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Protocols and Manufacturing for Cell-Based Therapies

Feasibility Study of Canine Epidermal Neural Crest
Stem Cell Transplantation in the Spinal Cords of Dogs

BARBARA G. MCMAHILL,a MATHIEU SPRIET,b SÍLVIA SISÓ,c MICHAEL D. MANZER,c GAELA MITCHELL,a

JEANNINE MCGEE,a TANYA C. GARCIA,d DORI L. BORJESSON,c MAYA SIEBER-BLUM,e JAN A. NOLTA,a

BEVERLY K. STURGESb
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ABSTRACT

This pilot feasibility study aimed to determine the outcome of canine epidermal neural crest stem cell
(cEPI-NCSC) grafts in the normal spinal cords of healthy bred-for-research dogs. This included devel-
oping novel protocols for (a) the ex vivo expansion of cEPI-NCSCs, (b) the delivery of cEPI-NCSCs into
the spinal cord, and (c) the labeling of the cells and subsequent tracing of the graft in the live animal by
magnetic resonance imaging. A total of four million cEPI-NCSCs were injected into the spinal cord di-
vided in two locations. Differences in locomotion at baseline and post-treatment were evaluated by
gait analysis and comparedwith neurological outcomeandbehavioral exams. Histopathological anal-
yses of the spinal cords and cEPI-NCSC grafts were performed at 3 weeks post-transplantation. Neu-
rological and gait parameters wereminimally affected by the stem cell injection. cEPI-NCSCs survived
in the canine spinal cord for the entire period of investigation and did notmigrate or proliferate. Sub-
sets of cEPI-NCSCs expressed the neural crest stem cell marker Sox10. There was no detectable
expressionofmarkers for glial cells or neurons. The tissue reaction to the cell graftwaspredominantly
vascular in addition to a degree of reactive astrogliosis andmicroglial activation. In the present study,
we demonstrated that cEPI-NCSC grafts survive in the spinal cords of healthy dogs without major ad-
verse effects. They persist locally in the normal spinal cord, may promote angiogenesis and tissue
remodeling, and elicit a tissue response that may be beneficial in patients with spinal cord in-
jury. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1173–1186

SIGNIFICANCE

It has been established that mouse and human epidermal neural crest stem cells are somatic multi-
potent stem cells with proved innovative potential in a mouse model of spinal cord injury (SCI) of-
fering promise of a valid treatment for SCI. Traumatic SCI is a common neurological problem in
dogswithmarked similarities, clinically andpathologically, to the syndrome inpeople. For this reason,
dogs provide a readily accessible, clinically realistic, spontaneous model for evaluation of epidermal
neural crest stem cells therapeutic intervention. The results of this study are expected to give the
baseline data for a future clinical trial in dogs with traumatic SCI.

INTRODUCTION

Spontaneous canine spinal cord injury (SCI) in dogs
has been recognized as a valuable animal model
that is comparable to human SCI and therefore
bridges thegapbetweenrodent studiesandhuman
SCI [1–4]. The rationale for our study was based on
the rarity of dataavailable on transplantationof so-
matic stem cells into the healthy spinal cord [5].
Furthermore, epidermal neural crest stem cells
(EPI-NCSCs) represent a novel candidate stem cell
type for cell-based therapies, but they had not
yet been tested in a large-animal model of human
disease. Numerous canine experimental studies
that evaluate the safety and efficacy of a variety

of stem cell interventions have been reported in

SCImodels [5]. Following translational studies, clin-

ical trials using stem cells for the treatment of

canine SCI are now emerging [5]. Notably, the cur-

rent study is the first report on somatic stem cell

grafts in the uninjured spinal cord.
EPI-NCSCs have unique advantages compared

to other stem cells used in SCI [6–8]. EPI-NCSCs exist
in an easy-to-access location: the hair follicle, and
they can be isolated as highly pure populations of
multipotent stem cells. EPI-NCSCs can be expanded
ex vivo intomillions of stem cells in a timelymanner,
providing numbers sufficient for transplantation [6,
9]. Although allogeneic grafts may be more feasible,
autologous transplantation represents an ideal
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starting point, because it maximizes the likelihood of successful sur-
vival of grafted cells with no need for immunosuppression. EPI-
NCSCs have a high degree of plasticity, and they are able to undergo
directeddifferentiation into allmajor neural crest derivatives and into
noncrest cell types [6, 8, 10]. However, it is primarily the close onto-
logicrelationshipbetweenneuralcrestcellsandspinalcordprogenitor
cells in the vertebrate embryo thatmakes EPI-NCSCs a desirable can-
didateforSCI [11].PreviousworkfromtheSieber-Blumlaboratory[12,
13] demonstrated that EPI-NCSCs are compatiblewith the spinal cord
environment in two murine models of SCI. It remains to be deter-
minedwhetherEPI-NCSCs fromhigher vertebratesbehave ina similar
manner when grafted in the spinal cord. This pilot study was the first
step toward determining whether the cells can be labeled ex vivo,
safely transplanted into the spinal cords of dogs, and tracked in the
live animal without adverse reactions. The current data will facilitate
theuseof these cells in a naturally occurringmodel of disease in dogs.

To successfully treat SCI, neural function needs to be improved.
Themain goals in stem cell transplantation for spinal cord repair in-
clude: reconnection of ascending and descending injured axons,
likely by alternative pathways, remyelination of demyelinated
axons, and secretion of trophic factors to promote an environment
conducive to regeneration [14, 15].Whengrafted into the contused
spinal cords of mice, murine EPI-NCSCs (mEPI-NCSCs) survived in
the spinal tissue in large numbers, did not migrate away from the
site of injection, and did not form tumors [12]. Cell subsets differ-
entiated into GABAergic neurons, myelin basic protein-positive
cells, and myelinating cells. Finally, EPI-NCSCs may secrete trophic
factors and promote revascularization [12]. They also producemet-
alloproteases, a hallmark for neural crest cells, and are thus likely to
affect scar formation. Notably, mice that received grafts of mEPI-
NCSCs in a contused spinal cord model showed statistically signifi-
cant improvements in sensory connectivity, as measured by spinal
cord-evoked potentials and in touch perception [16].

In this study, we isolated canine EPI-NCSCs (cEPI-NCSCs) from
dog hair follicles using a technique that takes advantage of the
migratory ability of neural crest cells, avoiding contamination
by keratinocytes [8]. After a 10-day ex vivo expansion, we made
anautologous transplant of labeled cEPI-NCSCs in the spinal cords
of healthy bred-for-research dogs. We tracked the location and
persistence of cEPI-NCSCs within the spinal cord and evaluated
adverse effects of treatment on the normal spinal cord through
subjective and objective measures.

MATERIALS AND METHODS

Animals

Two 1-year-old bred-for-research beagles (Marshall BioResources,
North Rose, NY, https://www.marshallbio.com USA) were included
in this study. All animal experimentswereperformedwith ethical ap-
proval by the University of California Davis Institutional Animal Care
and Use Committee (IACUC) under Protocol 17514. The dogs were
euthanized 3 weeks after cEPI-NCSC transplantation. This endpoint
was selected to ensure that the grafted cells could be successfully
tracked in vivo, and would have time to elicit neurologic and tissue
responses, but would also persist in high enough numbers to assess
the cells histopathologically at the end of the study.

Bulge Explants, Isolation, and Labeling of cEPI-NCSCs

Haired, full-thicknesspunchbiopsiesof theskinwereobtainedfrom
the dorsumunder sedationwith dexmedetomidine (5.0mg/kg i.v.).

Canine hair follicles weremicrodissected aswe have described pre-
viously [8]. Briefly, themidfollicular areawas excised and cut in half,
andeachpiecewasplaced intoawellofa24-wellplate.Theexplants
were incubated in a humidified atmosphere. Three days after onset
ofemigration, cEPI-NCSCs fromthebulgeexplantweresubcultured.
At the end of the 5-day-long first subculture, the cells were isolated
with TrypLE (Invitrogen, Paisley, U.K., http://www.invitrogen.com;
catalog no. 12563) and seeded at 225,000 cells per T225 cm2

CELLstart-coated (Life Technologies, Rockville, MD, http://www.
lifetech.com) culture flask for further ex vivo expansion. On day 3
of expansion in second subculture, cellswere predifferentiated into
putative neural stem cell-like cells, similar to the protocol we have
described previously [8]. The culture medium consisted of Neuro-
Cult NS-A (StemCell Technologies, Vancouver, BC, Canada, http://
www.stemcell.com; catalog no. 05750), supplement B27 without
retinoicacid (Invitrogen;catalogno.12587-10),1%(vol/vol)defined,
GMP grade, fetal bovine serum (HyClone, Logan, UT, http://www.
hyclone.com; catalog no. SH30070.02), 10 ng/ml recombinant hu-
man fibroblast growth factor 2 (rhFGF2) (R&D Systems Inc., Minne-
apolis, MN, http://www.rndsystems.com; catalog no. 233FB/CF),
20 ng/ml recombinant human epidermal growth factor (rhEGF)
(R&D Systems Inc.; catalog no. 236EG/CF), 10 ng/ml recombinant
human neurotrophin-3 (rhNT-3) (R&D Systems Inc.; catalog no.
267N3/CF), GlutaMAX (1:100), penicillin/streptomycin (1:100),
and 2.5 mg/ml amphotericin B (1:100) [17]. For some experi-
ments, the cells were labeled with NIMT FeOlabel Texas Red
(Genovis, Cambridge, MA, http://www.genovis.com; catalog
no. F0-FL2-050) following the manufacturer’s instructions at
the following concentrations: 25 and 50 pg of iron per cell
for labeling experiments or 40 pg of iron per cell for injection
into the spinal cord.When prepared for injection, the cells were
isolated and resuspended at the concentration of 2 million cells
per 10 ml of Hanks’ balanced salt solution (2Ca2+,2Mg2+) (Invi-
trogen; catalog no. 14175-079).

Proliferation and viability experiments were performed to eval-
uate cEPI-NCSCs after labeling and to determine the optimal iron
concentration for in vivo studies. Cells were labeledwithNIMT FeO-
label (Genovis; catalog no. F0-FL1-050), as described above. Slides
of labeled cells were stained with Perls’ Prussian Blue stain for
iron identification. Cell proliferation was evaluated by immuno-
cytochemistry using a mouse anti-Ki67 (clone MIB1) antibody
(supplemental online Table 1). A commercially available viability
assay was used to evaluate cell survival after labeling (Live/Dead
Viability/Cytotoxicity Kit; Invitrogen; catalog no. MP03224). Cells
were acquired on an FC500 flow cytometer using CXP software
(Beckman Coulter, Hialeah, FL, http://www.beckmancoulter.com).
The datawere analyzed using FlowJo software (Tree Star, Ashland,
OR, http://www.treestar.com). A minimum of 100,000 events
were collected.

Teratoma Assays

Preliminary safety of the cEPI-NCSCs was determined in an in vivo
mousemodel toruleout teratomaformation.Rodentworkwasper-
formed under an approved IACUC protocol in the University of Cal-
iforniaDavis StemCell Program ImmunodeficientMouseCore. Four
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ knockout micewere included in
the study (twomales and two females). Canine EPI-NCSCswere iso-
lated and injected subcutaneously in the left flank at 13 106 cells
total. The mice were monitored daily for the formation of terato-
mas. At 3 months, the mice were euthanized and subjected to full
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postmortem examination to confirm biosafety [18]. A full review
was performed by an anatomic pathologist (B.G.M.).

Spinal Surgery and Transplantation of cEPI-NCSCs

Transplantation of cEPI-NCSCs into the spinal cord was performed
3 weeks after the initial skin biopsy. Under general anesthesia,
a routine surgical approachwasmade to the thoracolumbar verte-
bral column, and left-sided hemilaminectomieswere performedat
T12-T13 and L2-L3. Epidural fat was removed to expose the dura
mater on the lateral aspect of the spinal cord. cEPI-NCSCs were
transplanted using a 25-ml microsyringe (Hamilton Co., Reno,
NV, http://www.hamiltoncompany.com) with a 26-gauge needle
mounted on a stereotactic frame (Kopf Instruments, Tujunga,
CA, http://www.kopfinstruments.com). Each injection contained
23106 autologous cEPI-NCSCs resuspended in 10ml ofHanks’bal-
anced salt solution. A 0.5-mm-long meningeal incision was per-
formed with a scalpel, which allowed the needle to be slowly
introduced into the lateral aspect of the spinal cordwithout cord
deformation to a depth of 2.5 mm below the dura. cEPI-NCSCs
were delivered by slow infusion into the whitematter of the left
lateral funiculus at the level of L2 and L3 spinal cord segments
over 5 minutes. Placebo infusions were performed similarly at
T12 and T13 spinal cord segments by delivering equal volumes
of Hanks’ balanced salt solution. Each infusion was performed
over 5 minutes at the rate of 2 ml/minute using a microsyringe
pump controller (Micro4; catalog no. IM062403; World Preci-
sion Instruments, Inc., Sarasota, FL, http://www.wpiinc.com).
To minimize evacuation of the inoculum via the needle tract,
the needle was left in place for 2 minutes following completion
of the injection. The needle was then slowly removed (0.5 mm/
minute), and the dural incisionwas coveredwith a 0.2-mmpiece
of gel foam (absorbable gelatin sponge; Pfizer, New York, NY,
http://www.pfizer.com).

Clinical Features, Behavioral Assessment, and
Gait Analysis

Physical and neurological examinations were performed prior to
surgery, daily for 7 days postsurgery, and weekly for the remain-
der of the studybyaboard-certified veterinary neurologist (B.K.S.).
Behavioral (subjective) assessment was performed through
observation and examination to evaluate the impact of cEPI-
NCSCs on pelvic limb function. Dogs were videotaped and scored
using theOlby functional scoring system [19] before surgery and1
and 3weeks after surgery (B.K.S.). In addition, objective gait anal-
ysis was performed before surgery to establish each dog’s normal
baseline and again atweek 3 postsurgery to determine any subtle
gait alterations secondary to SCI that might be created by the im-
plantationof cells but thatmight not beascertained bybehavioral
analysis alone. Kinetic and kinematic parameters were obtained
from each gaiting session. In brief, dogs were led at a trot by an
experienced handler at speeds that were comfortable to the dog.
The dogs traversed a 6-m-long walkway that contained 2 embed-
ded 603 40-cm force plates in series. Five IR beam-timing gates
along thewalkway at 0.5-m spacingwere used to trigger software
to determine dog velocity and acceleration (mean value over 5m).
Four to six trials were recorded at a trot (1.41–2.06 m/second).
Gait trials were considered valid if dog acceleration was
within60.5 m/second2 for the duration of the trial, fore limb paw
strikes were recorded on the force platforms, and dogs traveled
in a straight line without pulling on the leash. For capturing limb

motion, spherical reflective markers were taped to the fur or skin
at defined anatomical landmarks (supplemental online Fig. 1).
Latero-lateral motion of the pelvis and thorax in the horizontal
plane were also measured using markers (supplemental online
Fig. 1). Rangeofmotion (ROM)was calculated for limb joint angles
as the difference between maximum and minimum joint angle
during a gait cycle. ROM of the midillial (pelvis) and midscapular
(thorax)markers were calculated and expressed as the difference
between maximum and minimummedio-lateral displacement in
the horizontal plane. Weight bearing was measured as vertical
and cranio-caudal maximum ground reaction forces (GRF) nor-
malized as a percentage of body weight. Symmetry in the vertical
GRF between the right and left limbswas analyzed using the using
the following asymmetry index =(|XR2 XL|/[|XR + XL|3 0.5])3
100 [20]. The effects of limb (left, right) on all variables were
assessed using a mixed model analysis of variance. Statistical
models included the effects of limb (left, right), dog speed and
repeated measures within each dog. To evaluate the effect of
treatment, statistical analyses were performed, and post hoc
comparisons were made by estimating least-squares means in-
cluding both dogs adjusted for the other factors in themodelwith
a level of significance of p, .05.

Cerebrospinal Fluid Analysis

Cerebrospinal fluid (CSF) was routinely collected at the cisterna
magna 2weeks prior to cEPI-NCSC transplantation, 2 days follow-
ing cell transplantation, and once again immediately prior to eu-
thanasia. Two milliliters of CSF were collected by free flow and
submitted to the clinical laboratory at the William R. Pritchard
Veterinary Medical Teaching Hospital for analysis. Analyses in-
cludeda total cell count anddifferential, determination of protein
concentration, and a complete cytologic review by a board-
certified veterinary clinical pathologist (D.L.B.).

Magnetic Resonance Imaging

Dogs were imaged using a 1.5T magnetic resonance imaging
(MRI) unit (GE Signa HDxt; General Electric, Milwaukee, WI,
http://www3.gehealthcare.com/en). To determine ideal FeO-
label concentration for MRI tracking, labeled cEPI-NCSCs were
injected into the spinal cords of cadaver dogs. In the thoraco-
lumbar region, the following 10-ml injections were made: T12
positive control consisting of air; T13 of 33 105 cEPI-NCSCs la-
beled with 25 pg of iron per cell; L1 injection of 3 3 105 cEPI-
NCSCs labeled with 50 pg of iron per cell; and L2 negative control
consisting of unlabeled cEPI-NCSCs.

For the in vivo tracking study, dogs were imaged before
surgery, immediately after surgery and 2 days and 1, 2, and
3 weeks after stem cell administration. MRI was used for cell
localization and subjective evaluation of the persistence. No
attempt at quantifying cell persistence was made. The dogs
were placed under general anesthesia in dorsal recumbency,
and the thoracolumbar spine was imaged from the 11th tho-
racic vertebra to the 4th lumbar vertebra using a dedicated
spine coil. Transverse and sagittal images were acquired using
T2-weighted fast spin echo (T2 FSE) andmultiple echo recombined
gradient echo (MERGE) sequences. Transverse images were also
obtained using a three-dimensional spoiled gradient echo (SPGR)
sequence. Images were assessed for signal void because of a sus-
ceptibility artifact from the iron oxide label associated with the
stem cells. Other signal changes in the spinal cord parenchyma
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were also evaluated. The review was performed by a board-
certified veterinary radiologist (M.S.).

Histopathology and Immunohistochemistry

The 2 dogs were euthanized 3 weeks after surgery, and complete
postmortem examinations were performed. A full review was
performed by a board-certified veterinary anatomic pathologist
(B.G.M.) and a neuropathologist (S.S.). The spinal cords were im-
mediately harvested. Tissues were fixed for 24 hours to 5 days in
10%neutral buffered formalin. Formalin-fixed tissuewas embed-
ded in paraffin, and 5-mm-thick sections were stained with H&E.
Special stains were performed for evaluation of collagen and iron
depositions:Masson’s trichrome and Perls’ Prussian Blue, respec-
tively. Demyelination was evaluated by a combined H&E and
Luxol fast blue stain.

For immunohistochemistry, 4-mm-thick sectionswere deparaf-
finized and rehydrated. Depending on the specific requirements for
each immunohistochemistry,antigen retrieval includedeitherheat-
induced epitope retrieval, enzymatic digestion, or no retrieval. The
antibodydiluentwas phosphate-buffered saline-Tween20 (0.02%),
and the blocking reagent was 10% normal horse serum.

A panel of 15 antibodies that recognize the corresponding
canine protein was used (a) to evaluate cEPI-NCSCs (rabbit
anti-nestin, goat anti-Sox10, mouse anti-bIII-tubulin, mouse
anti-synaptophysin, mouse anti-myelin basic protein, mouse anti-
microphthalmia, andmouse anti-Ki67), (b) to assess changes in vas-
culature (mouse anti-smooth muscle actin, rabbit anti-factor VIII,
mouse anti-CD31, mouse anti-vimentin, and rabbit anti-laminin),
(c) to assess glial reaction (rabbit anti-glial fibrillary acidic protein
and mouse anti-CD18), and (d) to study the inflammatory re-
sponse (mouseanti-CD18and rat anti-CD3). Theprimaryantibody
was applied and incubated for 1 hour in a humidity chamber at
room temperature.

Depending on antigen requirements, detectionwasperformed
byusing eitherDakoEnvision System-horseradishperoxidase (HRP)
(mouseK4001andrabbitK4003)orBiocareMedical4PlusDetection
System (mouse link HM606, rabbit link GR608, rat link GR607, and
goat link MG610H) (supplemental online Table 1). Biocare Medical
streptavidin-HRP (HP604) was applied to label the Biocare links. Fi-
nally, all labelswere visualizedwithNovaRed for peroxidase (Vector
SK-4800), per themanufacturer’s instructions. Sections were coun-
terstained in Mayer’s hematoxylin. Intracellular iron oxide in cEPI-
NCSCs was detected by Prussian Blue staining.

Positive controls were selected based on tissue specificity of
expression for each marker (supplemental online Table 1). Nega-
tive controls consistedof substitutionof primary antibodywith an
isotype-matched irrelevant IgG.

RESULTS

Bulge Explants, Isolation, and Labeling of cEPI-NCSCs

Similar to datawehave reported previously, cEPI-NCSCs emerged
from hair follicular explants within 6 days after explantation, and
they migrated and proliferated rapidly [8–10]. An ex vivo expan-
sionwas subsequently performed for 10 days to achieve numbers
suitable for transplantation. An average of 3.5 million cells were
obtained per hair follicle within 8 days [8]. We have shown pre-
viously in compound transgenic mice that all emigrating cells
are of neural crest origin and that the majority of them are

multipotent, self-renewing stem cells [9]. We obtained compara-
ble results with cEPI-NCSCs [8].

Cells were labeled with iron oxide particles for 24 hours to as-
sess any effect of iron oxide on early cell viability. cEPI-NCSCs sur-
vived and continued to proliferate ex vivo (Fig. 1A–1C) after
labeling. At a concentration of 25 pg of iron oxide particles per cell,
34%616%ofcells contained iron,whereas at 50pgof ironper cell,
70%610%ofcells contained iron(Fig.1A9, 1B9, 1C9).Cells forgrafts
were labeled with 40 pg of iron oxide particles per cell. The prolif-
eration marker Ki67 was expressed in the nucleus of 59% 6 37%
cells at 25 pg of iron oxide particles per cell and in 78% 6 41%
of cells at 50 pg of iron oxide particles per cell (Fig. 1A99, 1B99,
1C99).At theendof the24-hour labelingperiod, 98%ofcells labeled
with 25 pg of ironwere viable, and 98%of the cells labeledwith 50
pgof ironoxideparticleswere viable (Fig. 1B999, 1C999). This viability
was exactly the same as for unlabeled cells (98%) (Fig. 1A999).

Teratoma Assays

At the end of the 3-month observation period, full post-mortem
examswereperformedon the4mice injectedwith stemcells. The
tissues examined histologically include serial sections at the injec-
tion site (haired skin, subcutaneous tissue, and adjacent skeletal
muscle), stomach, small intestine, large intestine, pancreas, liver,
spleen, lungs, heart, adrenals, and kidneys. All tissueswerewithin
normal limits. Therewas no tumor formation or tissue reaction at
the injection site or at any remote sites. cEPI-NCSCs were not ob-
served at the injection site or remote sites. In teratoma assays,
nonformation of teratomas by the test cells is an indication that
the cells are not tumorigenic [18, 21].

Clinical Features, Behavioral Assessment, and
Gait Analysis

Neurological examinations performed prior to surgerywerewithin
normal limits. Immediately following surgery, both dogs were fully
ambulatory but had subtly decreased conscious proprioception
(based on neurological exam) in bothpelvic limbs,worseon the left
side. By postoperative days 3 (dog 2) and 5 (dog 1), the neurological
examinationwasreturnedtooriginalbaseline, that is,withinnormal
limits. Inbothdogs, functional scoring (Olby score) indicatednormal
pelvic limb gait at presurgical baseline and at 7 days and 21 days
postsurgery.Althoughthedogs received routineopioidanalgesia fol-
lowing stem cell transplantation in the immediate postoperative pe-
riod, the dogs did not exhibit signs of overt pain thereafter andwere
treated with oral pain medication Ultram (tramadol hydrochloride,
50 mg; Amneal Pharmaceuticals, Bridgewater, New Jersey, http://
amneal.com) and thenonsteroidal anti-inflammatory drugMetacam
(meloxicam, 1.5 mg/ml oral suspension; Boehringer Ingelheim
GmbH, Ingelheim, Germany, http://www.boehringer-ingelheim.
com) for a period of 5 days following surgery.

In the evaluation of objective gait measures, mean gait
parameters of bothdogs combinedwere comparedpretransplan-
tation to 21 days post-transplantation of stem cells into the spinal
cord (Table 1). In the fore limbs, the mean carpal ROM (°) de-
creased significantly (p , .05) by 18%, the maximum vertical
GRF (percentage of body weight) decreased 4%, the stance dura-
tion (percentage of gait cycle) decreased 4%, and the swing dura-
tion increased 6%. In the hind limbs, stifle ROM increased
significantly by 13%, and hip ROM decreased by 16%. The maxi-
mum vertical GRF in the hind limbs did not change significantly,
but the stance duration decreased by 9%, and swing duration
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increased by 5%. The asymmetry index did not change in fore
limbs or hind limbs, and there was no significant difference in
the left-to-right range of motion of the thorax and pelvis in the
horizontal plane following transplantation of stem cells.

Cerebrospinal Fluid Analysis

The CSF fluid fromboth dogswas cytologically similar throughout
the study. Before cell transplantation, the CSF fluid was normal

(total cell count, ,3 cells per microliter; protein concentration,
,25 mg/dl). Two days after surgery (laminectomy and cell trans-
plantation), the CSF cell count was markedly increased in both
dogs (70 and 177 cells per microliter) secondary to a moderate
neutrophilic inflammation. There was also some cytologic evi-
dence of lymphocyte reactivity and mild hemorrhage. Three
weeks after cell transplantation (immediately before euthanasia),
the CSF had mostly returned to normal with a normal total cell
count (1 and 4 cells per microliter) and a mild increase in protein

Figure 1. Labeling of epidermal neural crest stem cells (EPI-NCSCs) with NIMT FeOlabel. (A):Unlabeled canine EPI-NCSCs (cEPI-NCSCs) after ex
vivo expansion (phase contrast). Scale bar = 100 mm. (A9): Iron is not observed in any cEPI-NCSCs (Prussian Blue). Scale bar = 50 mm. (A99):
Immunocytochemistry for the proliferation marker Ki67, with 90.07% 6 13.18% of cells proliferating. Scale bar = 50 mm. (A999): Viability as-
sessment shows survival of 97.58% of cEPI-NCSCs. (B): cEPI-NCSCs after ex vivo expansion, 24 hours after iron labeling with 25 pg of iron
per cell, phase contrast. Scale bar = 100 mm. (B9): At this concentration of iron, 34.20%6 16.29% of cells contain iron within the cytoplasm
(Prussian Blue). Scale bar = 50mm. (B99): Immunocytochemistry for the proliferation marker Ki67, with 58.64%6 37.20% of cells proliferating.
Scale bar = 50mm. (B999): Viability assessment shows cEPI-NCSC survival of 97.86%. (C): cEPI-NCSCs labeled with 50 pg of iron per cell, phase
contrast. Scale bar = 100mm. (C9): At 50 pg of iron per cell, 69.84%6 9.92% of cells contain iron within the cytoplasm (Prussian Blue). Scale
bar = 50mm. (C99): Immunocytochemistry for the proliferationmarker Ki67, with 77.50%6 41.04% of cells proliferating. Scale bar = 50mm.
(C999): Viability assessment shows cEPI-NCSC survival of 98.04%. (D): Sagittal gradient echo T2pmagnetic resonance image of a spinal cord
fromT12 to L2. A T12 positive control sitewith injection of 10ml of air is shown. As expected, an area of signal void is identified (arrow).With
T13 injection of 33 105 cEPI-NCSCs labeled with 25 pg of iron per cell, a small hypointense area is identified in the spinal parenchyma at the
site of injection (arrow). With L1 injection of 3 3 105 cEPI-NCSCs labeled with 50 pg of iron per cell, the hypointense area at the site of
injection is better defined and larger than at T13. With L2 negative control (unlabeled cEPI-NCSCs), no abnormalities were observed in
the spinal cord.
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concentration in dog 2 (24 and 40 mg/dl). Dog 1 had a mild in-
crease in eosinophils and lymphocytic reactivity that was not
present in dog 2.

Magnetic Resonance Imaging

Based on the cEPI-NCSC labeling experiment, the optimized con-
centration of iron was determined to be 40 pg of iron per cell
(Fig. 1). On MRI, iron oxide is expected to be visible as an area
of signal void, which could be observed with concentrations
as low as 25 pg of iron oxide per cell and as high as 50 pg of iron
oxide per cell (Fig. 1D). The higher concentration provided bet-
ter conspicuity of the site of injection. Unlabeled cEPI-NCSCs
were not visible on MRI.

No signal void could be observed in the spinal cord paren-
chyma at the T12 and T13 injection sites at any time point in both
dogs. Mild intraparenchymal T2 hyperintensity was present after
injection at these sites butwas resolved byweek 1. A large area of
signal void, centered on the left side of the spinal cord and cov-
eringmore than 50% of the spinal parenchyma on theMERGE se-
quencewas present at the L2 and L3 injection sites of dog 1 and at
the L2 injection site of dog 2 immediately after injection (Fig. 2A,
2B). This signal void was also observed on the SPGR sequence, in
which it appears smaller thanon theMERGE sequence. This signal
void persisted up to 3 weeks after injection. A slight reduction in
size of the area of signal void was observed on dog 1. Amore sub-
stantial size reductionwaspresent in dog2. At the L3 injection site
of dog 2, the signal void was epidural at the day of injection and
regressed in size on subsequent images (Fig. 2B). A focal hypoin-
tense signal was present on T2weighted images in the spinal cord
at the L2 and L3 sites of dog 1 and at the L2 site of dog 2, corre-
sponding to the signal void observed in the gradient echo sequen-
ces but covering a smaller area. A rim of T2 hyperintensity was
present surrounding the hypointense area at day 2 after injection
but regressed over time.

Correlation Between MRI and Pathology at
Injection Sites

At week 3, it was still possible to detect cEPI-NCSCs because of
the susceptibility artifact from the iron oxide in the spinal cords
of both dogs by MRI (Fig. 3A–3D). Side by side comparison be-
tween MRI sequences and gross pathology emphasizes that,
as expected, this labeling technique is not suitable for quantifi-
cation because the size of the artifact is dependent on the type
ofMRI sequence used and because it covers an areamuch larger
than the actual area of distribution of iron oxide particles in the
tissue (Fig. 3B, 3B9, 3D, 3D9). On gross pathology, at the L2 graft
site, brown iron pigment contrasted with white spinal cord pa-
renchyma, providing simple visual location of the implant on the
left side on the dorsal lateral funiculi (Fig. 3B9, 3D9). Also, a rimof
tissue reactivity was present around the iron oxide label. No
changes were noted grossly on control injections (Fig. 3A9,
3C9). From the center toward the periphery, implantswere com-
posedof labeled cEPI-NCSCs, vascular reaction, cellular reaction,
and tissue damage (Fig. 3B99, 3B999, 3D99, 3D999). In the center of
the graft, a few apoptotic cells, defined by nuclear morphology,
were observed in both dogs. To evaluate the extent of tissue
damage, representative sections of cervical, thoracic, and the
entire lumbar spinal cord were examined histologically. The
damage extended less than 350 mm rostral and caudal from
the injection site. Tissue damage was observed in both sham
injections and cEPI-NCSC injections and was characterized by
myelin loss, spheroid formation, and Wallerian-like axonal de-
generation (Fig. 3C9, 3F9). In all examined sections, resident neu-
rons in the gray matter were within normal limits.

Characterization of cEPI-NCSC Implants and
Surrounding Spinal Cord Tissue Reaction

In tissue sections, grafted cEPI-NCSCs were readily identified by
the iron label in the left lateral funiculi of the spinal cord at L2
3weeks postinjection (Fig. 4A, 4B). The exclusive location of iron
oxide within cEPI-NCSCs was confirmed by lack of coexpression
of CD18, a panleukocyte/macrophage marker. Large numbers
of cEPI-NCSCs survived in the spinal parenchyma, and they were

Table 1. Gait analysis kinetic and kinematic parameters

Parameters Pre-Tx Post-Tx p value

Fore limbs

Carpus ROM (°) 119.46 15.7 98.16 12.1 <.0001

Elbow ROM (°) 66.66 6.4 68.26 9.8 .127

Shoulder ROM (°) 24.66 4.0 26.26 7.3 .262

Maximum vertical
GRF (% BW)

52.86 4.1 50.86 5.1 .000

Maximum cranial GRF
(braking force, % BW)

7.7 6 2.2 7.4 6 1.8 .133

Maximum caudal GRF
(propulsive force, % BW)

24.3 6 1.0 23.9 6 1.6 .148

Stance duration
(% gait cycle)

43.56 2.3 40.16 3.5 .001

Swing duration
(% gait cycle)

56.26 2.3 59.96 3.5 .000

Asymmetry index
vertical GRF (%)

4.9 6 4.8 7.1 6 4.8 .478

Hind limbs

Hock ROM (°) 52.96 8.9 56.66 13.8 .086

Stifle ROM (°) 55.66 3.7 62.66 5.0 <.0001

Hip ROM (°) 34.36 5.4 28.76 8.5 <.0001

Maximum vertical
GRF (% BW)

34.26 3.7 35.56 5.7 .995

Maximum cranial GRF
(braking force, % BW)

1.3 6 1.1 1.6 6 1.1 .326

Maximum caudal GRF
(propulsive force, % BW)

24.5 6 1.3 24.4 6 1.3 .608

Stance duration
(% gait cycle)

32.56 2.4 29.56 2.8 .001

Swing duration
(% gait cycle)

67.56 2.4 70.56 2.8 .001

Asymmetry index
vertical GRF (%)

8.1 6 6.8 8.1 6 6.3 .730

Thorax/pelvis sway

ROM mid-ilium
latero-lateral motion [44]

0.0386 0.017 0.0336 0.014 .170

ROM mid-scapula
latero-lateral motion (m)

0.0276 0.014 0.0296 0.012 .772

Shown are average values of both dogs for fore limbs, hind limbs, and
thorax/pelvis anatomical landmarks (means6 SD). Bold values indicate
parameters that reached significance at the p, .05 level.
Abbreviations: BW, body weight; GRF, ground reaction forces; Pre-Tx,
pretreatment; Post-Tx, post-treatment; ROM, range of motion.
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intimately associated with numerous discrete reactive blood
vessels (Fig. 4C–4H). As shown on the subgross spinal cord
microphotographs, most collagen deposition located in the im-
plant corresponded to reactive vascular structures (Fig. 4C9,
4D9). In contrast, control injections showed minimal to absent
intraparenchymal collagen deposition or reactive blood vessels
(Fig. 4C, 4D). To further evaluate vascular structures such as

endothelial cells and basal lamina, the protein expression of fac-
tor VIII and laminin was studied, respectively. In the tissues of
both dogs, reactive vessels were haphazardly arranged, extend-
ing frommeninges into the graymatter and traversing the spinal
cord indifferentdirections (Fig.4E, 4F). Expressionof laminin indog
1 was, as expected, associated with reactive vessels within the im-
plant (Fig. 4G9, 4G99), whereas in dog 2, interestingly, laminin was

Figure 2. Magnetic resonance sequences. (A): Sagittal and transverse images of the spinal cord of beagle 1 in the thoracolumbar area using three
different magnetic resonance pulse sequences (T2 FSE, MERGE, and SPGR). Injection of 23 106 canine epidermal neural crest stem cells (cEPI-
NCSCs)was performed in the spinal cord parenchyma both at L2 and L3. A signal void (hypointense area) caused by a susceptibility artifact created
by the ironoxide is identifiedonall sequences centeredon the left sideof the spinal cordparenchyma. The signal void ismaintained throughout the
2weeks.Thehypointensearea is largestontheMERGEimagesandsmallestontheT2FSE images.ThetransverseT2FSE imageshowsahyperintense
halo surrounding the hypointense signal caused by the presence of the iron oxide-labeled cells. This is most evident at 2 days postinjection and
decreases atweeks 1 and2. (B): Sagittal and transverseMERGE imagesof the thoracolumbar spineof beagle 2. Injectionof 23 106 cEPI-NCSCswas
performed in the spinal cord parenchyma both at L2 and L3 (sagittal images). The signal void at L3 is centered in the peridural space, revealing an
inappropriate injection (transverse images). The signal void is regressing faster at the site of the peridural injectionwhen comparedwith the intra-
parenchymal injection. Transverse images were also obtained using a three-dimensional spoiled gradient echo sequence. Abbreviations: MERGE,
multiple echo recombined gradient echo; SPGR, spoiled gradient echo; T2 FSE, T2-weighted fast spin echo.
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Figure 3. Correlation betweenmagnetic resonance imaging and pathology at injection sites. (A–C):Beagle 1 atweek 3. (A): Control injection at
T12, transversemultiple echo recombined gradient echo (MERGE) image, with no signal abnormality in the spinal cord parenchyma. (A9):Gross
cross-section of T12 spinal cord within normal limits. (A99): Control at T12. Note focal demyelination of the white matter and dura thickening
resulting fromthephosphate-buffered saline (PBS) injectionon the left side (H&E). (A999):Control at T12, focal demyelinationevidentwith lossof
blue staining, Luxol fast blue, H&E. (B): canine epidermal neural crest stem cell (cEPI-NCSC) graft at L2, transverse MERGE image. The hypo-
intense iron signal is persistent at week 3. (B9): Gross cross-section of L2 spinal cord. Note on the left side that the cEPI-NCSC graft is readily
observedas cells are labeledbrown (iron),which contrastswith thewhite spinal cord. (B99): cEPI-NCSCgraft at L2.Acentral cluster of iron-labeled
cells is surrounded by tissue reaction and focal demyelination (H&E). (B999): cEPI-NCSC graft at L2. The architecture of the graft is better ap-
preciated (Luxol fast blue, H&E). (C): Closer view of (B99). Scale bar = 1 mm. (C9): Closer view of (C). Scale bar = 200 mm. Note implanted cells
(p) on the top right. From the center to the periphery: cEPI-NCSCs, vascular reaction, astrocytosis/microgliosis, and demyelination. At the pe-
riphery of the graft there is spheroid formation (arrowhead) and Wallerian-like degeneration (arrow). (D–F): Beagle 2 at week 3. (D): Control
injection at T12, transverse MERGE image. There is no signal abnormality in the spinal cord parenchyma. (D9): Gross cross-section of T12 spinal
cord within normal limits. (D99): Control at T12, left dorsal lateral funiculi focal demyelination resulting from the PBS injection on the left side,
H&E. (D999): Control at T12, focal demyelination evident with loss of blue staining, Luxol fast blue, H&E. (E): cEPI-NCSC graft at L2, transverse
MERGE image. The hypointense iron signal is persistent atweek 3. (E9):Gross cross-section of L2 spinal cord. Note on the left side the cEPI-NCSC
graft in amore central location than (B9). (E99): cEPI-NCSC graft at L2. A central cluster of iron-labeled cells is surroundedby robust tissue reaction
anddiscrete demyelination (H&E). (E999): cEPI-NCSCgraft at L2.Myelin loss affectsmost of the left dorsolateral funiculi (Luxol fast blue,H&E). (F):
Closer view of (E99). Scale bar = 1 mm. (F9): Closer view of (F). Scale bar = 200 mm. From the center to the periphery: cEPI-NCSCs, fibrovascular
reaction, astrogliosis andmicrogliosis, and demyelination. At the periphery of the graft there is spheroid formation (arrowhead) andWallerian-
like axonal degeneration (arrow).
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additionally being expressed by numerous spindle-shaped cells
intermixed with vascular structures (Fig. 4H9, H99). The spindle-
shapedcellswere iron-andSox10-negative; therefore the fibrovas-
cular reaction was interpreted as granulation tissue. At 3 weeks
postgrafting, implants showed a high degree of cohesion. Notably,
cEPI-NCSCs remained at the site of injection. No cEPI-NCSCs were
observed that translocated to other locations bothwithin and out-
side the spinal cord.

Differentiation of cEPI-NCSCs in the implant was monitored
with a panel of cell type-specific antibodies recognizing cells of in-
terest (neurons and glia), aswell as othermarkers ofmajor neural
crest derivatives (myofibroblasts and melanocytes). The only
marker being expressed on implanted cEPI-NCSCs 3 weeks post-
graftingwas the neural crest and Schwann cellmarker, Sox10 (Fig.
5A9, 5C9). All other tested markers were not expressed (Table 2).
Importantly, no proliferation of cEPI-NCSCs in the spinal cord was
observed (Fig. 5A99, 5C99). Proliferation marker Ki67 was not
expressed in the transplantedcells butwasnoted ina few lympho-
cytes that were present within the implant (Fig. 5A99, 5C99).

Cellular reaction at the implant site was predominantly char-
acterized by large numbers of hypertrophic astrocytes and
macrophages/microglial cells and was more intense in dog 2
(Fig. 5B, 5B9, 5D, 5D9). Inflammatory cells were rarely observed
in sham injection sites. An inflammatory reaction composed
mainly of a few lymphocytes and gitter cells was minimal in
dog 1 (Fig. 5B99) to mild in dog 2 (Fig. 5C99, 5D99). In addition, in
the implantof dog2, a cluster of foreign typemultinucleatedgiant
cells was present adjacent to the transplanted cells (Fig. 5D99).

DISCUSSION

Here we describe the results of a feasibility study essential for fu-
ture research into cell-based therapy using cEPI-NCSCs. Theuseof
a large-animalmodel is an important step, because it is well docu-
mented that results obtained in rodents are not always represen-
tative of the human condition. EPI-NCSCs hold promise in SCI
therapy primarily because of their close ontological relationship
with spinal cord progenitor cells, because neural crest stem cells
and spinal cord stem cells share a common higher order stem cell
[11]. Furthermore, in the mouse, murine EPI-NCSCs integrate in
the spinal parenchyma without proliferating or migrating, pro-
duce diffusible factors thatmay promote regeneration, andmod-
ulate scar formation, and subsets of grafted cells differentiate
into neurons and glial cells. All these features make EPI-NCSCs
unique candidates for future cell-based therapies in SCI [7, 12].
It was thus essential to test EPI-NCSCs in the dog, an accepted
model of human SCI [2, 3, 22]. Similar to EPI-NCSCs from humans
andmice, EPI-NCSCsexist in the caninehair follicle, and they share
a similar molecular signature with EPI-NCSCs from humans
[8–10].

Teratoma assays are used for biosafety analysis to evaluate
tumorigenic potential of pluripotent stem cell-derived progeny
[18, 23]. Long-term tumorigenic studies in dogs are not feasible
given their long life span. In this study, teratoma assays were per-
formed as a first safety analysis for the use of cEPI-NCSCs in future
clinical applications. cEPI-NCSCs did not form teratomas. Like-
wise, mouse EPI-NCSCs did not form tumors when grafted into
the spinal cords of syngeneic wild type mice [12, 13, 16]. Overall,
we conclude that the absence of teratoma formation by EPI-
NCSCs is an indication that the cells are not tumorigenic. Because
cEPI-NCSCs are multipotent and not pluripotent cells [8], we

hypothesize that upon engraftment, cEPI-NCSCs do not survive
and likely die by apoptosis during the course of the teratoma test.
For that reason, cEPI-NCSCs were not observed at the injection
site or remote sites.

The ideal method to deliver stem cells to the spinal cord
remains controversial [24]. Direct delivery into the spinal cord
may lead to superior engraftment of delivered stem cells with
lower cell losses than other methods. However, the potentially
injurious effects of delivering fluid volume into the spinal cord
need to be considered carefully because the method of delivery
in and of itself may cause injury to the spinal cord.

To further assess changes in functionality that were poten-
tially undetectable on behavioral (neurologic exam and Olby
scoring) examination, we used objective gait analysis to deter-
mine whether dogs showed any postgrafting changes in various
gait parameters. We observed a reduction of carpal joint angle
ROM and a decrease in fore limb stance duration greater than
the variation seen intertrial and between individuals in normal
mixed-breed dogs [25, 26], indicating that the changes may be
clinically relevant. The change caused by treatment in the fore
limb maximum vertical GRF (4% difference) was similar to the
interweek (4.59%) variation in themaximumvertical GRF of nor-
mal dogs [27]. In a quadruped, these functional modifications
could represent compensatory changes in the fore limbs if hind
limb motion was affected by cell transplantation directly or sec-
ondary to changes in muscles and ligaments of the dog’s axial
skeleton caused by extensive dissection of epaxial/hypaxial
musculature and supporting elements during the procedure.
A previous study in dogs investigated the effect of orthopedic
disease on kinematics and kinetics in the hind limbs [28]. Here,
dogswith cranial cruciate ligamentdisease showed that 6° of dif-
ference in stifle angle ROMand 4° of difference of hip ROMwere
not significant compared with normal dogs [28]. Additionally,
a difference of 4 (percentage of gait cycle) in stance duration
was not a significant difference comparing normal dogs with
those with cruciate ligament disease. In our study, the differ-
ence was 7 in stifle angle ROM, more than 5 in hip angle
ROM, and slightly greater than 3 (percentage of gait cycle) in
stance duration. Some observations in the pelvic limb kinemat-
ics were similar to affects of orthopedic limb disease. However,
other changes were within the variability seen in normal dogs.
Because there is no literature on the effects of neurologic dis-
ease on kinetic/kinematic outcomes in dogs, it is not known
what the exact changes found in the present study represent:
effects onmusculoskeletal structures, spinal cord injury, or sim-
ply discomfort and/ormuscular effects from recently performed
extensive surgical procedure. Asymmetry indices of both fore
limbs and hind limbs indicated a low probability of being lame
[27],meaning thatweight bearingwas not altered preferentially
to either side after treatment. This suggests there was not an ef-
fect on the spinal cord and peripheral nerves unilaterally as
might be expected with unilateral transplants.

Within the body of literature on experimental treatment
of SCI using transplantation of stem cells into the spinal cord,
the effects of further injury to spinal cord caused by the vol-
ume used in intraparenchymal injections have not been stud-
ied [5]. In this review, all experimental studies are based on
severely injured spinal cords prior to treatment, and the ef-
fect of volume alone cannot be ascertained. Because the spi-
nal cord is confined in a closed space within the dural sac
within the osseous vertebral canal, the effects of volume used
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with intraparenchymal injection is valid because the volume
of the implanted cells alone may contribute to injury. In this
study, we used a lower volume than that reported in any ex-
perimental study, even taking into account a total of four
injections. If the subtle changes that were seen with objective
gait analysis represent the effects of injury caused by the
pressure caused by volume within the spinal cord, it must
be concluded that using the smallest volume possible is par-
amount for effective treatment. In an acute SCI model, the

spinal cord will be swollen as a function of edema, hemor-
rhage, and inflammation caused by primary and secondary in-
jury mechanisms. The effect of the volume of a transplant will
be evenmore important in avoiding contributing to the injury.
Because the dogs improved clinically on the subjective scales
that were used, it is unlikely that the changes in objective gait
analysis were a function of the effects of stem cells them-
selves; that is, this was not a toxicity caused by the stem cells.
Clinical neurologic tests also did not detect any measurable

Figure 4. Morphology of canine epidermal neural crest stem cell (cEPI-NCSC) implants in the healthy spinal cord. (A): Beagle 1, T12 segment,
sham injection. No iron stain is present (Perls’ Prussian Blue [PPB]). (A9): Beagle 1, L2 segment, cEPI-NCSC injection. Labeled cells are readily
identified by blue-stained pigment in the cytoplasm (PPB). (A99): Higher magnification of (A9). Scale bar = 200 mm. (B): Beagle 2, T12 segment,
sham injection.No iron stain is present (PPB). (B9):Beagle2, L2 segment, cEPI-NCSC injection. Similar to (A9), labeled cells are readily identifiedby
blue-stained pigment in the cytoplasm (PPB). (B99):Highermagnification of (B9). Note that there are few foreign body typemultinucleated giant
cells (arrow). Scale bar = 200 mm. (C): Beagle 1, T12 segment, sham injection. There is an absence of collagen at the injection site (Masson’s
trichrome [MT]). (C9): Beagle 1, L2 segment, cEPI-NCSC injection. Collagen (blue) is present in the implant and is deeply associatedwith vascular
structures (MT). (C99): Higher magnification of (C9). Scale bar = 200mm. (D): Beagle 2, T12 segment, sham injection, MT. There is an absence of
collagen at the injection site. (D9): Beagle 2, L2 segment, cEPI-NCSC injection. Collagen (blue) is associated with vascular structures (MT). (D99):
Highermagnification of (D9). Scale bar = 200mm. (E):Beagle 1, T12 segment, sham injection. Factor VIII expression is associatedwith feworderly
oriented vascular structures (factor VIII immunohistochemistry). Scale bar = 1 mm. (E9): Beagle 1, L2 segment, cEPI-NCSC injection. Abundant
haphazardly arranged vessels express factor VIII (factor VIII immunohistochemistry). Scale bar = 1mm. (E99): Higher magnification of (E9). Scale
bar = 200mm. (F): Beagle 2, T12 segment (sham injection). Few vessels express factor VIII (factor VIII immunohistochemistry). Scale bar = 1mm.
(F9):Beagle 2, L2 segment, cEPI-NCSC injection.Numerousdiscreet vessels express factor VIII (factorVIII immunohistochemistry). Scale bar = 1mm.
(F99):Highermagnification of (F9). Scale bar = 200mm. (G):Beagle 1, T12 segment, sham injection. Laminin expression is observed in few reactive
vessels at the injection site (laminin immunohistochemistry). Scale bar = 1 mm. (G9): Beagle 1, L2 segment, cEPI-NCSC injection. Laminin ex-
pression present exclusively in numerous reactive vessels (aminin immunohistochemistry). Scale bar = 1 mm. (G99): Higher magnification of
(G9). Scale bar = 200 mm. (H): Beagle 2, T12 segment, sham injection. Few vessels express laminin (laminin immunohistochemistry). Scale
bar = 1 mm. (H9): Beagle 2, L2 segment, cEPI-NCSC injection. In addition of reactive vessels, numerous spindle cells (arrow) express laminin
at the injection site (laminin immunohistochemistry). Scale bar = 1 mm. (H99): Higher magnification of (H9). Scale bar = 200 mm.
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irreversible adverse effects in spinal cord function during the
course of the study. Undoubtedly, the recovery potential in
a normal spinal cord is much greater than that of an injured
spinal cord.

The spatial resolution of MRI allows for noninvasive moni-
toring of the graft in the live animal [29, 30]. In rodent models
of SCI, magnetic tracing has been performed and was deter-
mined to be useful for evaluating cell migration [31]. To date,
in vivo tracking of stem cells in the spinal cords of dogs has
not been reported [5]. However, stem cell tracking within the
dog’s central nervous system, in particular in the brain, is gen-
erally accepted [32, 33].

Iron oxide nanoparticles are commonly used as magnetic la-
beling agents of stem cells for in vivo cell tracking [34, 35].

Similar to other studies, we noted that the extent of iron oxide
labeling of cEPI-NCSCswas dependent on the iron concentration
[36]. Safety tests of nanoparticle products are in general per-
formed by the manufacturers. Safety tests are focused on toxic-
ity studies, confirming the distribution of particle size and
standardizing theparticle surface coating [37]. Recently, theme-
tabolismanddistribution of iron nanoparticles in humanmesen-
chymal stem cells was reported [38]. Superparamagnetic iron
particles were stable and packed within endosomes or lyso-
somes in the cytoplasm,whichmade theseparticles ideal probes
for in vivo stem cell tracking byMRI. In our study, cEPI-NCSC iron
particles were clearly traced for up to 3 weeks in the live animal.

We confirmed by MRI the proper intraparenchymal injection
of the cEPI-NCSCs at three of the four injection sites and the

Figure 5. Phenotype of canine epidermal neural crest stem cells (cEPI-NCSCs) and cellular reaction in spinal cord implants. (A, B): Dog 1. (A):
Labeled cEPI-NCSCs are associated with blood vessels (arrow; H&E). Scale bar = 50mm. (A9): Labeled cEPI-NCSCs coexpress iron and the neural
crest marker Sox 10 (arrow; double stain, Sox 10 immunohistochemistry, and Perls’ Prussian Blue). Scale bar = 50mm. (A99): cEPI-NCSCs are not
proliferating. The proliferation marker Ki67 is only being expressed in reactive lymphocytes (arrow; double stain, Ki67 immunohistochemistry,
and Perls’ Prussian Blue). Scale bar = 50 mm. (B): Mild numbers of reactive astrocytes surround implant (glial fibrillary acidic protein [GFAP]
immunohistochemistry). Scale bar = 200 mm. (B9):Mild numbers of reactive microglial cells surround the implant (double stain, CD18 immu-
nohistochemistry, and Perls’ Prussian Blue). Scale bar = 200 mm. (B99): Few scattered T-lymphocytes are observed at the implant site (double
stain, CD3 immunohistochemistry, and Perls’Prussian Blue). Scale bar = 100mm. (C, D):Dog2. (C): Labeled cEPI-NCSCs are associatedwith blood
vessels (arrow) andnumerous plump spindle cells (H&E). Scale bar = 50mm. (C9): Labeled cEPI-NCSCs coexpress iron and the neural crestmarker
Sox 10 (arrow; double stain, Sox 10 immunohistochemistry, and Perls’ Prussian Blue). Scale bar = 50mm. (C99): cEPI-NCSCs are not proliferating.
The proliferationmarker Ki67 expressed in a cluster of reactive lymphocytes (arrow; double stain, Ki67 immunohistochemistry, and Perls’ Prus-
sian Blue). Scale bar = 50 mm. (D):Moderate numbers of reactive fibrillary astrocytes surround the implant (double stain, GFAP immunohis-
tochemistry, and Perls’ Prussian Blue). Scale bar = 200mm. (D9):Moderate numbers of reactive microglia cells surround implant (double stain,
CD18 immunohistochemistry, and Perls’ Prussian Blue). Scale bar = 200mm. (D99): Several T-lymphocytes are observed at the implant site. Note
few multinucleated giant cells (arrow; double stain, CD3 immunohistochemistry, and Perls’ Prussian Blue). Scale bar = 100 mm.
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extradural location of the fourth injection. Because of their sen-
sitivity to the susceptibility artifact, the gradient echo sequences
are the preferred MRI sequences for the detection of iron oxide-
labeled cells. The MERGE sequence is more sensitive than the
SPGR sequence, which explains the difference in size of the area
of signal void. The use of an additional T2 FSE sequence was of
great value because this sequence permitted even better assess-
ment of the location of the iron-labeled cEPI-NCSCs and of the
surrounding spinal cord parenchyma. The T2 hyperintense rim
surrounding the injection site at day 2 suggested the presence
of edema and/or inflammation secondary to cell injection. A lim-
itation ofMRI tracking of iron oxide-labeled cells is the inability to
perform quantification. The persistence of the signal void at the
sites of injection over time, however, suggests that the label
remains at this site. The imaging technique does not distinguish
between intracellular iron oxide and interstitial label; however,
one would not expect free iron oxide to remain at the site of in-
jection for longer than 2 weeks [38]. For this reason, having only
a small reduction in the area of signal void over a 3-week period
suggests that most of the cells remain in situ. Notably, similar tis-
sue damagewas observed in sham and treatment injections, sug-
gesting that the stemcell graft didnothave adeleterious effect on
the spinal cord. In an effort to limit the injury created by the

transplantation process itself, we used very small injection vol-
umes over an extended period of time. Overall, Wallerian-like ax-
onal degenerationwith secondarymyelin degeneration is likely to
be associated with the iatrogenic grafting procedure, including
needle gauge size and volume of injection, rather than being
due to the stem cell graft itself.

The general morphology of cEPI-NCSC implants in the canine
spinal cord was analogous to our previous data in murinemodels
of SCI [12, 13, 16]. Grafted cEPI-NCSCs integrated into the paren-
chyma, survived, were not migratory, did not proliferate, and did
not form tumors. From ourmurinemodels, unilateral transplants
lead to bilateral functional improvements, suggesting that mech-
anisms of cell action involve diffusible molecules [16]. EPI-NCSCs
in fact express genes that encodegrowth factors, includingneuro-
trophins, factors that promote angiogenesis and metallopro-
teases, which promote scar modulation [7]. cEPI-NCSCs variably
expressed Sox10, which confirmed their neural crest origin. In
contrast to the rodent studies, implanted cEPI-NCSCs did not ex-
press neural crest-specific differentiation markers (bIII-tubulin,
synaptophysin, and myelin basic protein). This is most likely
due to the shorter duration of the current study. Alternatively,
the canine spinal environment may not be conducive to cEPI-
NCSC differentiation. Our study provides novel pathophysiologi-
cal insights into the field of stem cells for canine SCI, which may
provide important clues into the mechanisms of the behavior of
cEPI-NCSCs in the spinal cord, aswell as information about thede-
gree of damage caused by volume injection into the spinal cord. It
is important to note that a comparable degree of tissue damage
was observed in sham controls and treatment injections. There-
fore, lossofmyelin is secondary toWalleriandegeneration caused
by the injection procedure rather than by the stem cell graft. This
notion highlights the importance of keeping injection volumes as
low as possible and of infusing the cells slowly.

The fairly robust vascular reaction observed at the treat-
ment sites was attributed to the injected cEPI-NCSCs. Both dogs
were considered to have similar vascular and glial reactions. The
more prominent scar tissue formation noticed in dog 2 led us to
hypothesize that cEPI-NCSCs may have secreted angiogenic fac-
tors and proteases that affect tissue remodeling. The expression
of Vegf1 and Vegf2 and other vasculogenic factors has been
shown by gene expression profiling for mouse EPI-NCSCs
(GEO number GSE4680 [7]) and human EPI-NCSCs (GEO number
GSE42678 [17]). Similar results were obtained in other studies,
which demonstrated increased angiogenesis in laboratory mod-
els of SCIwith humanumbilical cordblood stemcells [39, 40] and
in grafts ofmouse EPI-NCSCs [16]. Angiogenesis is the process of
formation of new vasculature from existing vessels. Sprouting
angiogenesis is observed in the brain and involves pericyte
and endothelial cell migration through stromal matrices [41].
As a process of wound healing, angiogenesis was shown to be
beneficial in neurological diseases by decreasing local ischemia
and promoting neurogenesis [42, 43].

Inflammation is a common finding in spinal cord injury, with
apeakat 24–72hourspostsurgery and lastingup to10days.Given
the similarity in magnitude of cell response and cell differential
(predominance of neutrophils) in the CSF from both dogs, this al-
terationwas considered a result of the transplantation procedure
itself and likely not specifically associated with cells. CSF essen-
tially normalized by week 3 on both dogs. Histologically, the de-
gree of parenchymal inflammation at week 3 was minimal to
mild at the sites of cEPI-NCSC transplantation. Because grafted

Table 2. Immunohistochemical summary of cEPI-NCSC implants

Beagle 1 Beagle 2

Marker cEPI-NCSCs
Tissue
reaction cEPI-NCSCs

Tissue
reaction

Stem cell markers

Sox10 +/2 +/2 +/2 +/2

Nestin 2 2 2 2

Neural markers

bIII-Tubulin 2 2 2 2

Synaptophysin 2 2 2 2

GFAP 2 + 2 ++

MBP 2 2 2 2

Smooth muscle marker

SMA 2 + 2 +

Melanocyte marker

MITF 2 2 2 2

Endothelial marker

Factor VIII 2 + 2 +

CD31 2 + 2 +

Basal lamina marker

Laminin 2 + 2 ++

Mesenchymal marker

Vimentin 2 + 2 +

Leukocyte marker

CD18 2 + 2 ++

CD3 2 + 2 +

Proliferation marker

Ki67 2 +/2 2 +/2

Abbreviations:1, positive immunoreactivity;2, no detectable
immunoreactivity; 1/2, weak immunoreactivity; cEPI-NCSCs, canine
epidermal neural crest stem cell; GFAP, glial fibrillary acidic protein;
MBP, myelin basic protein; MITF, microphthalmia transcription factor;
SMA, smooth muscle actin.
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cEPI-NCSCs were autologous, immunosuppression was not per-
formed and therefore is not an issue here. Local inflammation likely
is a consequence of the injection procedure, because it was ob-
served in both sham and cEPI-NCSC injections.

CONCLUSION

Overall, we conclude that cEPI-NCSCs can be expanded ex vivo
into large populations of stem cells useful for in vivo use. cEPI-
NCSCs canbemarkedwithmagnetizable ironoxideparticleswith-
out detectable negative effects on cell viability. Transplanted
cEPI-NCSCs can be traced byMRI allowing evaluation of their per-
sistence and location in the live animal. No clinically significant
adverse effects in the spinal cord are associated with transplan-
tation. When grafted into the spinal cord, cEPI-NCSCs survive in
the spinal cord tissue, and they have features thatmay contribute
to improving clinical outcomes in canine SCI. Therefore, the use of
cEPI-NCSCs in future safety studies in dogs suffering from sponta-
neous SCI is warranted.
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