothelial growth factor A.
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Figure 2. Transplantation of differentiated neural crest cells into a rat cervical spinal cord injury model. (A) Schematic diagram detailing the
experimental approach and timeline used in this study. (B to G) Representative serial horizontal C3—C4 spinal cord sections demonstrating
HNA™ neural crest cells 3 weeks after transplantation following ASCI. Some HNA™ neural crest cells differentiate along glial cell lineages and
express SI00B and NGFR™, but are negative for MBP (C). Host GFAP ™" astrocytes show very limited migration into the transplantation sites.
Images in (C, F, and G) are counterstained with DAPI. Dotted circles indicate the injection sites and the dashed line indicates the trauma
zone border. Arrowhead shows pressure-injected neural crest cells forming a tract connecting injection site with trauma zone. (H) qRT-
PCR analysis of C4 spinal cord segments using human-specific primers demonstrates that the neural crest cells express elevated levels of
BDNF following transplantation in both ASCl and CSCI animals relative to SCI controls 3 weeks after transplantation. (I) qRT-PCR analysis of
C4 spinal cord segments using rat-specific primers demonstrates that host cells express elevated levels of Ptprz| and Bcan in CSCI animals
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forelimb for landing in both ASCI and CSCI groups
(Fig. 7A—C). In contrast, cell transplantation did not improve
injured forelimb use during rearing behavior and all groups
relied extensively on the uninjured contralateral forelimb for
initial cylinder contact (Fig. 7D-F). Taken together, the ver-
tical cylinder test analyses demonstrated that transplantation
of neural crest cells stimulated steady improvement of loco-
motor function in both ASCI and CSCI groups in a time-
dependent manner.

Discussion

The neural crest is a transient cell population that migrates
out from the dorsal neural tube and differentiates into several
cell lineages within the developing nervous system’".
Despite this multipotent capability the efficacy of neural
crest cells for the preclinical treatment of SCI remain largely
unexplored and is due in part to their transient nature which
makes their batch isolation from animal models a difficult
task''. The work presented in this study therefore demon-
strates that neural crest cells can be rapidly derived from
hESCs in unlimited quantities. Moreover, the differentiated
cells secreted biologically active trophic factors and were
able to stimulate axon regeneration and sprouting which in
turn promoted partial motor recovery in both ASCI and
CSCI animal models. Our observations are in agreement
with previous studies where rodent neural crest cells were
used successfully in both ASCI and dorsal root avulsion
models in addition to secreting BDNF that reduced neuronal
loss following in vitro excitotoxic injury>®—°.

This study corroborates our previous publication and
establishes that the use of small molecule inhibitors is a
robust approach for deriving neural crest cells from
hESCs*’. We observed a rapid downregulation of pluripotent
genes (NANOG and POUSFI) and parallel induction of
molecular markers (NGFR, B3GATI, POU4F1, TFAP2A,
SNAI2, PRPH, NEFH, GFAP, and S100B) in the NGFR™
population that was consistent with those of bona fide multi-
potent neural crest cells*’. But despite the reproducibility of
our experimental approach, it should be noted that one draw-
back of our methodology is the reliance on single marker cell
sorting as previous studies have also noted'”*'*>. We cannot
therefore completely exclude the possibility that the isolated
NGFR™ populations are composed of predominantly neural

crest cells (cranial-, cardiac-, and trunk- subtypes) but also
smaller populations of alternative dorsal neural tube derived
cells. Eliminating this single marker enrichment step is
therefore one of the critical obstacles that must be overcome
if the routine preclinical use of these cells is to be realized*’.
This could be accomplished by transcriptome analyses of
hESC-derived neural crest cell lines to identify novel signal-
ing pathways that could subsequently be modulated during
critical differentiation periods to promote the rapid and
guided derivation of homogenous cell populations without
the use of cell sorting®’.

One important requirement for cell-based SCI therapy
is that the transplanted cells must provide trophic support
that fosters host tissue survival and regeneration>**. Con-
sistent with previous studies*> we observed that the dif-
ferentiated cells expressed several trophic factors in vitro
(BDNF, NT-3, NGF, ANGPTI, and VEGFA) with subsets
of these transcripts being actively translated into proteins
(BDNF, ANGPT1, and VEGFA) that were detectable in
conditioned medium. Interestingly, negligible levels of
NT-3 and NGF were once again observed that corrobo-
rated with our previous study®’ and suggests that our
differentiation approach yields a population of neural
crest cells with a reproducible trophic factor profile.
Moreover, these secreted trophic factors were biologically
active and were able to induce robust neurite outgrowth
of rat primary DRG neurons. Taken together, these results
demonstrate that the neural crest cells generated in this
study exhibited functional trophic factor profiles that are
one of prerequisite traits for promoting neural regenera-
tion and angiogenesis following SCI** %,

The efficacy of the neural crest cells as preclinical ther-
apy candidates was assessed in a rat cervical hemisection
model of SCI. In contrast to contusion type of SCI with
significant tissue necrosis and formation of cavities in the
injury site, laceration cause by sharp bone fragments typi-
cally shows very limited cavitation®’. In this study, the cav-
ity was found in one animal with SCI alone and in one
animal with cell transplantation. The observation that the
S100B* and NGFR™ transplanted cells were present within
the injection sites and trauma zone 3 weeks after surgery is
consistent with previous studies using xenogeneic stem cell
transplantation with cyclosporine treatment***>. Although
cyclosporine has been found to be neuroprotective in an

Figure 2. (Continued). relative to the ASCI group 3 weeks after transplantation. Relative expression levels for all gRT-PCR experiments are
given with respect to the SCI control group whose value has been set to |. All data represent the mean + SEM. Statistical significances were
calculated using a one-way ANOVA followed by Tukey’s multiple comparisons test using data derived from ASCI +NC (n = 5), transplanted
CSCI +NC (n = 4), and ASCI control (n = 5) groups. P values are indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P <
0.0001. Scale bars: (B, C, and E) 200 pm, (D) 20 pm, and (F) 20 um. ANOVA: analysis of variance; ASCI +NC: cell transplantation into acute
spinal cord injury; Bcan: brevican; BDNF: brain-derived neurotrophic factor; C: caudal; C3 seg: cervical spinal segment 3; CSCl +NC: cell
transplantation into chronic spinal cord injury; DAPI: 4',6-diamidino-2-phenylindole; GFAP: glial fibrillary acidic protein; HNA: human
nuclear antigen; IHC: immunohistochemistry; L: lateral; M: medial; MBP: myelin basic protein; Ncan: neurocan; NT-3: neurotrophin-3;
Ptprzl: phosphacan; qRT-PCR: quantitative reverse transcriptase-polymerase chain reaction; R: rostral; SI00B: S100 calcium-binding protein
B; SCI: spinal cord injury control; SEM: standard error of the mean; Vcan: versican; VCT: vertical cylinder test.
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Figure 3. The effects of neural crest cell transplantation on regeneration of 5-HT™" raphespinal axons. (A to C) Representative horizontal
spinal cord sections demonstrate that control animals have single 5-HT™" raphespinal terminals within the injury site 16 weeks post-
operatively. (D to I). In contrast, an increase in 5-HT " ingrowth into the trauma zone of both ASCI (D and E) and CSCI (G and H) animals
is observed following neural crest cell transplantation. Images are counterstained with DAPI to demonstrate the non-glial part of the scar.
(C and D) Dashed lines indicate borders of the trauma zone. (J) Histogram showing the regenerating 5-HT™ terminal density in the trauma
zone. Transplantation of neural crest cells stimulated axonal growth in both acute and chronic injury groups. All data represent the
mean + SEM. Statistical significances were calculated using a one-way ANOVA followed by Tukey’s multiple comparisons test using data
derived from ASCI (n = 5), ASCI +NC (n = 7), CSCI (n = 5), and CSCI +NC (n = 5) groups. P-values are denoted as follows: **P < 0.0l and
#iekp < 0.001. Scale bars: (A, D, and G) 200 um and (B, C, E, F, H, and 1) 20 um. 5-HT™: 5-hydroxytryptamine; ANOVA: analysis of variance;
ASCI: acute spinal cord injury; ASCI +NC: cell transplantation into ASCI; C: caudal; C3 seg: cervical spinal cord segment 3; CSCI: chronic
spinal cord injury; CSCI +NC: cell transplantation into CSCIl; DAPI: 4',6-diamidino-2-phenylindole; L: lateral; M: medial; NC: neural crest
cells; R: rostral; SCI: spinal cord injury control; SEM: standard error of the mean.

experimental traumatic brain and peripheral nerve injury
models®>~, it seems to have differential effects upon trans-
planted stem cells®'. Moreover, in compression SCI models
the use of cyclosporine induces the upregulation of PDGF-A
without any effect on other trophic factors*’. Contrastingly,
the neural crest cells derived in our study expressed elevated
levels of BDNF in both ASCI and CSCI groups. Moreover,
no teratoma formation was observed indicating the effective
removal of pluripotent cells using our differentiation
approach that concurs with our previous use of hESC-

derived neural crest cells in a rat peripheral nerve injury
model*°.

The elevated BDNF levels observed in our study indi-
cates the possibility that the regenerative effects of the
transplanted cells in both ASCI and CSCI groups were
mediated via neurotrophic support to different long spinal
tracts. Numerous studies have demonstrated that BDNF has
significant growth promoting and neuroprotective effects
on bulbospinal tracts including 5-HT" raphespinal axons
and on sensory CGRP™ axons*®>*>3, BDNF receptor TrkB
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Figure 4. The effects of neural crest cell transplantation on 5-HT ™" raphespinal axon sprouting rostral and caudal to the injury site. (A and B)
Representative transverse spinal cord sections showing the strategy employed to quantify the density of 5-HT" raphespinal terminals
16 weeks postoperatively. The ventral horn was defined and four cojoining ROIs (2,500 pm?) were superimposed laterally on Rexed lamina
IX using custom macros (A). The area of serotoninergic 5-HT™ axon sprouting was subsequently quantified manually within each ROI
(B, arrowheads). (C and D) Histograms showing the density of 5-HT* terminals in rostral C2 spinal cord segments. Cervical SCI alone
caused an increase in the number of raphespinal terminals on both the operated and contralateral sides relative to the control group.
Transplantation of neural crest cells further stimulated this regenerative response in both ASCI (C) and CSCI (D) groups. (E and F)
Histograms showing the density of 5-HT ™" terminals in caudal Cé spinal cord segments. Cervical SCl alone caused an increase in the density
of raphespinal terminals on both the operated and contralateral sides relative to the control group. However, transplantation of neural crest
cells did not increase 5-HT " densities in both ASCl and CSCI treatment groups. All data represent the mean + SEM. Statistical significances
were calculated using a one-way ANOVA followed by Tukey’s multiple comparisons test using data derived from normal uninjured control
(n =5), ASCI (n = 5), ASCI +NC (n = 7), CSCI (n = 5), and CSCI +NC (n = 5) groups. P-values are denoted as follows: **P < 0.0] and
#kp < 0.001. Scale bars: (a) 100 um and (b) 10 pm. 5-HT*: 5-hydroxytryptamine; ANOVA: analysis of variance; ASCI: acute spinal cord
injury; C2: cervical vertebrae 2; C2 seg: cervical spinal cord segment 2; Cé: cervical spinal cord segment 6; CSCI: chronic spinal cord injury;
D: dorsal; L: lateral; M: medial; +NC: spinal cord injury plus neural crest cell transplantation; Normal: uninjured control; ROI: region of
interest; SCI: spinal cord injury only; SEM: standard error of the mean; V: ventral.
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Figure 5. The effects of neural crest cell transplantation on aberrant sprouting of CGRP™ sensory axons. (A and B) Transverse spinal cord
section showing the strategy employed to quantify the density of CGRP™ axons |6 weeks postoperatively. The dorsal horn was defined and
three cojoining ROIs (2,500 pm?) were superimposed on Rexed lamina Il using custom macros (A). The area occupied by CGRP™ axons
within each ROl was subsequently quantified (B, arrowheads). (C and D) Histograms showing the density of CGRP™ axons in Rexed lamina
Il of rostral C2 dorsal horn segments. No differences were observed between control and treatment groups (C and D). All data represent
the mean + SEM. Statistical significances were calculated using a one-way ANOVA followed by Tukey’s multiple comparisons test using data
derived from normal uninjured control (n = 5), ASCI (n = 5), ASCI +NC (nh = 7), CSCI (n = 5), and CSCI +NC (n = 5) groups. P-values are
denoted as follows: *P < 0.05. Scale bars: (a) 100 um and (b) 10 pm. ANOVA: analysis of variance; ASCI: acute spinal cord injury; C2 seg:
cervical spinal cord segment 2; CSCI: chronic spinal cord injury; CGRP™: calcitonin gene-related peptide; D: dorsal; L: lateral; M: medial;
+NC: spinal cord injury plus neural crest cell transplantation; Normal: uninjured control; ROI: region of interest; SCI: spinal cord injury only;

SEM: standard error of the mean; V: ventral.

is downregulated at the epicenter of SCI but remains
largely unaffected in the segments rostral and caudal to the
lesion site®®. That these regions were utilized for cell trans-
plantation in this study might account for the regenerative
response observed in reply to the elevated levels of BDNF
following transplantation. Although we did not find any
signs of aberrant CGRP™ sprouting in the dorsal horn, the
transplanted cells promoted ingrowth of 5-HT ™" raphespinal
axons deep into the trauma zone and induced their sprout-
ing rostral to injury site. In addition, we found that the
transplanted cells had no effects on the density of the reac-
tive astrocytes in the scar but reduced their density both
rostral and caudal to the trauma zone following CSCI which
is in line with a recent report that human neural stem cells
can attenuate reaction of astrocytes®>. Although the

mechanism is not completely understood, the authors
demonstrate that the effect of stem cells on reactive astro-
cytes could be mediated via inhibition of NF-xB activity
and associated immune response”. Unexpectedly, we did
not find any effect of neural crest cells on host astrocytes
following implantation into acutely injured spinal cord.
This could possibly reflect the differences in tissue envi-
ronment in the acutely and chronically injured spinal cord.
Moreover, that the neural crest cells in the present study
had no effects on neuroinflammation is in contrast to that
recently observed for rat neural stem cells>®.

Regaining upper limb function is of paramount impor-
tance to quadriplegic individuals following cervical SCI.
Accordingly, axon regeneration for up to two spinal seg-
ments below the level of high C3—C4 cervical SCI would
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Figure 6. The effects of neural crest cell transplantation on glial cell reactions following spinal cord injury. (A and B) Histograms showing the
area occupied by GFAP™ astrocytes in normal uninjured animals (Normal), animals at 16 to 23 weeks after spinal cord injury alone
(ASCI, CSCI) and at 16 weeks following neural crest cell transplantation (ASCI +NC, CSCI +NC) both rostral and caudal to the injury
site (2,000 to 2,250 pm). Cervical SCI alone caused an increase in the area occupied by GFAP™ astrocytes both rostral and caudal to the
injury site. Transplantation of neural crest cells did not attenuate this gliogenic response in the ASCI group (A) but decreased the area
occupied by GFAP™ astrocytes in CSCl animals (B). (C and D) Histograms showing the density of OX42™ microglial cells. Cervical SCl alone
caused an increase in the area occupied by microglial cells both rostral and caudal to the injury site. No improvement in area occupied by
OX42" cells was observed in either the ASCI (C) or CSCI (D) treatment groups following neural crest cell transplantation. All data
represent the mean + SEM. Statistical significances were calculated using a one-way ANOVA followed by Tukey’s multiple comparisons test
using data derived from normal uninjured control (n = 5), ASCI (n = 5), ASCI +NC (n = 7), CSCI (n = 5), and CSCI +NC (n = 5) groups.
P-values are denoted as follows: *P < 0.01, ¥**P < 0.001. ANOVA: analysis of variance; ASCI: acute spinal cord injury; CSCI: chronic spinal
cord injury; GFAP: glial fibrillary acidic protein; +NC: spinal cord injury plus neural crest cell transplantation; Normal: uninjured control;
SCI: spinal cord injury only; SEM: standard error of the mean.

allow patients to regain control of both arm and shoulder
muscles. To assess forelimb function, we used the vertical

cylinder test does not require animal training before the
injury. It has been also found that the outcome of the reach-

cylinder test that is known to be sensitive to the assessment
of chronic limb use asymmetries>*. It has been shown that
this test is not influenced by repeated analysis and does not
depend on aversive motivation®*. Several reports suggest
that injury to the lateral funiculus of the cervical spinal cord
results in severe limb use asymmetries during rearing and
landing without significant recovery in CSCI***"%_ In con-
trast to single food pellet reaching test, which is often used to
study fine motor control following cervical SCI, the vertical

ing test can be significantly affected by the differences in the
rate of learning a motor task and different compensatory
reaching strategies used by experimental animals with SCI*®.
We observed that neural crest cell transplantation progres-
sively improved forelimb use for landing in both ASCI and
CSCI groups. It is unlikely however that our observed
improvement of locomotor function was due to axon regen-
eration across the injury site. Transplantation-induced
sprouting of 5-HT* raphespinal axons rostral to the injury
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Figure 7. Neural crest cell transplantation partially improves locomotor activity following spinal cord injury. (A, D) Histograms showing the
use of forelimbs by normal uninjured animals during landing and rearing. (B, C) Histograms showing that neural crest cell transplantation
progressively improves the spontaneous use of the injured forelimb for landing in both (B) ASCI and (C) CSCI treatment groups compared
to SCI control animals. (E, F) Histograms showing that neural crest cell transplantation does not improve injured forelimb use during rearing
behavior in both (E) ASCI and (F) CSCI treatment groups relative to SCI control animals. All data represent the mean + SEM. Statistical
significances for normal uninjured control animals were calculated with a help of one-way ANOVA followed by Tukey’s multiple compar-
isons test using data derived from an independent control group (n = 10). Independently, statistical significances for spinal cord injury and
cell transplantation (8, 12, and 16 weeks) were calculated using a repeated-measures two-way ANOVA followed by Sidak’s multiple
comparisons test using data derived from ASCI +NC (n = 7), ASCI (n = 5), CSCI +NC (n = 5), and CSCI (n = 5) groups. P-values are
denoted as follows: *P < 0.01, *P < 0.01, and ***P < 0.001. ANOVA: analysis of variance; ASCI: acute spinal cord injury; CSCI: chronic
spinal cord injury; +NC: spinal cord injury plus neural crest cell transplantation; Normal: uninjured control; SCI: spinal cord injury only;
SEM: standard error of the mean.

site could indicate some form of neuronal relay formation
between descending motor pathways in the lateral funiculus
and propriospinal relay neurons®°’. Such a circuit could
therefore transmit the signal to the neurons caudal to the
injury site. It has been shown that human glial restricted pro-
genitors could be very efficient in promoting axon regenera-
tion of reticulospinal and raphespinal axons® and the
recovery mechanism of novel relay formation with propriosp-
inal neurons has been reported previously for the corticospinal
and reticulospinal tracts after incomplete cervical SCI%-¢1-0%63,
Similar mechanisms could therefore account for the partial
recovery of forelimb motor function observed in our study.
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