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Abstract

Taking advantage of homogeneously marked cells from green fluorescent protein (GFP) transgenic mice, we have recently
reported that adipose-derived stromal cells (ASCs) could differentiate into mesenchymal lineages in vitro. In this study, we per-
formed neural induction using ASCs from GFP transgenic mice and were able to induce these ASCs into neuronal and glial cell
lineages. Most of the neurally induced cells showed bipolar or multipolar appearance morphologically and expressed neuronal
markers. Electron microscopy revealed their neuronal morphology. Some cells also showed glial phenotypes, as shown immunocy-
tochemically. The present study clearly shows that ASCs derived from GFP transgenic mice differentiate into neural lineages in
vitro, suggesting that these cells might provide an ideal source for further neural stem cell research with possible therapeutic appli-

cation for neurological disorders.
© 2005 Elsevier Inc. All rights reserved.
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The identification of cell populations capable of neu-
ral differentiation has generated great interest [1,2]. Stem
cells from embryonic tissue are able to expand and dif-
ferentiate into multiple lineages including neural lin-
eages in vitro and in vivo. However, there are still
some limitations on the practical use of embryonic stem
cells because of ethical questions [3,4]. Pluripotent mes-
enchymal stem cells have been detected in multiple tis-
sues, including bone marrow [5-11]. Under
appropriate conditions, bone marrow-derived stromal
cells (BSCs) including mesenchymal stem cells selectively
differentiate into neural lineages in vitro and in vivo [5—
7,9,11-15].
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In the last few years, adipose tissue has been iden-
tified as an alternative source of pluripotent stromal
cells, sometimes referred to as processed lipoaspirate
(PLA) cells [16,17]. Using a cell cloning technique,
Zuk et al., isolated adipose-derived stem cells from a
PLA cell population. Our group also isolated stromal
cells from the adipose tissue without using any lipoas-
pirate techniques, and we therefore termed this cell
population “adipose-derived stromal cells” (ASCs).
ASCs including mesenchymal stem cells can be differ-
entiated into various mesenchymal tissues such as
chondrocytes, adipocytes, osteoblasts, and myocytes
[16-18], and can also be differentiated into neural
lineages [19-23].

Transgenic mice ubiquitously expressing green fluo-
rescent protein (GFP) are very useful for cell transplan-


mailto:juri-f@nms.ac.jp

J. Fujimura et al. | Biochemical and Biophysical Research Communications 333 (2005) 116-121 117

tation experiments, because the origin of GFP cells is
easily found [24]. Recently, we reported that ASCs from
GFP transgenic mice can differentiate into mesenchymal
lineages including chondrocytes, adipocytes, and osteo-
blasts [25]. Here, we present the first report showing that
ASCs from GFP transgenic mice can be differenti-
ated into neural lineages presenting morphologic and
immunochemical characteristics.

Materials and methods

Cell harvest. Primary culture of ASCs using GFP transgenic mice
was performed as described in a previous study [25]. GFP transgenic
mice aged 4 weeks were deeply anesthetized with diethyl ether. The
inguinal fat pads were removed and extensively washed with phos-
phate-buffered saline (Gibco-BRL, Grand Island, NY, USA). They
were finely minced and incubated on tissue culture plates (90 mm in
diameter) (Sumilon, Tokyo, Japan) for 1 h with a control medium
consisting of Dulbecco’s modified Eagle’s medium (Gibco) with 10%
fetal bovine serum (Gibco) and 1% antibiotic-antimycotic (Gibco).
The cell suspension was centrifuged at 1300 rpm (260g) for 6 min in a
50-ml centrifuge tube. The cell pellet was then digested with 0.15%
collagenase (Wako, Osaka, Japan) by vigorous shaking for 30 min at
37 °C, and an equal volume of control medium was added to inactivate
the collagenase activity. The reconstituted cell suspension was centri-
fuged at 1300 rpm (260g) for 6 min, and the cell pellet was resuspended
in the control medium. After cell counting using trypan blue staining,
the viable cells were plated at a concentration of 10° cells per plate
(90 mm in diameter) and maintained in the control medium at 37 °C in
5% humidified carbon dioxide. The culture media were changed every
3 days.

Neural induction. Neural induction was performed after two
passages. At 40-60% confluence, the medium was replaced by a
neural induction medium prepared according to a previous report
[22] but without fetal bovine serum: Dulbecco’s modified Eagle’s
medium containing 1% antibiotic-antimycotic (Gibco), 5 pg/ml
insulin (Wako), 200 uM indomethacin (Sigma, St. Louis, USA), and
0.5 mM isobutylmethylxanthine (Sigma). At several time points from
6 to 48 h following the neural induction, the cells were fixed and
assessed.

Electron microscopy. Twenty-four hours after the neural induction,
the cultured cells were fixed with 2.5% glutaraldehyde and postfixed
with 1% osmium tetroxide. After dehydration in ethanol, the cells were
embedded in resin according to standard techniques. Ultrathin sections
were cut on an ultramicrotome with a diamond knife and were then
stained with uranyl acetate and lead citrate. The sections were exam-
ined under an electron microscope.

Immunocytochemistry. ASCs were grown on a circular cover
glass of 9mm in diameter (Matsunami, Osaka, Japan). After the
neural induction, the cells were fixed with 4% buffered paraform-
aldehyde, and incubated with each primary antibody at 4°C
overnight and subsequently with appropriate secondary antibody
conjugated with Alexa fluor 594 for 1 h at room temperature. The
primary antibodies used in the present study were mouse mono-
clonal anti-nestin (1:100) (Chemicon, Temecula, CA, USA), mouse
monoclonal anti-microtubule-associated protein 2 (MAP 2a+ 2b)
(neuronal lineage) (1:500) (Sigma), mouse monoclonal anti-70-kDa-
neurofilament protein (NF-70) (Dako, Carpinteria, CA, USA),
rabbit polyclonal anti-glial fibrillary acidic protein (GFAP) (astro-
cyte lineage) (Dako), synaptophysin (Chemicon), and GABAA
receptor ol subunit (GABAA-R ol) (Upstate, Lake Placid, NY,
USA). The staining was visualized under a fluorescent microscope
(Olympus, Tokyo, Japan).

Results

Isolation of adipose-derived stem cells from GFP
transgenic mice

The inguinal fat pads from each mouse yielded
approximately 5x 10° nucleated cells. When plated,
the ASCs from these mice exhibited a heterogeneous
population of fibroblast-like cells morphologically
(Fig. 1A), which is consistent with the results of previous
reports. These ASCs expressed bright green fluorescence
under a fluorescent microscope (Fig. 1B).

Neural induction

After the neural induction, the morphology of ASCs
began to change within a few hours. The cells developed
characteristic round cell bodies with several branching
extensions (Fig. 2A), concomitantly expressing GFP
fluorescence (Fig. 2B). At most 60% of the total cell pop-
ulation were bipolar or multipolar in shape. Some of
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Fig. 1. Primary culture of ASCs harvested from GFP transgenic mice
in the control medium after 7 days. (A) A light microscopic image. (B)
A fluorescent microscopic image. The cells show an elongated
fibroblastic appearance with concomitant GFP fluorescence.
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Fig. 2. ASCs 24 h after incubation with neural induction medium. (A)
A light microscopic image. (B) A fluorescence microscopic image. The
cells developed characteristic round cell bodies with several branching
extensions retaining GFP fluorescence.

them appeared to make contact with their neighboring
cells, as shown in Fig. 2.

Electron microscopy

After the neural induction (Figs. 3A and B), the mul-
tipolar cells exhibited many microtubules (arrow M in
Fig. 3B) and thinner actin filaments (arrow A in Fig.
3B) in their soma and processes. The microtubules were
long, smooth-walled hollow cylindrical structures, sev-
eral micrometers long and around 20 nm in diameter,
and they occurred frequently in the dentrites and axons
of neurally induced cells. The non-induced cells had no
microtubules (Fig. 3C). This observation suggests that
these multipolar cells have the characteristics of
neurocytes.

Immunocytochemistry

After the neural induction, most of the ASCs with
bipolar processes expressed nestin (Fig. 4), while those
with multipolar processes tended to be stained with
MAP2 or neurofilament-70, but not nestin (Figs. 5 and
6). There were some GFAP-positive cells (Fig. 7), but
this study indicated rare occurrence. Neither synapto-
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Fig. 3. Electron micrographs of a neurally induced cell 24 h after
induction (A,B: circle of A) A multipolar cell had many microtubules
(arrow M) and thinner actin filaments (arrow A) in its soma and
processes. (C) A non-induced cell: there are no microtubules in the cell
structure.

physin nor GABAA-R ol was detected in neurally in-
duced cells (data not shown), even when the
differentiated cells appeared to be in contact with each
other.

Discussion
Our findings demonstrate that ASCs isolated from

GFP transgenic mice possess the ability to undergo
morphologic and phenotypic changes consistent with
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Fig. 4. Immunocytochemical stainings for nestin (red fluorescence)
and their GFP fluorescent view (green). (A,B) Induced cells (cells were
fixed at 6h following induction). (C,D) Non-induced cells. (For
interpretation of the references to colors in this figure legend, the
reader is referred to the web version of this paper.)

Fig. 5. Immunocytochemical stainings for MAP 2 (red fluorescence)
and their GFP fluorescent view (green). (A,B) Induced cells (cells were
fixed at 24 h following induction). (C,D) Non-induced cells. (For
interpretation of the references to colors in this figure legend, the
reader is referred to the web version of this paper.)

neural differentiation. As shown in Table 1, our results
were in good agreement with those of previous reports,
although there were some differences in the neurogenic
media, mouse strains and species used.

As has been previously reported, adipose tissue may
include neuronal fibers [26]. However, unlike in brown
adipose tissue, adipocytes are not directly in contact
with nerve terminals in white adipose tissue [27]. Zuk
et al. [16] showed that white adipose tissues contained
stem cells as well as adipocytes, vasculature, and matrix.
It is, therefore, unlikely that preexisting neural cells con-
tinue to grow in passaged cultures.

Fig. 6. Immunocytochemical stainings for neurofilament-70 (red
fluorescence) and their GFP fluorescent view (green). (A,B) Induced
cells (cells were fixed at 24 h following induction). (C,D) Non-induced
cells. (For interpretation of the references to colors in this figure
legend, the reader is referred to the web version of this paper.)
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Fig. 7. Immunocytochemical stainings for GFAP (red fluorescence)
and their GFP fluorescent view (green). (A,B) Induced cells (cells were
fixed at 24 h following induction). (C,D) Non-induced cells. (For
interpretation of the references to colors in this figure legend, the
reader is referred to the web version of this paper.)

Recently, Lu et.al. and Neuhuber et al. [28,29] reeval-
uated the results of induction of BSCs to neurons in vi-
tro and suggested the possibility that the morphological
changes resulted from rapid disruption of the cytoskele-
ton due to the cytotoxic medium. However, using the
electron microscopic images, we proved that neurally in-
duced cells possessed microtubules in their soma and
processes, which provides strong evidence that the neu-
rally induced cells in the present study had neuronal
structures.

Within a few hours of neural induction, the ASCs
changed shape from a fibroblast-like appearance to
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Table 1
A comparison of the characteristics of neurally induced ASCs as revealed in previous reports and in this study

Murine Human

Safford 2004 Safford 2002 This study Safford 2002 Kand 2003 Ashjian 2003 Zuk 2002
Nestin + + + +
NSE + +
Neu N + + + + +
MAP 2 + + + -
B-111 tubulin +
Trk-A +
NF-70 + -
IF-M + -
Tau +
GFAP + + + + - -

bipolar and multipolar ones. Immunostaining revealed
that the bipolar cells expressed nestin and that the multi-
polar ones were positive for MAP 2 or neurofilament-70.
Nestin, an intermediate filament protein, is thought to be
expressed at high levels in neural stem cells, although its
expression has also been observed in myogenic cells,
endothelial cells, and hepatic cells [13]. MAP 2 and neu-
rofilament-70 are used as markers for mature neurons
[19-23]. Therefore, these morphological changes from
bipolar to multipolar cells may represent neuronal mat-
uration. Immunochemical studies with GFAP as a mar-
ker for astrocytes demonstrated that there were far fewer
glial cells than neurons among the induced cells. ASCs
tend to differentiate into neurocytes rather than astro-
cytes under the condition in the present study.

When we used the previously reported neural induc-
tion medium containing serum [22], the cells gradually
took on a neural morphology over a period of two
weeks (data not shown). On the other hand, without
the serum, the morphological changes were observed
more rapidly in a higher proportion of the cells. This
suggests that an environmental stressor, such as a low
serum level, may be involved in the rapidity of neural
differentiation.

Safford et al. [21] reported that murine adipose-
derived adult stromal cells could be induced to
express GABA, a synaptic vesicle protein synapsin I,
N-methyl-p-aspartate (NMDA) receptor subunit, and
voltage-gated calcium channel al, and also to demon-
strate decreased viability in response to NMDA. In
our immunochemical experiment, however, we could
not confirm that the neurally induced cells were stained
for the neuronal presynaptic marker synaptophysin [30]
or GABAA-R al. It still remains unclear whether the
neurally induced cells in this study had synaptic connec-
tions and/or exerted neural functions.

ASCs are readily accessible in quite large quantities
and with minimal morbidity, which overcomes the risks
associated with obtaining neural stem cells from some
regions of the brain such as the subventricular zone or
of collecting stromal cells from bone marrow. ASCs also

provide a renewable population of cells that can be eas-
ily expanded in culture media. They therefore provide
significant potential benefits when it comes to the clini-
cal use of neural cells derived from adipose tissue. More-
over, through fluorescent microscope, the origin of the
GFP cells is easily found. Therefore, ASCs from GFP
transgenic mice may be an ideal source for further
experiments on neural differentiation and transplanta-
tion in animal models of neurological diseases.

References

[1] B.A. Reynolds, S. Weiss, Generation of neurons and astrocytes
from isolated cells of the adult mammalian central nervous
system, Science 255 (1992) 1707-1710.

[2] L.J. Richards, T.J. Kilpatrick, P.F. Bartlett, De novo generation
of neuronal cells from the adult mouse brain, Proc. Natl. Acad.
Sci. USA 89 (1992) 8591-8595.

[3] F.E. Young, A time for restraint, Science 287 (2000) 1424.

[4] N. Lenoir, Europe confronts the embryonic stem cell research
challenge, Science 287 (2000) 1425-1427.

[5] LB. Black, D. Woodbury, Adult rat and bone marrow stromal
stem cells differentiate into neurons, Blood Cells Mol. Dis. 27
(2001) 632-636.

[6] G. Ferrari, G. Cusella-De Angelis, M. Coletta, et al., Muscle
regeneration by bone marrow-derived myogenic progenitors,
Science 279 (1998) 1528-1530.

[7] Y. Jiang, B.N. Jahagirdar, R.L. Reinhardt, et al., Pluripotency of
mesenchymal stem cells derived from adult marrow, Nature 418
(2002) 41-49.

[8] M.K. Majumdar, M.A. Thiede, J.D. Mosca, et al., Phenotypic
and functional comparison of cultures of marrow-derived mesen-
chymal stem cells (MSCs) and stromal cells, J. Cell. Physiol. 176
(1998) 57-66.

[9] M.F. Pittenger, A.M. Mcackay, S.C. Beck, et al., Multilineage
potential of adult human mesenchymal stem cells, Science 284
(1999) 143-147.

[10] D.J. Prockop, Marrow stromal cells as stem cells for nonhemat-
opoietic tissues, Science 276 (1997) 71-74.

[11] J.R. Sanchez-Ramos, Neural cells derived from adult bone
marrow and umbilical cord blood, J. Neurosci. Res. 69 (2002)
880-893.

[12] D. Woodbury, E.J. Schwarz, D.J. Prockop, et al., Adult rat and
human bone marrow stromal cells differentiate into neurons, J.
Neurosci. Res. 61 (2000) 364-370.



J. Fujimura et al. | Biochemical and Biophysical Research Communications 333 (2005) 116-121 121

[13]J. Sanchez-Ramos, S. Song, F. Cardozo-Pelaez, et al., Adult
bone marrow stromal cells differentiate into neural cells in vitro,
Exp. Neurol. 164 (2000) 247-256.

[14] D. Woodbury, K. Reynolds, I.B. Black, Adult bone marrow
stromal stem cells express germline, ectodermal, endodermal, and
mesodermal genes prior to neurogenesis, J. Neurosci. Res. 96
(2002) 908-917.

[15] J.U. Yoo, T.S. Barthel, K. Nishimura, et al., The chondrogenic
potential of human bone-marrow-derived mesenchymal progeni-
tor cells, J. Bone Joint Surg. Am. 80 (1998) 1745-1757.

[16] P.A. Zuk, M. Zhu, H. Mizuno, et al., Multilineage cells from
human adipose tissue: implications for cell-based therapies, Tissue
Eng. 7 (2001) 211-228.

[17] Y.C. Halvorsen, W.O. Wilkison, J.M. Gimble, Adipose-derived
stromal cells—their utility and potential in bone formation,
Int. J. Obes. Relat. Metab. Disord. 24 (suppl. 4) (2000) S41-
S44.

[18] G.R. Erickson, J.M. Gimble, D.M. Franklin, et al., Chondro-
genic potential of adipose tissue-derived stromal cells in vitro
and in vivo, Biochem. Biophys. Res. Commun. 290 (2002) 763—
769.

[19] K.M. Safford, K.C. Hicok, S.D. Safford, et al., Neurogenic
differentiation of murine and human adipose-derived stromal
cells, Biochem. Biophys. Res. Commun. 294 (2002) 371-
379.

[20] P.A. Zuk, M. Zhu, P. Ashjian, et al., Human adipose tissue is a
source of multipotent stem cells, Mol. Biol. Cell 13 (2002) 4279—
4295.

[21] K.M. Safford, S.D. Safford, J.M. Gimble, et al., Characterization
of neuronal/glial differentiation of murine adipose-derived adult
stromal cells, Exp. Neurol. 187 (2004) 319-328.

[22] P.H. Ashjian, A.S. Elbarbary, B. Edmonds, et al., In vitro
differentiation of human processed lipoaspirate cells into early
neural progenitors, Plast. Reconstr. Surg. 111 (2003) 1922-1931.

[23] S.K. Kang, D.H. Lee, Y.C. Bae, et al., Improvement of neuro-
logical deficits by intracerebral transplantation of human adipose
tissue-derived stromal cells after cerebral ischemia in rats, Exp.
Neurol. 183 (2003) 355-366.

[24] M. Okabe, M. Ikawa, K. Kominami, et al., ‘Green mice’ as a
source of ubiquitous green cells, FEBS Lett. 407 (1997) 313-319.

[25] R. Ogawa, H. Mizuno, A. Watanabe, et al., Osteogenic and
chondrogenic differentiation by adipose-derived stem cells har-
vested from GFP transgenic mice, Biochem. Biophys. Res.
Commun. 313 (2004) 871-877.

[26] L. Napolitano, D.W. Fawcett, The fine structure of brown
adipose tissue in the newborn mouse and rat, J. Biophys.
Biochem. Cytol. 4 (1958) 685-692.

[27] P.R. Johnson, M.R.C. Greenwood, Innervation and vasculariza-
tion of white adipose tissue, in: L. Weiss (Ed.), sixth ed., Cell and
Tissue Biology, A Textbook of Histology, Urban and Schwar-
zenberg, Baltimore, 1988, pp. 193-195.

[28] P. Lu, A. Blesch, M.H. Tuszynski, Induction of bone marrow
stromal cells to neurons: differentiation, transdifferentiation, or
artifact?, J. Neurosci. Res. 77 (2004) 174-191.

[29] B. Neuhuber, G. Gallo, L. Howard, et al., Reevaluation of in
vitro differentiation protocols for bone marrow stromal cells:
disruption of actin cytoskeleton induces rapid morphological
changes and mimics neuronal phenotype, J. Neurosci. Res. 77
(2004) 192-204.

[30] S. Okabe, A. Miwa, H. Okado, Spine formation and correlated
assembly of presynaptic and postsynaptic molecules, J. Neurosci.
21 (2001) 6105-6114.



	Neural differentiation of adipose-derived stem cells isolated from GFP transgenic mice
	Materials and methods
	Results
	Isolation of adipose-derived stem cells from GFP transgenic mice
	Neural induction
	Electron microscopy
	Immunocytochemistry

	Discussion
	References


