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Effects of skin-derived precursors on wound healing of
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Abstract: Denervated skin could result in impaired healing of wounds, such as decubitus ulcers and diabetic foot
ulcers. Other studies indicated that cutaneous fiber density is reduced after inner nerve transection and that neu-
ropeptide level depletes after denervation, leading to reduced cell proliferation around the wound and thus wound
healing problems. Recent studies have revealed that skin-derived precursors (SKPs), which form a neural crest-
related stem cell population in the dermis of skin, participate in cutaneous nerve regeneration. We hypothesized
that injecting SKPs into denervated wound promotes healing. A bilateral denervation wound model was established
followed by SKP transplantation. The wound healing rate was determined at 7, 14, and 21 d after injury. Cell pro-
liferation activity during wound healing was analyzed by proliferating cell nuclear antigen immunohistochemistry
(IHC). Nerve fiber density was measured by S-100 IHC. The contents of nerve growth factor, substance P, and calci-
tonin gene-related peptide were examined by enzyme-linked immunosorbent assay. The rate of epithelization in the
SKP-treated group was faster than that in the control group. Wound cell proliferation and nerve fiber density were
obviously higher in the SKP-treated group than in the control group. In addition, the content of neuropeptides was
higher in the SKP-treated group than in the control group during wound healing. In conclusion, SKPs can promote
denervated wound healing through cell proliferation and nerve fiber regeneration, and can facilitate the release of
neuropeptides.
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Introduction

In recentyears, the incidence of chronic wounds
with injury to peripheral nerves has increased.
Wound healing is delayed in denervated
wounds. Skin biopsies revealed that the densi-
ty of axons in the epidermis and dermis
decreases after axotomy [1]. Refractory wound
healing in diabetic patients is associated with
diabetes-induced impairment in peripheral
nerves. The mechanism behind this phenome-
non is unknown but may be related to the lack
of innervation in these wounds. Wound healing
is a complicated process consisting of three
main phases, namely, inflammation, connec-
tive tissue deposition, and remodeling, each of
which is impaired by nerve injury. Some studies
reported that sensory innervation is crucial in
normal wound healing because partial dener-

vation results in enlarged wound and delayed
re-epithelialization [2-4]. Moreover, denervated
wounds have significantly lower inflammatory
cells, particularly macrophages [5]. Some stud-
ies suggested that neuropeptides released
from sensory nerves participate in wound heal-
ing. Denervation alone decreases the level of
nerve growth factor (NGF), a neurotrophic fac-
tor required for nociceptor nerve ingrowth into
wound tissue [6]. Moreover, denervated tissue
demonstrates reduced microvascular respons-
es because of the denervation-evoked desensi-
tization of vascular smooth muscle. Reduction
in these responses may delay wound healing
[7].

The principal treatment strategies for dener-
vated wounds include early debridement, pres-
sure therapy, and hyperbaric oxygen treatment.
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However, some studies have revealed that
stem cells can be used for the repair of wounds,
even denervated wounds. On the one hand,
epithelial homeostasis depends on the pres-
ence of stem cells that participate in wound
repair [8-11]. On the other hand, capsaicin
denervation impairs stem cell progeny egress
from hair follicles, a circumstance associated
with epidermal activation [12]. These findings
imply that sensory innervation is crucial in the
modulation of stem cell physiology during
wound healing.

Skin-derived precursors (SKPs) form a novel
population of neural crest-derived precursors
originated from cells residing within the mesen-
chymal compartments (the dermal sheath and
the dermal papilla) of hair follicles [13]. SKPs
have neural and mesodermal lineage potencies
and may differentiate into lipocytes, smooth
muscle cells, glial cells, osteocytes, chondro-
cytes, and neurons in vitro [14-16]. Basing on
the capability of SKPs to differentiate into neu-
rons and glial cells, researchers have applied
SKPs in the repair of injured nerves. Results
showed that SKPs transplanted into the demy-
elinated brain of neonatal shiverer mice can
generate Schwann cells that myelinate axons in
the central nervous system (CNS). SKPs are a
highly accessible source of myelinating cells for
the treatment of nervous system injury, con-
genital leukodystrophies, and demyelinating
disorders [17, 18]. Moreover, transplanted
SKPs survive in the brain and work as dopami-
nergic neuronal cells that effectively produce
dopamine to improve Parkinson disease-like
symptoms [19]. Given their ability to generate
potentially autologous Schwann-like cells that
could survive within the environment of injured
nerve, SKPs show promise in improving the
regeneration of chronically injured nerves [20].
Recently, Chen et al. [21] have demonstrated
that SKPs are neurotropic to injured nerves and
that they can differentiate into Schwann cells to
myelinate regenerating axons during cutane-
ous nerve regeneration. Our previous study
revealed that SKPs and hyaluronic acid com-
plexes can accelerate and promote wound
healing in diabetic rats [22]. In addition, SKP
may participate in wound healing when SKPs
are still detectable in the hair papillae and whis-
ker follicles until 4 weeks after cell transplanta-
tion [23]. These observations are consistent
with the idea that SKPs promote cutaneous
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wound healing and produce progenitors for
cutaneous nerve regeneration.

In the present study, we made denervated skin
areas on nude mouse by dissection of the spi-
nal hemicord [3] and then delivered SKPs into
the cutaneous wound. During wound healing,
the SKP-treated wounds demonstrated superi-
or histological recovery and nerve fiber regen-
eration than the control-treated wounds. These
results suggest that SKPs have promising func-
tions for the tissue regeneration of denervated
cutaneous wounds.

Materials and methods

Kunming mice aged 1 d to 3 d (specific patho-
gen-free) and 60 BALB/C-nu (nude mice) aged
6 weeks to 8 weeks were purchased from the
Experimental Animal Center of Sun Yat-Sen
University. All animal procedures were approved
under the guidelines of the ethics committee of
the first affiliated hospital of Sun Yat-Sen
University.

Cultivation of SKPs

SKPs were isolated as previously reported [16,
24]. The Kunming mice were immersed in 75%
ethanol for 5 min before sacrificing. The skins
on the abdomen and dorsal torso were
obtained, and the subcutaneous tissues were
removed. The skins were cut into 2 mm? to 3
mm? pieces, washed thrice in Hank’s balanced
buffered saline (HBSS; GIBCO BRL, Rockville,
MD), and then digested with 0.1% trypsin at
37°C for 40 min and with 0.1% DNase at room
temperature for 1 min. Digestion was terminat-
ed by Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (GIBCO BRL). The skins were
washed once with trypsin neutralizing solution
(Cell Applications, San Diego, CA), and then
centrifuged at 1,200 rpm/min for 10 min. The
supernatant was removed, and the precipitants
were washed twice with DMEM/F12. The skin
pieces were mechanically dissociated and
passed through a 200 mesh cell strainer. The
filtrate was centrifuged at 1,200 rpm/min for
10 min, and the pellets were resuspended in
10 ml of DMEM/F12 supplemented with 2%
B27 (GIBCO, BRL), 20 ng/ml epidermal growth
factor (Peprotech EC LTD, London, UK), and 40
ng/ml basic fibroblast growth factor (Peprotech
EC LTD, London, UK). The cells were cultured in
25 cm? tissue culture flasks (Corning) ina 37°C,
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Figure 1. (A, B) exposed posterior spinal cord. The right posterior spinal cord at T9 was placed under traction using
string after which the nerve was dissected to create a denervated skin (A). Two 5 mm full-thickness excisional skin
wounds were created on denervated regions of the mouse dorsum (B).

5% CO, tissue-culture incubator. To facilitate
the passage of floating clusters of cells, medi-
um containing spheres was centrifuged, the
pellet was mechanically dissociated with a fire-
polished Pasteur pipette, and the cells were
reseeded in fresh medium containing B-27 and
the above-mentioned growth factors. The cells
were passaged every 6 d to 7 d. For transplan-
tation, the cultured SKPs were centrifuged, the
growth factor-containing supernatant was
removed, and the spheres were resuspended
to 2 x 108 cells/ml in HBSS.

Surgical methods and experimental groups

The nude mice were fasted for 24 h and anes-
thetized by intraperitoneal injection of 50 mg/
kg sodium pentobarbital. Then, denervated
cutaneous defects were made as previously
described [3]. Briefly, a midline incision was
made at the 13™ costovertebral angle (2 cm in
length). The skins and subcutaneous tissues
were separated, and the T9 to L1 vertebrae
were exposed (Figure 1A). The nerve roots
were exposed bilaterally, the nerve approxi-
mately 0.5 cm in length was transected distal
to the point of trifurcation, and the wound was
closed. After recovery from anesthesia, the
mice were stimulated with a needle at the
wound site, and no response indicated suc-
cessful nerve resection. After 2 d, these mice
were re-anesthetized with sodium pentobarbi-
tal. In the denervated skins, two 5 mm full-
thickness excisional skin wounds were created
on each side of the midline (Figure 1B). The
nude mice with denervated wounds were ran-
domly divided into two groups (n = 30 per

2662

group). In the SKP-treated group, 1 x 10° SKPs
in 50 pyl HBSS were injected intradermally
around the wound at four injection sites. The
mice in the control group were injected with 50
ul of HBSS. The wounds were covered with
semi-occlusive dressings (Tegaderm; 3 M
Health Care, St. Paul, Minnesota). The animals
were housed individually. We tested the adhe-
sive on the mouse skins prior to this experi-
ment and did not observe any skin irritation or
allergic reaction.

Wound analysis

Wound analysis was made as described previ-
ously [25]. Digital photographs of wounds were
taken at days 7, 14, and 21. The wound area
was measured by tracing the wound margin
and calculated using an image analysis pro-
gram (NIH Image). Immediately after the wound
was made, the wound area was recorded as the
initial area, and the remaining area of unhealed
wound was determined at different time points.
Area of healed wound = initial area - area of
unhealed wound. Wound healing rate = [area of
healed wound/initial area] x 100. Time to
wound closure was defined as the time at which
the wound bed was completely re-epithelial-
ized. Analysis was performed with Image-Pro
Plus 6.0 software (Media Cybernetics, MD,
USA). The investigators who measured the
samples were blinded to the groupings and
treatments. The mice were sacrificed at days 7,
14, and 21, at which times skin samples includ-
ing the wound and 4 mm of the surrounding
skin were harvested using a 10 mm biopsy
punch for enzyme-linked immunosorbent assay
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Table 1. The percentage of wound healing after treatment

(%)

peroxidase activity was inactivated
with 3% hydrogen peroxide for 10

days post-wound

min. The sections were incubated

rou wounds
group 7 14

21

with antibodies against PCNA (prolif-

SKPs 20
control 20 15.32+2.65 69.36+3.72

15.65 £ 2.34 87.42 +6.63" 100.00 + 0.00*
80.52 +3.21

erating cell nuclear antigen, B-subunit,
mouse 1:500; Sigma Aldrich, St.

Each values is the mean + SE of 20 wounds. *P < 0.05.

(ELISA), histological, and immunohistochemical
(IHC) analyses. Briefly, the samples were bisect-
ed into two halves. One half was immediately
frozen for ELISA, and the other was fixed in 10%
paraformaldehyde, embedded in paraffin, and
cut into 7 um sections for IHC analysis.

ELISA measurements

ELISA was performed as previously described
[26]. Briefly, the cutaneous wound tissue of the
mice was dissected, weighed, frozen immedi-
ately in liquid nitrogen, and then stored at
-80°C until further processing. Liquid nitrogen-
frozen wound tissue was pulverized in a dis-
membrator (B. Braun Biotech International,
Allentown, PA, USA) to determine the contents
of substance P (SP) and calcitonin gene-related
peptide (CGRP). SP and CGRP were sequential-
ly extracted from the pulverized tissue samples
and then subjected to liquid/liquid extraction
with petroleum ether (Aldrich Chemical CO.,
Inc., Milwaukee, WI, USA) to remove lipids. The
homogenates were centrifuged at 2000x g for
10 min, and the supernatants were lyophilized.
The contents of SP and CGRP were determined
using SP and CGRP ELISA kits (Peninsula, St.
Helens, Merseyside, UK), respectively, accord-
ing to the manufacturer’'s protocol. NGF was
also extracted from the pulverized tissue sam-
ples using a phosphate buffer (100 nM, pH 7.4)
containing 0.4 M NaCl, 0.5% bovine serum
albumin, 0.1 mM benzethonium chloride, 0.1
mM phenylmethylsulphonyl fluoride, 10 mM
ethylenediaminetetraacetic acid, and 10 U/ml
aprotinin. The content of NGF was measured in
an NGF E__ TM ImmunoAssay System accord-
ing to the manufacturer’'s protocol (Promega,
Mannheim, Germany). The resulting tissue pel-
lets were vacuum-dried, and their dry weight
was determined to quantitate protein levels.

IHC analysis
The slides were treated with xylene for deparaf-

finization and with gradient alcohol for deben-
zolization and then rehydrated. Endogenous
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Louis, MO) or S-100 (mouse 1:500;
Sigma Aldrich, St. Louis, MO) at 4°C
overnight and then washed with
phosphate-buffered saline (PBS). Subsequently,
the sections were sequentially treated with bio-
tin-conjugated secondary antibodies and SP
complex for 20 min. The substrates were
added, and color development was performed
with diaminobenzidine for 5 min. After the
slides were washed with water, the sections
were counterstained with hematoxylin, dehy-
drated in gradient alcohol, and then cleared in
xylene. The slides were mounted with Permount
and then observed under a light microscope. In
the negative controls, the primary antibody was
replaced with PBS, and all other procedures
were the same as those aforementioned.

The percentages of PCNA-positive nuclei were
determined by counting the numbers of PCNA-
positive nuclei and total nuclei in five random
fields per section using an image analysis pro-
gram (NIH Image). Four successive sections per
wound were analyzed. The number of intraepi-
dermal nerve fibers was counted based on
S-100-positive cells. For each section, areas
with high levels of PCNA expression were found
at low magnification (40x), and five fields in
each section were randomly selected at high
magnification (400x). A total of 100 epithelial
cells and the number of PCNA-positive cells
were counted followed by averaging. The per-
centage of PCNA-positive cells was calculated.
For each section, areas with high levels of
S-100 expression were found at low magnifica-
tion (40x%), and five fields in each section were
randomly selected at high magnification (200x).
The number of S-100-positive cells was count-
ed, and then the percentage of S-100-positive
cells was calculated.

Statistical analysis

Data were presented as x + s, and SPSS13.0
statistical software was used for analysis. One-
way ANOVA was used for comparisons between
groups. A value of P < 0.05 was considered to
indicate statistical significance. Graphics were
performed with the Photoshop CS3.
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Figure 2. PCNA expression of IHC analysis in wound of SKP-treated (A-D) and control (E-H) nude mice. Photomicro-
graphs were obtained on post-wound day 7 (A, E), 14 (B, F), 21 (C, G) and 28 (D, H). Scale bar in h 100 um for all
panels. (1) Comparison of the percentage of PCNA expression between SKP-treated and control groups at different
post-wound days. ##P < 0.01, comparison between SKP-treated and control groups; #P < 0.05, comparison be-

tween SKP-treated and control groups.

Results
Skin and wound morphology

At 7 d after injury, granulation tissue was
observed in both groups accompanied by newly
generated epithelia. The wound area was
decreased. There is no significant difference
between two groups in epithelialization, with no
apparent wound swelling and only a mild inflam-
matory response. At 14 d after SKP treatment,
Wound healing rate was 87.42 + 6.63 in SKP-
treated group, with mild wound contraction.
Granulation tissue in the control group was
fresh. The wound base was lightly red, and the
wound margin was clear and accompanied by
newly generated epithelia and wound contrac-
tion. At 21 d after SKP treatment, complete
wound healing was noted in SKP-treated mice,
and wound contraction was more profound in
the control group than in the SKP-treated

group.
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SKPs significantly promote wound healing

The wound healing rates at 7 d after SKPs
treatment were 18.87% *+ 3.22% and 15.32% *
1.74% in the SKP-treated and control mice,
respectively (P < 0.05). The wound healing
rates at 14 d after treatment in the SKP-treated
and control groups were 100.00% + 0.00% and
72.35% + 3.20%, respectively, suggesting that
the wound healing rate significantly increased
in the SKP-treated group (P < 0.05). Complete
wound healing was observed at 21 d in the con-
trol group (Table 1).

Changes in PCNA expression during wounding
healing

The amount of PCNA in the wound was mea-
sured using IHC to test the difference in PCNA
expression during wound healing with or with-
out SKPs. As shown in Figure 2, PCNA-positive
cells were yellow-brown. At 7 d after SKP treat-
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Figure 3. S-100 expression of IHC analysis in wound of SKP-treated (A-D) and control (E-H) nude mice. Photomicro-
graphs were obtained on post-wound day 7 (A, E), 14 (B, F), 21 (C, G) and 28 (D, H). Scale bar in h 100 ym for all
panels. (I) Comparison of the percentage of S-100 expression between SKP-treated and control groups at different
post-wound days. ##P < 0.01, comparison between SKP-treated and control groups; #P < 0.05, comparison be-

tween SKP-treated and control groups.

ment, positive cells were mainly found in the
basal cell layer, spine cell layer, and granule cell
layer of the epidermis and in the fibroblasts of
the dermis. At 14 d, positive cells mainly lie in
the stratum germinativum. Moreover, the PCNA
expression level of the SKP-treated group was
obviously higher than that of the control group
at days 14 (P < 0.01) and 21 (P < 0.05). The
PCNA expression level peaked in the control
group at 21 d. However, the levels of PCNA were
markedly greater in the SKP-treated group than
in the control group and then peaked at day 14,
indicating that the proliferation rate decreased
during wound healing.

Changes in S-100 expression during wound
healing

Cells with S-100 expression were yellow-brown

and mainly located around the vessels in the
dermis. Beaded or wave-like small nerve
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branches were noted. The number of S-100
positive nerves significantly increased in SKP-
treated group; the nerves in this group were
straight and large. The expression of S-100 at
days 14, 21, and 28 was markedly higher in
SKP-treated group than in the control group.
The density of S-100-positive nerves peaked in
both groups (Figure 3).

NGF, SP, and CGRP levels are elevated in the
SKP engraftment site

NGF, SP, and CRGP were quantified by ELISA to
evaluate the level of neuropeptides in wounds.
The content of NGF increased at day 7 and then
declined at day 21. The contents of SP and
CGRP showed similar increasing and decreas-
ing trends during wound healing. The contents
of NGF, SP, and CRGP in the SKP-treated group
were significantly higher than those in the con-
trol group at days 14, 21, and 28. No significant

Int J Clin Exp Pathol 2015:8(3):2660-2669



SKPs repair denervated wound

>

400 r

360 r

#a
#

320

w8

280

240

200 L 2

14 21

days post-wound

concentration of NGF, pgl/mg

W

300

concentration of SP, pgl/mg

7 14 21 28

days post-wound

o

170

150

130 i

110

90

concentration of CGRP, pgl/mg

50 L 1 L

nn

dependent. On the one hand,

fetal cutaneous regeneration

may be driven by the periph-

eral nerve. On the other hand,

denervation disrupted both

= SKPs epidermal wrinkle regenera-
= control tion and dermal regeneration
at distinct developmental sta-
ges [27]. Denervated wounds,
including decubitus ulcers
and diabetic foot ulcers, are
difficult to heal. In addition,
minimal improvement has
been obtained in promoting
wound repair in the past few
decades. The best available
treatment for denervated wo-
unds achieves only a 50%
healing rate that is often tem-
porary [28]. The development
of innovative treatments to
enhance wound healing and
regeneration is needed. Re-
search has shown that stem
cell transplantation can pro-
mote the repair of peripheral
nerve trunks and partly facili-
tate the functional recovery of
organs innervated by injured
nerves. To date, little is known
about the biological behavior
and activity of stem cells in
= SKPs denervated wounds and abo-

= control ut the effects of stem cell
therapy on denervated wound

healing. In the present study,
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Figure 4. ELISA analysis of wound tissue for concentration of NGF (A), SP

promoting re-epithelialization,
cell proliferation, neuropep-
tide secretion, and nerve
regeneration.

(B), and CGRP (C). Comparison of the concentration of NGF (A), SP (B), and

CGRP (C) between SKP-treated and control groups at different post-wound
days. ##P < 0.01, comparison between SKP-treated and control groups; #P
< 0.05, comparison between SKP-treated and control groups.

differences in the contents of the three neuro-
peptides were observed between the SKP-
treated and control groups (Figure 4).

Discussion

Components of fetal cutaneous regeneration
and peripheral nerve regeneration are mutually
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We used a denervated cuta-
neous wound model to assess
the effect of SKPs in dener-
vated wounds [3, 29]. The
results of the present study indicate that
implantation of SKPs significantly promotes
wound healing. In the peripheral nerves, S-100
is mainly located in the perineurium and the
cytoplasm and membrane of Schwann cells.
The increased expression of S-100 during neu-
rogeneration suggests the importance of
Schwann cells in this process. In the present

Int J Clin Exp Pathol 2015;8(3):2660-2669
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study, the regeneration of axons in the skin was
gradually achieved during wound healing,
accompanied by a gradual increase in the
expression of S-100. The expression of S-100
in the SKP-treated mice was dramatically high-
er than that in the control mice. We postulated
that SKPs are implicated in the repair of injured
nerves in the wound area. Consistent with our
findings, SKPs have been recently shown as a
physiologic source of progenitors for cutaneous
nerve regeneration in the skin [21]. With
respect to the functions of these regenerated
nerves, more studies are needed and an ani-
mal model with favorable skin sensitivity and
reactivity is required.

Currently, the mechanisms underlying the
regeneration of damaged nerves in the skin
remain unclear. Repair can be achieved by the
extension of residual axons and/or by the prolif-
eration and differentiation of local stem cells.
Therefore, wound repair and neuroregeneration
can be achieved when the environment is ben-
eficial for the extension of residual axons and/
or stem cell differentiation into neurons. Recent
studies have suggested that the neuropeptides
released from cutaneous nerve fibers, such as
NGF, SP, and CGRP, participate in wound heal-
ing [5, 30-32]. These findings might be associ-
ated with the neuropeptides secreted after
SKP transplantation in the present study. With
the stimulation of these factors, SKPs can dif-
ferentiate into neurons and/or glial cells, which
guide neuroregeneration. Moreover, the results
of the PCNA immunohistochemical assay sug-
gest that these neuropeptides may be impor-
tant for the proliferation of epidermal and der-
mal cells. Inthe present study, the PCNA-positive
cells were primarily found in the actively prolif-
erating epithelial cells and fibroblasts. The
expression of PCNA was significantly higher in
the SKP-treated mice than in the control mice.
This result can be attributed to neurotrophic
factors directly or indirectly secreted by the
SKPs, which promote epithelial proliferation
and accelerate epithelialization, resulting in
wound healing.

Compared with other types of adult stem cells,
SKPs are widely distributed and easy to harvest
with minimally invasive techniques. The pres-
ent study investigated the process of denervat-
ed wound healing. Thus, this study may serve
as an experimental basis for the treatment of
pressure ulcers in paraplegic patients as well
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as other chronic wounds. The results of this
study suggest that SKPs are an alternative
source of stem cells for denervated wound
reconstruction. However, the mechanism by
which regenerated nerve fibers increase neuro-
peptides remains unknown. Therefore, the
association observed in this study needs to be
verified in future studies.
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