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W ith the advent of new concepts such as 
perforator flaps, tissue defects can be re-
constructed with flaps from various sites, 

depending on the nature of the defects. As a next 
step, reconstruction with an emphasis on not only 
shape but also functionality, such as sensation, is 
desired. Sensory recovery of skin flaps is often very 
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Background: Sensory recovery of skin flaps is generally poor unless they 
are elevated as an innervated flap. The aim of this study was to elucidate if 
Schwann cell (SC)-like cells differentiated from adipose-derived stem cells 
(ASCs) could improve the cutaneous nerve regeneration in skin flaps.
Methods: Microvascular island groin flaps were elevated bilaterally in 32 
Lewis rats. On the right flap, the epigastric nerve was resected and ligated 
(noninnervated flap), and on the left flap, the nerve was crushed (inner-
vated flap). ASCs, SC-like cells differentiated from ASCs (dASCs), SCs, or 
vehicle were simultaneously injected to the dermal and hypodermal layers 
of flap. After 20 weeks, the reinnervation pattern of flap was assessed im-
munohistochemically using a neuronal marker, PGP9.5.
Results: dASC cultures produced significantly higher amount of nerve 
growth factor and brain-derived neurotrophic factor compared with ASC 
cultures (P < 0.01), and the level was comparable to that of SC cultures. Al-
though a long-term survival of the transplanted cells was not found, dASCs 
and SCs significantly increased reinnervation density in the periphery of 
both types of flaps (P < 0.05), and this effect was more pronounced in 
noninnervated flaps. On the other hand, ASC transplantation showed no 
statistically significant effect on the peripheral reinnervation (P > 0.05). 
In the center of flap, there was no statistically significant increase in rein-
nervation density in all groups irrespective of flap innervation (P > 0.05).
Conclusions: dASCs could improve flap reinnervation by 2 mechanisms: 
First, neurotrophic factors produced by dASCs facilitated regrowth of cu-
taneous axons from the surroundings of flap. Second, nerve growth factor 
released by dASCs induced the collateral sprouting of undamaged axons 
in adjacent tissues. In addition to the use of innervated flaps, dASC trans-
plantation therapy could be a new approach to improve the sensory re-
covery of skin flaps. (Plast Reconstr Surg Glob Open 2013;1:e22; doi:10.1097/
GOX.0b013e318299134d; Published online 13 June 2013.)
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poor unless they are elevated as an innervated flap.1 
Although many innervated flaps have been reported 
so far,2,3 not all flaps can be elevated as an innervat-
ed flap for anatomical reasons. In such cases, treat-
ments with a different approach would be needed to 
further improve the sensation of transferred flaps.

Schwann cells (SCs) are one of the most potent 
supporting cells for nerve regeneration, which 
provide a bridge across the injured nerve stumps 
and a number of neurotrophic factors.4,5 For that 
reason, transplantation of SCs has been extensively 
investigated as a potent therapeutic option in various 
nervous disorders such as spinal cord injury.5 We 
therefore hypothesized that SC transplantation could 
be a therapeutic intervention to improve the cutaneous 
nerve regeneration into skin flaps. However, SCs 
have limited clinical application due to the need of 
a painful biopsy and a lengthy cell expansion in vitro. 
Therefore, alternative sources of easily accessible and 
rapidly expandable cells would be needed.

Over the past decade, human adipose-derived 
stem cells (ASCs) have been identified as a source 
of multipotent cells,6 which can be easily harvested 
from the abundant subcutaneous fat tissue by small 
biopsies or conventional liposuction procedures. 
Importantly, we recently reported that ASCs could 
also transdifferentiate into SC-like cells (dASCs) un-
der specific conditions.7,8 The rat and human dASCs 
produce neurotrophic factors such as nerve growth 
factor (NGF) at a level comparable to or even great-
er than SCs.9–11 Furthermore, when these cells were 
transplanted into the peripheral nerve, they could 
take an active part in the axonal regeneration, there-
by myelinating the regenerating axons.8,11 The aim 
of the present study was to elucidate if dASC and 
SC transplantation could improve the reinnervation 
of skin flaps. The effects of cell transplantation on 
the pattern of reinnervation were determined us-
ing noninnervated and innervated groin island flap 
models in rats. We used a well-established neuronal 
marker, protein gene product 9.5 (PGP9.5), for im-
munohistochemical analysis.12

MATERIALS AND METHODS
All procedures conformed to the Declaration of 

Helsinki and were approved by the Institutional Ani-
mal Care and Use Committee of Osaka University.

Isolation and Culture of ASCs
The Lewis based green fluorescent protein (GFP) 

rats [LEW-Tg(CAG-EGFP)1Ys]13 were provided by 
National Bio Resource Project-Rat with support, in 
part, by the National Bio Resource Project of the 
Ministry of Education, Culture, Sports, Science and 
Technology, Japan. ASCs were isolated as previously 

described.7 Briefly, inguinal subcutaneous fat was en-
zymatically dissociated for 60 minutes at 37°C using 
0.15% collagenase type I (Invitrogen). The solution 
was passed through a 70-μm filter to remove undis-
sociated tissue, neutralized by the addition of stem 
cell growth medium (minimal essential medium con-
taining 10% fetal bovine serum) and centrifuged for 
5 minutes. The stromal cell pellet was resuspended 
in growth medium. Cultures were maintained at sub-
confluent levels in an incubator at 37°C with 5% CO2.

Differentiation of ASCs into dASCs
ASCs were differentiated into dASCs as previously 

described7 using Her-β instead of glial growth factor 
2. Briefly, subconfluent ASCs at passage 2 were cul-
tured in growth medium containing 1 mM 2-mercap-
toethanol (Sigma) for 24 hours. The cells were then 
washed and given fresh medium supplemented with 
35 ng/ml all-trans-retinoic acid (Sigma). After 72 
hours, the cells were washed and the medium was re-
placed with differentiation medium: growth medium 
supplemented with 5 ng/ml platelet-derived growth 
factor (PeproTech), 10 ng/ml basic fibroblast growth 
factor (PeproTech), 5.7 μg/ml forskolin (Sigma), 
and 200 ng/ml recombinant human heregulin-β1 
(HRG-β1; R&D Systems). The cells were incubated 
for 14 days to achieve full differentiation while the 
medium was changed every 3 days.

Isolation and Culture of SCs
Sciatic nerves were harvested from the transgenic 

GFP rats. After removing the epineurium, the nerves 
were cut to 1-mm segments. The segments were 
cultured in a Petri dish with SC growth medium 
(Dulbecco's modified eagle medium containing 10% 
fetal bovine serum, 4.1 μg/ml forskolin, and 100 ng/
ml HRG-β1) at 37°C with 5% CO2. Two weeks later, 
the medium was aspirated, and 0.0625% collagenase 
type IV and 0.585 U dispase were added to the dish. 
After 24-hour incubation, the cell suspension was 
filtered through a 70-μm cell strainer, followed by 
centrifugation for 5 minutes. Finally, the cell pellet 
was resuspended in SC growth medium and plated 
in 25 cm2 flask coated with poly-d-lysine. At conflu-
ence, the remaining fibroblasts were removed by an 
antibody complement method.14

Animal Experiments
Thirty-two female Lewis rats (weighing 200–250 g) 

were anesthetized by intraperitoneal injection of a 
mixture of medetomidine (0.15 mg/kg), midazolam 
(2 mg/kg), and butorphanol (2.5 mg/kg). After 
the animals’ lower abdomens were shaved, oblique 
3.5 cm × 2.5 cm groin island flaps based on superficial 
epigastric vessels were raised bilaterally. Under the 
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operating microscope, the vascular trunk and the 
epigastric nerve were separated. On the right-hand 
side, a 1-cm segment of the nerve was resected and 
the proximal nerve stump was ligated with 9-0 nylon 
(Fig. 1A, left). On the contralateral side, the nerve 
was crushed with type 5 watchmaker forceps for 30 
seconds at a point 1 cm proximal to the insertion to 
the flap and was left to regenerate (Fig. 1A, right). 
Immediately after the nerve injury, GFP-tagged ASCs, 
dASCs, or SCs (3 × 106 cells in 500 μl of serum-free 
medium) were transplanted to the periphery and 
the center of the bilateral flaps via intradermal and 
subcutaneous injection using a 26-gauge needle and 
1-ml syringe (Fig.  1B). All flaps were then sutured 
back to their original sites with 4-0 nylon. Each 
group included 8 rats (ie, 8 noninnervated flaps and 
8 innervated flaps for each cell type), and another 

8 rats in which only medium was injected were used 
as control group. These experimental groups are 
summarized in Table 1.

After 20 weeks, the animals were killed by a le-
thal dose of intraperitoneal pentobarbital, and skin 
specimens were harvested from a lateral peripheral 
site and a central site of the flap for immunohisto-
chemistry (Fig.  1C). Unwounded abdominal skins 
were also taken from 8 rats as control specimens.

For short-term follow-up, 4 rats were additionally 
used for each cell type (12 rats in total) and were 
killed at 3, 7, 14, or 28 days postoperatively.

Immunohistochemistry
The harvested tissue was fixed in 4% 

paraformaldehyde and cryoprotected in 30% sucrose 
phosphate buffered saline. Then, the specimens 

Fig. 1. A , In bilateral microvascular groin island flaps, the epigastric nerve was resected 
and ligated proximally (noninnervated flap model, left) or crushed with microforceps (in-
nervated flap model, right). B, GFP-labeled ASCs, dASCs, or SCs were injected to the flaps. 
C, After 20 wk, skin specimens were harvested from the periphery (“P” label) and the center 
(“C” label) of flaps.
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were embedded in optimal cutting temperature 
compound (Tissue Tek) and cryosections (14 μm) 
were cut. Background staining was blocked using 
normal animal serum for 1 hour at room temperature 
and sections were then incubated at 4°C overnight 
with rabbit anti-PGP9.5 (1:500; DAKO, Denmark) 
and chicken anti-GFP (1:500; Molecular Probes, 
Invitrogen) antibodies.

The sections were washed 3 times, and Alexa 
fluor 555-labeled anti-rabbit IgG and Alexa fluor 
488-labeled anti-chicken IgG antibodies (1:1000, 
Molecular Probes, Invitrogen for each) were added 
for 1 hour at room temperature. After washing 3 
times, the cells were mounted and observed under a 
fluorescence microscope (Olympus BX51). For anal-
ysis of reinnervation density, images were captured 
from 3 serial sections using a digital camera (Olym-
pus DP80) and analyzed using an automated meth-
od of quantifying the PGP9.5-positive area in each 
field of view with digital image analysis program Im-
ageJ (public domain). Artifacts such as hair follicles 
were digitally deleted before analysis. Reinnervation 
density was calculated as percentage PGP9.5-positive 
area per total skin area, and the mean values of 3 sec-
tions were reported.

Western Blotting
After removing the culture medium, ASCs, 

dASCs, or SCs were washed once with phosphate 
buffered saline and lysed in tissue protein extrac-
tion reagent (Pierce) containing protease inhibi-
tor cocktail (Roche Biochemicals). Then the lysates 
were clarified by centrifugation at 13,000g for 10 
minutes at 4°C, and 25 μg protein was prepared per 
sample. The proteins were separated on SDS-poly-
aclylamidegel electrophoresis and transferred to 
polyvinylidine fluoride membranes by iBlot Dry Blot-
ting System (iBlot device and iBlot Transfer Stack, 
Invitrogen). The membranes were incubated in tris 
buffered saline containing 5% skim milk and 0.05% 
Tween-20 for 60 minutes and blotted with primary 
antibodies at 4°C overnight. The primary antibod-
ies used were rabbit anti-S100 (1:500; DAKO), rabbit 
anti-p75 (1:500; Promega), mouse anti-GFAP (glial 

fibrillary acidic protein) (1:200; Thermo Scientific, 
Japan), and mouse anti-glyceraldehyde-3-phosphate 
dehydrogenase (1:1000; Santa-Cruz Biotechnology). 
Following 5 × 5 minute washes, the membranes were 
incubated for 1 hour with anti-mouse or anti-rabbit 
horseradish peroxidase-linked secondary antibody 
(1:2000, Cell Signaling Technology). The mem-
branes were washed as described previously, and 
the reaction products were visualized by detection 
of chemiluminescence using enhanced chemilumi-
nescence Western Blotting Detection System (GE 
Healthcare).

Enzyme-linked Immunosorbent Assay
ASCs, dASCs, or SCs were plated at 2 × 105 in 800-

μl medium (n = 3) in a 12-well plate. At 48-hour 
culture, conditioned medium was aspirated and 
measured for NGF and brain-derived neurotrophic 
factor (BDNF) by the Emax ImmunoAssay System 
(Promega) according to the manufacturer’s instruc-
tions. The absorbance was measured at 450 nm using 
a microplate reader, and the amount of each neuro-
trophic factor (pg/ml) was calculated against a stan-
dard curve.

Statistical Analysis
One-way analysis of variance (ANOVA) was used 

to test the statistical significance of group differenc-
es in the results of enzyme-linked immunosorbent 
assay (ELISA) and the reinnervation density in the 
periphery or in the center of flaps. Two-way ANOVA 
was used to test the significance of group differences 
in the overall reinnervation density. Post hoc pairwise  
comparisons between individual groups were made 
using the Tukey-Kramer test. A 0.05 significance lev-
el was used for statistical tests. All data are expressed 
as mean ± standard errors of the mean.

RESULTS

Characterization of Stem Cell Properties
Rat subcutaneous adipose tissues were harvested 

and stromal cell fractions were isolated and cul-
tured on flasks. Cultures were routinely tested for 
their multilineage differentiation potential as pre-
viously described.7 Cultures were then sequentially 
treated with 2-mercaptoethanol, retinoic acid, and 
a mixture of growth factors containing basic fibro-
blast growth factor, platelet-derived growth factor, 
and HRG-β1 plus forskolin, which has been used 
in the differentiation of the rat mesenchymal stem 
cells along a SC lineage.15 After addition of growth 
factors, fibroblast-like ASCs started to change to 
bipolar, spindle-shaped dASCs which were similar 
to SCs (Fig. 2A). Consistent with previous reports 

Table 1.  Summary of the Experimental Groups

Transplanted Cell Line Flap Type No. Flaps

ASC Noninnervated 8
Innervated 8

dASC Noninnervated 8
Innervated 8

SC Noninnervated 8
Innervated 8

Vehicle Noninnervated 8
Innervated 8
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using rat and human cells,11,16 ASCs and dASCs 
both expressed SC marker p75 and GFAP, but they 
scarcely expressed S100 (Fig. 2B). A lower molecu-
lar weight band of GFAP (50 kDa) expressed in SCs 
was not detected in ASCs and dASCs. There was lit-
tle difference in the expression levels of these phe-
notypic markers between ASCs and dASCs. On the 
other hand, ELISA using 48-hour conditioned cul-
ture medium showed that dASCs produced signifi-
cantly higher amount of NGF and BDNF (258 ± 12 
pg/ml and 18 ± 1.4 pg/ml, respectively) than ASCs 
(70 ± 6 pg/ml and 0.9 ± 0.4 pg/ml, respectively, P 
<0.01, one-way ANOVA followed by post hoc test) 
(Fig.  2C), and the levels were comparable to that 
of SCs (247 ± 16 pg/ml and 14 ± 0.8 pg/ml, respec-
tively), indicative of potential trophic supports of 
dASCs for nerve regeneration. The results of phe-
notypic and functional characteristics of the 3 cell 
lines are summarized in Table 2.

Effect of Stem Cell Transplantation on Cutaneous Nerve 
Regeneration in Noninnervated and Innervated Flaps

All flaps survived without any problem. After 
undergoing some contraction during the first sev-
eral weeks, the final flap sizes were comparable to 
those in the initial surgery. In the 3 cell-transplanted 

groups, no GFP-positive cells were detected in the 
skin sections from all rats, indicative of a signifi-
cant cell loss during the period of 20 weeks. To see 
the time course of cell survival for each cell type, 
short-term follow-up models were additionally used. 
Three days after the cell transplantation, many GFP-
positive cells were observed in the dermis and in the 
hypodermis in all flaps (Fig. 3, left). At 7 days postop-
eratively, the number of GFP-positive cells decreased 
considerably in the dASC-transplanted flaps, where-
as a large number of GFP-positive cells were still ob-
served in the ASC- and SC-transplanted flaps (Fig. 3, 
middle). At 14 days, no GFP-positive cell was detect-
ed in the dASC-transplanted flaps, and the number 
of GFP-positive cells in the ASC- and SC-transplanted 
flaps also dropped considerably (Fig. 3, right), which 
reached to zero at 28 days.

Staining of nerve tissue in skin sections was con-
firmed by PGP9.5-positive area in the dermis and 
in the hypodermis. In unwounded tissue, PGP9.5-
positive axons typically arose from the hypodermis 
and then run through the dermis (Fig.  4). In the 

Fig.  2. A , Fibroblast-like ASCs (left) changed to bipolar, spin-
dle-shaped dASCs (middle), which were similar to SCs (right). 
Scale bar: 50 µm. B, Western blotting analysis of cell lysates 
showed that ASCs and dASCs both expressed SC markers p75 
and GFAP but not S100. C, The amounts of NGF (above) and 
BDNF (below) in the conditioned medium from 48-h culture 
were measured by ELISA. The data are expressed as mean ± 
SEM, n = 3 experiments; **P < 0.01, one-way ANOVA followed by 
post hoc Tukey-Kramer test. SEM, standard errors of the mean.

Table 2.  Phenotypic Markers and Characteristics of 
the Cell Lines

Cell Line
Phenotypic  

Markers
Cell  

Morphology

Production of 
Neurotrophic 

Factors

ASC
P75 and GFAP 

positive; S100  
negative

Flattened, 
fibroblast-like

NGF (+)
BDNF (+/−)

dASC
P75 and GFAP 

positive; S100  
negative

Bipolar, spindle NGF (++)
BDNF (++)

SC P75, GFAP, and 
S100 positive Bipolar, spindle NGF (++)

BDNF (++)

Fig. 3. I mages of GFP immunostaining of sections from the 
ASC-, dASC-, and SC-transplanted noninnervated flaps. The 
number of GFP-positive cells gradually decreased over time 
in each flap. Scale bar: 100 µm.
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periphery of groin island flaps, more PGP9.5-positive 
axons were observed in the dermis than in the hypo-
dermis irrespective of the type of flap innervation, 

and they tended to run parallel to the epidermis 
layer (Figs. 5 and 6, upper). On the other hand, in 
the center of flaps, the innervation pattern was rath-
er similar to that of unwounded tissue although the 
nerve densities varied between noninnervated and 
innervated flaps (Figs. 5 and 6, lower).

In noninnervated flaps, two-way ANOVA revealed 
a significant difference in the reinnervation den-
sity between the periphery and the center of flaps  
(P < 0.01) (Fig.  7). Post hoc tests showed that 
dASC and SC transplantation significantly in-
creased the overall reinnervation density (P < 0.01 
and P < 0.05 vs control, respectively). One-way 
ANOVA followed by post hoc tests also revealed 
that the dASC- and SC-transplanted flaps showed 
significantly higher reinnervation density than 
control flaps in the periphery of flap (P < 0.01 
and P < 0.05, respectively) (Fig.  7). ASC trans-
plantation slightly increased the values, but it did 
not achieve statistical significance. On the other 
hand, cell transplantation did not affect the rein-
nervation density in the center of flaps in all the  
cell-transplanted groups.

In innervated flaps, two-way ANOVA revealed 
that there was no significant difference in the rein-
nervation density between the zones of flaps (Fig. 8). 
Post hoc tests showed that the overall reinnervation 
density was not affected by the transplantation of 
any type of cells. However, one-way ANOVA followed 
by post hoc tests showed that dASCs and SCs trans-
plantation significantly increased the reinnervation 
density in the periphery of flaps (P < 0.01 vs control, 
respectively) as seen in noninnervated flaps, where-
as ASC transplantation did not affect it (Fig.  8). 
Although cell transplantation did not affect the rein-
nervation density in the center of flap, the mean val-
ues were higher than those in noninnervated flaps in 
all groups (Figs. 7 and 8).

Fig. 4. A, An image of PGP9.5 immunostaining of a section 
from unwounded skin. Scale bar: 100 µm. B, Images were 
analyzed using an automated method of quantifying the 
PGP9.5-positive area in each field of view with a digital im-
age analysis program.

Fig. 5. Images of PGP9.5 immunostainings of sections from noninnervated flaps. They were 
analyzed with a digital image analysis program. Note the dense PGP9.5-positive axons in the 
periphery of the dASC-transplanted flaps. Scale bar: 50 µm.
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DISCUSSION
In microvascular flap transfer such as perfora-

tor flaps, total degeneration of cutaneous nerves 
occurs within the flaps unless they are elevated as a 
pedicled, innervated flap. The initial reinnervation 
reportedly takes place mainly from the surrounding 
skin, and slightly later, from the base.12 Clinically, 
poor recovery of sensation in skin flaps attributes 
to fibrosis, scarring, and nerve injuries in the sur-
roundings and the base of the flap.1,17 In addition, 
sensory recovery in thick flaps tends to be poor pos-
sibly because ingrowth of regenerating axons into 
adipose tissue could be retarded.18,19 To obtain bet-
ter sensation, innervated flaps have been a promis-

ing approach. However, their applications are often 
limited due to the lack of dominant sensory nerves 
or recipient nerves. Moreover, normal sensation is 
hardly achieved even in innervated flaps.2,3,20

In this study, we asked if transplantation of SCs 
and SC-like cells, dASCs, can improve the cutaneous 
nerve reinnervation in rat island groin flaps. We also 
asked if these cell therapies can further improve the 
reinnervation of innervated flaps. Before transplan-
tation, we phenotypically and functionally character-
ized ASCs and dASCs. Although the analysis of SC 
phenotypic markers revealed that differentiation 
of dASCs is not complete in vitro, dASCs produced 
significantly higher amount of NGF and BDNF than 

Fig. 6. Images of PGP9.5 immunostainings of sections from innervated flaps. They were ana-
lyzed with a digital image analysis program. Note that axons tended to run parallel to the 
epidermis layer in the periphery of flap, whereas the innervation pattern in the center of flap 
was similar to that of unwounded skin. Scale bar: 50 µm.

Fig. 8. Reinnervation density in innervated flaps. There was 
no significant difference in the overall reinnervation density 
(peripheral plus central zones) between the treatment groups 
(two-way ANOVA followed by post hoc Tukey-Kramer test). In 
the periphery of flaps, however, dASC and SC transplantation 
increased the reinnervation density. These treatments did not 
affect the reinnervation density in the center of flaps. The data 
are expressed as mean ± SEM (n = 8 for each group). **P < 0.01 
as indicated (one-way ANOVA followed by post hoc Tukey-
Kramer test). SEM, standard errors of the mean.

Fig. 7. Reinnervation density in noninnervated flaps. The 
dASC-transplanted and SC-transplanted flaps showed sig-
nificantly higher overall reinnervation density (peripheral 
plus central zones) than did the control group (P < 0.01 and 
P < 0.05, respectively, two-way ANOVA followed by post hoc 
Tukey-Kramer test). In the center of flaps, cell transplanta-
tion did not affect the reinnervation density. The data are ex-
pressed as mean ± SEM (n = 8 for each group). *P < 0.05, **P 
< 0.01 as indicated (one-way ANOVA followed by post hoc 
Tukey-Kramer test). SEM, standard errors of the mean.



Copyright © 2013 American Society of Plastic Surgeons. Unauthorized reproduction of this article is prohibited. 

8

PRS GO • 2013

ASCs, and the levels were comparable to those of SCs. 
These results are consistent with our recent study us-
ing human cells where dASCs transplanted into pe-
ripheral nerves achieved a full glial commitment in 
vivo (ie, they myelinated regenerating axons).11

Our in vivo experiment demonstrated that both 
dASC and SC transplantation into the dermal and 
hypodermal layers significantly facilitated ingrowth 
of cutaneous axons from the periphery of flaps, 
and this effect was more pronounced in noninner-
vated flaps. It is conceivable that there are 3 types of 
mechanisms by which dASC and SC transplantation 
promoted the reinnervation in the periphery of flap. 
First, the transplanted cells migrated to form SC pro-
cesses, navigating growing axons along them.21 Sec-
ond, the transplanted cells produced neurotrophic 
factors, such as NGF and BDNF, which are known to 
enhance neurite outgrowth in primary sensory neu-
rons, thereby promoting cutaneous nerve regrowth 
from the surrounding edges.4 Third, NGF produced 
by the transplanted cells promoted the collateral 
sprouting of undamaged axons in adjacent tissues, 
which has been shown to be completely dependent 
on NGF.22,23 In our models, it seems unlikely that the 
first mechanism contributed to the improved rein-
nervation, since if this is the case, at least some of 
the SCs forming processes would participate in the 
myelination process of regenerating axons. Howev-
er, we detected no GFP-positive cells associated with 
PGP9.5-positive axons at 20 weeks postoperatively in 
the dASC-transplanted and in the SC-transplanted 
skin sections. On the other hand, the third mecha-
nism has been known to occur in normal wounds 
as well where NGF is produced largely by prolifer-
ating keratinocytes,24 and reinnervation by the col-
lateral sprouting is eventually replaced when the 
original nerve regenerates.22 This may explain the 
more pronounced effect of cell transplantation in 
noninnervated flaps in which a smaller number of 
original axons would regenerate as compared with 
innervated flaps.

In the center part of flaps, we observed no posi-
tive effect of cell transplantation on reinnervation in 
both types of flaps. This might be explained, in part, 
by the nonpermissive nature of adipose tissue for 
axonal ingrowth as mentioned above. In addition, 
the collateral sprouting from intact nerves unlikely 
occurs in this case because there would be few intact 
cutaneous nerves on the base of flap.

We detected no viable GFP-positive cells in all 
groups at 20 weeks after transplantation. Short-
term follow-up models showed that the transplant-
ed cells would have died within 2 weeks in the 
dASC-transplanted flaps and within 4 weeks in the 
ASC- and the SC-transplanted flaps. It is in contrast 

to the findings in our recent studies where a num-
ber of the transplanted dASCs and SCs survived and 
myelinated regenerating axons within the injured 
rat peripheral nerves, whereas few ASCs survived at 
8 weeks after transplantation.11 These results sug-
gest that the environment of dermis and hypoder-
mis may not be suitable for the long-term survival 
of dASCs and SCs. Also, the in vivo differentiation 
of ASCs seems a rare event at least when transplant-
ed to the skin flaps and to the injured peripheral 
nerve.

CONCLUSIONS
dASCs transplanted to rat groin island flaps pro-

moted the reinnervation of noninnervated flaps and 
innervated flaps. It could be explained by 2 mecha-
nisms: First, neurotrophic factors such as NGF and 
BDNF produced by dASCs facilitated regrowth of 
cutaneous axons from the surroundings of flap. Sec-
ond, NGF released by dASCs induced the collateral 
sprouting of undamaged axons in adjacent tissues. 
In addition to the use of innervated flaps, the dASC 
transplantation therapy could be a new approach to 
improve the sensory recovery of skin flaps. 
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