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Abstract. Bone marrow mesenchymal stem cell (BMSC) 
transplantation is effective for repairing spinal cord injuries 
(SCIs); however, there are limitations of clinical BMSC 
applications. Previously, we reported that dermal papilla cells 
(DPCs) secrete brain-derived neurotrophic factor and glial cell 
line-derived neurotrophic factor more actively than BMSCs. 
To analyze the therapeutic function of DPCs in SCI, primary 
DPCs and BMSCs were cultured from the same green fluo-
rescence protein-transgenic rat. The cells were suspended in 
rat-tail collagen I and transplanted separately into completely 
transected spinal cord lesion sites. Grafted-cell survival was 
examined with a small animal in vivo imaging detection 
system, and lesion sites were examined histochemically. In vivo 

imaging revealed enhanced lesion filling and survival with 
DPC grafts compared with BMSC grafts on days 14 and 21 
post-transplantation. Hematoxylin and eosin staining demon-
strated that lesion area sizes in the two groups were not 
markedly different. In the DPC transplant group, more axons 
formed within the lesion sites. CD31-positive vessel-like struc-
tures were more abundant in lesion sites near the grafted cells 
in the DPC group. The results of the present study suggest that 
DPCs may be a valuable alternative source of stem cells for 
autologous cell therapy for the treatment of SCI.

Introduction

Spinal cord injury (SCI) is a devastating condition, which 
involves the sudden loss of sensory, motor and autonomic 
functions distal to the areas of trauma. No effective therapy 
exists for treating the neurological deficits of major SCI. Stem 
cell-based therapies have introduced novel possibilities for 
the repair and restoration of neuronal functions following 
SCI (1-5). Transplantation of bone marrow mesenchymal stem 
cells (BMSCs), which represent an accessible autologous stem 
cell source, has reached the stage of clinical investigation 
and may be a promising treatment for SCI (6). According to 
previous reports, the mechanism underlying BMSC-induced 
recovery is primarily associated with the secretion of numerous 
cytokines and growth factors, including neurotrophic factors 
(NTFs), brain-derived neurotrophic factor (BDNF), glial cell 
line-derived neurotrophic factor (GDNF) and nerve growth 
factor (NGF); the angiogenic factor, vascular endothelial 
growth factor (VEGF) and the inflammation‑associated cyto-
kines, transforming growth factor (TGF)-β1 and interleukin 
(IL)-10 (7-9). These factors likely promote endogenous repair 
mechanisms by stimulating neurite outgrowth and angio-
genesis, and by promoting immunomodulatory effects (7-9). 
However, BMSC isolation is invasive, the abundance of stem 
cells in the bone marrow is very low, and the proliferative 
capacity and differentiation abilities of stem cells decrease 
with age (10). Due to these shortcomings, clinical applications 
with BMSCs are limited. Thus, there is a requirement to iden-
tify and evaluate other autologous sources of adult stem cells.
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In a previous study, we demonstrated that dermal papilla 
cells (DPCs) expressed mesenchymal stem cell markers, 
including cluster of differentiation (CD)44, CD90 and CD105, 
and exhibited multipotent stem cell characteristics, similar to 
BMSCs (11). Notably, DPCs secreted higher amounts of BDNF 
and GDNF, and promoted rat pheochromocytoma cell (PC12 
cell) neural differentiation and axonal outgrowth more effec-
tively compared with BMSCs in vitro. On this basis, DPCs may 
exhibit similar characteristics to BMSCs, including the secre-
tion of NTFs, angiogenic factors and inflammation‑associated 
cytokines. Thus, DPCs may potentially be utilized in autologous 
clinical stem cell applications for treating SCI.

In the present study, the expression of associated cytokines 
in DPCs and BMSCs was examined, which were isolated from 
the same donor rat. Thereafter, these cells were transplanted 
into a completely transected lesion site of the spinal cord to 
further investigate their therapeutic efficacies in repairing SCI 
in vivo.

Materials and methods

Animals. A total of 3 adult male green fluorescence protein 
(GFP)-transgenic SD rats (6 weeks old; ~200 g) were 
purchased from Xing Xingming Biomedical Technology 
(Shanghai) Co., Ltd. (Shanghai, China) and 27 adult female SD 
rats (7 weeks old; ~250 g) were purchased from Beijing Hua 
Fu Kang Biotechnology Co., Ltd. (Beijing, China). All the rats 
were kept under identical housing conditions (temperature, 
18‑26˚C; humidity, 40‑70%) with a 12 h light‑dark cycle, and 
given access to water and food ad libitum. All experimental 
procedures were approved by the Ethics Committee of Jilin 
University (Changchun, China) and conformed to their 
regulatory standards.

Isolation and cultivation of DPCs and BMSCs from 
GFP‑transgenic rats. DPCs were isolated from the vibrissa 
of GFP-transgenic rats according to previously described 
protocols (11). Subsequently, the papillae were cultured 
in proliferation medium consisting of Dulbecco's modi-
fied Eagle's medium (DMEM)/Nutrient Mixture F-12 (1:1) 
medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) supplemented with 10% (v/v) fetal bovine serum (FBS; 
HyClone; GE Healthcare Lie Sciences, Logan, UT, USA) and 
10 ng/ml basic fibroblast growth factor (bFGF; PeproTech 
EC, Ltd., London, UK). Half of the medium was changed 
every 3 days. The DPCs that migrated out of the explants 
were digested with 0.25% trypsin (Invitrogen; Thermo Fisher 
Scientific, Inc.) in 0.02% ethylenediaminetetraacetic acid 
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), after 
which they were expanded in new culture dishes at a seeding 
density of 1x104 cells/cm2. The cells were passaged when 
~80% confluence was attained. Finally, the DPCs at passage 
6 were prepared for transplantation. As a control, BMSCs 
were isolated from the same donor rat and cultured using a 
previously described method (11).

Semi‑quantitative reverse transcription polymerase chain 
reaction (RT‑PCR). Total RNA from DPCs and BMSCs 
was extracted using TRIzol reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 

protocols. cDNA was synthesized from 500 ng total RNA 
using the Takara RNA PCR kit (AMV) version 3.0 (Takara 
Biotechnology Co., Ltd. Dalian, China), only the reagents for 
the reverse transcription protocol were used. The reaction 
condition was as follows: 45˚C for 30 min, 99˚C for 5 min and 
5˚C for 5 min. PCR was performed with 1 µl cDNA in a 20 µl 
reaction volume using 2X Taq MasterMix (Beijing ComWin 
Biotech Co., Ltd., Beijing, China), according to the manufac-
turer's protocols. The reaction condition was as follows: Initial 
denaturation at 94˚C for 2 min, then 30 cycles of degeneration 
at 94˚C for for 30 sec, annealing at 50‑58˚C for 30 sec and 
extension at 72˚C for 50 sec, and final extension at 72˚C for 
10 min. PCR products were separeated by 1.5% agarose gel 
electrophoresis with ethidium bromide and visualized using 
an ultraviolet transilluminator. Sequence information for the 
primers used is presented in Table I.

RT‑quantitative PCR (RT‑qPCR). Total RNA from DPCs and 
BMSCs was extracted using TRIzol reagent, according to the 
manufacturer's protocols, then reverse transcribed into cDNA 
using the Takara RNA PCR kit (AMV) Version 3.0 (Takara 
Biotechnology Co., Ltd.) according to the manufacturer's proto-
cols. Only the reagents for the reverse transcription protocol 
were used. To determine the expression levels of NTFs (BDNF, 
GDNF, CNTF, HGF and NGF), angiogenic factor VEGF(A) 
and inflammation-associated cytokines [TGF-β1, tumor 
necrosis factor (TNF)-α, IL-6 and IL-1β] in DPCs. qPCR 
was performed using TransStart® Top Green qPCR SuperMix 
(Beijing TransGen Biotech, Co., Ltd., Beijing, China). GAPDH 
was used as an internal reference to normalize mRNA expres-
sion levels. qPCR was performed in a PCR System 7300 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). The ther-
mocyling conditions were as follows: 50˚C for 2 min, 95˚C for 
10 min, 40 cycles of 95˚C for 15 sec and 60˚C for 1 min, 95˚C 
for 15 sec, 60˚C for 1 min, and 95˚C for 15 sec. The expression 
levels of mRNAs were measured using the cycle-threshold 
values and then the results were converted to fold-changes (12). 
Sequence information for the primers used is presented in 
Table II.

Spinal cord transection and acute injection of cells. The 
female SD rats were randomly assigned to the DPC-transplant 
group (n=10), the BMSC-transplant group (n=9) and a control 
group (n=8). Subsequently, the rats were deeply anesthetized by 
intraperitoneal injection with 10% chloral hydrate (400 mg/ml; 
Sigma-Aldrich; Merck KGaA). The SCI models were generated 
according to Medalha's method (13). Briefly, the hair over the 
thoracic area was shaved, the skin was disinfected with iodine 
and T8 vertebra were completely transected. A ~1.5-mm-long 
segment of spinal cord was cut using iridectomy scissors and 
the debris were removed by micro-aspiration. Once hemo-
stasis was achieved, the gap was filled with 7 µl DPCs or 
BMSCs (106 cells total) in rat-tail collagen I (2 mg/ml; Tianjin 
Weikai Bioeng, Ltd., Tianjin, China) using a 10‑µl pipettor. As 
a control, 7 µl collagen I without cells was microinjected into 
the lesion cavity. Following exposure at room temperature for 
45 min, the lesion site was covered with the fat pad, and the skin 
was sewn back together. Bladders were manually flushed twice 
daily until the animals were euthanized (on days 14 and 21 
post-transplantation) and penicillin (4x104 units/rat; North 
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China Pharmaceutical Co., Ltd., Shijiazhuang, China) was 
injected intraperitoneally daily for 4 days postoperatively as 
prophylaxis against urinary tract infection. In addition, animals 
were immunosuppressed daily by subcutaneous administra-
tion of cyclosporine A (1 mg/100 g; Novartis Pharma Stein 
AG, Stein, Switzerland) beginning 1 day prior to grafting and 
continuing until the termination of the experiment.

Gel properties. To examine whether the graft mixture may 
gelatinize effectively and influence the transplantation 
process, as well as the gel concentration on cell survival, an 
extra 7 µl graft mixture remaining post‑transplantation was 
added to a 35-mm culture dish and incubated for 45 min in 
a 37˚C/5% CO2 incubator. Subsequently, 1 ml DMEM/F-12 
culture medium containing 10% FBS was added, and the cells 
were cultured further.

Small animal in vivo‑imaging detection. To examine 
lesion filling and the survival of DPC/BMSC grafts, the 

rats (n=3 at each time point per group) were anesthetized 
by intraperitoneal injection with 10% chloral hydrate 
(400 mg/ml; Sigma-Aldrich; Merck KGaA), then perfused 
with PBS followed by 4% paraformaldehyde (Beijing Dingguo 
Changsheng Biotechnology, Co., Ltd, Beijing, China), on days 
14 and 21 post-transplantation, respectively. Subsequently, 
the spinal cord (2 cm around the epicenter) was surgically 
dissected, fixed in 4% paraformaldehyde at 4˚C for 48 h, and 
transferred to 30% sucrose (Sigma‑Aldrich; Merck KGaA) at 
4˚C for 72 h. Finally, the segments of the spinal cords were 
placed into a new culture dish and the fluorescence intensi-
ties around the lesion/graft sites were detected with a Small 
Animal Imaging system (Xenogen Corporation, Alameda, 
CA, USA) at 488 nm excitation.

Assessment of lesion areas. Following fixation and 
dehydration, the spinal cord segments were embedded with 
Optimal Cutting Temperature compound (Leica Microsystems 
GmbH, Wetzlar, Germany), and serial sections of 20‑µm 

Table I. Primers and annealing temperatures used for semi-quantitative polymerase chain reaction.

Gene Primer sequence (5' to 3') Annealing temperature

HGF Forward‑CCTTCGAGCTATCGCGGTAAAGAC 56˚C
 Reverse-TCAAGAGTGTAGCACCATGGCCTC 
NGF Forward‑GGACGCAGCTTTCTATCCTG 56˚C
 Reverse-GTCCGTGGCTGTGGTCTTAT 
GDNF Forward‑GACTCCAATATGCCCGAAGA 56˚C
 Reverse-ATGGTAAACCAGGCTGTCGT 
BDNF Forward‑TGGCTGACACTTTTGAGCAC 56˚C
 Reverse-GCAGCCTTCCTTCGTGTAAC 
CNTF Forward‑TGGCTAGCAAGGAAGATTCG 56˚C
 Reverse-ACCTTCAAGCCCCATAGCTT 
VEGFA Forward‑ACCAAAGAAAGATAGAACAAAG 50˚C
 Reverse-GGTGAGAGGTCTAGTTCCCGA 
FLK‑1 Forward‑GCCAATGAAGGGGAACTGAAGAC 50˚C
 Reverse-TCTGACTGCTGGTGATGCTGTC 
FGF2 Forward‑ATCACTTCGCTTCCCGCACT 55˚C
 Reverse-AGTATGGCCTTCTGTCCAGG 
TGF-β1 Forward‑CTCTGCAGGCGCAGCTCTG 55˚C
 Reverse-GGACTCTCCACCTGCAAGAC 
IL‑10 Forward‑CAATAACTGCACCCACTTCC 55˚C
 Reverse-ATTCTTCACCTGCTCCACTGC 
TNF-α Forward‑CCCAGACCCTCACACTCAGAT 55˚C
 Reverse-TTGTCCCTTGAAGAGAACCTG 
IL‑6 Forward‑CCGGAGAGGAGACTTCACAG 55˚C
 Reverse-GAGCATTGGAAGTTGGGGTA 
IL-1β Forward‑CAGGAAGGCAGTGTCACTCA 53˚C
 Reverse-GAAGACAAACCGCTTTTCCA 
GAPDH Forward‑ATGGGAAGCTGGTCATCAAC 58˚C
 Reverse-GGATGCAGGGATGATGTTCT 

HGF, hepatocyte growth factor; NGF, nerve growth factor; GDNF, glial cell line-derived neurotrophic factor; BDNF, brain-derived neuro-
trophic factor; CNTF, ciliary neurotrophic factor; VEGFA, vascular endothelial growth factor A; FLK-1, vascular endothelial growth factor 
receptor 2; FGF2, fibroblast growth factor 2; TGF, transforming growth factor; IL, interleukin; TNF, tumor necrosis factor.
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thickness were prepared. Every sixth section per rat sample 
was hydrated in PBS and hematoxylin and eosin staining of 
the sections was performed. Briefly, the sections were stained 
with the hematoxylin solution for 5 min, rinsed in running tap 
water, then differentiated with 1% hydrochloric acid ethanol for 
several seconds, followed by rinsing in running tap water. The 
sections were stained with weak ammonia for 1-2 sec, rinsed 
in tap water and stained with eosin for 15 min. The sections 
were dehydrated with ascending concentration gradient of 
ethyl alcohol (in 80% ethyl alcohol for 1‑2 sec, 95% ethyl 
alcohol for 1‑2 sec, 100% ethyl alcohol I for 5 min and 100% 
ethyl alcohol II for 10 min). The sections were cleared with 
xylol I for 10 min and xylol II for 10 min (Beijing Dingguo 
Changsheng Biotechnology, Co., Ltd., Beijing, China). All 
protocols were performed at room temperature. Finally, the 
sections were mounted with neutral resin and observed under 
a light microscope at x40 magnification. Finally, the images 

were captured and merged with Adobe Photoshop CS5 
software (version 12.0; Adobe Systems, Inc., San Jose, CA, 
USA) and cellSens Dimension software (version 1.0; Olympus 
Corporation, Tokyo, Japan) was used to assess the lesion areas.

Immunocytofluorescence histochemical staining. To assess 
axonal outgrowth, angiogenesis and inflammation, immuno-
cytofluorescence histochemical staining was conducted in the 
present study. Briefly, every sixth section per rat sample was 
hydrated in PBS for 25 min at room temperature; then, samples 
were permeabilized with 0.1% Triton X‑100 (Sigma‑Aldrich; 
Merck KGaA) for 45 min at room temperature. Normal goat 
serum (10%; Zhongshan Jinqiao Biotechnology Co., Ltd., 
Beijing, China) was used to block non‑specific binding for 
1 h at room temperature. Every sixth section per rat sample 
was then incubated overnight with primary antibodies at 
4˚C (detailed information regarding the primary antibodies 
is presented in Table III), followed by incubation with 
Alexa Fluor® 488-conjugated or 555-conjugated secondary 
antibodies (1:400; cat. nos. 4412 and 4413; Cell Signaling 
Technology, Inc., Danvers, MA, USA) for 1 h at room tempera-
ture. Unbound antibody was removed by thoroughly washing 
with PBS. For the negative control, the primary antibodies 
were omitted. Finally, the sections were mounted using 
Anti-Fade mounting medium with DAPI (Vector Laboratories, 
Inc., Burlingame, CA, USA). All images were obtained using 
an IX71 fluorescence microscope (Olympus Corporation). The 
duration of exposure and the parameter settings were identical 
in ≥3 independent experiments conducted with samples from 
different groups.

Behavioral testing. Hindlimb motor functions of the 
DPC-transplant, BMSC-transplant and control group were 
evaluated weekly by two independent, blinded observers, 
based on the Basso Beattie Bresnahan (BBB) motor score (14). 
The number of the rats that received the behavioral test at each 
time point is presented in Table IV.

Statistical analysis. Statistical analysis was performed 
using SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, 
USA). Data are presented as the mean ± standard error of 
the mean from ≥3 independent experiments. Multiple‑group 
comparisons were conducted using one-way analysis of 
variance followed by Least Significant Difference post hoc 
comparisons (equal variances assumed) or Dunn's post hoc 
test (unequal variances) for multiple comparisons. Two groups 
were compared using a Student's t-test. P<0.05 was considered 
to indicate a statistically significant difference.

Results

Isolation and cultivation of DPCs and BMSCs from 
GFP‑transgenic rats. After 6 days of cultivation, typical 
spindle‑shaped, fibrocyte‑like cells were cultured from the 
explants, which were all positive for GFP (Fig. 1A and B). 
The cells demonstrated stable growth following 6 passages; 
cells revealed fibrocyte‑associated morphology and expressed 
GFP (Fig. 1C and D). As a control, BMSCs were isolated 
and cultured from the same donor rat. Following culture for 
10 days, the clusters consisted of numerous cells that were 

Table II. Primers used for quantitative polymerase chain 
reaction.

Gene Primer sequence (5' to 3')

NGF Forward-ACCTCTTCGGACACTCTGGA
 Reverse-TCCAACCCACACACTGACAC
BDNF Forward-TGGGTTACACGAAGGAAGGC
 Reverse-ATCCTTATGAACCGCCAGCC
CNTF Forward-GGCAAGCACTGATCGTTGGA
 Reverse-TGGAAGGTACGGTAAGCCTG
HGF Forward-ACAGCTTTTTGCCTTCGAGC
 Reverse-GCAAGAATTTGTGCCGGTGT
GDNF Forward-TGACTTGGGTTTGGGCTACG
 Reverse-GGTAAACCAGGCTGTCGTCT
IL-1β Forward-TCCATGGTGGATTATGCTCA
 Reverse-TTCTGTTCCTGCTCGAGGTT
IL-10 Forward-ACTGCTAGTTTGCCTGCTCTT
 Reverse-ATGTGGGTCTGGCTGACTGG
IL-6 Forward-CTGCCCTTCAGGAACAGCTATG
 Reverse-GGCAGTGGCTGTCAACAACAT
TNF-α Forward-GAGATGTGGAACTGGCAGAGGA
 Reverse-TCAGTAGACAGAAGAGCGTGGTG
TGF-β1 Forward-CTCCCGTGGCTTCTAGTGC
 Reverse-GCCTTAGTTTGGACAGGATCTG
VEGFA Forward-CCTGGCTTTACTGCTGTACCT
 Reverse-GCTGGTAGACGTCCATGAACT
GAPDH-1 Forward-GAAGGTCGGTGTGAACGGAT
 Reverse-ACCAGCTTCCCATTCTCAGC
GAPDH-2 Forward-ATGGGAAGCTGGTCATCAAC
 Reverse-GGATGCAGGGATGATGTTCT

HGF, hepatocyte growth factor; NGF, nerve growth factor; GDNF, 
glial cell line-derived neurotrophic factor; BDNF, brain-derived 
neurotrophic factor; CNTF, ciliary neurotrophic factor; VEGFA, 
vascular endothelial growth factor A; FLK-1, vascular endothelial 
growth factor receptor 2; FGF2, fibroblast growth factor 2; TGF, 
transforming growth factor; IL, interleukin; TNF, tumor necrosis 
factor.
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all positive for GFP (Fig. 1E and F). These controls revealed 
stable GFP expression after 6 passages (Fig. 1G and H).

Expression of NTFs, angiogenic factors and inflamma‑
tion‑associated cytokines in DPCs. Semi-quantitative RT-PCR 
analysis revealed that the NTFs, including hepatocyte growth 
factor (HGF), NGF, GDNF, BDNF and ciliary neurotrophic 
factor (CNTF) (Fig. 1I); the angiogenic factors, VEGFA 
(all 3 transcriptional variants) and FGF2 (Fig. 1I); and the 
inflammation‑associated cytokines TGF‑β1, IL-10, IL-6 and 
IL-1β (Fig. 1I) were expressed in DPCs at passage 4 (DPC-P4) 
and passage 7 (DPC-P7), as well as in BMSCs at passage 3 
(BMSC-P3) and passage 7 (BMSC-P7). The expression level 
of the angiogenic factors vascular endothelial growth factor 
receptor 2 (FLK1) was low in DPCs at passage 4 (DPC-P4) 
and BMSCs at passage 7 (BMSC-P7). In addition, the expres-
sion level of the inflammation‑associated cytokine TNF‑α was 
low in DPCs at passage 4.

Additionally, RT-qPCR analysis revealed that, compared 
with BMSCs, DPCs exhibited significantly higher expression 
levels of NTFs, BDNF and CNTF, angiogenic factor VEGFA 
and anti-inflammatory cytokine IL-10. Similar expression 
levels of NTFs, GDNF and HGF, and anti-inflammatory 
TGF-β1 were observed in DPCs and BMSCs. Significantly 
lower expression levels of NGF and pro-inflammatory 
cytokines TNF-α, IL-6 and IL-1β were observed in DPCs 
compared with BMSCs (Fig. 1J).

Spinal cord transection and acute injection of cells. T8 
vertebra was completely transected and a ~1.5 mm lesion 
cavity was created using a combination of iridectomy scissors 
and microaspiration (Fig. 2A), after which the gap was filled 

with 7 µl DPCs or BMSCs in rat‑tail collagen I. Following 
exposure at room temperature for 45 min, the appearance 
of the graft mixture became white, translucent and gel-like 
(Fig. 2B).

Gel‑associated properties. Following suspension of the 
GFP-positive cells in collagen I and culturing in an incubator 
at 37˚C for 45 min, the graft mixture gelatinized (data not 
shown). Subsequently, DMEM/F-12 culture medium supple-
mented with 10% FBS was added, and the cells were cultured 
further. Following overnight growth, most cells in the graft 
mixture survived and numerous fibrocyte‑like cells had begun 
to migrate from the gel (Fig. 3).

Survival and filling with DPCs/BMSCs grafts. On day 14 
(Fig. 4A) and 21 (Fig. 4B) post‑transplantation, the immunofluo-
rescence intensity surrounding the lesion/graft site transplanted 
with DPCs was stronger compared with the BMSC-transplant 
group and control group. There was no control group on day 
21 as no cell transplanted in the control group on 14 day post 
transplantation. Additionally, a low‑magnification overview of 
GFP (graft) and glial fibrillary acidic protein (host) immuno-
labeling on day 21 post-transplantation further revealed that 
DPCs (Fig. 4C) exhibited greater survival compared with 
BMSCs (Fig. 4D).

Assessment of lesion areas. On day 21 post-transplantation, the 
lesion areas of spinal cords (n=3 in each group) transplanted with 
DPCs (Fig. 5A), BMSCs (Fig. 5B), or collagen alone (Fig. 5C) 
were 3.79±0.47, 4.90±1.47 and 4.52±0.40 mm2, respectively; 
thus, no significant difference was observed (P>0.05; Fig. 5D).

Axonal outgrowth. Immunofluorescence staining revealed that 
axonal growth (arrow) into the lesion sites of the spinal cord 
transplanted with DPCs (Fig. 6A and B) was greater than that 
of the BMSC-transplant group (Fig. 6C and D) and control 
group (Fig. 6E and F) on day 21 post-transplantation. These 
results indicated that axonal growth in the host may be more 
notably promoted by transplanted DPCs, and it was associated 
with positive NF-200 expression and a lack of GFP expression.

Vascular regeneration. Immunofluorescence staining also 
revealed that vascular regeneration around the lesion sites of 
spinal cords transplanted with DPCs (Fig. 7A) was greater 
than that observed in the BMSC-transplant group (Fig. 7B) 
and the control group (Fig. 7C) on day 21 post-transplantation. 

Table III. Primary antibody information.

Antibody Dilution Supplier Catalogue number

GFP 1:1,000 Abcam (Cambridge, UK) ab6556
NF-200 1:200 EMD Millipore (Billerica, MA, USA) Mab5262
GFAP 1:400 Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) G3893
CD31 1:20 Abcam ab28364
CD11b 1:50 Bio-Rad Laboratories, Inc., Hercules, CA, USA MCA275GA

GFP, green fluorescent protein; NF, neurofilament; GFAP, glial fibrillary acidic protein; CD, cluster of differentiation.

Table IV. Number of rats that underwent a behavioral test at 
each time point. 

 Day
 -----------------------------------------------
Group 0 7 14 21

Dermal papilla cell-transplant 10 6 6 3
Bone marrow mesenchymal 9 8 6 3
stem cell-transplant
Control 8 7 7 4
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These results indicated that DPC transplantation notably 
promoted revascularization in the host, which was positive 
for the vascular endothelial cell specific marker CD31 and 
negative for GFP.

Macrophage infiltration. Immunofluorescence staining 
revealed that the number of macrophages infiltrating around 

Figure 3. Cultivation of GFP-positive cells suspended in collagen I in vitro. 
(A) GFP-fluorescence and (B) phase-contrast images demonstrated the 
survival and migration of GFP-positive cells in the remaining graft mixture 
following culture in vitro. (C) GFP‑fluorescence and (D) phase‑contrast 
images at high magnification. Scale bars: (A and B) 200 µm, (C and D) 20 µm. 
GFP, green fluorescent protein.

Figure 2. Spinal cord transection and acute injection of dermal papilla cells. 
(A) Pre-transplantation. (B) Post-transplantation. Scale bar=1.5 mm.

Figure 1. Isolation and cultivation of DPCs and BMSCs from GFP-transgenic rats, and expression of spinal cord injury repair-associated cytokines. (A-G) Isolation 
and cultivation of DPCs and BMSCs from GFP‑transgenic rats. (A) Direct GFP‑fluorescence and (B) phase‑contrast images demonstrated the morphological char-
acteristics of primary DPCs. (C and D) DPCs at passage 6. (E) Direct GFP‑fluorescence and (F) phase‑contrast images revealed the morphological characteristics 
of BMSCs. (G and H) BMSCs at passage 6. (I) Semi‑quantitative RT‑PCR analysis was performed to confirm the expression of NTFs, angiogenic factors and 
inflammation‑associated cytokines in DPCs. (J) RT‑qPCR analysis further revealed relative expression levels of NTFs, angiogenic factors and inflammation‑asso-
ciated cytokines in DPCs. *P<0.05, ***P<0.001, n=3. Scale bars=20 µm. BDNF, brain‑derived neurotrophic factor; BMSCs, bone marrow mesenchymal stem cells; 
CNTF, ciliary neurotrophic factor; DPCs, dermal papilla cells; FGF2, fibroblast growth factor 2; FLK1, vascular endothelial growth factor receptor 2; GDNF, 
glial cell line‑derived neurotrophic factor; GFP, green fluorescent protein; HGF, hepatocyte growth factor; IL‑1β, interleukin-1β; IL-6, interleukin-6; IL-10, 
interleukin-10; NGF, nerve growth factor; NTFs, neurotrophic factors; P, passage number; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; 
TGF-β1, transforming growth factor-β1; TNF-α, tumor necrosis factor-α; VEGFA, vascular endothelial growth factor A.
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the lesion sites of spinal cords transplanted with DPCs was 
greater than that observed in the BMSC-transplant group 
(Fig. 8), as determined by CD11b staining.

Behavioral testing. On days 0, 7, 14 and 21 post-transplantation, 
the BBB scores of the DPC-transplant, BMSC-transplant 
and control groups were all 0, indicating that no functional 
improvement occurred (data not shown).

Discussion

The combined data from the present and a previous study reveal 
that, similar to BMSCs, DPCs express and secrete various cyto-
kines and growth factors, which promote the reconstruction of 
a supportive microenvironment for neural regeneration in SCI 
lesion sites following transplantation (11). However, the thera-
peutic functions of DPCs were more favorable than BMSCs, 
which further indicated that DPCs may be a valuable alternative 
source of stem cells for autologous cell therapy to treat SCI.

Stem cells, which are self-renewing and highly multipotent, 
are potentially useful for repairing neuronal functions 
following SCI. According to previous reports, BMSC trans-
plantation is an effective method for treating SCI (15,16), but 
BMSCs must be isolated by aspiration, which is traumatic 

Figure 4. Survival and filling with DPC and BMSC grafts. Detection of the fluorescence intensity surrounding the lesion/graft site with a small animal‑imaging 
system on (A) day 14 and (B) day 21 post‑transplantation. (C and D) Low magnification overview of GFP (graft) and GFAP (host) immunolabeling on day 
21 post‑transplantation further revealed that (C) DPCs exhibited greater survival compared with (D) BMSCs. Scale bar=200 µm. BMSCs, bone marrow 
mesenchymal stem cells; DPCs, dermal papilla cells; GFAP, glial fibrillary acidic protein; GFP, green fluorescent protein.

Figure 5. Assessment of lesion areas. Hematoxylin and eosin staining 
was used to visualize the morphology of the lesion/transplant area in the 
(A) DPC-transplant group, the (B) BMSC-transplant group and the (C) control 
group. (D) Quantitative comparative analysis of lesion areas. P>0.05. Scale 
bar=500 µm. BMSCs, bone marrow mesenchymal stem cells; DPCs, dermal 
papilla cells.
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and painful (17). In addition, the percentage of BMSCs in the 
bone marrow decreases with age, as do their differentiation 
abilities (18). Conversely, DPCs can be isolated by directly 
removing hairs, which is a non-traumatic procedure, and 
hair follicles are renewable organs. Furthermore, hair under-
goes repeated cycles of growth (anagen phase), regression 
(catagen phase) and rest (telogen phase) throughout the lives 
of mammals (19,20). In addition, we previously demonstrated 

that DPCs, with partial properties of neural crest stem cells, 
secrete greater amounts of BDNF and GDNF compared with 
BMSCs (11). Thus, the abilities of DPCs to promote SCI repair 
in vivo were compared in the present study.

At present, numerous types of SCI models have been estab-
lished, including the impact-injury model, the crush-injury 
model, and the complete transection and aspiration-injury 
model (13,21,22). Among these, the complete transection and 

Figure 7. DPCs promote vascular regeneration around lesion sites. Immunofluorescence staining revealed that vascular regeneration (white arrows) around 
lesion sites of spinal cords transplanted with (A) dermal papilla cells was greater than that observed with the (B) bone marrow mesenchymal stem cell-transplant 
group and the (C) control group, as determined by CD31 staining. Scale bars=20 µm. CD31, cluster of differentiation 31; GFP, green fluorescent protein.

Figure 6. DPCs promote axonal outgrowth into the T8 vertebra complete transection site. Immunofluorescence staining revealed that axonal outgrowth into 
lesion sites of the spinal cord in the (A and B) DPC-transplant group was greater than that of the (C and D) BMSC-transplant group and the (E and F) control 
group, as determined by NF‑200 staining and analysis of GFP fluorescence. The right hand panel indicates higher magnification images of the left hand panel. 
White arrow, axonal outgrowth positive for NF‑200. Scale bars: 200 µm (A, C and E) and 27 µm (B, D and F). BMSCs, bone marrow mesenchymal stem cells; 
DPCs, dermal papilla cells; GFP, green fluorescent protein; NF, neurofilament.
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aspiration-injury model does not require expensive and compli-
cated equipment, and may be easily generated via relatively 
simple surgical process. Therefore, it has been widely used to 
study axonal regeneration and outgrowth at injury sites. For 
these reasons, this SCI model was selected for analysis in the 
present study.

Biomaterial scaffolds provide a bridge to connect lost 
tissues, an adhesion site for implanted or host cells, thus 
are widely used in the research of SCI repair via stem cell 
transplantation (23,24). Fibronectin, as a carrier of NTFs, has 
been reported to provide a suitable axon-growth environment 
within rat SCI sites (25); however, fibronectin is expensive 
and the solidity of the gel formed by mixing fibrinogen with 
thrombin is hard to control. Furthermore, the distribution 
of cells mixed with fibronectin is nonuniform. By contrast, 
collagen I possesses the properties of good biocompatibility, 
biodegradability and low immunogenicity, and has been 
widely used in tissue-regeneration research (26). In addition, 
particular concentrations of collagen I remain at a liquid state 
at 4˚C and form a solid scaffold of particular physical strength 
at 37˚C, which integrates well with peripheral tissue, exhibits 
good plasticity post-transplantation (27). This results in 
uniform distribution of the cells suspended with collagen for 
transplantation, provides mechanical support for transplanted 
cells and provides a highly porous network structure that 
allows for cell expansion, neurite extension, and transport 
of nutrients, all of which are essential for cell survival (27). 
Thus, collagen I served as a scaffold in the present study. 
Additionally, collagen I, as a promising three-dimensional cell 
culture scaffold, maintains the survival and migration ability 
of NPSCs under optimal conditions (0.5-0.75 mg/ml) (27). 
In the present study, it was also observed that the dispersion 
and nonuniform distribution of the cells transplanted was 
effectively avoided by using 2 mg/ml collagen I as scaffold.

Immediately following a traumatic event, the microen-
vironment of the spinal cord undergoes acute inflammation, 
which is unfavorable for the survival of transplants. This factor 
is almost always a barrier for cell-based therapy in the acute 
phase, but in the present study, the DPCs survived well in the 
lesion site of spinal cord, and the amount was greater than 
that of BMSCs. In addition, the number of macrophages infil-
trated in the DPC-transplanted group was greater compared 
with the BMSC-transplanted group. Based on the expression 
of inflammation‑associated cytokines (IL‑10 and TGF‑β1), 
which have important roles in regulating the polarization of 
pro‑inflammatory M1‑type macrophages into anti‑inflamma-
tory M2‑type macrophages (28,29), DPCs may have modified 
the inflammatory environment by regulating the conversion of 
M1 to M2 macrophages. The regulatory effects of DPCs on 
polarization of macrophages from M1 to M2 phenotype may 
be investigated in the future.

Liu et al (30) reported that nestin-positive dermal and 
bulge area cells may differentiate into neuronal and glial cells 
after transplantation to injured spinal cords. Conversely, DPC 
differentiation into neurons or astrocytes was not observed 
in the present study; the cell cultivation conditions used may 
have influenced the cellular differentiation ability. Generally, 
BMSCs are expanded via culturing in conventional mono-
layers. To confirm the therapeutic effect of DPCs on promoting 
SCI repair under the same culture condition used with 
BMSCs, DPCs were also expanded in monolayers, instead of 
in serum-free medium supplemented with epidermal growth 
factor and bFGF. Culturing DPCs in monolayers may have 
altered the differentiation abilities of nestin-positive NCSCs 
to differentiate into DPCs, thereby inhibiting their capacity 
for differentiation into neuronal and glial cells in SCI lesion 
sites. Furthermore, the results of the present study revealed 
that, similar to BMSCs, DPCs may also stimulate neural 
tissue regeneration, primarily via the secretion of numerous 
cytokines and growth factors. Although DPCs differenti-
ated into neurons, the rate of differentiation may not have 
been high enough to serve a crucial function during the repair 
of SCI.

The SCI environment tends to promote the astrocytic 
differentiation of neural stem cells (NSCs). Lu et al (25) 
reported that NSCs embedded into fibrin matrices containing 
BNDF and GDNF, which differentiated into numerous cellular 
phenotypes following transplantation into severe SCI sites 
and subsequently stimulated axonal outgrowth effectively. In 
a previous study by our group, DPCs actively secrete BDNF 
and GDNF compared with BMSCs, and notably induce 
the neuronal differentiation of PC12 cells and promote the 
outgrowth of neuritis (11). Thus, following transplantation, 
DPCs may secrete BDNF and GDNF to form a more benefi-
cial microenvironment for the repair of SCI lesions, which 
eventually promote axon sprouting.

In the present study, it was also observed that angiogenesis 
in the DPC-transplanted group was markedly pronounced. 
Based on the higher expression levels of angiogenic factor 
VEGFA in DPCs, the promotion of angiogenesis in the 
DPC-transplanted group may be due to the secretion of the 
VEGFA.

Additionally, histological repair was also observed, 
including enhanced lesion filling; more axons formed within 

Figure 8. Macrophage infiltration. Immunofluorescence staining revealed 
that macrophages infiltration surrounding lesion sites of spinal cords trans-
planted with (A and B) dermal papilla cells was greater than that observed 
in the (C and D) bone marrow mesenchymal stem cell-transplant group, 
as determined by CD11b staining. The right hand panel indicates higher 
magnification images of the left hand panel. Scale bars: (A and C) 200 µm, 
(B and D) 20 µm. CD11b, cluster of differentiation molecule 11b; GFP, green 
fluorescent protein.
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the lesion sites with DPC grafts; however, the axons did not 
completely develop into the lesion site so as to form axonal 
connections with the caudal end during the short observation 
period. Thus, the recovery of hindlimb motor function with 
BBB testing was not observed in either the DPC-transplant 
group or the BMSC-transplant group. In the future, the in vivo 
experimental period may be extended to 3-6 months to further 
examine cell fates, the formation of neural networks across 
sites of complete spinal transection and the recovery of motor 
functions.

In summary, the data of the present study demonstrated 
that DPCs promote greater tissue repair following complete 
SCI compared with BMSCs, including the promotion of 
neurite outgrowth and greater revascularization following 
the secretion of neurotrophic factors, angiogenic factors 
and inflammation‑associated cytokines. The findings of the 
present study suggest that these cells may be a promising 
resource for autologous cell therapy in the treatment of SCIs.
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