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ABSTRACT. Previous animal studies have shown that transplantation of mesenchymal stem cells (MSCs) into spinal cord lesions enhances 

axonal regeneration and promotes functional recovery. We isolated the MSCs derived from fat, bone marrow, Wharton’s jelly and umbili-

cal cord blood (UCB) positive for MSC markers and negative for hematopoietic cell markers. Their effects on the regeneration of injured 

canine spinal cords were compared. Spinal cord injury was induced by balloon catheter compression. Dogs with injured spinal cords were 

treated with only matrigel or matrigel mixed with each type of MSCs. Olby and modified Tarlov scores, immunohistochemistry, ELISA 
and Western blot analysis were used to evaluate the therapeutic effects. The different MSC groups showed significant improvements in 
locomotion at 8 weeks after transplantation (P<0.05). This recovery was accompanied by increased numbers of surviving neuron and 

neurofilament-positive fibers in the lesion site. Compared to the control, the lesion sizes were smaller, and fewer microglia and reactive 
astrocytes were found in the spinal cord epicenter of all MSC groups. Although there were no significant differences in functional recov-

ery among the MSCs groups, UCB-derived MSCs (UCSCs) induced more nerve regeneration and anti-inflammation activity (P<0.05). 

Transplanted MSCs survived for 8 weeks and reduced IL-6 and COX-2 levels, which may have promoted neuronal regeneration in the 
spinal cord. Our data suggest that transplantation of MSCs promotes functional recovery after SCI. Furthermore, application of UCSCs 

led to more nerve regeneration, neuroprotection and less inflammation compared to other MSCs.
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Following spinal cord injury (SCI), macrophage and 

microglial infiltration induces progressive tissue cavitation 
or glial cyst formation [11]. Reactive astrogliosis results in 

a glial scar that contains a deposition of dense collagenous 

extracellular matrix which inhibits axonal and cellular mi-

gration [44]. The endogenous capacity of the spinal cord 

to repair itself and regenerate is thought to be limited after 

SCI [12, 53]. Therefore, therapeutic strategies that involve 

exogenous cell replacement should be considered. Stem cell 

transplantation has recently been identified as a potential 
therapeutic modality for treating SCI [1, 2]. Adult mesen-

chymal stem cells (MSCs) exert neuroprotective effects 

through putative mechanisms including secretion of nerve 

regeneration factors and transdifferentiation [8]. Treatment 

of SCI using MSCs derived from adipose tissue [19, 36], 

bone marrow (BM) [38], Wharton’s jelly (WJ) [52] and 

umbilical cord blood (UCB) [8] has been studied. Char-

acterization [50] and neural differentiation capacities [41] 
of various MSCs have been investigated using FACS and 

differentiation test in vitro, respectively. However, in vivo 

studies comparing the effects of MSCs on nerve regenera-

tion and functional recovery according to the origin of the 

cells have not been performed.

In this study, we transplanted MSCs derived from 

adipose tissue, BM, WJ and UCB mixed with matrigel into 

dogs with SCI. The purpose of this study was to (1) exam-

ine whether the transplanted MSCs can promote functional 

recovery of the hind-limbs and prevent inflammation and 
glial scarring, (2) identify which MSCs are more effective 

for neuro-protection and -regeneration, and (3) determine 

whether matrigel may act as a cellular bridge at the injury 

site.

MATERIALS AND METHODS

MSC isolation and culturing: Canine MSCs were ob-

tained from gluteal subcutaneous fat, BM aspirates, WJ and 

UCB. The procedures were used based on protocols previ-

ously described [36, 40].

Adipose tissue was aseptically collected from subcutane-

ous fat in the hip of a 2-year-old dog under anesthesia. Fat 

tissues were washed extensively with PBS (Gibco, Billings, 

MT, U.S.A.), minced and digested with 1 mg/ml collagenase 

type I (Invitrogen, Carlsbad, CA, U.S.A.) at 37°C for 1 hr 

with intermittent shaking. The digested tissue was filtered 
through 100 µm nylon mesh and centrifuged at 200 g for 

10 min. Pellet cells including stem cells were resuspended 

with Dulbecco’s modified Eagle medium (DMEM; Gibco) 
supplemented with 10% fetal bovine serum (FBS; Gibco). 
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Resuspended cells were plated in T75 flasks and incubated 
overnight at 37°C with 5% humidified CO2. Unattached 

cells were removed after 24 hr by washing with PBS, and 

the medium was replaced every 48 hr until the cells became 

confluent. When cells were >90% confluent, they were 
banked with banking solution (DMEM supplemented with 

10% DMSO and 20% FBS) or subcultured.

BM was aseptically collected in heparinized tubes from 
the humeral bone of a 2-year-old dog under anesthesia. 

The marrow was diluted 1:1 with PBS. A Ficoll-Paque Plus 

(Amersham Biosciences, Uppsala, Sweden) density gradient 

was used to collect the buffy coat layer. The diluted marrow 

was gently placed on Ficoll-Paque solution and centrifuged 

at 400 g for 20 min. The isolated marrow stromal cells were 

washed with PBS and centrifuged at 200 g for 10 min.

Fresh canine umbilical cords were obtained from dogs that 

underwent a Cesarean section and stored in Hanks’ balanced 

salt solution (HBSS; Gibco) at 4°C. Following disinfection 

in 70% ethanol for 30 sec, the umbilical cord vessels were 

removed while still in HBSS. The mesenchymal tissue in WJ 

was then minced into pieces of about 20 mm3 in size and 
centrifuged at 200 g for 5 min. After the supernatant was 

removed by aspiration, the precipitate was treated with col-

lagenase type I (1 mg/ml) at 37°C for 12 hr, washed and 

further digested with 2.5% trypsin (Gibco) at 37°C for 30 

min. FBS was then added to the mesenchymal tissue to halt 

trypsinization.
Low-density mononuclear cells were isolated from UCB 

using a Ficoll-Plaque Plus density gradient. The diluted UCB 

was gently placed on Ficoll-Paque solution and centrifuged 

at 400 g for 20 min. Cells were then washed with PBS and 

centrifuged at 200 g for 10 min.

Pellet cells collected from BM, WJ and UCB were incu-

bated in media for 24 hr and unattached cells were removed 

and cultured as described in adipose tissue.

Flow cytometry analysis: The cells were stained with fluo-

rescein isothiocyanate (FITC)-conjugated antibodies against 

CD14 (clone CAM36A; VMRD, Pullman, WA, U.S.A.), 

CD34 (clone 1H6; Serotec, Kidlington, U.K.), CD45 (clone 

CADO18A; VMRD) and CD105 (clone SN6; Serotec). The 

cells were also stained with phycoerythrin (PE)-conjugated 

antibodies against CD44 (clone IM7; Abcam, Cambridge, 

U.K.), CD73 (clone 7G2; Abcam) and CD90 (clone DH2A; 

VMRD). Expression of the corresponding cell surface mark-

ers was measured by FACS Calibur (Becton, Dickinson and 

Co., Franklin Lakes, NJ, U.S.A.) using CELL Quest Pro 
(Becton, Dickinson and Co.) software.

Osteogenic differentiation: MSCs were cultured in osteo-

genic medium composed of low-glucose DMEM supple-

mented with 10% FBS, 10 mM β-glycerophosphate (Sigma-
Aldrich, St. Louis, MO, U.S.A.), 0.1 µM dexamethasone 

(Sigma-Aldrich) and 50 µM ascorbic acid-2-phosphate 

(Sigma-Aldrich) for 14 days. Osteogenic differentiation 

was evaluated by calcium mineralization. Alizarin red S was 
used to determine the presence of calcium [32].

Adipogenic differentiation: MSCs were cultured in low-

glucose DMEM supplemented with 10% FBS and when 

cells were >80% confluent, then switched to adipogenic me-

dium [DMEM low-glucose medium with 10% FBS, 10 µg/

ml insulin (Sigma-Aldrich), 1 µM dexamethasone (Sigma-

Aldrich), 0.2 mM indomethacin (Sigma-Aldrich) and 0.5 

mM isobutyl-methylxanthine (Sigma-Aldrich)] for 3 days. 

The cells were then grown in DMEM low-glucose medium 

with 10% FBS and 10 µg/ml insulin (Sigma-Aldrich) for 4 

days. This procedure repeated twice for 14 days based on 

previous study [36]. The accumulation of neutral lipids was 

detected by staining the MSCs in a solution containing 0.5% 

Oil red O.

Neuronal differentiation: To induce neuronal differentia-

tion, we exposed MSCs to a cocktail of induction agents as 

previously described [37]. To initiate neuronal differen-

tiation, cells were washed with PBS and neuronal induction 

medium (NIM) consisting of serum-free DMEM with butyl-

ated hydroxyanisole (BHA; 200 µM), KCl (5 mM), valproic 

acid (2 mM), forskolin (10 µM), hydrocortisone (1 µM) 

and insulin (5 µg/ml). All MSCs were cultured for 3 days 

in NIM. Neuronal differentiation was assessed by neuronal 

morphology, and the expression of glia-, neuron- and oli-

godendrocyte-specific markers was also analyzed. The cells 
were stained with antibodies specific for glial fibrillary acidic 
protein (sc-6170; GFAP, 1:200; Santa Cruz Biotechnology, 
Santa Cruz, CA, U.S.A.), galactosylceramidase (sc-67352; 
GALC, 1:200; Santa Cruz Biotechnology), neuronal nuclear 
antigen (ab77315; NeuN, 1:200; Abcam) and neurofilament 
160 (N5364; NF160, 1:200; Sigma-Aldrich). The cells were 

then stained with secondary anti-mouse Fluor 594 and anti-

rabbit Fluor 594 (Invitrogen) antibodies. The cells were also 

stained with DAPI (Sigma-Aldrich) to visualize the nuclei.
Animals: Twenty healthy adult beagle dogs (7.6 ± 1.2 kg, 

male) were used. All of the dogs were judged to be in good 

health and neurologically normal. This study was approved 

by the Institute of Laboratory Animal Resources, Seoul 
National University, South Korea (SNU-100317). All dogs 

were cared for in accordance with the Animal Care and Use 

Guidelines of the Institute of Laboratory Animal Resources, 
Seoul National University, South Korea. The dogs were ran-

domly assigned to five groups based on treatment at 7 days 
after SCI: (1) the control group that received injections of 

matrigel only in the lesion site (n=4); (2) the ADSCs group 

that received adipose tissue-derived MSCs mixed with 

matrigel (n=4); (3) the BMSCs group that received BM-

derived MSCs mixed with matrigel (n=4); (4) the WJSCs 

group treated with WJ-derived MSCs mixed with matrigel 

(n=4); and (5) the UCSCs group that received UCB-derived 

MSCs mixed with matrigel (n=4). Spinal cords were har-

vested at 8 weeks after MSCs transplantation.

Preparation of matrigel: Matrigel was prepared from 

an unfractionated high-salt/urea extract of an Engelbreth-

Holm-Swarm (EHS) tumor as previously described [14, 

20] and stored at −20°C. Growth factor-depleted matrigel 
was obtained by precipitation with 20% ammonium sulfate 

as previously described [47]. Before use, the matrigel was 

thawed and maintained at 4°C until the MSCs were added.

Induction of SCI: The experimental dogs were placed 

under general anesthesia, and their spinal cords were then 

compressed by balloon compression as previously described 
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[36]. Dogs were anesthetized with intravenous administra-

tion (4 mg/kg) of tramadol (Toranzin; Samsung Pharm, 
Ind. Co., Ltd., Seoul, South Korea) and 6 mg/kg propofol 
(Anepol; Ha Na Pharm Co., Ltd., Seoul, South Korea) with 
0.04 mg/kg atropine sulfate (Atropine; Je Il Pharmaceutical 

Co., Ltd., Seoul, South Korea) administered subcutaneously. 
Anesthesia was maintained by inhalation of 2% isoflurane 
(Aerrane; Baxter, Mississauga, ON, Canada). Datex-Ohm-

eda anesthesia monitor (Microvtec Display; GE Healthcare, 

Bradford, U.K.) was used to monitoring of physiologic 

measurements including rectal temperature, oxygen satura-

tion, end tidal CO2, electrocardiogram, minimum alveolar 

concentration, and pulse rate.

The hemilaminectomy was performed using a left para-

median approach at the fourth lumbar segment (L4). A 3.5-
mm hole was made in the left vertebral arch at the L4 level 
using a high-speed pneumatic burr. A 4-French embolectomy 

catheter (Sorin Biomedica, Saluggia, Italy) was inserted into 

the hole made at the L4 vertebral arch. The balloon was 
advanced under fluoroscopic guidance until balloon of the 
catheter reached the first lumbar segment (L1) vertebral 
body. The balloon was then inflated with a 50:50 solution 
of contrast agent (Omnipaque; Amersham Health, Cork, Ire-

land) and saline at a dose of 40 µl/kg body weight (Fig. 1A). 

After 12 hr, the balloon was deflated and removed. All dogs 
were administered analgesics at a continuous infusion rate 

for 18 hr after skin closure. Post-operative analgesics con-

tained morphine (Hwang Morphine; Ha Na Pharm) at 0.15 

mg/kg/hr, lidocaine HCl (Lidocaine Injection 0.5% Yuhan; 
Yuhan Co, Ltd., Seoul, Korea) at 2 mg/kg/hr and ketamine 
HCl (Ketamine Injection 50 Yuhan; Yuhan Co, Ltd.) at 0.3 
mg/kg/hr [36]. After the operation, the dogs were bandaged, 

monitored in an intensive care unit, and the degree of pain 

was assessed at 30 min intervals. Dogs that exhibited overt 

signs of discomfort were given IV infusions of tramadol (4 

mg/kg). Suture materials were removed after 10 days. If 

needed, manual bladder expression was performed at least 

three times daily until voluntary urination was observed. The 

general condition and neurological status of the dogs were 

evaluated twice daily during the study. No complications 

were observed except for mild cystitis and muscle atrophy of 

the hind limbs. Two dogs developed a seroma at the surgical 

site that spontaneously resolved after 2 weeks.

Transplantation of MSCs: Transplantation of matrigel 

and MSCs was performed at 1 week after SCI in each group 

of dogs. The dogs were anesthetized as same methods as 
mentioned above. Dorsal laminectomy and durotomy were 

then performed at the first lumbar vertebra. Cells (1 × 105 

cells/µl) suspended in 60 µl of matrigel were injected with 

a Hamilton syringe into dogs in each MSC group at three 

sites (cranial, epicenter, and caudal lesions; 20 µl/site) of the 

spinal cord parenchyma. This was followed by a 2 min delay 

before the needle was withdrawn (Fig. 1B). Thus, a total of 

6.0 × 106 cells were grafted into each injured spinal cord. 

Only matrigel (60 µl) was injected into the control dogs at the 

three sites in the spinal cord parenchyma. Prior to injection, 

all MSCs were labeled with NEO-STEMTM (TMSR50; red 

fluorescent nanoparticles, Biterials Co., Ltd., Seoul, South 
Korea) in order to facilitate identification of the cells within 
the histological specimens (Fig. 2A–D). Dura was closed by 

a simple continuous 8–0 vicryl suture (Fig. 1C). The lami-

Fig. 1. Induction of canine spinal cord injury and transplantation 

of MSCs. (A) A 4-French embolectomy catheter was inserted into 

the epidural space through a left hemilaminectomy hole made in 

the L4 vertebral arch. The balloons were inflated with a contrast 
agent at the L1 level. (B) MSCs were transplanted using a Ham-

ilton syringe (arrow) at three sites (cranial, epicenter and caudal; 

arrowhead) following dorsal laminectomy and durotomy at L1. (C) 
Dura was closed by a simple continuous 8-0 vicryl suture. (D) The 

laminectomy site was covered with thick layer of subcutaneous fat.

Fig. 2. Merged fluorescence and light-field images of labeled 
MSCs. MSCs were labeled with NEO-STEMTM (TMSR50, red 

fluorescent nanoparticles) before transplantation. (A) Adipose 
tissue-derived MSCs, (B) Bone marrow-derived MSCs, (C) Whar-

ton’s jelly-derived MSCs, and (D) Umbilical cord blood-derived 

MSCs.
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nectomy site was covered with a thick layer of subcutaneous 

fat (Fig. 1D). The incision was closed routinely.

Histopathological and immunofluorescence assessments: 

The dogs were euthanized at 8 weeks after MSC transplanta-

tion. The spinal cords from the 12th thoracic segment to the 

third lumbar segment of all dogs were removed. The spinal 

cords were placed in 10% sucrose for 12 hr and subsequently 

immersed in a 20% sucrose solution overnight at 4°C. Dura 

was removed by scissors, embedded in optimal cutting tem-

perature compound (Tissue-Tek® O.C.T compound, Sakura 

Finetek, Torrance, CA, U.S.A.), frozen in a plastic mold on 
dry ice and sectioned in the median plane. The half of each 

block was immediately frozen in liquid nitrogen for ELISA 
and Western blot analyses. The other half of the block was 

cut with a cryomicrotome (Leica, Germany) into 8 µm lon-

gitudinal sections containing the epicenter of lesion. These 

sections were mounted on silane-coated glass slides. The 

slides were first stained with hematoxylin and eosin (HE) 
and then with Luxol fast blue and cresyl violet to identify 
myelin and nerve cells. Sizes of the demyelinated areas in 
the damaged spinal cords were calculated based on images 

of the longitudinal sections obtained with image analyzer 
software (ImageJ version 1.37; National Institutes of Health, 

Bethesda, MD, U.S.A.).

Sections were incubated in goat serum for 2 hr at room 

temperature. The sections were then incubated with primary 

antibodies for 24 hr at 4°C. Primary antibodies against neu-

rofilament (NF160), neuronal nuclei (NeuN) and glial fibril-
lary acidic protein (GFAP) were used for immunofluores-

cence staining. Primary antibody binding was detected with 

anti-mouse Fluor 488 and anti-rabbit Fluor 488 (Invitrogen) 

antibodies. DAPI (Sigma-Aldrich) was used to stain the nu-

clei. Tissues were mounted with aqueous mounting medium 

(Dako Mounting Medium; Dakocytomation, Carpinteria, 

CA, U.S.A.) and kept in the dark at 4°C until analysis. Fluo-

rescence images were visualized with a confocal microscope 

(Nikon Corporation, Tokyo, Japan).

Quantitative analysis of inflammatory cytokines and 
surviving nerves: Segments (1 cm) including the epicenter 

lesion from the frozen half of the spinal cord were cut and 
dry-crushed in liquid nitrogen. The tissue powder was used 

for ELISA and Western blot analysis. The half of powder 
was suspended in 0.5 ml cell extraction buffer (Denaturing 

Cell Extraction Buffer; Invitrogen) containing a protease 

inhibitor cocktail (Amresco, Solon, OH, U.S.A.). The clear 

supernatant was collected after centrifuging twice (10 min, 

13,000 g, 4°C). IL-6 and COX-2 protein levels in the tis-

sue lysates were also measured using Qunatikine ® canine 

IL-6 (R&D System, Minneapolis, MN, U.S.A.) and canine 
COX-2 ELISA (USCN Life Science Inc., Wuhan, China) 
kits according to the manufacturers’ instructions. The plates 

were measured at a wavelength of 450 nm. Each sample was 

tested in duplicate.

Half of the powder was used for Western blot analysis. 

The tissue lysate was suspended in 0.5 ml protein extraction 

buffer (PRO-PREPTM Protein Extraction Solution; iNtRON 

Biotechnology, Seongnam, South Korea) for 2 hr on ice. Ly-

sates were cleared by twice centrifugation (10 min, 13,000 

g, 4 °C), and protein concentrations were determined using 

the Bradford method (Sigma-Aldrich) [5]. Equal amounts 

of spinal cord protein (30 µg) were separated by 10% so-

dium dodecyl sulfate polyacrylamide gel electrophoresis 

and transferred onto polyvinylidene fluoride membranes. 
The membranes were washed with TBST [10 mM Tris-HCl 

(pH 7.6), 150 mM NaCl and 0.05% Tween-20], blocked with 

5% skim milk for 1 hr and incubated with the appropriate 

primary antibodies against actin (Sigma-Aldrich), Neuronal 

Class III β-Tubulin (sc-69966; Tuj1, Santa Cruz Biotechnol-
ogy), NF-160, NeuN, GalC and GFAP at the recommended 

dilutions. The membranes were then washed and, primary 

antibody binding was detected with HRP-conjugated goat 

anti-rabbit IgG or goat anti-mouse IgG. Bands were visual-

Table 1. Comparison of the Olby score and Revised Modified Talov scale

Olby score Revised Modified Tarlov scale

No pelvic limb movement

no deep pain sensation 0

1 Flaccid hind limbswith deep pain sensation 1

but voluntary tail movement 2

Non-weight-bearing protraction of pelvic limb 
with more than one joint involved

minimal movement (just one joint) 3 2 Tone in hind limb

less than 50% of the time 4
3 Purposeful hind limb motion

more than 50% of the time 5

Weight-bearing protraction of pelvic limb

less than 10% of the time 6

4 Stands with assistance10–50% of the time 7

more than 50% of the time 8

Weight-bearing protraction 100% of the time 
with reduced strength of pelvic limb

mistake > 90% of the time 9 5 Stands unassisted

mistake 50–90% of the time 10
6 Limited ambulation

mistake < 50% of the time 11

Ataxic pelvic limb gait with normal strength
but mistakes made > 50% of time 12 7 Full ambulation

but mistakes made < 50% of time 13 8 Climbs a 20° incline ramp half-way

Normal pelvic limb gait 14 9 Climbs 20° incline ramp
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ized with enhanced chemiluminescence (Amersham Phar-
macia Biotech, Buckinghamshire, U.K.).

Behavioral assessment: Behavior of the dogs was as-

sessed before SCI and on a weekly basis after the operation 

to evaluate functional recovery of the hind limbs. Each dog 

was videotaped from both sides and behind during the neu-

rological examimation. Using Olby scores [51] as well as a 

revised Tarlov scale and modified Tarlov scale [34], gait was 
independently scored based on the videotapes by two indi-

viduals blinded to the experimental conditions (Table 1). The 

Basso, Beattie and Bresnahan (B.B.B) scoring system is not 

appropriate for dogs not capable of plantigrade movement. 

A mean score was calculated every week following SCI until 

the 9 weeks study period concluded.

Statistical analysis: Data are presented as the mean ± stan-

dard deviation (SD). Statistical analyses were performed us-

ing SPSS (version 17.0; SPSS, Chicago, IL, U.S.A.). Differ-
ences were analyzed by Kruskal-Wallis and Mann-Whitney 
U tests. In all statistical analyses, P<0.05 was considered to 

be significant.

RESULTS

Characterization of MSCs derived from fat, BM, WJ, and 

UCB: Canine MSCs derived from fat, BM, WJ, and UCB 

showed the same morphology as human MSCs under basal 

conditions. The canine MSCs formed a monolayer consisting 

of large and flat cells that developed a spindle-shaped mor-
phology at confluence (Fig. 2). All types of MSCs showed 
the same phenotype (Fig. 3) with expression of CD44, 

CD73, CD90 and CD105, and an absence of hematopoietic 

and endothelial markers including CD14, CD34 and CD45. 

MSCs derived from fat, BM, WJ and UCB were also able 

to differentiate into adipocytes and osteoblasts (Fig. 4). The 

amount of Alizarin red S staining was greater in ADSCs and 
UCSCs groups than BMSCs and WJSCs groups.

Morphological and phenotypic changes of MSCs after 

neural induction: After growing in NIM for 72 hr, all MSCs 

exhibited morphological changes. Most cells retracted their 

cytoplasm, formed spherical cell bodies and cellular protru-

sions, and completely stopped proliferating. Finally, MSCs 

developed a neuronal appearance resulting from neural in-

duction compared to MSCs maintained under normal condi-

tions (Fig. 5). The cells underwent morphological changes as 

seen by light microscopy (Fig. 5A). We could identify four 

morphologically distinct subsets of MSCs regardless of their 

origin (Fig. 5B). About 70–80% of the MSCs appeared as 

sharp, elongated bi- or tripolar cells with primary, second-

ary and multi-branched processes (Fig. 5A and 5C). The 

appearance of the MSCs suggests that they had developed 

into neurons (black arrowhead), astrocytes (white arrow) or 

oligodendrocytes (white arrowhead) morphologically. The 

appearance of percentage of MSCs (15–25%) grown in NIM 

was similar to that of MSCs grown under basal conditions 

(Fig. 5A; white arrow) and did not show up-regulation of 

any neural marker (Fig. 5C; white arrow). There was no sig-

nificant difference in the development of neural phenotypes 
among the MSCs groups. Immunofluorescence staining 

showed that the MSCs grown in NIM had high expression 

of GFAP, GALC, NeuN and NF160 markers (Fig. 5C). The 
percentage of cells stained with GFAP in UCSCs group was 

significantly lower than that of WJSCs group. The percent-
age of cells stained with NeuN in UCSCs group was higher 

than that of ADSCs group (P<0.05).

Histopathological and immunohistochemical analysis: 

HE and Luxol fast blue staining showed that the demyelin-

ated areas in the MSCs group were significantly smaller than 
those in the control (Fig. 6A and 6B). The average lesion 

size of the WJSCs group was larger than other MSC groups, 
especially the UCSCs group (P<0.05). Generalized paren-

chymal fibrosis and demyelination were more observed at 
the injured site in the control more frequently (Fig. 6A).

In the longitudinal sections, multifocal funiculi located 

in the white matter 10 mm apart from the lesion epicenter 

were found to contain numerous dilated axonal sheaths up 

to 50 µm in diameter. These frequently contained cellular 

debris, a few gitter cells (indicating axonal degeneration), 

and a swollen, round and eosinophilic axon (Fig. 6C and 6D; 

a1–5). Degeneration and loss of motor neurons were observed 

Fig. 3. FACS analysis to assess expressions of CD14, CD34, CD44, 

CD45, CD73, CD90 and CD105 in MSCs. (A) The expression of 

cell surface markers in MSCs derived from canine bone marrow. 

(B) The percentages of the MSCs surface markers are shown as 

triple-positive, double-positive or negative in the box (+++: more 

than 95%, ++: more than 80%, −: less than 5%).
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in the spinal cord gray matter 10 mm away caudally from the 

epicenter. The motor neurons were swollen, chromatolytic 

and contained karyolytic nuclei (Fig. 6C and 6D; b1–5). In 

the epicenter, scattered groups of reactive astrocytes with 

a large nucleus and finely stippled chromatin with fibrillar 
cytoplasm were found (Fig. 6C and 6D; c1–5). The lesions 

contained many plump macrophages with an abundant 

amount of amphophilic fibrillar cytoplasm that displaced the 
nucleus to the periphery of the cell. These lesions showed 

neovascularization at the periphery with macrophage aggre-

gates, and these perivascular infiltrations were composed of 
a few lymphocytes and many macrophages (Fig. 6C and 6D; 

d1–5). In the MSCs group, residual matrigel was observed 

with some astrocytosis at the margins (Fig. 6C and 6D; e1–5).

The majority of nerve cells at the epicenter of the spinal 

cord lesion in both the control and MSCs groups died at 8 

weeks after transplantation (Fig. 8A). Some surviving nerve 

cells at the lesion site were positive for NF160, NeuN and 

GFAP. The morphological features and patterns of the reac-

tive astrocytes observed with immunostaining were similar 

to those found with light microscopy and HE staining (Fig. 

6D; c1–5).

Transplanted MSCs in the injured spinal cord were 

identified by the presence of fluorescent nanoparticles in 
the cytoplasm, but these cells were not found at cranial or 

caudal injection sites of the spinal cords. Some MSCs (Fig. 

8) expressed markers for neurons (NF160), neuronal nuclei 

(NeuN) and astrocytes (GFAP). Interestingly, NF160- and 

NeuN-positive neurons were found more in the MSCs groups 

than the control animals, but GFAP-positive reactive astro-

cytes were observed more often in the control group than 

in MSCs groups (Fig. 8). The number of surviving MSCs 

in BMSCs group was less than that in other MSCs groups, 

although the same number of MSCs was transplanted into 

each group.

Surviving nerve cells and axons were found within residu-

al matrigel (Fig. 8; d), and numerous UCSCs migrated to the 

margin of the matrigel (Fig. 8; o). Active astrocytes of MSCs 

groups were more focalized than those of the control except 
for ones from the BMSCs group, while endogenous progeni-

tor cells of the control group diffusely differentiated into ac-

tive astrocytes (Fig. 8; k–o). In high magnification images, 
the axons of the control animals were found to be shorter 

and more disconnected than those of the MSCs groups at 

8 weeks after transplantation (Fig. 8; a–e). Some MSCs 

surrounded the surviving axon and differentiated neuronal 

cells having long and synaptic nerve chain (Fig. 8; b’, e’). 

But, very few MSCs expressed neurofilament marker (Fig. 
8; b–e). A few MSCs contained neural nuclei (Fig. 8; g–j).

Anti-inflammatory effects and neuronal regeneration: To 

quantitatively evaluate the anti-inflammation effects and 
neuronal regeneration in spinal cord injured site, ELISA 
was performed. The protein levels of COX-2 and IL-6 (two 
inflammatory cytokines) were significantly decreased in the 
MSCs groups compared to the control group (P<0.05, Fig. 

7). There was no difference in IL-6 protein levels among the 
MSCs groups, but the COX-2 protein level in UCSCs group 
was significantly lower than the other MSCs groups (P<0.05).

Western blot analysis revealed that the levels of Tuj1, 

NF160, NeuN, GALC and GFAP proteins were altered in 
a manner similar to what was found by histological and 

confocal microscopic analysis (Fig. 9). The expressions of 

Tuj1, NF160, NeuN and GALC were reduced in the control 
injured cords compared to spinal cords containing MSCs. 

However, the levels of GFAP protein in the injured cords of 

MSCs groups were significantly lower than those of the con-

trol group (P<0.05, Fig. 9). In UCSCs group, the expressions 

of Tuj1, NF160 and NeuN were significantly increased, and 
the level of GFAP was significantly decreased compared to 
other MSCs groups (P<0.05).

Behavioral outcomes: Prior to spinal cord occlusion, all 

experimental dogs had a score of 14 on the Olby score and 

9 on the revised modified Tarlov scale. All injured dogs 
showed complete pelvic limb paralysis after SCI (Fig. 10). 

The Olby test scores of control group gradually increased 

during the study period. However, their scores were main-

tained around 3 points which represented possible minimal 

nonweight-bearing protraction of the pelvic limb in only one 

joint throughout the 8 weeks of the study period (Fig. 10A). 

In the MSCs groups, Olby scores increased to 5–6 points 

which indicated possible weight-bearing protraction of pel-

vic limb less than 10% at 8 weeks after transplantation. The 

mobility of the MSCs groups was significantly greater than 
that of the control group after 2 weeks (P<0.05).

Functional motor outcomes were also assessed based on 

Fig. 4. Osteogenic and adipogenic differentiations of MSCs. Canine 

MSCs derived from fat (ADSCs), bone marrow (BMSCs), Whar-

ton’s jelly (WJSCs), and umbilical cord blood (UCSCs) grown in 

basal conditions had morphologies similar to human MSCs. The 

presence of mineralized bone matrix deposits was confirmed by 
Alizarin red staining, and lipid-containing vacuoles were identified 
by Oil red O staining at passage three.
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the revised modified Tarlov scale (Fig. 10B). Scores for the 
MSCs groups increased to 3–4 points at 8 weeks after trans-

plantation. Neurologic recovery in MSCs groups differed 

significantly from that in control group at 2 weeks following 
MSC transplantation (P<0.05). All dogs in the MSCs groups 

had purposeful hind limb motion, and 62.5% of them (10/16) 

were able to stand with some assistance at 8 weeks after 

transplantation. No significant differences were observed 
among the MSCs groups.

DISCUSSION

All MSCs derived from the four different sources exhib-

ited typical MSC characteristics: a fibroblastoid morphol-
ogy, multipotential differentiation capability and expression 

of a characteristic set of surface proteins. MSCs derived 

from the four sources expressed classic MSC markers in-

cluding CD44, CD73, CD90 and CD105 as other studies 

described [10, 16, 35, 48]. Our study found that ADSCs, 

BMSCs, WJSCs and UCSCs all possessed a multilineage 

differentiation capacity. All MSCs differentiated into both 

osteogenic and adipogenic lineages. However, MSCs could 

not produce an intense lipid droplet, which was related to 

the short 2 weeks differentiation period. During neural 

differentiation, MSCs not only underwent nerve cell-like 

morphological changes in vitro, but also expressed neural 

cell markers. MSCs developed rounded cell bodies with bi-

polar or multipolar neurite-like extensions similar to neural 

stem cells. The neuron-like MSCs also stained positive for 

several neural proteins including GFAP, GALC, NeuN and 
NF160, which indicated that these populations consisted of 

progenitor astrocytes, oligodendrocytes and neurons. How-

ever, morphological changes and increases in immunofluo-

resence stain for neuronal markers upon chemical induction 

of MSCs in vitro were likely the result of cellular toxicity 

and cell shrinkage [23]. So, the fate of transplanted MSCs 

Fig. 5. Morphologic changes following neuronal induction of MSCs. After growing in neural induction medium for 72 hr, all MSCs 

exhibited morphological changes. Most cells retracted their cytoplasm, forming spherical cell bodies and emitted cellular protru-

sions. (A) Neural morphology of MSCs was observed by light microscopy; (a) ADSCs, (b) BMSCs, (c) WJSCs, (d) UCSCs. Neu-

rons (black arrowhead) appeared as sharp, elongated and bipolar cells. Astrocytes (white arrow) appeared as tripolar or multipolar 

cells with primary processes. Oligodendrocytes (white arrowhead) appeared as multipolar cells with secondary and multi-branched 

processes. Undifferentiated MSCs (white arrow) appeared as spindle cells with abundant cytoplasm. (B) We identified four morpho-

logically distinct subsets of neuronal MSCs regardless of their origin. About 70–80% of the MSCs appeared as neurons, astrocytes 

or oligodendrocytes. There were no differences in the number of different neural cells types observed among the groups of MSCs. 

(C) Although, some of MSCs (white arrow) remained undifferentiated and did not up-regulate the expression of any neural markers, 

MSCs showed intense staining for GFAP, GALC, NeuN and NF160. *P<0.05 comparison between two groups.
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in injured spinal cord is most important criteria to evaluate 

their potentials of neuronal differentiation.

The fate of transplanted cells is determined by the envi-

ronment into which the cells are transplanted rather than in-

trinsic properties of the cells [13, 18]. The ideal environment 

for transplanted MSCs depends on the type of SCI along 

with the time and method of transplantation. We used a clin-

ically-relevant experimental model of balloon compression 

SCI. In animal models, contusion and transection injuries are 

induced by spinal cord exposure during laminectomy, while 

balloon compression injuries occur in an enclosed environ-

ment [39]. Compression injury results in neuronal apoptosis 

at the lesion site beginning at 6 hr and persisting for at least 

3 weeks post-injury [7, 42]. Compression injury is also ac-

companied by a prolonged secondary inflammatory response 
[4] that activates resident microglia and macrophages which 

may lead to phagocytosis of myelin debris [33, 43]. In con-

trast, transection of the spinal cord results in a narrow zone 
of primary tissue damage that is followed by a focal second-

ary pathological and inflammatory responses [43].
In the present study, MSCs with matrigel were transplant-

ed into the parenchyma of the spinal cord near the lesion site 

(cranial and caudal) and directly into the injury epicenter at 

7 days post injury (dpi). This method has three main benefits. 
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The first involves cavity formation at the lesion epicenter 
after SCI [24]. Matrigel maintains the microenvironment as 

a cellular bridge at the site where cavity formation is pre-

dicted to occur. This material also exerts effects that promote 

transplantation including rescuing dying cells, increasing 

cell proliferation, blocking inflammatory and cytotoxic 
cytokines, and promoting neuronal differentiation [25, 49]. 

The second benefit is that transplantation at 7 dpi may in-

crease survival rate of transplanted MSCs and dramatically 

modulate inflammation in the spinal cord. The success of 
cell transplantation is critically dependent on the time of cell 

injection [28, 31] relative to the development of neurotoxic-

ity caused by inflammatory cytokines during the acute phase 
and a cystic cavity which prevents axonal regeneration dur-

ing the chronic phase [27]. Cell survival is increased when 

the cells are transplanted during the subacute phase of SCI 

rather than the acute phase [29]. Furthermore, the lesion is 

not fully developed at 7 dpi, so transplanted MSCs may act 

as a neuroprotective agent. The third benefit, the presence of 
phagocytic cell populations at the injury site suggests that 

the epicenter may not be a favorable environment for cell 

survival [4]. Therefore, we transplanted MSCs into rela-

tively normal parenchyma (cranial and caudal) adjacent to 

the lesion site and epicenter to increase MSC survival.

This study focused on the survival and integration of allo-

genic MSCs in the injured spinal cord, and identified which 
MSCs contribute to functional recovery. Our results demon-

strated that allogenic MSCs can be successfully survived in 

injured spinal cords where they integrated into host tissue 

without immunosuppressive agents [28, 36] and MSCs also 

improved hind-limb function following SCI. Many reports 

have also described MSCs as having immunosuppres-

Fig. 6. [Left page] (A) Representative longitudinal sections of injured spinal cord from each MSCs group. Longitudinal sections 
showed fibrosis, hemorrhage and demyelinated lesions in HE and Luxol fast blue stain (the left side is rostral). Hemorrhage and 
fibrosis were identified by reddish and brownish lesions. a1–5: in the white matter, b1–5: in the gray matter, c1–5: fibrosis in the 
epicenter, d1–5: inflammatory cell infiltration into epicenter, e1-5: residual scaffolds in the epicenter. (B) MSCs transplants reduced 

the spinal cord lesion size. *P<0.05 compared to the control. #P<0.05 comparison between two groups. (C) Images of the marked 

lesions in panel (A). [This page] (D) High magnification images are shown in the white box in (C); a1–5: white matter; Most of 

the cells in the image are oligodendrocytes with dark round nuclei; some of the cells are astrocytes. White matter funiculi were 

composed of numerous dilated axonal sheaths which frequently contain cellular debris and gitter cells. Astrogliosis (arrowhead), 

gitter cells (arrow), and spheroids (asterisk). b1–5: Degenerative neurons (arrowhead) were shown in gray matter. c1–5: Fibrosis in the 

epicenter; astrogliosis (arrow) and reactive astrocytes (arrowhead). d1–5: Inflammatory infiltration in the epicenter; macrophages (ar-
rowhead) and lymphocytes (arrow). e1–5: Residual scaffolds (matrigel); some astrocytosis was found at the margins of the matrigel 

(arrowhead). The scale bar in (A) is equal to 10 mm, the scale bar in (C) is equal to 100 µm, and scale bar in (D) is equal to 25 µm, 

respectively.
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sive properties, and that MSCs can modulate many T-cell 

functions [3, 9]. However, others have used the high dose 

of cyclosporine as an immunosuppressive drug, and some 

studies have found cyclosporine to be effective in improv-

ing survival of stem cell after transplantation into injured 

spinal cord [30, 45]. Therefore, MSCs transplantation with 

immnunosuppressive drugs should be considered in further 

study and clinical treatment.

We observed reduced levels of reactive astrogliosis and 

macrophage infiltration into the lesion epicenter in the MSCs 
groups. Especially, COX-2 protein expression in the UCSCs 
group was significantly decreased compared to the other 
MSCs groups. MSC transplantation modulates neuroin-

flammation by reducing the expression of proinflammatory 
cytokine such as COX-2 and IL-6 and subsequently prevents 
astrocytosis [6, 26]. Astrocytes are both the target and the 

source of neuroinflammation. These cells are stimulated 
by mediators released from microglia, down-regulate the 

expression of neurotrophic factors and release additional in-

flammatory mediators which in turn further activate microg-

lia [4]. The reduced number of GFAP-positive astrocytes 

indicated a possible deleterious effect of astrocytes, perhaps 

because these cells contributed to glial scarring. Although 

a low number of MSCs differentiated into astrocytes in the 

lesion core, these astrocytes did not appear to participate in 

a typical glial scarring reaction as indicated both by their 

morphology and reduced GFAP expression.

MSCs were transplanted into injured spinal cords to 

evaluate their potential neuroprotection and neuronal regen-

eration effects associated with SCI repair. Many MSCs can 

survive following transplantation, but very few MSCs can 

transform into neural-like cells in vivo. Most of NF160- and 

NeuN-positive neurons at injured spinal cord were derived 

from endogenous spinal cord-derived neural progenitor 

cells or preserved neurons due to neuroprotection and anti-

inflammatory effects of transplanted MSCs. Based on the 
rapid recovery after MSC transplantation observed in this 

study, cell replacement unlikely explains this improvement 

in functional outcome following SCI [54]. Many of the stud-

ies that have reported functional improvement with MSC 

transplantation do so soon after the first 2 or 3 weeks after 
injury [17, 46], suggesting that the MSCs have neuroprotec-

tive rather than a regenerative effects. Western blot analysis 

revealed that the amount of protein positive for Tuj1, NF160, 

NeuN and GALC was higher in the MSCs groups. In UCSCs 
group, the expressions of Tuj1, NF160 and NeuN were sig-

nificantly increased, and the level of GFAP was significantly 
decreased compared to other MSCs groups. Although the 

mechanism of more neuroprotection effect in UCSCs group 

is still unclear but may related with anti-inflammation fac-

tor involved in down regulation of COX-2 in injured spinal 
cord. Anti-inflammatory factors of engrafted UCSCs play 
important roles in proliferation, migration and differentiation 

of endogenous spinal cord-derived neural progenitor cells in 

an injured region.

Some of the MSCs were found close to neurons and axon, 

where MSCs can deliver trophic and immunomodulatory 

factors to neural progenitor cells and surviving neural cells. 

The ability of neural progenitor cells to secrete a variety of 

neurotrophic factors indicates that they could promote the 

growth of damaged axons [22]. The level of neurotrophic 

factors decreases after neuronal differentiation [21]. In our 

study, the majority of transplanted MSCs remained undif-

ferentiated. Before and during neural differentiation, MSCs 

can produce vascular endothelial growth factor and brain-

derived neurotrophic factor, which are known to have neuro-

protective effects in SCI lesions [15, 21].

Although UCSCs provided greater levels of neuroprotec-

tion to the surviving neural cells in the SCI lesions, func-

tional recovery was not significantly different among the 
MSCs groups. Functional recovery up to the next stage with 

our scoring system, which is possible that dogs can stand 

without assistance, is quite different from the scored in this 

study which are able to stand with assistance. We believe the 

reason for the poor correlation between neuroprotection and 

functional recovery is that increased axons and nerve cells 

Fig. 7. The expression of COX-2 and IL-6 at 8 weeks after transplantation of MSCs. COX-2 and IL-6 
protein levels in MSCs groups were lower than those in the control group. Especially, COX-2 protein 
level in UCSCs group was the lowest than that in other groups. *P<0.05 compared with control. #P<0.05 

compared between two groups.
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Fig. 8. (A) Surviving MSCs in the epicenter stained for neural markers. MSCs in the injured spinal cord at 8 weeks following 

transplantation could be identified by the appearance of fluorescent nanoparticles (red) in the cytoplasm viewed by confocal 
microscopy. Some (arrowheads) MSCs expressed markers for neurons (NF160), neuronal nuclei (NeuN) and astrocytes (GFAP). 

(a–e) More shortened and disconnected axons were observed in control group than in the MSCs groups at 8 weeks. (d) and (d’) 

Surviving nerve cells and axonal growth were observed within the residual matrigel. (k–o) and (k’–o’) Morphological features 

and patterns of reactive astrocyte were similar to those observed with HE staining under light microscopy (Fig. 6D; c1–5). (o) and 

(o’) Migration of numerous UCSCs was observed at the margin of matrigel. (b’–e’) Some MSCs surrounded surviving axons but 

very few MSCs expressed neurofilament marker. (g’–j’) Some MSCs contained neural nuclei. The scale bars in (a–o) and (a’–o’) 
are equal to 100 and 25 µm, respectively.
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Fig. 9. Western blot analysis of Tuj1, NF160, NeuN, GALC and GFAP expression in injured spinal 
cords. The levels of Tuj1, NF160, Neu, and GALC were increased in the injured cords compared to 
control group. The levels of GFAP protein in the MSCs groups were significantly lower than those of 
the control group (P<0.05). *P<0.05 compared with control. #P<0.05 compared between two groups.

Fig. 10. Behavioral analysis following transplantation. All injured dogs showed complete pelvic limb paralysis after SCI. Neuro-

logic recovery differed significantly among groups from 2 weeks following transplantation (P<0.05). (A) Olby scores (B) Revised 

modified Tarlov scale. There were no significant differences in functional recovery among the MSCs groups. *P<0.05 compared 

with MSCs group.
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were not properly rearranged for normal nerve conduction. 

More normal neural cells in the lesion site may have been 

needed to obtain higher functional recovery rates.

In conclusion, MSCs derived from fat, BM, WJ and UCB 

promote functional recovery after SCI. UCSCs were associ-

ated with more nerve regeneration, neuroprotection and less 

inflammation than other MSCs. Additionally, matrigel with 
MSCs could act as a cellular bridge and assist axon growth 

at the injury site. Our results demonstrated that implanted 

MSCs survive and migrate toward neural cells at injured site 

and help preserve axon and neural cells, thus resulting in 

improved hind-limb function following SCI.
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