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ABSTRACT

Spinal cord injury has a significant societal and personal impact. Although the majority of injuries in-
volve the cervical spinal cord, few studies of cell transplantation have used clinically relevant models
of cervical spinal cord injury, limiting translation into clinical trials. Given this knowledge gap, we
sought to examine the effects of neural stem/precursor cell (NPC) transplants in a rodent model
of bilateral cervical contusion-compression spinal cord injury. Bilateral C6-level clip contusion-
compression injuries were performed in rats, which were then blindly randomized at 2 weeks after
injury into groups receiving adult brain-derived NPCs, vehicle, or sham operation. Long-term survival
of NPCs was evident at 10 weeks after transplant. Cell grafts were localized rostrocaudally surround-
ing the lesion, throughout white and gray matter. Graft-derived cells were found within regions of
gliotic scar and motor tracts and deposited myelin around endogenous axons. The majority of NPCs
developed an oligodendroglial phenotype with greater neuronal profiles in rostral grafts. Following
NPC transplantation, white matter was significantly increased compared with control. Astrogliosis
and glial scar deposition, measured by GFAP-positive and chondroitin sulfate proteoglycan-
positive volume,was significantly reduced. Forelimb grip strength, finemotor control during locomo-
tion, and axonal conduction (by in vivo electrophysiology) was greater in cell-treated animals
comparedwith vehicle controls. Transplantation of NPCs in the bilaterally injured cervical spinal cord
results in significantly improved spinal cord tissue and forelimb function, warranting further study in
preclinical cervical models to improve this treatment paradigm for clinical translation. STEM CELLS
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INTRODUCTION

Spinal cord injury (SCI) has significant societal im-
pact, with annual incidence of 30–70 cases per
million and 1.3 million persons currently affected
in North America [1, 2]. Cervical SCI represents
more than 60% of injuries and can incur consider-
able lifetime socioeconomic costs [3, 4]. Return-
ing function to the hand and upper limb is the
primary concern of patients and the primary goal
for medical therapies; however, there is a critical
lack of studies using clinically relevant models
of cervical SCI in preclinical and translational
research [5]. Preclinical models of contusion-
compression SCI are needed for translating ther-
apies to the clinic [6, 7]. Furthermore, clinical
trials using stem cell transplantation for SCI have
experienced considerable difficulties [8–10], indi-
cating that preclinical data on recovery of the
forelimb in cervical SCImay be critical for success-
ful translation of stem cell therapy.

Traumatic SCI typically consists of bilateral
contusion and compression with subsequent
secondary injury cascades that exacerbate the
injury. Sharp and unilateral injury models
(i.e., hemisection and hemicontusion) have lim-
ited neuron loss, immune response, and gliotic
scarring and exhibit functional deficits regardless
of injury level [11–14]. Consequently, preclinical
efficacy should be conducted using cervical
contusion-compression models demonstrating a
dose response toward tissue and neurobehavio-
ral outcomes prior to clinical application of cell
therapy [6, 14, 15]. Primary outcomes of thera-
peutics for SCI include tissue preservation,
reduced inflammation and gliotic scarring, in-
creasing neuroplasticity, and some resulting
neurobehavioral recovery. The connection be-
tween functional recovery and tissue-specific pri-
mary outcomes is not well known.

Several endogenous progenitor populations
are capable of proliferating and activating
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following injury to replace lost tissue and to limit secondary dam-
age [16, 17]. The application of exogenous stem cell transplanta-
tion into the injured spinal cord to mimic these repair processes
has been thoroughly studied in thoracic SCI [18, 19]. Of the var-
ious cell types used for repair of the injured central nervous sys-
tem,neural stem/precursor cells (NPCs) havedemonstratedgreat
promise and repeated efficacy in thoracic SCI models [18]. Trans-
plantation of NPCs has demonstrated advantages for graft-
mediated repair, with NPC-derived neuronal or oligodendroglial
lineages conferring neuroplasticity or remyelination in some
studies of thoracic SCI [20–22]. Theefficacy of stemcell transplan-
tation with respect to tissue preservation and lesion reduction in
cervical SCI is poorly understood.

Axonal regeneration andneuroplasticity is restrictedby oligo-
dendroglial death and dysmyelination as well as by classical phys-
ical barriers such as astrogliosis and cavitation [23, 24]. Modest
axonal sparing can substantially enhance conduction and limb
function because preserving roughly 10% of initial axon number
can maintain function [25]. Remyelination of host axons by NPC
transplants has been proposed as a critical mechanism of NPC-
mediated recovery in thoracic SCI [26–29]. White matter preser-
vation has been reported previously in some thoracic SCI models
following transplantation of NPCs and glial-restricted progenitors
[26, 30, 31] but not in others [20, 32, 33]. Similarly, astrocyte re-
activity and glial scar formation during the secondary injury cas-
cade inhibit regeneration and conduction, precluding functional
recovery following SCI [34, 35]. Enzymatic degradation of GFAP
and chondroitin sulfate proteoglycan (CSPG) coincides with im-
proved motor function in thoracic SCI [36, 37]; however, cell
transplantation has been shown to reduce astrogliosis and scar-
ring [26, 38–40] or upregulate astrogliotic scarring [41, 42], re-
gardless of hind-limb motor improvement. Cell transplantation
has been studied previously in bilateral and midline cervical SCI
[31, 43, 44]; however, increased forelimb strength or reduced
astrogliosis in subacute cervical SCI has not been demonstrated.

Evaluating the efficacy of NPCs to preserve tissue, increase
neuron survival, reduce astrogliosis, and improve forelimb func-
tion in cervical SCI models could advance cell transplantation
therapy for spinal injury. To address these issues, we delivered
NPCs into a novel model of cervical SCI in the rat followed by
extensive evaluation of neurobehavioral recovery. Long-term
survival and engraftment of NPCs in the cervical enlargement
were observed, with resulting increased tissue preservation
and reduction of astrogliosis. Recovering hand function is the pri-
mary concern of persons living with spinal injuries [5]. Under-
standing of whether cell transplantation ameliorates physiology
and function of the upper limb is limited, slowing translation to-
ward human trials [6]. Insight into NPC-mediated recovery in
translatable cervical models could address this gap in clinical
translation.

MATERIALS AND METHODS

Animals and Cervical Spinal Cord Injury

AdultWistar rats of 270–310 g (n = 60, Charles River Laboratories,
Wilmington,MA, http://www.criver.com) and adult YFPmice (n =
12; 129-Tg[ACTB-EYFP]2Nagy/J; Jackson Laboratory, Bar Harbor,
ME, http://www.jax.org) were used in all experiments. Experi-
mental protocols were approved by the animal care commit-
tee of the University Health Network (Toronto, Ontario, Canada)

in accordance with the policies of the Canadian Council of Animal
Care for use of experimental animals andunder the supervision of
clinical veterinarians.

Cervical spinal cord injurieswere realizedwith theextensively
validated modified aneurysm clip contusion-compression model
[21, 25, 45–47]. The clip was applied at the C6 vertebral level to
cause selective deficits to thewrist and paw (supplemental online
data) [48]. Wistar rats of 2906 20 g body weight were anesthe-
tized with isoflurane and administered 0.05 mg/kg buprenor-
phine and 5 ml saline, and a C6 and C7 laminectomy was
performed. A modified aneurysm clip calibrated at a 28.1 g
(27.6 kdyne) was applied around the cord, allowed to snap shut,
and sustained for 60 seconds.

Animals receivedextensivepostoperative care includingClav-
amox in drinking water 3 days before injury until endpoint and
were housed in a 12-hour light-dark cycle at 26°C with ad libitum
food and water. Animals were administered buprenorphine (0.1
mg/kg) for 3 days and meloxicam (1.0 mg/kg) for 5 days. Injured
rats were administered fluids and nutritional support, and blad-
ders were manually expressed t.i.d. for 14 days and as needed.
Exclusion criteria were set a priori and assessed blindly
(supplemental online data). Exclusion and mortality occurred af-
ter injury (n = 2 and n = 4, respectively) and after randomization
(n = 1 and n = 8, respectively).

Neural Precursor Cell Culture

Adult NPCs were isolated from mice expressing yellow fluores-
cent protein (YFP), as describedpreviously [21]. The subventricular
zone was isolated and dissociated by trypsin and mechan-
ical trituration to single cell suspension and plated on un-
coated tissue culture flasks for 7 days in serum-free medium
(SFM) with FGF2 and EGF. Primary neurospheres were propa-
gated and passagedweekly withmechanical dissociation inmain-
tenance medium (SFM plus EGF, FGF2, and heparin). NPCs were
used for transplantationatpassage4 if$90%of those viablewere
cells and were suspended in maintenance medium (vehicle).

Transplantation

Animals were block randomized, and blinded observers per-
formed testing. Blockswere then selectedbya secondblindedob-
server to receive NPC transplantation of 43 105 cells per animal
(n = 24), vehicle injection control (n = 16), or laminectomy-only
sham (n = 8) on day 14 after injury (supplemental online Fig. 1).
Minocycline (50 mg/kg s.c.) and cyclosporine A (CsA; 10 mg/kg
s.c.) adjuvants were given 3 days prior to transplantation and ad-
ministered for 10days anduntil sacrifice, respectively. For neuron
survival and ventral horn atrophy, subsequent experimental
groups were included, as described, and received NPC transplan-
tationof43105 cells per animal (n=6)or vehicle injection control
(n = 6).

Under isoflurane, ratswere placed in a stereotactic frame and
administered 0.05 mg/kg s.c. buprenorphine and 5 ml s.c. saline,
and injuries were carefully re-exposed. Dissociated NPCs sus-
pended at 50,000 cells/ml were injected intraspinally in four sites
0.5–1.0mmbilateral to themidlineand2–3mmrostral and caudal,
2.0ml each, for a total of 43 105 cells per animal. Injections were
delivered at 0.5 ml/minute, left to dwell for 3 minutes, and
retracted over 2 additional minutes. Injected groups received in-
trathecal infusion of growth factors 30 mg/ml EGF and FGF2
and 10 mg/ml platelet-derived growth factor-AA (PDGF-AA;
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Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com) in
artificial cerebrospinal fluid delivered via osmotic minipump for
7 days, as described previously [21].

Tissue Processing and Lesion Morphometry

Animals were deeply anesthetized with euthanyl (80 mg/kg i.p.)
or isofluorane and perfused transcardially with 60 ml ice-cold
phosphate-buffered saline (PBS) and 180 ml 4% paraformalde-
hyde in PBS at 12 weeks after injury. Tissues were postfixed for
24hours and then cryoprotected in 30%sucrose in PBS for at least
48 hours. Spinal cord segments were embedded, frozen, and
stored at280°C. Cryostat sections were made 20mm thick along
1.5-cm length centered rostrocaudally at the injury site.

Serial sections were stained with the myelin-selective stain
luxol fast blue (LFB) and hematoxylin and eosin (H&E), as de-
scribed previously (n = 4 per group) [49]. Injury epicenter was de-
terminedblindly by LFB andH&Eanalyses from62,160mmto the
epicenter, which is the total extent of lesion following this injury.
Unbiased measurements were made with a Cavalieri volume
probe using Stereo Investigator (MBF Bioscience, Williston, VT,
http://www.mbfbioscience.com) for total area, gray matter,
whitematter, cavitation, and total lesion reportedaspercent area
and volumes.

Immunohistochemistry and Quantification

Graft length, NPC cell survival, migration, differentiation, and
gliotic scar and astrogliosis volumeswere performed blindly, as de-
scribed previously [21, 50]. Slides were air dried, rinsed with PBS
for 33 5 min, then blocked and permeabilized for 45 minutes at
roomtemperature. Slideswere incubatedat4°Covernightwithpri-
mary antibodies (supplemental online data) recognizing Olig2,
PDGFRA, APC, GFAP, bIII-tubulin, ChAT, neuronal nuclei (NeuN),
nestin, Ki67, protein kinase C-g (PKCg), contactin-associated pro-
tein (CASPR), neurofilament 200 (NF200), MBP, and CSPG over-
night at 4°C. Slides were rinsed and incubated in appropriate
fluorescent secondary antibodies overnight at 4°C with nuclear
counterstain.

Cords were rerandomized, and an observer blinded to treat-
ment and behavioral outcomes performed quantitative stereol-
ogy. Rostrocaudal graft length and differentiation profiles (n = 7)
were determined with a 20-mm interval, and sections were im-
aged at 80- to 240-mmintervals for differentiation using unbiased
stereology (MBF Bioscience) with 5–20 guarded counting grids
per section with 8–20 sections per cord (n = 7, $100 grids per
cord). Quantification ofMBP, Ki67, and nestin expression in NPCs
was determined with 6 animals per group, with .400 cells
recorded for each marker. Representative images were taken
with a Zeiss LSM 510 confocal laser microscope (Carl Zeiss, Jena,
Germany,http://www.zeiss.com) and representmedian signal in-
tensity and cell density.

Ventral horn volumes were quantified by a blinded observer
via tracing Laminae 7-9 in cross-sectional tissue samples from
a second set of experimental animals (NPC transplantation of
4 3 105 cells per animal [n = 6] or vehicle injection control [n =
6]). Areas were measured across five spinal segments, from
C6-T2 (64 mm rostrocaudal) and extrapolated to volume using
ImageJ (NIH, Bethsda,MD, http://imagej.nih.gov/ij/). Total neuron
anda-motor neuron numbers were generated through analysis of
cross-sectional tissue, as described above, across C7-T1 spinal seg-
ments (62 mm rostrocaudal) to correspond to the lesion analysis.

Total NeuN-positive (NeuN+) and 49,6-diamidino-2-phenylindole-
positive (DAPI+) neurons in laminae 7–9 and NeuN+ChAT+DAPI+

motor neurons in laminae 9 were assessed by a blinded observer
and reported as estimated cell number.

Astrocyte reactivity (astrogliosis) and extracellular matrix
(ECM) deposition (gliotic scar formation) were determined with
GFAP and CSPG reactivity, respectively. Images of whole cross-
sections at # 240-mm intervals were taken with a Leica fluores-
cence microscope and quantitatively analyzed using Cavalieri-
based stereology (Stereo Investigator; MBF Bioscience) for
marker-positive area, total tissue, and cavitation. Uninjured con-
trol tissue was used for threshold minimum and normalization in
the linear histogramatic range.

Behavioral Assessment

All neurobehavioral assessments were performed and analyzed
by examiners blinded to treatment groups. Testswere performed
onceperweek for 10weeks after injury (vehicle,n=8;NPC,n=16;
sham, n = 3). Animals were block randomized into groups based
on grip strength and Basso, Beattie and Bresnahan (BBB) scores 1
day prior to transplantation to eliminate group variation bias and
were transplanted and rerandomized. Correlational analysis was
performed on animals clustered around the mean of the respec-
tive group (n = 4 per group).

Hind-limb function was tested using the 21-point open-field
BBB locomotor scale and 13-point modified BBB subscore, as de-
scribed previously [51]. To assess whole-body limb and trunkmo-
tor function, the inclined plane test was performed, as described
previously [45]. Rats were placed on a horizontal plane that was
pivoted to increase the level of incline from 15° to 90° at incre-
ments of 2.5°. The rats were placed with their body axis parallel
to the axis of incline andwere required tomaintain their body po-
sition on the raised plane for 5 seconds for $3 of 5 attempts.

Forelimbs were specifically tested with a grip strength meter
(GSM) for composite paw strength. For grip strength, animals
were held by the hind limbs and lower abdomen and drawn back-
wardat a consistent speedwithin reachof ametal rung connected
to a GSM apparatus. Animals grasp the rung reflexively, and
a force gauge measures the maximal force achieved when grip
is broken; scores were averaged over five successful grasps.

Electrophysiology

Sensory-evoked potentials (SEPs) were recorded from another
set of animals that had received NPC or vehicle or from uninjured
controls (n = 6 per group) under isoflurane anesthesia immedi-
ately prior to humane sacrifice. Rats were placed in a stereotaxic
frameprone, andelectrodeswereplaced at C2extradurally and in
the median nerve at the manus. A constant current stimulus of
0.1 millisecond in duration and 2.0 mA in intensity was applied
at a rate of 5.7 Hz to the median nerve. At a bandwidth of
10–3,000 Hz, a total of 500 SEPs were averaged and replicated
to obtain peak latency and peak amplitudes.

Statistical Analyses

Data were analyzed with SigmaStat and StatPlus using a two-
tailed comparison (a = 0.05). Analyses included two-way
repeated-measures analysis of variance (ANOVA)with Bonferroni
post hoc test (behavioral), Student’s t test (lesion and tissue), or
one-way ANOVA with Kruskal-Wallis post hoc test (electrophysi-
ology). Pearson’s correlation coefficient and Spearman’s r were
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used to determine behavior-to-tissue and behavior-to-graft rela-
tion (df = 6). Results are stated in mean6 SEM.

RESULTS

Cervical Contusion-Compression Spinal Cord
Injury Model

Based on previous studies in our laboratory, we sought to gener-
ate a cervical model that allowed for forelimb-specific deficits
within a therapeutic window. The clip contusion-compression ap-
plied at the C6 vertebral level calibrated to 28 g of closing force
satisfied these parameters (Fig. 1A; supplemental online Fig. 1).
TheC6model delivered a reliable lesionwith hallmark lesional tis-
sue and cavitation, appearing as fluid-filled syrinx, in the central
spinal tissue. Vehicle-treated animals had no surviving gray mat-
ter at the lesion epicenter, whereas NPC-administered animals
retained negligible (,5%) viable gray matter. Preserved white
matter was evident at the lesion epicenter in the subpial periph-
ery but was markedly decreased compared with uninjured con-
trols. This pattern of central spinal cord tissue loss results in
distinct sensorimotor deficits in at-level forelimb and forepaw
functions versus below-level hind-limb functions.

Nopial ruptureor spinal root distractionwasobserved follow-
ing initial surgery (n = 48). At 2 weeks after injury, during the sub-
acutephaseof secondary injury, cells or vehiclewere injected into
four sites intraspinally (Fig. 1A). With a strict intraspinal injection
procedure consisting of long dwell time and staged needle with-
drawal, neither backflow nor bruising was observed. Mortality
within this studywas10%(n=4)prior to randomizationat2weeks
and 20% (n = 8) following randomization up to 12 weeks after in-
jury. The total exclusion rate was not different between vehicle-
and adult NPC-treated groups, and fastidious postoperative care
greatly reduced occurrence of morbidity such as digit autotomy,
spasticity, respiratory distress, and cachexia.

Neural Precursor Cell Engraftment and Differentiation

We then used the C6 contusion-compressionmodel to determine
the efficacy of cell transplantation therapy following cervical SCI.
Adult NPCs readily engrafted when delivered into the subacutely
injured cervical spinal cord via intraspinal injection, surviving to
the long-term endpoint at 10 weeks (Fig. 1B). Cells engrafted at
2 weeks after injury localized to the perilesional rostrocaudal tis-
sue and exhibited typical cell morphology. Cells were found in
gray and white matter along the dorsoventral axis but were un-
common within the lesion epicenter. Adult NPCs survived to 10
weeks after transplantation (week 12) with low-dose CsA immu-
nosuppression, exhibiting amixeddifferentiation profile (Fig. 1C).

Next, we determined the differentiation profiles of surviving
grafted cells. The majority of NPC-derived cells were of oligo-
dendroglial lineage, with 49.0 6 2.3% exhibiting Olig2+ pan-
oligodendroglial immunophenotypes and 34.6 6 2.1% showing
an APC+Olig2+ mature oligodendrocyte state. Of the remaining
NPCs, 6.26 1.1% were GFAP+ astrocytes, 6.06 1.5% expressing
bIII-tubulin were neuronal phenotypes (TUJ1), and 14.2 6 1.7%
expressed YFP alone (Fig. 1D). In the cervical enlargement, YFP+

graft cells and progeny were observed in mixed topographical
regions of neurons and glia (Fig. 1C, arrowheads) interspersed
with endogenous counterparts (arrows). We then compared
the graftswithin the cervical enlargement (rostral) with the grafts
at the cervicothoracic transition (caudal) to determine regional

effects on differentiation. The number of cells differentiating into
GFAP+ and TUJ1+ cellswas significantly higher in the rostral region
(10.5% versus 4.5% and 6.6% versus 0.7%, respectively; p, .05).
Conversely, significantly more unlabeled YFP-only cells were
found in the caudal region (27.0% versus 5.5%; p , .05), which
correlated to the length of NPC grafts in the caudal region
(r = .813,p = .026). No differencewas observed between the num-
bers of grafts in regions rostral or caudal to the lesion epicenter
(n = 14), and there was not a significant difference in grafts found
within white or gray matter in either region (Fig. 1E).

Graft Integration and Tissue Preservation

Following gross localization of the grafts, we examined themicro-
environments in which NPCs reside and the resulting effects on

Figure 1. Adult NPCs readily differentiate and engraft in the injured
cervical spinal cord. (A): Schematic of the experimental design includ-
ing 28-g cervical spinal cord injury at C6 (red arrow) and four NPC
transplantation sites (green arrows). (B): Transplanted adult NPCs en-
graft within the injured cervical cord with long-term survival and cel-
lular processes and morphology typical of NPC-derived progeny. (C):
Differentiated NPCs and progeny (arrowheads) engraft and inter-
sperse with endogenous cells (arrows) at 10 weeks after transplant.
Transplanted cells differentiate to express markers of mature oligo-
dendrocytes (Ci), neurons (Cii), and astrocytes (Ciii) (as shown in [A]).
(D): Differentiation profiles of grafted cells at 10 weeks after trans-
plant exhibit a majority of oligodendroglia (49.0%) andmature oligo-
dendrocytes (34.6%), with neurons and astrocytes identified more in
the rostral versus caudal region (6.6% vs. 0.7% neurons and 10.5% vs.
4.5% astrocytes). (E): The total YFP+ grafts observed on long-term fol-
low-up indicate no difference between rostral and caudal regions
within white matter (open) or gray matter (shaded). p, p , .05; NS,
p . .05. Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; NPC,
neural stem/precursor cell; NS, not significant; TUJ1, neuronal
bIII-tubulin; YFP, yellow fluorescent protein.
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tissue. This further neuroanatomical analysis revealed NPC inte-
gration within motor tracts and astrogliotic scarring in the chron-
ically injured cord (Fig. 2). Transplanted YFP+ cells were observed
within the dorsal corticospinal tract, with NPCs diffusely inte-
grated with endogenous TUJ1+ neurons within PKCg+ regions
of dorsal white matter (Fig. 2A). Grafted cells exhibit close local-
ization with apparent cell-cell contact, with enlarged and
swollenneuronal processeswithin thesemotor tracts. Deposition
of myelin is also evident by colocalization of YFP and MBP in
close apposition to endogenous NF200+ axons (Fig. 2B) and in
proper association and close apposition with CASPR+ nodal
myelin structures (Fig. 2C). A high proportion ofNPCs expressing
Olig2 deposit myelin, with 32.9 6 6.4% exhibiting colocaliza-
tion of MBP+ and YFP+ cells (Fig. 2D). Few YFP-only cells were
observed to express nestin (0.5%), as reported previously,
and no YFP+ cells were found to express Ki67 (Fig. 2E, 2F). Spe-
cific localization patterns to white or gray matter were not ev-
ident in the rostral versus caudal regions, although more
neuronal differentiation profiles were seen in the rostral cord
(Fig. 1D).

Histomorphometric analysis of the total preserved tissue and
lesion volumes were performed using LFB- and H&E-stained sec-
tions with a rostrocaudal extent of 62,160 mm from the lesion
epicenter (Fig. 3). More white matter was present in NPC-
treated animals compared with the vehicle group (62.3 6 4.7%
versus 50.46 8.5%, respectively; p, .05) (Fig. 3A). Gray matter
and cavity volumes were not different between groups (p = .81
andp= .58, respectively) (Fig. 3B). The difference in lesional tissue
betweenNPC and vehicle groups (3.86 0.9% versus 12.96 5.1%)
was not statistically significant (p = .129); however, the effect size
and potential biological significance observed (Fig. 3C, 3D) led to
closer analysis of the change in lesional tissue following NPC
transplantation.

Quantification of preserved ventral horn volumes (laminae
7–9) was then performed spanning C6–T2 spinal segments, rep-
resenting the total forelimb motor pool. This analysis revealed
larger volumes in NPC-transplanted animals (12.46 0.8 mm ver-
sus 10.8 6 0.3 mm); however, this did not reach significance
(p = .10). Ventral horn volumes across spinal segments demon-
strating lesional tissue (segments C7–T1,62,160 mm rostrocau-
dal) showed similar results (6.26 0.6 mm versus 5.26 0.3, NPC
versus vehicle; p = .14). We next quantified total neuron and
a-motor neuron preservation across the C7–T1 spinal segment
(62,160mm rostrocaudal). Similar to ventral horn atrophy, there
was a nonsignificant trend toward greater total NeuN+ neurons
and ChAT+ a-motor neurons in NPC-transplanted animals com-
pared with controls (28,480 6 3,520 versus 22,464 6 2,939
[p = .22] and 3,989 6 287 versus 2,901 6 551 [p = .11], respec-
tively). Further analysis was performed to elucidate potential
mechanisms beyond tissue preservation.

Astrogliosis Reduction Following NPC Engraftment

Following the reduction in lesional tissue, an analysis ofmolecular
changes in the lesionwasperformed. Transplanted cells exhibited
prevalent engraftment in areas of astrocytosis and gliotic scar at
the lesion epicenter and surrounding parenchyma (Fig. 4A).
Within sites of high engraftment, endogenous and NPC-derived
astrocytes appeared tobe less reactive,with smaller somatic bod-
ies and more spindle-like processes. The expression of GFAP and
the ECM component CSPG were used to evaluate glia reactivity

and ECM deposition, termed “gliotic scarring” (Fig. 4B). The total
volume of tissue immunopositive for GFAP across the entire le-
sion decreased from 9.6 6 1.0% to 5.7 6 0.7%, or from 2.4 6
0.4mm3 to 1.460.2mm3, in vehicle controlswithNPC transplan-
tation (p, .05) (Fig. 4C). The total volume of CSPG immunopos-
itive tissue similarly reduced from 7.7 6 0.6% to 5.2 6 0.5%, or
from1.960.2mm3 to1.360.1mm3 (p, .05), in vehicle controls
compared with NPC-treated animals (Fig. 4E).

A further volumetric analysis was performed to identify the
proportion of astrogliosis in the parenchyma that was not contig-
uous with the lesional cavity. Assessment of parenchymal astro-
gliosis, the region of transplantation, is less likely to be due to
global or nonspecific effects. The tissue expression of GFAP and
CSPG in the parenchyma (Fig. 4D) was reduced to less than half
that in the NPC-treated group compared with vehicle control,
from 3.7 6 0.9% to 1.5 6 0.2% for GFAP (p , .05) and from
2.1 6 0.3% to 1.0 6 0.1% for CSPG (p , .01) (Fig. 4F). Interest-
ingly, parenchymal GFAP and CSPG were not correlated to pre-
served white matter (p = .94 and p = .49, respectively), gray
matter (p = .90 and p = .89, respectively), or cavitation (p = .52
and p = .77, respectively). In fact, total GFAP+ and CSPG+ volumes
exhibited no correlation to lesional tissue volumes determined by
histopathology (p = .96 and p = .92, respectively) and were inde-
pendent of global tissue sparing. Volumetric evaluation of GFAP
reactivity and CSPG deposition in the ECM appear to be robust
independent measures and are reduced in animals that receive
NPC transplantation.

Forelimb Function Was Improved Following
NPC Transplantation

Functional sensorimotor improvement was evaluated to de-
termine the efficacy of NPC transplantation in this cervical
contusion-compression model. A series of sensorimotor tests spe-
cific to forelimb, hind-limb, or global motor performance was per-
formed. Importantly, bilateral C6 contusion-compression caused
significant tetraplegia, precluding the use of behavioral tests that
require animals to rear or sit and manipulate food. The forelimbs
of animals in NPC and control groups exhibited no discernible dif-
ferences with respect to spasticity and rigidity noted by blinded
observers. The forelimb grip strength of NPC and vehicle groups
demonstrated consistent improvement, reaching divergent pla-
teaus at approximately 6 and 9 weeks, respectively, after injury
but did not reach the strength of sham-operated controls
(1073 6 43 g; p , .001). Significant improvements in the grasp
output of NPC-treated animals were observed, reaching strength
of 376 6 50 g at 10 weeks after injury compared with vehicle-
treated peak strength of 203 6 48 g (p , .05) (Fig. 5A). The in-
clined plane test, developed to assess the recovery of hind-limb
and trunk function in animals without forelimb deficits, did not
detect differences in postural stability or global motor function
between groups (Fig. 5B). Both NPC and vehicle groups regained
the ability to walk with weight-bearing stepping by week 6; how-
ever, the BBB scale and subscore did not detect a difference be-
tween groups (Fig. 5C, 5D).

Transplantation of NPCs Conferred Improved Cervical
Conduction and Physiology

Electrophysiology was performed to substantiate the behavioral
findings by determining the integrity and conduction of the spinal
cord specific to forelimb innervation. Evaluation of SEP at the
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forelimb footpad was used to indicate caliber and density of my-
elinated axons (Fig. 6A, 6B). The SEPs confirmed poor conduction
in injured animals compared with sham-operated controls, with
latency increasing from 1.25 6 0.02 milliseconds to 1.50 6
0.05 milliseconds (p , .01) and amplitude dampened from
21.5561.58mV to6.9460.98mV (p, .001). Thesephysiological
deficits were ameliorated in the NPC-treated animals as latency
was returned to values similar to sham animals (1.346 0.07milli-
seconds versus 1.2560.02milliseconds;p= .29) (Fig. 6C).Conduc-
tion amplitude was significantly increased in the NPC group
compared with injured controls (10.39 6 2.06 mV vs. 6.94 6
0.98 mV; p, .05) but remained lower than sham-operated con-
trols (p , .05) (Fig. 6D). Similar to grip-strength performance,
the sensory physiology of the forelimb-related cervical cord
was partially ameliorated following NPC transplantation.

Considering these results, further effort was made to eluci-
date the relationship among cell engraftment, tissue status,
and behavioral performance (supplemental online Table 1). The
total length of NPC graft was directly proportional to increased
grip strength (r = .83, p = .02) at 10 weeks after injury (Fig. 7A).

A strong positive correlation was also observed between grip
strength and white matter preserved (r = .81, p = .02) (Fig. 7B),
with a concomitant negative relationship to total lesion (r =
2.89,p, .01) andweaknegative correlation to total CSPG+ tissue
volume (r =2.65, p = .08) (Fig. 7C, 7D). Of note, grip strength was
not correlated with preserved gray matter, total cord volume, or
cavitation (p = .76, p = .72, and p = .10, respectively), which were
not significantly improved following NPC transplantation. BBB
scores were proportional to preserved white matter (r = .76,
p = .03) (Fig. 7C) but not to lesion volume, NPC graft length and lo-
cation, or astrogliosis (p = .23, p = .29, and p = .18). It is important
to note that most animals had reached the ceiling effect with BBB
scores of 11 (77%NPC, 60% vehicle; p = .47), which limits the value
of correlational analyses with discrete BBB scores. Interestingly,
BBB subscores did not show any relation to white matter sparing
(p = .86) but exhibited a strong correlation to NPC graft length
and number of grafts localized to the lateral white matter (r = .92,
p, .01; r = .81, p = .03, respectively). Lastly, inclined plane mea-
sures were not significantly correlated to tissue preservation or
NPC engraftment.

Figure 2. Adult NPCs grafted into cervical spinal cord injury deposit myelin within motor tracts and confer white matter preservation. (A):
Transplanted YFP+ cells were observed within white matter and motor tracts, with NPCs diffusely integrated with endogenous TUJ1+ neurons
(arrowheads) within PKCg+ regions of dorsal corticospinal tracts. (B): Deposition of myelin is also evident by colocalization of YFP and MBP in
close apposition to endogenousNF200+ axons (arrowheads). (C):Graft cellswere observed at CASPR+ juxtaparanodal regions of compactmyelin
with normalized spatial molecular channel distribution (arrow). (D): Grafted NPCs readily produce MBP (arrow) within areas of endogenous
oligodendroglial myelin (arrowhead). (E, F): YFP was found to rarely colocalize with the undifferentiated phenotypic marker nestin (arrow),
and no Ki67+ proliferative marker expression (arrowhead) was observed in YFP+ NPCs (quantification in [F], n = 6). Scale bar = 20 mm. Abbre-
viations: CASPR, contactin-associated protein; DAPI, 49,6-diamidino-2-phenylindole; Nes, nestin; NF200, neurofilament 200; NPC, neural stem/
precursor cell; PKCg, protein kinase C-g; TUJ1, neuronal bIII-tubulin; YFP, yellow fluorescent protein.
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DISCUSSION

Evaluating potential therapeutics in cervical models has been de-
clared as a major translational priority, with a current lack of pre-
clinical studies [6, 18]. In order to address this, we evaluated the
effect of NPC-mediated recovery in a novel cervical contusion-
compression injury. In this study, we demonstrate that delayed
transplantation of NPCs mediates forelimb functional improve-
ments following cervical SCI. Volumetric stereology showed in-
creased white matter preservation and reduction of astrogliosis
and ECM scar deposition. Cell transplantation within the com-
plex cervical enlargement also revealed a rostral differentiation
gradient and targeted scar reduction in the parenchyma. Functional
improvement in grip strength was strongly associated with
NPC graft length and tissue preservation and weakly associated
with gliotic scar reduction. This study provides novel and robust
evidence of forelimb neurobehavioral recovery following

contusion-compression injury and the first evidence of NPC-
mediated gliotic scar reduction in the injured cervical enlarge-
ment. Responding to the stated need for translatable preclinical
studies, our data support the timely transition toward cell therapy
in cervical contusive-compressive models of SCI.

Modeling Human Spinal Injury

Sharp injurymodels, such as hemisection/transection and funicu-
lotomy, are highly variable and donot properlymodel gliotic scar-
ring and cavitation in human injury [11, 14, 52, 53]. Extent of
dysmyelination, neuron loss, immune cell infiltration, and necro-
sis are also greatly attenuated in hemisection injuries compared
with contusion models [11]. Forelimb motor function appears
to be independent of the level of injury in hemisection models,
making translation to human clinical populations problematic [54,
55]. Contusion models of SCI are more indicative of secondary

Figure 3. Neural precursor cell transplantation in subacute cervical spinal cord injury confers white matter preservation. (A): Cross-sectional
tissue stainedwith luxol fast blue and hematoxylin and eosin reveals a severe, bilateral lesion epicenter at C6with spared circumferential tissue
in NPC- and vehicle-treated groups. (B, C):More white matter was present in NPC-treated animals compared with the vehicle group (62.3% vs.
50.4%) (B), whereas gray matter was not different (C). (D): Lesion morphometry of NPC versus vehicle groups demonstrates no difference in
cavitation (open) and nonsignificant decrease in lesional tissue (shaded; 3.8% vs. 12.9%, respectively; p = .09). (E): Assessment of ventral horn
atrophy (dashed line), neuron (arrowhead), anda-motor neuron loss (arrow)was performed to assess specificmotor preservation. (F–H): There
were no statistically significant differences following NPC transplantation despite greater size of ventral horn volume (F) and larger number of
a-motor neurons (G) and total neurons (H) remaining. p, p, .05. Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; NeuN, neuronal nuclei;
NPC, neural stem/precursor cell.
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ischemic injury and regeneration inhibition; however, unilateral
contusion models do not model a clinically relevant injury [14],
and unilateral or midline contusion-only models still relate poorly
to injury level andseverity [12, 13].Due to these limitations to trans-
lation, the scientific community has reached consensus that

translation to clinical trials for cervical SCI requires proof-of-
efficacy in a cervical SCI model using a contusion-compression
injury with a dose response in behavioral and nonbehavioral im-
provement [6, 15, 56]. The first clinical trial using cell therapy for
SCI was based on preclinical data from a transection model and
failed to be effective in human participants [57].

The cervical cord has unique and complex cellular circuitry in
terms of pathophysiology and function, making extrapolation
from results in thoracic SCI problematic. The C6 clip model exhib-
its a dense gliotic scar, bilateral graymatter loss, preserved rim of
dysmyelinated axons, cystic cavity cordoned off by inhibitory
astrogliosis, and graded deficit with level and severity of injury.
However, there is greater central lesional tissue and gray matter
loss than with equivalent thoracic SCI models [21, 26, 28]. Conse-
quently, cell transplantation in a cervical injury may have distinct
reparativemechanisms and thresholds. The use of a cervical-level
contusion-compression injury, delayed intervention, dose re-
sponse, and improvements in behavioral and nonbehavioral
parameters meet a high rating for preclinical evidence [56].

Cellular Therapy for SCI

Our laboratory andothers have shownconsistent efficacy ofNPCs
for use in thoracic SCI [28, 33, 58]. These cells have been shown
to be nonproliferative and do not form tumors [21, 26, 28]. More
detail regarding differentiation profiles, cell survival, tissue im-
provement, and behavioral recovery are needed to improve
the efficacy of current cell therapy. Most transplantation para-
digms do not exhibit robust differentiation to mature oligoden-
drocytes [20, 22, 59, 60]. Within this paradigm, a greater

Figure 4. Reactive astrocytosis and glial scar deposition are reduced
following NPC transplantation in cervical spinal cord injury. Adult
NPCs readily engraft within areas of the gliotic scar (A, B) and confer
reduced GFAP+ astrogliosis (C, D) and CSPG deposition (E, F) at 12
weeks after injury. Transplanted cells closely associate with endoge-
nous astrocytes and exhibit astrocyte phenotypes (arrowhead) and
nonglial phenotypes (arrow; ii). (B): Presence of reactive astrocytes
(GFAP) and scar-related CSPG clearly designate gliotic scarring and
greater expression in the vehicle group (top) compared with the
NPC-treated group (bottom). (C, E): Tissue volumes expressing gliotic
GFAP and inhibitory CSPG exhibit a statistically significant decrease in
NPC animals comparedwith vehicle controls. (D, F): Further volumet-
ric analysis demonstrates that the significant decreasesof totalGFAP+

andCSPG+ tissue are largely due to reduction of theparenchymal pro-
portion of astrogliotic scarring. p, p, .05; pp, p, .01. Abbreviations:
CSPG, chondroitin sulfate proteoglycan; DAPI, 49,6-diamidino-2-
phenylindole; NPC, neural stem/precursor cell; YFP, yellow fluorescent
protein.

Figure 5. Behavioral improvement was observed in forelimbs fol-
lowing transplantation of neural precursor cells. (A): Cervical spinal
cord injury caused severe deficit in forelimb grip strength that
improved progressively across 10 weeks after injury. Grip strength
following NPC transplantation (arrow) was markedly improved
compared with and reached plateau later than vehicle-injected con-
trols. (B): Global function of the axial muscles for trunk posture and
proximal limbplacementwerenotdifferent betweenNPCandvehicle
groups. (C):Gross sensorimotor improvement during locomotionwas
not observed using the BBB open field test. (D): Similar results were
observed with the BBB subscore, a scale created to avoid the fore-
limb-hind limb ceiling effect (dashed line) component of the scale
(C) but requires quadrupedal locomotion. Abbreviations: aNPC, adult
neural precursor cells; BBB, Basso, Beattie and Bresnahan scale; NS,
not significant.
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proportion of neurons were observed in the cervical grafts, with
the caudal grafts exhibiting a similar differentiation profile to our
previous studies in thoracic SCI [21]. These increases in NPC-
derived neurons and astrocytes coincided with a reduction in
YFP-only cells but not mature oligodendrocytes, suggesting that
the regional effects of the cervical enlargement do not inhibit oli-
godendrogenesis. Exactly how the microenvironment of the cer-
vical enlargement induces this increased differentiation is not yet
known, but it has been observed in similar NPC transplantation
studies [59]. Clinical trials testing neural stem cell transplantation
have occurred in participants with amyotrophic lateral sclerosis,
and cervical injections have been well tolerated with no subse-
quent histological changes [61].

Immune rejection is also a considerable limiting factor in cel-
lular transplantation [62]. Cell survival greater than 1%–5% is
rarely observed in mouse-to-rat and human-to-rodent xenograft
studies without the use of severely immunocompromised recip-
ients [30, 59]; however, cell survival as low as 1% has been shown
to be sufficient for white matter preservation in mice [30],
whereas up to a fivefold increase in cell numberwas not sufficient
for tissue preservation and functional recovery [59]. Given that
NPC-mediated repair does not appear to be due to early trophic
factor expression [26, 27], the relation between long-term graft
survival and functional recovery requires more evaluation.

NPCs Confer Functional Recovery to the Forelimb

Providing evidence of improvement in forelimb function in bilat-
eral cervical models is critical. Initial studies in cervical models
failed todemonstrate tissuepreservation orbehavioral outcomes

following NPC transplantation [18]. We report improvements in
neurophysiological, behavioral, and nonbehavioral outcomes in
a severe cervical contusion-compression injury following delayed
NPC transplantation. The improved grip strength observed in this
study suggests that NPCs may function to preserve at-level func-
tion. Interestingly, grip strength was not improved in a previous
study of transplanting committed neuronal cells in bilateral cer-
vical SCI [44], and a dose response to stem cell therapy is rarely
reported. In addition, our electrophysiology data indicate that
this improvementwas not due to rigidity or spasticity, as has been
observed previously [38]. Due to the severity of this injurymodel,
forelimb behavioral tasks that are used routinely in hemisection
studies, such as forelimb evaluation during locomotion [63], rear-
ing in cylinder test [13], or reaching/grasping and foodmanipula-
tion while standing [64], are not feasible.

Although the BBB scale is a comprehensive analysis of loco-
motion, it cannot evaluate forelimb deficits. The BBB subscore
was used in an attempt to circumvent this; however, this scale
relates to the nonlinear upper portion of the BBB scale [65]
and does not appear to accommodate tetraplegic animals. The
lack of sensitivity and utility of BBB scale and subscore and in-
clined plane in a bilateral cervical SCI model has been demon-
strated elsewhere [43] and suggests that more sensitive measures
of neurobehavior ought to be used in subsequent cervical
studies.

Mechanism of NPC-Mediated Improvements

Endogenous progenitors have been shown to activate on central
nervous system injury during the subacute phase tominimize the
lesion by clearing cellular debris, sequestering the lesion by

Figure 6. Forelimb neurophysiology is improved by NPC transplan-
tation in cervical spinal cord injury. Conduction andelectrophysiology
oftheforelimbthroughSEPs (A)wasalso improvedfollowingNPCtrans-
plantation (bottom) compared with vehicle injection (middle) (B). The
vehicle-control group exhibited prolonged latency (C) and decreased
amplitude (D) compared with shams, whereas NPC-treated animals
demonstrated no difference in latency and a significant improvement
inamplitudeofSEPnerveconduction. (C):p,p, .05 forNPCversussham.
(D): p, p, .05 vehicle versus sham; pp, p, .05 NPC versus vehicle and
sham.Abbreviations:aNPC,adultneuralprecursorcell;N1,negativepeak
inflection; P1, positive peak inflection; SEP, sensory-evoked potential.

Figure 7. Correlational analysis of grip-strength recovery with re-
spect to neural stem/precursor cell (NPC) graft, tissue sparing, and
lesion formation. (A): Functional strength improvement following
NPC engraftment was found to be strongly proportional to the length
of NPC grafts. (B): Grip strength also exhibited a strong positive cor-
relation to white matter present in vehicle (blue) and NPC (red)
groups. (C, D): Forelimb strength was also found to exhibit a strong
inverse relationship to total lesion volume (C) and a weakly negative
relationship to total CSPG+ extracellular matrix tissue deposition (D).
Additional analyses can be found in supplemental online Table 1. Ab-
breviation: CSPG, chondroitin sulfate proteoglycan.
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forming a protective scar through astrogliosis, and remodeling
damaged tissue [66, 67]. Cell transplantation paradigms using
NPCs exploit targets of endogenous repair processeswhile damp-
ening the corresponding inhibitory scarring [18].

Although it is known that glial scar disruption and remyelina-
tion contribute directly to axonal growth andneural plasticity [24,
53], these mechanisms have not been fully elucidated following
cell transplantation. Axons are able to migrate through areas of
reactive astrocytes, but they are halted at CSPG motifs, which
are upregulated at the lesion epicenter and periphery, effectively
blocking regeneration [34, 53, 68, 69]. This study demonstrates
that exogenous NPCsmediate whitematter preservation concur-
rently with reductions in the astrogliotic scar, which we have not
observed following NPC transplantation in thoracic SCI [21, 26].
This suggests NPCs balance lesion containment and tissue remod-
eling differently and more effectively within the injured cervical
cord. The distinct differentiation profiles of grafts within the cer-
vical enlargement (rostral), along with improved neural circuit
conduction, indicate that a potentially unique action is occurring
within the cervical spinal cord. Although a trend toward reduced
ventral horn atrophy and less total neuron loss was observed,
there was no clear indication that NPCsmediated improved fore-
limb function through tissue preservation or indirect trophic
support.

This study also delayed transplantation of NPCs until the sub-
acute phase (2 weeks after injury), which is within a conservative
therapeutic window and after the formation and maturation of
gliotic scar. It has been shown by independent laboratories that
cell transplantation beyond this subacute stage often is not effi-
cacious and requires combination with other neuroprotective
agents [21, 33].

Interestingly, functional recovery has been demonstrated
without tissue preservation [26, 33, 38, 39], and tissue preserva-
tion has been demonstratedwithout functional recovery [41, 42].
Delineating underlying mechanisms of action following cell ther-
apy may produce greater recovery following SCI.

CONCLUSION

The cervical enlargement offers the opportunity to analyze the
forelimb and hind limb separately, permitting study of neuroplas-
ticity at the level of injury and remyelination of coursing long

tracts, respectively. More work is needed to determine the pre-
cise contribution of each potential mechanism of action that
has led to the NPC-mediated repair of the injured cervical spinal
cord. Interpretingefficaciousrecoveryof theforelimbinacontusion-
compression SCI model is highly translatable and should be
demonstrated prior to clinical translation [6, 15, 56, 57]. This
study adds to previous findings by our laboratory and others
[20, 28, 33] of novelNPC-mediated effects of reducedastrogliosis,
improved physiology and function in the network-rich cervical
limb enlargement, and the underlying relationship between tis-
sue modification and behavioral performance. The data pre-
sented warrant further study of cell therapy in cervical
contusion-compression SCI models to determine cell-based re-
parative mechanisms.
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