
REGULAR ARTICLE

Neurotrophic activity of human adipose stem cells isolated
from deep and superficial layers of abdominal fat

Daniel F. Kalbermatten & Dominique Schaakxs &

Paul J. Kingham & Mikael Wiberg

Received: 13 August 2010 /Accepted: 2 February 2011 /Published online: 13 March 2011
# Springer-Verlag 2011

Abstract New approaches to the clinical treatment of
traumatic nerve injuries may one day utilize stem cells to
enhance nerve regeneration. Adipose-derived stem cells
(ASC) are found in abundant quantities and can be harvested
by minimally invasive procedures that should facilitate their
use in such regenerative applications. We have analyzed the
properties of human ASC isolated from the deep and
superficial layers of abdominal fat tissue obtained during
abdominoplasty procedures. Cells from the superficial layer
proliferate significantly faster than those from the deep layer.
In both the deep and superficial layers, ASC express the
pluripotent stem cell markers oct4 and nanog and also the stro-
1 cell surface antigen. Superficial layer ASC induce the

significantly enhanced outgrowth of neurite-like processes
from neuronal cell lines when compared with that of deep
layer cells. However, analysis by reverse transcription with the
polymerase chain reaction and by enzyme-linked immuno-
sorbent assay has revealed that ASC isolated from both layers
express similar levels of the following neurotrophic factors:
nerve growth factor, brain-derived neurotrophic factor and
glial-derived neurotrophic factor. Thus, human ASC show
promising potential for the treatment of traumatic nerve
injuries. In particular, superficial layer ASC warrant further
analysis of their neurotrophic molecules.
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Introduction

A nerve injury is a relatively common clinical problem
often affecting young patients (mean age 30) and in spite of
advanced treatment involving microsurgical procedures,
almost all patients are left with lifelong disabilities
involving the loss of sensation and motor control in the
affected limbs (Lundborg 2000). The development of novel
tissue-engineered approaches might facilitate the process of
nerve repair and regeneration (Pfister et al. 2007; Terenghi
et al. 2009; Walsh and Midha 2009). Mesenchymal stem
cells (MSC) isolated from adult tissues such as bone
marrow, skin and fat are an attractive cell source for the
regeneration of nervous tissue, since they are self-renewing
and have the ability to differentiate across multiple cell
lineages. Adipose-derived stem cells (ASC) are, in addition,
found in abundant quantities and can be harvested by
minimally invasive procedures, which should facilitate their
use in regenerative medicine applications (Sterodimas et al.
2009; Bunnell et al. 2008; Gimble et al. 2007).
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Experimentally, native MSC have been shown to reduce
neuronal damage and stimulate re-myelination in various
nerve injury models (Dezawa et al. 2001; Enzmann et al.
2006). We have shown that rat ASC can be differentiated
into cells resembling Schwann cells, which promote neurite
outgrowth in vitro (Kingham et al. 2007) and enhance
peripheral nerve regeneration in vivo (di Summa et al.
2009). Although some trans-differentiation of transplanted
MSC might occur in vivo, the exact mechanisms behind the
neuroprotective and growth-promoting effects of adult stem
cells are largely unknown. However, some of the benefits
elicited by transplanted cells probably occur as a direct
result of their production of neurotrophic factors.

An optimal source of human ASC for the treatment of
nerve injuries has yet to be found. Human abdominal
adipose tissue consists in superficial and deep layers, which
are separated by a fibrous connective tissue fascia. A
previous study has shown that ASC isolated from the
superficial layer are relatively more resistant to apoptosis
than those from the deep layer (Schipper et al. 2008).
Furthermore, studies by the same group have revealed that
the osteogenic differentiation of superficial layer ASC is
faster and more efficient when compared with the deep
layer cells (Aksu et al. 2008). In this study, we have
investigated whether ASC taken from the two different
layers might also exhibit differences in neurotrophic
activity and give an indication of their usefulness for nerve
regeneration therapies.

Materials and methods

Harvest and culture of ASC

All studies were approved by the University of Lausanne
ethics committee. Adipose tissue (1 g) was harvested from
the two abdominal layers (deep and superficial) of eight
patients undergoing elective abdominoplasty. The superfi-
cial part was taken to be the region between the skin and
the superficial fibrous connective tissue fascia. The deep
layer adipose tissue was defined as the layer below this
fascia and above the deep muscular fascia. The majority of
patients were women (75%) and patient ages ranged from
36–64 years (mean 45.5±3.1 years) with a body mass index
from 24.0 to 40.7 (mean 29.2±2.0). Adipose tissue was
carefully dissected, minced by using a sterile razor blade
and placed for 2 h at 37°C in a phosphate-buffered saline
(PBS) solution containing 0.15% (w/v) collagenase type I
(Invitrogen, UK) for enzymatic digestion. Next, the
solution was passed through a 70-μm filter to remove any
remaining undissociated tissue and the enzyme was
neutralized by the addition of Modified Eagle’s Medium
(α-MEM; Invitrogen, UK) containing 10% (v/v) fetal

bovine serum (FBS). The samples were centrifuged at
800g for 5 min and the resultant stromal cell pellet was
resuspended in growth medium, viz., α-MEM containing
10% (v/v) FBS and 1% (v/v) penicillin/streptomycin
solution and plated in a 75 cm2 tissue-culture flask. Cells
were incubated at 37°C with 5% CO2 and were maintained
at sub-confluent levels with passage by trypsin/EDTA
(Invitrogen, UK) when required.

Cell proliferation

The proliferation of the ASC isolated from both tissue layers
was assessed for 96 h by using the CellTiter 96 Aqueous
non-radioactive cell proliferation assay (Promega, USA). At
passage 2, the cells were plated in a 96-well plate by using
200 μl growth medium containing 2000 cells in each well. At
regular intervals (24 h, 48 h, 72 h, 96 h), 20 μl Cell Titer 96
Aqueous Assay Reagents (Promega, USA) was added and
incubated for 4 h at 37°C and 5% CO2. The absorbance was
recorded at 490 nm by using a spectrophotometric plate
reader and measurements were calculated by subtracting the
average control absorbance (medium only) from the average
cell absorbance.

For calculation of population-doubling times, cells were
seeded at a density of 5×103 cells per cm2 in tissue-culture
flasks and cultured for 1 week. The cells were then counted
in a hemocytometer, reseeded at the same density and
cultured for another week. This process was repeated
through to passage 8.

Immunocytochemistry for stem cell markers

At passage 1, deep and superficial layer ASC were
trypsinized and re-plated on Labtek 8-well chamber slides
at a density of 5×103 cells. After 24 h, the cells were fixed
with 4% (w/v) paraformaldehyde and immunolabeling was
performed with a MSC characterization kit (Millipore,
Sweden), in which antigens including CD54, integrin β1,
collagen type I, fibronectin (all positive markers) and CD14
and CD45 (negative markers) were stained according to the
manufacturer’s instruction. Staining specificity was tested
by the omission of primary antibodies and the inclusion of
mouse or rabbit IgG. The secondary detection antibodies
used were Alexa-568 goat anti-mouse IgG (1:1000) and
Alexa-488 goat anti-rabbit IgG (1:1000). Expression of the
antigens were observed under a Leica Aristoplan microscope
and images were captured with an attached Nikon DXM1200
digital camera at 1280×1024 pixels.

Reverse transcription with polymerase chain reaction

For reverse transcription with the polymerase chain reaction
(RT-PCR), total RNA was isolated from human ASC
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Table 1 Primer sequences for reverse transcription with polymer-
ase chain reaction and annealing temperatures (°C) used (oct4,
nanog pluripotent stem cell markers, NGF nerve growth factor,

BDNF brain-derived neurotrophic factor, GDNF glial-derived neuro-
trophic factor, NT3 neurotrophin-3, GAPDH D-glyceraldehyde-3-
phosphate dehydrogenase)

Factor Forward primer (5’→3’) Reverse primer (5’→3’) °C

oct4 GAAGCTGGAGAAGGAGAAGCTGG CAAGGGCCGCAGCTTACACAT 63.0

nanog CTCCTTCCATGGATCTGCTTATTC GGTCTTCACCTGTTTGTAGCTGAG 61.0

NGF ATACAGGCGGAACCACACTCAG GTCCACAGTAATGTTGCGGGTC 64.0

BDNF AGAGGCTTGACATCATTGGCTG CAAAGGCACTTGACTACTGAGCATC 64.0

GDNF CACCAGATAAACAAATGGCAGTGC CGACAGGTCATCATCAAAGGCG 55.9

NT3 GGGAGATCAAAACGGGCAAC ACAAGGCACACACACAGGAC 62.0

GAPDH GAAGGTGAAGGTCGGAGT CAAGCTTCCCGTTCTCAGC 62.0

Fig. 1 Isolation and culture of
ASC. a Fat isolated from
abdominoplasty surgery shows
two clearly defined regions, the
superficial and deep layers
separated by a connective tissue
fascia. b Cell counts at passage
1 show significantly (**P<0.01)
more cells expanded in cultures
taken from the superficial
layer of fat. c A proliferation
assay of cells seeded at passage
2 shows a significant (*P<0.05)
increase between 24 h and 96 h
for ASC isolated from the
superficial layer but not the deep
layer. d Population doubling
times were significantly
(*P<0.05) lower for the super-
ficial layer ASC (sf) versus
the deep layer ASC (dp) at
passage 2. Data are
means±SEM from eight
individual patients
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(passages 2-4) by using an RNeasy kit (Qiagen, Sweden)
and then 1 ng RNA was incorporated into the One-Step
RT-PCR kit (Qiagen) per reaction mix. Primers were
manufactured by Sigma, UK (Table 1). A thermocycler
(Biometra, Göttingen, Germany) was used with the follow-
ing parameters: a reverse transcription step (50°C, 30 min), a
nucleic acid denaturation/reverse transcriptase inactivation
step (95°C, 15 min) followed by 35 cycles of denaturation
(95°C, 30 s), annealing (30 s, optimized per primer set as
described in Table 1) and primer extension (72°C, 1 min)
followed by final extension incubation (72°C, 5 min). PCR
amplicons were electrophoresed (50 V, 90 min) through a
1.5% (w/v) agarose gel and the size of the PCR products was
estimated by using Hyperladder IV (Bioline, UK). Samples
were visualized under UV illumination following GelRed
nucleic acid stain (BioNuclear, Sweden) incorporation into
the agarose.

Western blotting

Lysates of deep and superficial layer ASC at passage 1
were prepared from one 75-cm2 flask of confluent cultures
essentially as previously described (Kingham et al. 2007)
by using a buffer containing 5 mM EGTA, 100 mM PIPES,
5 mM MgCl2, 20% (v/v) glycerol, 0.5% (v/v) Triton X-100
and a protease inhibitor cocktail (Sigma). The DC protein
assay (Bio-Rad, Sweden) was performed to quantify sample
protein levels. For each sample, 40 μg protein was
denatured at 95°C and loaded onto a 10% SDS-
polyacrylamide gel. The proteins were transferred to a
nitrocellulose membrane, and then blots were blocked with
5% (w/v) non-fat milk in TRIS-buffered saline with Tween
and incubated with anti-oct3/4 (1:100; Santa Cruz Biotech-
nology sc-25401) or anti-nanog (1:100; Santa Cruz Biotech-
nology sc-33759) overnight at 4°C. After incubation with the
corresponding horseradish-peroxidase-conjugated secondary
antibodies and then enhanced chemiluminescence substrate,
the membranes were exposed to Kodak XPS films. The blots
were also re-probed with anti-actin (1:20000; Millipore
MAB-1501R) as a loading control. A postive control lysate
of human embryonic stem cells (MEL-1; Abcam, UK) was
also used at 10 μg.

Neurite outgrowth assay

ASC (passages 2-4) isolated from the deep or superficial
layers were seeded at 5×103 per cm2 on Lab-Tek Chamber
slides (Nunc-Fischer Scientific, UK) for 24 h. Then, 1×103

NG108-15 cells (a neuroblastoma/glioma hybrid cell line
used to model motor neurons; Choi et al. 1997) were added
onto the confluent monolayer of ASC and incubated for
48 h before fixation with 4% (w/v) paraformaldehyde for
20 min at room temperature. Immunocytochemistry (essen-

tially as above) was used to identify the NG108-15 cells
and the neurite outgrowth. Monoclonal β-III tubulin
(1:500; Sigma, UK) was added overnight at 4°C. The
following day, after PBS washes, the slides were incubated
for 1 h in the dark with the Alexa-488 Fluor goat anti-
mouse secondary antibody (1:100; Invitrogen, USA). The
slides were mounted in Vectashield with 4,6-diamidino-2-
phenylindole (DAPI; Vector Labs, UK) and examined
under a Zeiss fluorescence microscope (25× magnification).
Images were captured by using Image ProPlus software
(MediaCybernetics, Marlow, UK). The trace function was
used to assess the following parameters: the percentage of
NG108-15 cells expressing neurite-like processes, the
average length of the processes (μm), and the average
length of the longest process (μm). A minimum of
100 NG108-15 cell bodies were analyzed for each condition
in each experiment. To confirm the origin of the neurite
process outgrowth, NG108-15 cells in some experiments
were pre-labeled with Cell Tracker Green CMFDA dye
(30 min at 37°C and then washed twice by centrifugation in
PBS) and then co-cultured with the ASC for 48 h. The
neurite outgrowth assay protocol was also repeated by using
the human SH-SY5Y neuronal cell line.

Enzyme-linked immunosorbant assay

ASC were seeded onto Lab-Tek Chamber slides under
identical conditions to those used for neurite outgrowth
assays and maintained for 72 h. The supernatant was then
collected and analyzed by enzyme-linked immunosorbant
assay (ELISA) with the ChemiKine BDNF (brain-derived
neurotrophic factor) sandwich ELISA kit (Millipore, UK)
or NGF(nerve growth factor) and GDNF (glial-derived
neurotrophic factor) sandwich ELISA kits (RayBiotech,
USA) according to the manufacturers' protocol. All samples
were analyzed in triplicate and the absorbance was
measured at 450 nm on a SpectraMax 190 microplate

Fig. 2 Stem cell markers in ASC cultures. Cultures of deep and
superficial layer ASC were positive for general mesenchymal stem
cell (MSC) markers CD54 (a, b), β1-integrin (c, d) and stro-1 (e, f),
positive for extracellular matrix molecules type I collagen (g, h) and
fibronectin (k, l) and negative for hematopoietic cell markers CD45
(i, j) and CD14 (m, n). Specificity of staining was confirmed by using
mouse IgG (o) or rabbit IgG (p) with corresponding secondary
antibodies only (red, green, respectively). Nuclei are stained blue by
4,6-diamidino-2-phenylindole (DAPI). q Reverse transcription with
polymerase chain reaction (RT-PCR) shows expression of transcripts
for the pluripotent cell markers oct4 and nanog in cells isolated from
both deep (dp) and superficial (sf) layers (GAPDH D-glyceraldehyde-
3-phosphate dehydrogenase). Size of amplicon is shown in base pairs
(bp). r Western blot analysis indicates expression of oct4 and nanog
proteins in both deep (dp) and superficial (sf) layer cultures. Note that
human embryonic stem cell (hESC pos) lysates (10 μg) show much
stronger expression compared with the ASC (40 μg)

b
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reader (Molecular Devices, USA). The quantity of neuro-
trophic factors (pg/ml) was calculated against standard
curves produced by using recombinant proteins provided in
the kits.

Statistical analysis

Data are presented as means±SEM from five to eight
individual patient samples. The t-test or one-way analysis
of variance with the Bonferonni post-hoc test for multiple
comparisons was used where appropriate to determine any
statistically significant differences between groups. The
following convention was used in the figures: *P<0.05;
**P<0.01.

Results

Harvest and characterization of ASC cultures

A 1-g adipose tissue biopsy was harvested from the two
abdominal fat layers (deep and superficial, Fig. 1a) during
the abdominoplasty procedure on patients. After enzymatic
digestion and centrifugation, the stromal cell fraction was
isolated from mature adipocytes and plated in a 75-cm2

flask. Following 3 weeks in culture and upon reaching
confluence, cells were trypsinized and counted. At passage
1, the number of cells from the superficial layer was
significantly (P<0.05) higher than the number of cells from
the deep layer (Fig. 1b). We compared the proliferation of
the ASC cells (passage 2) isolated from both deep and
superficial layers over a 96-h period. The cells from the
superficial layer showed a trend of greater proliferation
after 96 h in comparison with the deep layer and a
significant difference for proliferation between 24 and
96 h in culture (Fig. 1c). We also calculated population
doubling (PD) times by counting the number of cells
expanded 1 week after plating at an initial density of 5×103

cells per cm2 (Fig. 1d). At passage 2, PD was significantly
(P<0.05) lower for superficial layer cells versus deep layer
cells (98.2±12 h and 167.0±27.7 h, respectively). PD times
remained higher for deep layer cells through to passage 8.
The cultures were analyzed for phenotypic markers of MSC
(Fig. 2). ASC isolated from both the deep and superficial
layers were positive for CD54, stro-1 and β1 integrin
proteins (general stem cell markers) produced characteristic
stem cell extracellular matrix molecules (fibronectin and
collagen type I) and were negative for hematopoietic cell
markers (CD45 and CD14). No observable differences in
phenotypic expression and morphology were seen between
ASC from each layer. RT-PCR analysis showed that cultures
of both deep and superficial layer cells expressed the
pluripotent stem cell markers oct4 and nanog (Fig. 2q).

Western blot analysis confirmed that ASC expressed these
molecules at the protein level; however, the expression levels
were markedly lower than those found in human embryonic
stem cells (Fig. 2r).

ASC and neurotrophic activity

To compare the ability of the cells from both deep and
superficial layers to promote neurite-like process out-
growth, a co-culture of the ASC and the NG108-15 cell
line was performed. A comparison was made with control
cultures of NG108-15 cells grown alone in the same
medium used for the co-cultures. Computerized image
analysis (Fig. 3a–c) of co-cultures after 48 h was used and
the following quantitative parameters were analyzed:
percentage of NG108-15 cells expressing neurite-like
processes, average length of processes (μm), average length
of the longest process (μm). The interaction between the
cells isolated from the superficial layer and the NG108-15
cells showed significantly (P<0.05) higher values for all
the parameters in comparison with co-cultures with the cells
from the deep layer (Fig. 3e–g). The number of NG108-15
cells expressing neurite-like processes increased in the
presence of cells from the superficial layer (69.96%) in
comparison with the co-cultures with the cells from the
deep layer (13.22%). The average process length (for
superficial: 77.59 μm; for deep: 45.3 μm) and the average
length of the longest process (for superficial: 348.76 μm;
for deep: 84.07 μm) of the NG108-15 cells was signifi-
cantly higher for the co-cultures with the cells from the
superficial layer. Pre-labeling of NG108-15 cells with Cell
Tracker Green CMFDA fluorescent dye confirmed that the
NG108-15 cells had extended processes indicating that any
possibility for the trans-differentiation of ASC into neurons
was unlikely to contribute significantly to our results
(Fig. 3d). Further, to confirm that the strong neurotrophic
effect of the superficial layer ASC was not specific to
NG108-15 cells, we also generated co-cultures with the SH-
SY5Y human neuronal cell line. Although deep layer ASC
stimulated SH-SY5Y neurite outgrowth, superficial layer

Fig. 3 ASC and neurite outgrowth. The NG108-15 neuron cell line
was cultured alone (a) or on confluent monolayers of ASC isolated
from the deep (b) and superficial (c) layers of fat. Neurons were
labeled with βIII tubulin antibody (green) and DAPI staining (blue)
highlighted the nuclei of the ASC monolayers. In some experiments,
Cell Tracker Green CMFDA-labeled NG108-15 cells were co-cultured
with the ASC (d). As revealed by computerized image analysis,
cocultures with superficial layer ASC show significantly (*P<0.05)
increased numbers of neurons with processes (e), average length of
process (f) and length of longest process (g) when compared with
coculture in the presence of deep layer ASC. h Data for coculture with
SH-SY5Y cells. Data are means±SEM from five individual patient
samples

b
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cells still evoked significantly longer process lengths
(Fig. 3h). The presence of various nerve growth factor
gene transcripts was assessed by using semi-quantitative
RT-PCR methodology (Fig. 4a). Transcripts for NGF,
BDNF, GDNF and neurotrophin-3 (NT3) were detected
in both deep and superficial layers. The RT-PCR ampli-
fication efficacy of the mRNA was confirmed by the
amplification of the D-glyceraldehyde-3-phosphate
dehydrogenase housekeeping gene. ELISA analysis of

cell culture supernatants showed that ASC released NGF,
GDNF and BDNF (Fig. 4b). No significant differences
were observed in the quantities produced by deep versus
superficial layer ASC but the amounts were higher than
those produced by human Schwann cells. Despite the
detection of NT-3 gene transcripts, we were unable to detect
significant levels of NT-3 protein in the supernatants
(Fig.4b).

Discussion

Advances in regenerative medicine therapy rely on identi-
fying the ideal cells to be used for any particular
application. Stem and progenitor cells can be harvested
from many adult tissues including bone marrow, skin,
muscle and fat (Barrilleaux et al. 2006). In particular,
human subcutaneous adipose tissue is an abundant and
accessible source of multi-potent adult stem cells (Gimble
et al. 2007). Adipose tissue is mainly obtained during
liposuction or abdominoplasty and with the increased
incidence of obesity in our society, these operations are
becoming more common, resulting in the increased avail-
ability of adipose tissue. In this study, we have isolated
ASC from the two subcutaneous abdominal fat layers (deep
and superficial) during abdominoplasty procedures and
have subsequently assessed the capacity of the cells to
proliferate and their respective neurotrophic profiles. We
have found that cells cultured from the superficial layer
might be a better source of ASC to use in nerve repair and
other regenerative therapies.

We have found it easy to identify the two layers in the
adipose tissue separated by the fascia. This allows either
precise excision of the tissue or controlled liposuction to
obtain the desired cell population to be used in the clinic.
The superficial layer of fat yields the greatest number of
cells and they proliferate significantly faster than ASC
isolated from the deep layer. A recent study has shown that
significant differences exist in the amount of cells that can
be isolated from the various body regions and that the lower
abdominal region is the best source (Padoin et al. 2008). In
contrast, another study has demonstrated no difference in
the viable cell number isolated from the abdomen versus
hip or mamma regions but has revealed that liposuction-
extracted cells proliferate at a slower rate than those
obtained by resection (Oedayrajsingh-Varma et al. 2006).
The ability of cells to differentiate into multiple lineages is
determined by their expression of various “stemness”-
related transcription factors. We have found that both deep
and superficial layer cells express oct4 and nanog,
consistent with previous studies of human ASC (Baglioni
et al. 2009; Riekstina et al. 2009). Although the functional
role for these molecules in adult stem cells is controversial,

Fig. 4 RT-PCR analysis of neurotrophic factors. a ASC isolated from
both deep and superficial layers of fat express nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), glial-derived
neurotrophic factor (GDNF) and neurotrophin-3 (NT3) transcripts.
The housekeeping gene D-glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was also analyzed. Amplicon size is indicated in base
pairs (bp). b Enzyme-linked immunosorbant assay was used to
determine NGF, GDNF and BDNF protein levels in cell culture
supernatants from deep and superficial layer ASC and compared with
expression levels in human Schwann cell cultures. Data are means±SEM
from five individual patients
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studies of embryonic stem cells have shown that these
factors act together to maintain pluripotency (Rodda et al.
2005). Furthermore, recent studies of ASC indicate that the
addition of exogenous oct4 improves cell proliferation and
differentiation potency through the epigenetic reprogram-
ming of endogenous Oct4 and nanog genes (Kim et al.
2009). Our cell cultures also express the stro-1 surface
protein. Stro-1 expression identifies perivascular cells in
adipose tissue and cells fractionated by using stro-1
antibody exhibit enhanced clonogenic fibroblastic colony
counts (Zannettino et al. 2008). We have detected no
phenotypic differences for general MSC markers (CD54,
β1-inetgrin, collagen type I and fibronectin) expression
between the deep and superficial layer cells. A search of the
literature indicates that ASC cultures consist in a highly
heterogeneous population of cells that varies from laboratory
to laboratory and might be influenced by the harvesting site,
donor patient age and body mass index and by the subsequent
isolation protocols and the media and supplements used to
expand the cells in culture. In this study, we have examined
the crude populations of cells taken from the deep and
superficial layers. However, it would be interesting to
determine whether differences occur in the percentage of
cells expressing a pericyte phenotype (CD146+/CD34−) or
endothelial progenitor (CD31+/CD34+) or mature endothelial
cell phenotype (CD31+/CD34−), all of which have been
proposed to mediate the beneficial effects of adipose tissue
cultures (Zimmerlin et al. 2010). CD271-selected popula-
tions have also been shown to exhibit greater differentiation
potential than crude cultures (Quirici et al. 2009). In our
preliminary studies with immuno-magnetic cell sorting, we
have found that both deep and superficial layer cultures
contain 5%-10% of cells that express the CD271 protein
(data not shown).

Having determined that cells isolated from the deep and
superficial layers of fat exhibit a stem cell phenotype, we
next sought to identify their respective neurotrophic
potentials. Using our previously published co-culture model
with the NG108-15 cell line (Kingham et al. 2007), we
found that ASC isolated from the superficial layer of fat
significantly enhanced neurite outgrowth compared with
deep layer cells. As far as we are aware, this is the first
study to show that human ASC can directly promote neurite
outgrowth. We and other groups have shown that rat ASC
enhance neurite outgrowth but only after treatment with
various stimulating factors (Jiang et al. 2008; Kingham et
al. 2007; Xu et al. 2008). Untreated rat ASC can however
protect against neuronal apoptosis, an effect in part
mediated by their expression of soluble growth proteins,
such as insulin-like growth factor (Wei et al. 2008).
Therefore, we decided to examine the expression of
neurotrophic factors in cells taken from the various layers.
Analysis of RNA transcripts and ELISA studies showed

similar levels of NGF, BDNF and GDNF in both deep and
superficial layer ASC. The quantity of protein released by
the cells was greater than that from Schwann cell cultures
suggesting that the cells significantly influenced neural
regeneration mechanisms. Although our results did not
identify a factor to account for the differences in neurite
outgrowth of NG108-15 cells, the observation that human
abdominal ASC express multiple growth factors that could
be of benefit during neural repair is of importance.

In our direct co-culture model, the deep and superficial
layer cells might express different surface molecules known
to regulate neurite outgrowth. For example, cell adhesion
molecules such as the cadherins, L1 and neural cell
adhesion molecule are expressed in various stem cell
systems but also play a role in neurite outgrowth.
Extracellular matrix (ECM) molecules such as laminin can
also potentiate nerve regeneration (Chen et al. 2007;
Chernousov and Carey 2000) and a recent study has shown
that ASC express laminin, which can facilitate axon sorting,
myelination and functional recovery in mice deficient for
Schwann-cell-derived laminin (Carlson et al. 2010).
Remodeling of the ECM and neurite outgrowth involves
interactions with other molecules such as the matrix metal-
loproteinases, which are also produced by ASC (Kim et al.
2007). Angiogenic molecules such as vascular endothelial
growth factor (VEGF) can also promote neurite outgrowth
(Sondell et al. 2000). VEGF is expressed at high levels by
ASC (Rehman et al. 2004) and deep and superficial layer
ASC might express different levels of this factor given the
variation in vascularity across the adipose tissue layers.

To date, most studies have focused on differentiating
human ASC toward a neural phenotype for transplantation
into injured patients (Anghileri et al. 2008; Franco Lambert
et al. 2009; Safford et al. 2002). These studies have shown
that treatment with a variety of induction protocols can lead
to the expression of neural and glial markers but they have not
examined the neurotrophic potential of undifferentiated cells.
Our study is the first to examine the neurotrophic factor profile
of human ASC. Human ASC have recently been transplanted
into athymic rats subjected to sciatic nerve transection
(Santiago et al. 2009). Treatment with ASC enhances nerve
regeneration and reduces muscle atrophy but no evidence has
been seen for an in vivo trans-differentiation of the cells
toward a Schwann cell phenotype (Santiago et al. 2009).
Some of the benefits afforded by the cells are thus probably a
result of their production of neurotrophic factors and other
molecules involved in the ECM.

In conclusion, our study has shown that human ASC
express a range of neurotrophic factors and cells isolated
from the superficial abdominal fat layer promote neurite
process outgrowth in vitro. Together with their favorable
proliferation kinetics, future in vivo nerve regeneration
studies with human superficial layer ASC are warranted.
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