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Abstract Neural stem cells (NSCs) can be isolated from
nervous tissues or derived from embryonic stem cells. How-
ever, their procurement for clinical applications is limited, and
there is a need for alternative types of cell that have NSCs
properties. In the present study, the differentiation potential of
rat adipose-derived stem cells (ADSCs) was evaluated by
infecting these cells with a lentiviral vector-encoding green
fluorescent protein (GFP). ADSCs transduced with lentivirus
were able to generate NSC-like cells, without any effects on
their growth, phenotype, and normal differentiation potential.
NSC-like cells derived fromADSCs formed neurospheres and
expressed high levels of the neural progenitor marker nestin.
In the absence of selected growth factors, these neurospheres
differentiated into neurons expressing NeuN and MAP2 and
GFAP-expressing glia, as determined by immunocytochemis-
try, Western blotting, and quantitative real-time polymerase
chain reaction. These results demonstrate that ADSCs can be
induced to generate neurospheres that have NSC-like proper-
ties and may thus constitute a potential source of cells in stem
cell therapy for neurological disorders.
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Introduction

Many neurological disorders including neurodegenerative dis-
eases, such as Alzheimer's or Parkinson's, are caused by the
loss of neurons and glia in the brain or spinal cord [1]. At
present, there are few treatment options available for patients
with progressive neurological deterioration, but progress in
stem cell-based therapies offers a possibility for the restoration
of brain function. Recent studies have indicated that neurons
and glia can be successfully differentiated from neural and
embryonic stem cells [2]. Neural stem cells (NSCs) isolated
from the brain, bonemarrow, and spinal cord [3] can be grown
in culture as free-floating aggregates called neurospheres [4]
and have the potential to generate the three major central
nervous system cell types, namely, neurons, astrocytes, and
oligodendrocytes [4]. However, the clinical application of
NSCs is limited by the invasiveness and ethical concerns
associated with the procurement of these cells.

Recent attention has focused on the use of adipose-derived
stem cells (ADSCs) as an alternative stem cell source, given
their capacity to differentiate into endodermal, ectodermal,
and mesodermal lineages to produce a variety of cell types
including osteoblasts, chondrocytes, adipocytes, myocytes,
and neural cells [5–7]. ADSCs can be readily obtained in large
quantities by liposuction, which does not pose ethical chal-
lenges and has the additional advantages of low donor-site
morbidity [8] and immunogenicity [9], along with a higher
amenability to gene therapy [10]. Some reports indicate that
ADSCs can be selectively induced to generate both neurons
and glia [5, 11, 12].
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Lentiviral vectors can be used to transduce both dividing
and nondividing cells, thereby efficiently delivering exoge-
nous target genes into host cells that are then integrated into
the genome, resulting in their stable expression over many
generations [13, 14]. The efficiency of lentiviral infection in
living cells can be monitored through the expression of a
fluorescent reporter such as green fluorescent protein (GFP)
[15], which can be transcribed in-frame with the target gene,
resulting in a fusion protein, or else expressed independently
as part of a multigene cassette in the vector.

In the present study, a lentiviral vector containing GFP was
used to transduce ADSCs, allowing them to be analyzed by
flow cytometry and enabling lineage tracing over multiple
generations. ADSCs retained their normal adipogenic and
osteogenic differentiation potential but could also be induced
to differentiate into NSC-like cells, which formed
neurospheres in culture that expressed the neural progenitor
marker nestin. Furthermore, these neurospheres could be fur-
ther differentiated into neurons expressing neuronal nuclear
antigen (NeuN) and microtubule-associated protein 2 (MAP2)
and glia expressing glial fibrillary acidic protein (GFAP).

Materials and Methods

Isolation and Culture of Rat ADSCs

Female adult Sprague–Dawley rats (100–120 g) were provid-
ed by the Animal Laboratory Center of Tongji Medical Col-
lege of Huazhong University of Science and Technology.
Adipose tissue was obtained from inguinal fat depots. After
extensive washes with sterile phosphate-buffered saline (PBS;
pH 7.4; Hyclone; Thermo Scientific, Logan, UT, USA) to
remove contaminating debris and red blood cells, the adipose
tissue was transferred to a 15 ml tube containing 0.1 % colla-
genase I (Invitrogen, Carlsbad, CA, USA) for 40 min at 37 °C
with gentle agitation. The collagenase was inactivated by
adding an equal volume of Dulbecco's Modified Eagle's Me-
dium (Thermo Scientific) containing 10 % fetal bovine serum
(DMEM-F12/10 % FBS; Invitrogen). Dissociated cells were
harvested by centrifugation at 1,100 rpm for 10 min, followed
by washes with DMEM-F12/10 % FBS. Resuspended cells
were filtered through a 40-μm strainer (BD Biosciences, San
Jose, CA, USA) to remove debris, then plated on a 25 cm2

tissue culture dish (Corning, Lowell, MA, USA), and incu-
bated at 37 °C and 5 % CO2. Nonadherent cells were removed
by replacing the culture medium after 48 h, and the medium
was replaced every 2 to 3 days. At 80–90 % confluence, cells
were passaged by detaching adherent cells with trypsin-EDTA
solution (0.25 % trypsin and 0.02 % EDTA; Genom, China),
and resuspending and plating cells in DMEM/10 % FBS. All
studies in animals were conducted in accordance with the
guidelines of the Ministry of Science and Technology of

the People's Republic of China for the care and use of
laboratory animals.

Lentiviral Transduction and Visualization of GFP
Fluorescence

A lentiviral vector expressing GFP (pLV.Ex2d.P/neo-EF1A-
eGFP; Cyagen Biosciences, Santa Clara, CA, USA) was used
to infect ADSCs according to the manufacturer's instructions.
Viral supernatants were added to fresh culture medium sup-
plemented with 8 μg/ml polybrene (Sigma-Aldrich, St. Louis,
MO, USA). After 8 h, cells were resuspended in fresh culture
medium; GFP expression was observed 48 h later. The effi-
ciency of transduction was determined by counting the frac-
tion of GFP-positive cells in five representative fields.

Flow Cytometry Analysis of GFP-Expressing ADSCs

GFP-expressing ADSCs in the second passage were analyzed
by flow cytometry. Cells were harvested using trypsin-EDTA
solution and resuspended in DMEM/10 % FBS. For flow
cytometry, 106 cells were incubated with phycoerythrin-
conjugated rat antibodies against CD45, CD44, CD34, and
CD29 (all from Biolegend, San Diego, CA, USA) for 40 min
at room temperature. After PBSwashes, cells were resuspend-
ed in ice-cold PBS and sorted using a FACSCalibur cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

Adipogenic and Osteogenic Differentiation of ADSCs

All chemicals were purchased from Sigma-Aldrich unless
otherwise indicated. GFP-expressing ADSCs (passage 2)
were exposed to adipogenic and osteogenic conditions for
14 days. For adipogenic differentiation, the medium was
replaced with DMEM/10 % FBS containing 0.5 mM
isobutyl-methylxanthine, 200 μM indomethacin, 1 μM dexa-
methasone, 10 mg/l insulin, and 1× penicillin/streptomycin
(P/S; Solarbio Science and Technology, Beijing, China). The
DMEM/10 % FBS medium used for osteogenic differentia-
tion contained 0.1 μM dexamethasone, 50 μg/l vitamin C,
10 mM β2 glycerophosphate, and 1× P/S. The medium was
replaced every 3 to 4 days, and images were taken daily using
phase contrast microscopy to assess ADSCs differentiation.
After 14 days, cells were stained with Oil red O and alizarin
red to verify their differentiation into adipocytes and osteo-
blasts, respectively.

Karyotype Analysis of ADSCs

GFP-expressing ADSCs were cultured in six-well plates, and
at 80–90 % confluence, cells were treated with 10 μg/ml
colcemid (Sigma-Aldrich) for 2.5 h, then harvested using
trypsin-EDTA solution and incubated in 0.075 M KCl at
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37 °C for 20 min before being fixed with a 3:1 mixture of
methanol and glacial acidic acid. Giemsa banding was per-
formed following a standard protocol [16], with chromosomal
analysis carried out using the Applied Imaging system.

ADSC-Derived Neurospheres Cultures

GFP-expressing ADSCs (106 cells/ml) were seeded in uncoat-
ed culture flasks (BD Biosciences) in neurobasal medium
(Invitrogen) supplemented with 20 ng/ml rat epidermal
growth factor (EGF) and 20 ng/ml rat fibroblast growth factor
2 (FGF-2; both from Pepro Tech, USA), 2 % B27
(Invitrogen), and 1× P/S. Cells were cultured at 37 °C and
5 % CO2 for 3 days, with daily replacement of the growth
factor-supplemented medium. Phase contrast images were
taken daily to assess the number and size of neurospheres,
which were expanded for two or more passages.

Terminal Differentiation of ADSC-Derived Neurospheres

To induce terminal differentiation, neurospheres were
suspended in neurobasal medium supplemented with 2 %
B27, 1 % FBS, and 1× P/S without growth factors, then
transferred to poly-L-lysine (PLL)-treated flasks and cultured
at 37 °C and 5 % CO2. The differentiation medium was
replaced every 3 to 4 days for 14 days. Phase contrast images
were taken daily to examine the differentiation of
neurospheres.

Transmission Electron Microscopy

Floating neurospheres were fixed by adding 2.5 % glutaralde-
hyde (Sigma-Aldrich) in 100mMphosphate buffer (pH 7.0) at
4 °C overnight. After washes with 0.1 M PBS, neurospheres
were postfixed with 1 % osmium tetroxide (Sigma-Aldrich) in
100 mM phosphate buffer for 2 h at 4 °C, then dehydrated and
embedded in Epon 812 (Serva, Heidelberg, Germany). Ultra-
thin sections (60 nm) were cut and stained with uranyl acetate
and lead citrate, and visualized by TEM (Tecnai G2 20 Twin;
FEI, Hillsboro, OR, USA).

Immunocytochemistry

GFP-expressing ADSCs (passage 3), neurospheres, and ter-
minally differentiated neurospheres were plated on PLL-
coated cover slips and fixed with 4 % paraformaldehyde
(Sigma-Aldrich) in PBS for 30min at room temperature. After
washes with PBS, cells were permeabilized with 0.25 % Tri-
ton X-100 (Amresco, Framingham, MA, USA) for 20 min,
blocked with 5 % bovine serum albumin (Sigma-Aldrich) in
PBS for 1 h and incubated overnight at 4 °C with one of the
following antibodies: rabbit monoclonal anti-nestin (1:150;
Sigma-Aldrich), rabbit polyclonal anti-GFAP (1:1000;

Abcam, Cambridge, UK), mouse monoclonal anti-NeuN
(1:50; Millipore, Billerica, MA, USA), or rabbit polyclonal
anti-MAP2 (1:50; Cell Signaling Technology, Danvers, MA,
USA). After PBS washes, cells were incubated for 1 h with
Cy-3-conjugated goat anti-rabbit or FITC-conjugated goat
anti-mouse secondary antibody (1:100; Proteintech, Chicago,
IL, USA) and the nuclear counterstain DAPI (Sigma-Aldrich),
and visualized by fluorescence (Olympus DP71, Tokyo, Ja-
pan) and confocal (Zeiss LSM710, Munich, Germany)
microscopy.

Western Blot Analysis

Cells lysates were prepared in RIPA buffer (Thermo Scientific),
and protein concentrations were determined using a protein assay
kit (Thermo Scientific). Samples were resolved by 10 % SDS-
PAGE and transferred to a PVDF membrane (Millipore) which
was incubated with primary antibodies against nestin (1:600;
Sigma-Aldrich), NeuN (1:400; Millipore), MAP2 (1:1000; Cell
Signaling Technology), and GFAP (1:50,000; Abcam) at 4 °C
overnight. After washes with Tris-buffered saline with 0.05 %
Tween 20 (pH 7.6), membranes were probed with HRP-
conjugated goat anti-mouse or goat anti-rabbit secondary anti-
bodies (Millipore). Protein bands were visualized using an en-
hanced chemiluminescence kit (Thermo Scientific), and expres-
sion levels were normalized to β-actin.

Quantitative Real-Time PCR

The SYBR Green/Fluorescein qPCR Master Mix (Takara Bio,
Shiga, Japan) was used for quantitative real-time polymerase
chain reaction (qRT-PCR) according to the manufacturer's in-
structions. The following primers were used: nestin forward, 5′-
CAA CCA CAG GAG TGG GAA CT-3′ and reverse, 5′-TCT
GGC ATT GAC TGA GCA AC-3′; GFAP forward, 5′-AGA
AAA CCG CAT CAC CAT TC-3′ and reverse, 5′-ACA TCC
TTGTGCTCCTGCTT-3′; NeuN forward, 5′-TGGTGCTGA
GATTTATGGAGGC-3′ and reverse, 5′-GCCGATGGTATG
ATG GTA GGG AT-3′; MAP2 forward, 5′-CTG GCA CTC
CTC CAA GCT AC-3′ and reverse, 5′-CCG ATT TTG GAC
TTG ACG TT-3′; and as an internal control, β-actin forward, 5′-
CACGATGGAGGGGCCGGACTCATC-3′ and reverse, 5′-
TAA AGA CCT CTATGC CAA CAC AGT-3′. The amplifica-
tion conditions were as follows: 50 °C for 2 min and 95 °C for
10 min, followed by 40 cycles of 95 °C for 30 s and 60 °C for
30 s. Data were analyzed using the 2-ΔΔCt method.

Statistical Analysis

All experiments were performed at least three times, and
results are expressed as mean ± standard error. A one-way
analysis of variance was used to evaluate mean differences,
and P<0.05 was considered statistically significant.
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Results

Efficient Infection of Rat ADSCs with GFP-Expressing
Lentivirus

ADSCs isolated from rat inguinal fat tissue had spindle-
like morphology (Fig. 1a); these were efficiently infect-
ed by a lentiviral vector-encoding GFP, as determined
by GFP expression 24 and 48 h later. Peak GFP inten-
sity was observed at 48 h, with a transduction efficiency
of about 85 % (Fig. 1b). GFP expression was still
detectable after 6 weeks (Fig. 1c, d), but at a signifi-
cantly reduced intensity, suggesting that the integration

of the vector was not stable over time. Thus, the sub-
sequent experiments were performed in ADSCs pas-
saged at most three times, as it was found that GFP
expression remained high over this time course.

Retention of ADSCs Characteristics upon GFP Lentiviral
Transduction

To determine whether lentiviral transduction altered the
characteristics of ADSCs, cells were analyzed by flow
cytometry, karyotyping, and adipogenic and osteogenic
differentiation. GFP-expressing ADSCs were negative
for the hematopoietic stem cell markers CD34 and

Fig. 1 GFP expression in ADSCs infected with a GFP-expressing viral
vector. a Phase contrast image of ADSCs revealed a typical spindle-like
morphology. b GFP expression was high 48 h after infection, with a

transduction efficiency of 85%. A gradual decline in GFP expression was
observed at c 6 and d 8 weeks after infection. Scale bar=100 μm

Fig. 2 ADSCs infected with a GFP-encoding lentivirus retain normal
functional characteristics. aFlow cytometry histograms reveal the expres-
sion of CD29 (99.8 %) and CD44 (48.7 %), but not CD34 or CD45 in
GFP-expressing ADSCs. b Transduced ADSCs generate adipocytes (as

confirmed by Oil Red O staining), and c osteoblasts (as confirmed by
alizarin red staining). Scale bar=20 μm (b), 100 μm (c). d Karyotype
analysis of GFP-expressing ADSCs revealed a normal female rat (40XX)
karyotype
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CD45, while positive for the mesenchymal markers
CD29 (99.8 %), and CD44 (48.7 %; Fig. 2a). To assess
the capacity of ADSCs for differentiation, cells were
cultured in adipogenic and osteogenic differentiation
medium for 2 weeks. Oil Red O staining revealed that
cells cultured in adipogenic medium contained the lipid
droplets characteristic of mature adipocytes (Fig. 2b).
Cells cultured in osteogenic medium had mineralized
nodules as observed by alizarin red staining (Fig. 2c),
indicating that they were differentiated osteoblasts. Kar-
yotype analysis showed that the transduced ADSCs had
normal chromosome content (Fig. 2d). Together, these
results indicate that lentiviral transduction had no effect
on the normal functional properties of rat ADSCs.

Generation of Neurospheres from GFP Lentivirus-Infected
ADSCs

Lentivirus-infected ADSCs were cultured in medium
containing EGF and FGF-2. On the first day, GFP-
expressing ADSCs formed small, spherical clusters
(Fig. 3a). Over the next 2 days, the size and number
of neurospheres increased (Fig. 3b, c). On the fifth day,
neurospheres were mechanically dissociated and resus-
pended in fresh culture medium; 3 days later, newly
formed neurospheres were observed (Fig. 3d), consistent
with a capacity for self-renewal in transduced ADSCs.
These results indicate that neurospheres derived from

GFP lentivirus-infected ADSCs have characteristics sim-
ilar to NSCs.

Differentiation of ADSC-Derived Neurospheres into Neurons
and Glia

Neurospheres derived from ADSCs were cultured in
the absence of growth factors to determine whether
they have the ability to generate neurons and glia.
Under these conditions, NSCs are induced to differen-
tiate [17]. On the third day, neurospheres began to
attach to the culture flasks (Fig. 3e, f), and after
10 days, most of the spheres were adherent and had
a spindle-like morphology, while extending long pro-
cesses similar to neurons or glia (Fig. 3g). An exam-
ination of undifferentiated cells by TEM revealed a
high nucleus-to-cytoplasm ratio, with some apparent
expansion of the endoplasmic reticulum, although the
number of organelles was comparable to what is ob-
served in ADSCs (Fig. 3h).

Expression of Neural and Glial Markers in Cells
Differentiated from ADSC-Derived Neurospheres

To further characterize the identity of cells differenti-
ated from ASCS-derived neurospheres, cells were ex-
amined for expression of nestin, NeuN, MAP2, and
GFAP by immunocytochemistry, Western blotting, and

Fig. 3 Formation of neural stem-like neurospheres from ADSCs and
their terminal differentiation induced by growth factor withdrawal. a
Neurospheres formed on the first day in the presence of growth factors,
increasing in size and number on b day 2 and c day 3 of culture. dNewly
formed neurospheres were observed after passaging. e In the absence of
EGF and FGF-2, neurospheres attached to the culture flask on the first

day. f By day 3, more cells were adherent. g On day 10, nearly all cells
were attached and extended long processes similar to neurons or some
types of glia. h Ultrastructural analysis of cells from ADSC-derived
neurospheres by TEM revealed a high nucleus-to-cytoplasm ratio
(arrow), and expansion of the endoplasmic reticulum (thick arrow). Scale
bar=100 μm (a–g), 10 μm (h)
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qRT-PCR. GFP-expressing ADSCs expressed low
levels of nestin, while expression of the other markers
was undetectable (Fig. 4a). In contrast, high levels of
nestin were expressed by neurospheres in the presence

of EGF and FGF-2 (Fig. 4b). After growth factor
withdrawal, differentiated neuron- and glia-like cells
expressed high levels of NeuN and GFAP as well as
MAP2, but reduced levels of nestin (Fig. 4c).

Fig. 4 Expression of neuronal
and glial markers in cells
differentiated from ADSC-
derived neurospheres. a
ADSCs expressed low levels
of the neural progenitor
marker nestin, but not
neuronal markers NeuN and
MAP2 or the glial marker
GFAP. b Self-renewing
neurospheres derived from
GFP lentivirus-infected ADSCs
expressed high levels of nestin. c
In the absence of EGF and FGF-2,
neurospheres differentiated into
cells that had low levels of nestin,
and high levels of NeuN, MAP2,
and GFAP expression. Scale bar=
100 μm (a, c), 200 μm (b)
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The above observations were confirmed by Western blot-
ting (Fig. 5) and qRT-PCR (Fig. 6). Nestin protein and mRNA
levels were low in ADSCs, while no expression of NeuN,
MAP2, or GFAP was detected. Nestin transcript levels were
twofold higher in neurospheres, but were downregulated in
differentiated cells, which showed corresponding increases in
NeuN, MAP2, and GFAP transcript and protein. Taken to-
gether, these results demonstrate that ADSCs transduced with
a lentiviral vector expressing GFP can form nestin-expressing
neurospheres in culture and can be induced to differentiate in
the absence of EGF and FGF-2 into NeuN/MAP2-expressing
neurons and GFAP-expressing glia.

Discussion

There are few effective treatment options currently available
for neurological disorders resulting from the loss of neurons or
glia, and accumulating evidence suggests that adult NSCs
have limited therapeutic utility [4], while the use of fetal NSCs
poses other challenges including ethical concerns associated
with the procurement of these cells as well as the possibility of
transplant rejection by the host and the consequent require-
ment for immune suppression [18]. These issues can be
circumvented by using ADSCs, which are readily obtainable
and can potentially serve as an alternative stem cell source.

A useful method of labeling ADSCs for lineage tracing
is by infecting these cells with a lentiviral vector-encoding
a GFP reporter, which has been shown to stably integrate
into the genome of target cells [19]. Lentiviral vectors are
particularly effective, since they infect both nondividing
and dividing cells with high efficiency. In the present
study, a GFP lentiviral vector was used to infect ADSCs

derived from female rat inguinal fat tissue. As predicted, a
high transduction efficiency was observed (Fig. 1) without
any demonstrable effects on the normal differentiation poten-
tial or other functional characteristics of ADSCs (Fig. 2). Self-
renewing, nestin-positive neurospheres were efficiently gen-
erated from the transduced ADSCs in the presence of EGF
and FGF-2, growth factors that are typically used to maintain
NSCs in a proliferative state in culture [17]. Furthermore,
these neurospheres differentiated into NeuN/MAP2-positive
neurons and GFAP-positive glia upon growth factor with-
drawal (Figs. 3, 4, 5 and 6). These results were confirmed
by immunocytochemistry, Western blotting, and qRT-PCR
analyses. Nestin is an intermediate filament protein expressed
by NSCs [20]; NeuN and MAP2 are expressed in the nuclei
and dendrites, respectively, of mature neurons [21], while
GFAP is a structural element of fibrillary astrocytes. These
proteins are typically used as markers of NSCs, neuronal, and
glial identity, and therefore their expression in cells derived
from ADSCs suggests that the developmental potential of
ADSCs is similar to that of NSCs.

However, additional experiments are needed to confirm
whether the NeuN/MAP2-positive cells differentiated from
ADSCs-derived neurospheres have the functional characteristics
of neurons including electrophysiological recordings and exam-
ination of neurotransmitter or ion channel expression. Further-
more, future studies should examine the utility of ADSC-derived
NSC-like cells by performing transplantation experiments.

In conclusion, the results demonstrate that ADSCs trans-
duced with a GFP lentiviral vector have the capacity to gen-
erate neurospheres that can be induced to differentiate into
neurons and glia. Therefore, ADSCs provide a plentiful
source of NSC-like cells that can potentially be applied to
stem cell therapy for neurological disorders.

Fig. 5 Western blot of ADSCs cell lysates before and after differentia-
tion. GFP-expressing ADSCs expressed low levels of the neural progen-
itor marker nestin, but not neuronal or glial markers. Neurospheres
formed in culture expressed high levels of nestin. After neurospheres
differentiation, which was induced by the withdrawal of EGF and FGF-2
from the culture medium, nestin protein level was downregulated, while
expression of the neuronal markers NeuN and MAP2, and the glial
marker GFAP, was observed. β-actin was used as a loading control; the
blot is representative of the results of three experiments

Fig. 6 Quantitation of neural and glial marker expression in differenti-
ated ADSCs by qRT-PCR. ADSCs transduced with a GFP lentivirus
expressed low levels of the neural progenitor marker nestin. ADSCs-
derived neurospheres expressed nestin at high levels; upon differentiation
induced by growth factor withdrawal, nestin transcript levels were down-
regulated, while concomitant increases in the transcript levels of the
neuronal markers NeuN and MAP2, and the glial marker GFAP, were
observed. Data represent mean±standard deviation from three separate
experiments, and expression levels were normalized to β-actin
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