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Stem Cell Therapy for Neurologic Disorders: Therapeutic Potential of

Adipose-Derived Stem Cells
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Abstract: There is growing evidence to suggest that reservoirs of stem cells may reside in several types of adult tissue.
These cells may retain the potential to transdifferentiate from one phenotype to another, presenting exciting possibilities
for cellular therapies.

Recent discoveries in the area of neural differentiation are particularly exciting given the limited capacity of neural tissue
for intrinsic repair and regeneration. Adult adipose tissue is a rich source of mesenchymal stem cells, providing an
abundant and accessible source of adult stem cells. These cells have been termed adipose derived stem cells (ASC). The
characterization of these ASCs has defined a population similar to marrow-derived and skeletal muscle-derived stem cells.
The success seen in differentiating ASC into various mesenchymal lineages has generated interest in using ASC for
neuronal differentiation. Initial in vitro studies characterized the morphology and protein expression of ASC after
exposure to neural induction agents. Additional in vitro data suggests the possibility that ASCs are capable of neuronal
activity. Progress in the in vitro characterization of ASCs has led to in vivo modeling to determine the survival, migration,
and engraftment of transplanted ASCs.

While work to define the mechanisms behind the transdifferentiation of ASCs continues, their application to neurological
diseases and injuries should also progress. The subject of this review is the capacity of adipose derived stem cells (ASC)

for neural transdifferentiation and their application to the treatment of various neurologic disorders.

INTRODUCTION

Reservoirs of stem and progenitor cells have been shown
to exist in several types of adult tissue, including skin,
muscle, bone marrow, and fat [1-7]. Growing evidence
suggests that these cells may retain multilineage potential
and are capable of giving rise to cell lineages other than
those of the resident tissue. The reprogramming of cells from
one mature tissue type to another phenotype is termed
“transdifferentiation” [8, 9]. The possibilities raised by cell
transdifferentiation are exciting for several reasons. First, the
traditional concept that cells in adult tissue cannot change
their developmental fate may not be absolute. Second, the
use of adult stem cells would circumvent the ethical and
logistic concerns associated with the use of embryonic stem
cells. Third, adult stem cells present an easily accessible,
abundant, and replenishable source of cells for use in cellular
therapy applications.

Recent discoveries in the area of neural transdifferentia-
tion are especially interesting given the limited capacity of
neurons for regeneration [10, 11] . Neuronal transdifferentia-
tion is difficult to demonstrate, and evidence of transdiffe-
rentiation should include immunocytochemistry for the
presence of neuronal markers and the absence of non-
neuronal markers, and demonstration of neuronal function of
transdifferentiated cells [8, 12]. Initial work in the field of
neuronal differentiation of mesenchymal cells was observed

*Address correspondence to this author at the Department of Surgery, Duke
University Medical Center, Durham, North Carolina, USA,
E-mail: saffo002@mc.duke.edu

1389-4501/05 $50.00+.00

with bone marrow stromal cells, first demonstrating in vitro
expression of neural markers, followed by in vivo studies of
transplantation and animal models of neural injuries and
disease [13- 21, 99].

Adipose tissue is the most abundant and accessible
source of adult stem cells [22]. The capacity of adipose
derived stem cells (ASC) for neural transdifferentiation has
been the subject of our recent work, opening up the possi-
bility of using these cells in the treatment of various neuro-
logic disorders. This review examines the recent studies on
the isolation, characterization, and neural differentiation of
adipose-derived stem cells.

SOURCES OF STEM CELLS

A long standing pillar of developmental biology conti-
nues to be challenged, namely that a cell committed to a
specific phenotype cannot change its destiny [23]. Recent
studies have demonstrated the conversion of cells between
lineages, even between different germ layers [24-26]. This
concept of “transdifferentiation” has been challenged by
explanations other than lineage switching, such as the
presence of contaminating cells from a different lineage or
cell fusion [17, 27]. To help develop new therapeutic options
for neuronal diseases, it is essential to understand both the
potentials as well as the limitations of various stem cell
populations.

A stem cell is defined by its capability both to self-renew
and to generate multiple differentiated progeny. The
prototypical stem cell is the totipotent egg, and many critical
advances in developmental biology have benefited from the
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study of embryonic stem cells (ES). ES cells can
differentiate into various cell lineages in vivo and in vitro,
including neuronal tissue [28, 101]. Similarly, both fetal and
adult neuronal stem cells (NSC) can differentiate into
neurons and glia in vitro and in vivo [30-41]. However, the
clinical use of both ES and NSC cells is encumbered by
numerous logistic and ethical constraints [5].

MESENCHYMAL STEM CELLS

Increasing recognition is being made of the plasticity of
stromal cells within bone marrow, termed mesenchymal
stem cells (MSC) [42]. MSCs can differentiate into multiple
mesodermal lineages, including bone, fat, and cartilage, as
well as cells that are not part of their normal repertoire,
including skeletal and cardiac muscle and hepatocytes [25,
43-48]. In addition to mesenchymal lineages, recent reports
have suggested that MSCs can differentiate into cells with
neuronal characteristics in vitro. Verfaille et al. have
identified a rare cell within marrow, termed a multipotent
adult progenitor cell, which can differentiate into all three
germ layers, including neurons [15]. Both Eglitis and
Woodbury have shown that MSCs can differentiate into
neurons in vitro [16, 21].

Several common themes have emerged from these
studies. First, the isolation of a homogeneous population of
MSCs results from the adherence of stromal cells to plastic,
which depletes hematopoietic progenitors and other cells.
Second, culture cocktails used to induce neuronal differen-
tiation generally require agents such as retinoic or valproic
acid, growth factors, antioxidants, demethylating agents, or
compounds which increase intracellular cAMP. Other
studies have shown a role for genetic inducers of neuronal
differentiation, including Noggin and Notch [49, 50]. The
findings of differentiation induced by these approaches has
been challenged recently [51].

In addition to in vitro studies, in vivo studies have
suggested that MSCs are capable of neuronal differentiation.
Following transplantation in animal models, MSCs assume a
neuronal phenotype, migrate in CNS, and restore function
following CNS injury [13, 14, 18, 21, 29, 52-56]. These
findings raise intriguing questions about plasticity across
lineage boundaries, and suggest that similar approaches may
be applicable to other stem cell sources [57 ].

ADIPOSE TISSUE AS AN ALTERNATIVE SOURCE
OF STEM CELLS

Recently, adult adipose tissue has become recognized as
a alternative and rich source of mesenchymal stem cells [58-
67]. Observations of ectopic bone formation in patients
suffering from progressive osseus heteroplasia and the
expansion in adipocytes numbers seen in obesity both
support the idea that a pool of multipotent cells exists within
adipose tissue [2, 21, 68].

The isolation of a population of progenitor cells from
adipose tissue was first described by Rodbell in 1964, whose
work was done in rodents [69]. This procedure was adapted
in later years to isolate progenitors from human adipose
tissue [70-72]. In 2001, Halvorsen et al. published a modi-
fication of existing isolation methods using liposuction waste
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as a starting material, demonstrating the potential of this
abundant and replenishable source for future clinical thera-
pies [61, 67].

Current methods for isolating ASCs from adipose tissue
vary slightly among investigators, but generally rely on an
enzyme digestion followed by centrifugal separation to
isolate the stromal/vascular cells from primary adipocytes.
Differential centrifugation separates floating mature adipo-
cytes from the pellet of stromal/vascular cells. This pellet
contains blood cells, fibroblasts, pericytes, endothelial cells,
and ASCs [22, 70, 73]. This stromal/vascular fraction is then
plated on plastic tissue culture dishes. Stromal cells adhere to
plastic, and during culture non-adherent hematopoietic and
other contaminating cells can be depleted. The final popu-
lation of cells can be maintained in an undifferentiated state
for extended periods. These cells have been called several
names by various groups, including adipose-derived stromal
cells, preadipocytes, and processed lipoaspirate cells [58, 60-
62, 74, 75]. At a recent consensus conference, these cells
have been termed adipose-derived stem (ASC) cells [76].

ASC cells display a fibroblast like morphology and lack
intracellular lipid droplets seen in adipocytes. After expan-
sion in culture, ASC cells display a distinct phenotype based
on cell surface protein expression and cytokine expression
[74]. This phenotype is similar to that described for marrow-
derived stromal cells and skeletal muscle derived stem cells
[66, 67, 74, 77, 98]. Adipose tissue is a rich source of stem
cells, as the frequency of stem cells within adipose tissue
range from 1:100-1:1500 adherent cells, which far exceeds
the frequency of MSCs in bone marrow [78, 79].

DIFFERENTIATION OF ASC INTO NON-NEURAL
LINEAGES

Under specific culture conditions, ASC cells can be
induced to differentiate into various mesenchymal and
endothelial lineages [60, 65, 67]. Under adipogenic condi-
tions, ASC cells demonstrate perinuclear lipid droplets and
expression of differentiation selective genes including aP2,
PPARg2, and C/EBPa [58, 60, 61]. Under osteogenic condi-
tions, ASC cells loaded onto a hydroxyapaptite/tricalcium
biomatrix form bone when implanted in mice. Under
chondrogenic conditions, ASC cells express cartilage matrix
molecules [67]. We have shown with Drs. Farsh Guilak and
Jeff Gimble that human ASC-derived chondrocytes maintain
a chondrogenic phenotype after implantation in nude mice,
and these findings have been confirmed by others [63,64, 67,
80]. Expression of these lineage-specific proteins, transcrip-
tion factors, and genes is not seen on ASC cells prior to in
vitro exposure to supplemented media [22, 66, 81]. In addi-
tion to this in vitro characterization of the ASC differentia-
tion, work is underway to explore tissue engineering
applications for these cells.

NEURONAL DIFFERENTIATION OF ASC CELLS

The success of mesenchymal differentiation of ASCs has
led to our interest in ASCs for neuronal differentiation.
Recent studies have reported the differentiation of ASCs into
neuron-like cells, demonstrating differentiation towards a
non-mesenchymal lineage. These findings are similar to
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those seen with bone marrow-derived stromal cells [64, 66,
82, 83]. These findings suggest the existence of a
replenishable source of stem cells for use in neurologic
disorders and diseases, and are a promising alternative
strategy for central nervous system cell therapy.

Neuronal differentiation of ASCs can be achieved by a
variety of techniques, but generally involves exposing ASCs
to a cocktail of induction agents. The induction media used
by the two groups Safford et al. and Zuk et al. are similar,
including the use of butylated hydroxyanisole, valproic acid,
and forskolin [64, 66]. Butylated hydroxyanisole is an
antioxidant, known to promote neural stem cell survival after
ischemic injury. Valproic acid is a branch-chained fatty acid
whose mechanism is not fully known. It is involved in the
blockade of voltage-dependent sodium channels and the
potentiation of GABAergic transmission. Forskolin is a
neural stimulus involved in the regulation of neurotrans-
mitter transporters and ion channels. These induction
cocktails are modifications of previously published neuronal
induction protocols developed for bone marrow-derived
stromal cells [20, 21].

A recent study by Kang et al. employs a different
induction protocol [82]. These researchers first expose the
ASCs to 5-azacytidine, a demethylating agent capable of
affecting gene expression [84]. Further differentiation is
achieved by maintaining the cells in neurobasal medium
containing B27 supplement. In another study, Ashjian et al.
treated ASCs with indomethacin, isobutylmethylxanthine,
and insulin to induce neural differentiation [80]. Indometha-
cin inhibits cyclooxygenase and has been shown to promote
neural cell survival after ischemic injury. Isobutylmethylxan-
thine is a phosphodiesterase inhibitor, resulting in an
elevation of intracellular cyclic adenosine monophosphate
(cCAMP). An increase in CAMP acts as a neural stimulus for
several cell types, including mesenchymal stem cells [85-
87].

Initial in vitro studies examined the neural differentiation
of ASCs after exposure to induction agents, characterizing
the morphology and protein expression of these cells [64, 75,
80, 83]. Within several hours of exposure of ASCs to
neuronal induction media, many cells display changes in
cellular morphology, with retraction of cytoplasm toward the
nucleus and formation of compact cell bodies with
cytoplasmic extensions. The majority of ASCs exposed to
neuronal induction media became increasingly spherical and
refractile, exhibiting a perikaryal appearance, suggestive of a
primitive neuronal/glial phenotype. These morphological
changes can be seen in ASCs as early as 5 hours after
exposure to neuronal induction media [64].

Neuronal markers expressed by neuronally-induced
ASCs, as determined by immunohistochemistry, include
NeuN, MAP2, tau, b-Ill tubulin, and NSE. Expression of
glial markers including GFAP, vimentin, and S100 was also
demonstrated by immunocytochemistry. Expression of the
oligodendrocyte marker O4 has not been seen on neuronally-
induced ASCs in vitro. The fraction of ASCs expressing
neuronal phenotypic markers in vitro is relatively high, with
some markers such as NeuN seen in approximately 80% of
neuronally-induced ASCs. The high percentages of protein
expression suggest that a majority of the cells in this
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heterogeneous population are undergoing at least a degree of
neural differentiation. Further, the co-expression of NeuN
and GFAP in some cells suggests that at least in short-term
culture, some ASCs may retain the potential for neuronal as
well as glial development.

The expression of neuronal and glial markers on ASC
cells has been examined further by Western blot and PCR
analysis. Zuk et al. found nestin expression both in undiffe-
rentiated ASCs and ASCs exposed to neuronal induction
media for nine hours [66]. No GFAP expression was found
in either group of cells. Another group also found nestin
expression in undifferentiated cells [82]. We found that after
neuronal induction, ASCs displayed increased nestin
expression, as well as MAP2 expression [83].

A more extensive profile of neuronal and glial markers in
ASCs has been examined by Western blot analysis. Zuk et
al. found expression of certain neuronal and glial markers in
both undifferentiated and differentiated ASCs, including
NSE, NeuN, trk-A, and vimentin. In contrast, we found
expression of a broad panel of neuronal and glial markers
only in ASCs exposed to neuronal differentiation media.
Undifferentiated ASCs were only found to express synapsin
l.

FUNCTION OF ASC CELLS IN VITRO

Several groups have described a neuronal/glial protein
expression profile of ASCs exposed to neuronal induction
agents in vitro. However, the functional capabilities of ASCs
have been more difficult to establish. Initial attempts at
determining whether ASCs possess any functional potential
of neurons involved staining neuronally-induced ASCs with
markers against neurotransmitter, neurotransmitter precursor,
and neural protein markers [83]. We found that select
neuronally-induced ASCs express markers of both GABA
and glutamate pathways. Also, select ASCs express markers
of more mature neuronal tissues, including the expression of
subunits of the glutamate NMDA receptor, synapsin I, the a-
1 calcium channel marker, or GAP-43. Select cells express
both subunits of the glutamate NMDA receptor, suggesting
that these cells may have the potential to respond to neuronal
agonists [83].

Although this immunocytochemical data is significant, it
does not show that ASCs are capable of functional activity.
We have shown that neuronally-induced ASCs demonstrate
an excitotoxic response to NMDA with a loss of cell
viability suggesting that cells within this population may
have formed functional NMDA receptors [83]. This data
suggests that the exposure of ASCs to neuronal induction
media induces a physiologic response to NMDA. However,
we recognize that these findings are non-specific, and do not
confirm the presence of neuronal tissue in these cultures.
Zuk et al. have shown in limited studies that ASCs are
capable of conducting an action potential using electro-
physiology [66]. These researchers found that induced ASCs
display a delayed rectifier K™ current, suggesting the pre-
sence of voltage-dependent K* channels. They hypothesize
that the expression of these channels, which precede Na™ and
Ca®* channels, correlates to the temporal development of ion
channels in maturing neurons [80].
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IN VIVO MODELING USING ASC CELLS

The success and progress of the in vitro studies of ASCs
has led to the fundamental question whether these cells are
capable of survival and function after transplantation into the
CNS. We have observed in preliminary experiments that
ASCs can survive after transplantion into the CA1 hippo-
campus of the intact mouse brain. Preliminary results from
this model suggest that neuronally induced ASCs, but not
control undifferentiated ASCs, can survive in vivo to at least
12 weeks after transplantation. Surviving ASCs migrated up
to 2.0 mm from the injection site similar to other studies of
marrow stromal cells and adult neural progenitor cells, with
migration along the corpus callosum and around the rostro-
caudal axis within the striatum [13, 30, 75]. Select surviving
ASC cells express both morphology as well as phenotypic
markers of neuronal cells. These findings are similar to
observations of adult and embryonic neural progenitor cells
responding to local in vivo cues [88, 89]. Markers of mature
neurotransmitter function were not seen. In these experi-
ments, in vitro exposure of ASCs to induction agents appears
to be necessary for their survival within a neuronal
microenvironment.

In a comparable study, Kang et al. found survival and
migration of human ASCs that were transplanted into rats
[82]. This group cultured ASCs in neurocbasal medium with
B27 supplement, 5-azacytidine, and the growth factors
BDNF, bFGF, and nerve growth factor. After transplantation
into the lateral ventricle of the rat brain, ASCs survived and
migrated to multiple areas of the brain. ASCs that were
transplanted into animals with focal ischemia resulting from
middle cerebral artery occlusion showed that ASCs migrated
into the injured area of the cortex, suggesting that ischemia-
induced factors facilitate donor cell migration [82]. Finally,
behavioral testing demonstrated that ASCs improved
functional recovery after MCA occlusion, with additional
benefit seen when ASCs were transfected with BDNF prior
to transplantation.

TRANSDIFFERENTIATION

Much debate has centered on the mechanisms involved in
transdifferentiation. The process is theorized to occur pri-
marily through DNA transcriptional activation and repres-
sion from chromatin structure modifications, which are
determined by intrinsic and extrinsic growth factors [90, 91].
No single unifying model describing this process has yet
emerged, a result of the complexity of the mechanisms
involved.

The in vivo ASC studies outlined above provide some
insights to the potential of using ASCs for neuronal thera-
pies, and raise additional questions about the transdifferen-
tiation potential of adult stem cells. These in vivo studies
demonstrate that ASCs are able to survive and migrate after
transplantation, and may even improve behavioral outcomes
after cerebral ischemia. However, it remains unclear if ASCs
are able to express a full profile of neuronal and glial
markers in vivo. Furthermore, it remains unclear the extent to
which the phenotypic fate of ASCs is determined in vitro
prior to transplantation, or whether the final fate is altered by
the local microenvironment. Pretreatment of bone marrow
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stromal cells with neurotrophic factors in vitro prior to
transplantation has been shown to improve cell survival and
neural differentiation in vivo [92]. It appears that a combina-
tion of in vitro pretreatment and transplantation within a
neuronal microenvironment or an area of injury supports
ASC differentiation toward a neuronal phenotype, even in a
normally non-neurogenic area. The neuronal transdifferentia-
tion process of ASCs may result from the interactions of
groups of cells, cytokines provided by these cells, growth
factors, and intercellular signals [90].

Can the findings of these in vivo studies can be explained
by mechanisms other than transdifferentiation? Several
reports have suggested that the transdifferentiation is the
result of the fusion of donor and host cells in vivo [93-97].
These studies question the plasticity of adult-derived stem
cells. In contrast to studies involving the transplantation of
marrow stromal cells or embryonic stem cells into mito-
tically active host tissue, the limited proliferative capacity of
the adult brain may limit the potential of fusion events. Also,
the ASC culture systems in the studies outlined above are
based on induction agents rather than the use of a feeder
layer, eliminating the possibility of in vitro fusion events
prior to transplantation. Kang et al. suggest that the percen-
tage of engrafted donor cells expressing neural markers is
too great to be explained by the low frequency of cell fusion
events. Future studies clearly need to test for the possibility
of cell fusion after transplantation.

Another criticism of ASC differentiation results from the
ASC cell population itself. ASC isolation generally involves
the use of an unpurified population of adherent stromal cells.
Critics suggest that even a low fraction of contaminating
hematopoietic stem cells could be the source of the
differentiation seen in the ASC experiments. However, flow
cytometry data refute that claim by demonstrating that ASCs
cells do not express the hematopoietic markers CD11b or
CD45 [64]. In addition, recent clonal analysis has demons-
trated ASC multilineage differentiation, including neuronal
differentiation, from clones derived from single cell clones
of human ASCs [63].

Assuming that cell fusion or contamination are not the
primary reasons for the results seen in the in vivo studies of
ASCs, additional proof is needed before ASCs can be
labeled as transdifferentiated. For instance, the behavioral
improvement seen by Kang et al. in rats undergoing ASC
transplantation after ischemic injury can be explained by
other mechanisms other than the transdifferentiated of donor
cells into neurons [8]. The transplanted cells may release
cytokines and trophic factors that act on surviving host cells
and produce functional improvement [8, 100]. In fact, the
ASCs transfected with BDNF by Kang et al. result in
increased behavioral benefits compared to ASCs alone [82].
As well, donor cells can be examined for the expression of
molecules necessary for synaptic transmission, neuro-
transmitter synthesis, and neurotransmitter release [8]. More
convincing evidence for the neuronal transdifferentiation of
ASCs is required to establish this as mechanism, such as in
vivo analysis of donor cell neuronal function, including
electrophysiologic studies. However, even if all ASCs
cannot fully differentiate, it is of great interest to see if ASCs
can survive within the CNS, as repair processes may be
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possible even without complete differentiation, as is seen
with other cell types.

ASC CELLS FOR THERAPIES
DISEASES AND INJURIES

Within the past few years, the discovery of neural stem
cells (NSC) has redefined the previous belief that the
nervous system was incapable of regeneration or repair [10,
27, 83]. The interaction of donor neuronal stem cells and the
host CNS microenvironment has raised questions about the
use of stem cells for gene therapies, cellular therapies, neuro-
protection, and neural repair [83]. Equally as ground-
breaking is the growing evidence that select cells within
adult non-CNS tissues retain a certain amount of plasticity,
allowing them to undergo a reprogramming from the lineage
of their native tissue. Experiments using stem cells derived
from bone marrow have already shown potential in models
of stroke, traumatic brain injury, spinal cord injury, and
Parkinsons disease [20]. Adipose tissue represents an
accessible and replenishable source of multipotent progenitor
cells with stem cell properties. While work to define the
mechanisms behind the neuronal differentiation of ASC cells
continues, their application to neurological diseases and
injuries should also progress. The potential of using ASC
cells for neural transdifferentiation has only begun to be
investigated, but the promise of these cells for the treatment
of neural diseases and injuries warrants continued
exploration.

IN NEURAL

REFERENCES

[1] Adachi, N., Sato, K., Usas, A., Fu, F.H., Ochi, M., Han, C.W.,
Niyibizi, C., Huard, J. (2002) J. Rheumatology, 29, 1920-1930.

[2] Caplan, A. I. (1994) Clin. Plast. Surg., 21, 429-435.

[3] Nicoll, S. B., Wedrychowska, A., Smith, N. R., Bhatnagar, R.S.
(2001) Connect Tissue Res., 42, 59-69.

[4] Nnodim, J. O. (1987) Anat. Rec., 219, 331.

[5] Prockop, D. J. (1997) Science, 276, 71-74.

[6] Weissman, I. L., Anderson, D. J. and Gage, F. (2001) Ann. Rev.
Cell Dev. Biol., 17, 387-403.

[7] Young, H.E., Steele, T.A., Bray, R.A., Hudson, J., Floyd, J.A,,
Hawkins, K., Thomas, K., Austin, T., Edwards, C., Cuzzourt, J.,
Duenzl, M., Lucas, P.A., Black, A.C. Jr. (2001) Anat. Rec., 264,
51-62.

[8] Jin, K. and Greenberg, D. E. (2003) Exp. Neurol., 183, 255-257.

[9] Sanchez-Ramos, J. R. (2002) J. Neurosci. Res., 69, 880-893.

[10] Gage, F. H. (2002) J. Neurosci., 22, 612-613.

[11] Strelau, J. and Unsicker, K. (2003). Neuroregeneration. Lipincott
Williams and Wilkins, Philadelphia.

[12] Rutenberg, M. S., Hamazaki, T., Singh, A. M. and Terada, N.
(2004) Prog. Hematol., 79, 15-21.

[13] Azizi, S. A., Stokes, D., Augelli, B. J., DiGirolamo, C. and
Prockop, D. J. (1998) Proc. Natl. Acad. Sci. USA, 95, 3908-3913.

[14] Brazelton, T. R., Rossi, F. M. V., Keshet, G. I. and Blau, H. E.
(2000) Science, 290, 1775-1779.

[15] Chen, J,, Li, Y., Wang, L., Zhang, Z., Lu, D., Lu, M. and Chopp,
M. (2001) Stroke, 32, 1005-1011.

[16] Kohyama, J., Abe, H., Shimazaki, T., Koizumi, A., Nakashima, K.,
Gojo, S., Taga, T., Okano, H., Hata, J. and Umezawa, A. (2001)
Differentiation, 68, 235-244.

[17] Lee, S. H., Lumelsky, N., Auerbach, J. M. and McKay, R. (2000)
Nat. Biotechnol., 18, 675-679.

[18] Mahmood, A., Lu, D., Li, Y., Chen, J. and Chopp, M. (2001) J.
Neurosurg., 94, 589-595.

[19] Reyes, M. and Verfaillie, C. M. (2001) Ann. N. Y. Acad. Sci., 938,
231-235.

[20] Sanchez-Ramos, J. (2000) Exp. Neurol., 164, 241-256.

[21]
[22]
[23]

[24]

[25]

[26]
[27]
[28]

[29]
[30]
[31]
[32]

[33]

[34]
[35]

[36]
[37]

[38]
[39]

[40]
[41]
[42]
[43]

[44]

[45]
[46]
[47]

[48]
[49]

[50]
[51]
[52]
[53]
[54]

[55]

Current Drug Targets, 2005, Vol. 6, No. 1 61

Woodbury, D., Schwarz, E. J., Prockop, D. J. and Black, I. B.
(2000) J. Neurosci. Res., 61, 364-370.

Gimble, JM. and Guilak, F. (2003) International Society for
Cellular Therapy, 5, 362-369.

Galli, R., Pagano, S. F., Gritti, A. and Vescovi, A. L. (2000) Dev.
Neurosci., 22, 86-95.

Ferrari, G., Cusella-De Angelis, G., Coletta, M., Paolucci, E.,
Stornaiuolo, A., Cossu, G., Mavilio, F. (1998) Science, 279, 1528-
530.

Gussoni, E., Soneoka, Y., Strickland, C.D., Buzney, E.A., Khan,
M.K., Flint, A.F., Kunkel, L.M., Mulligan, R.C. (1999) Nature,
401, 390-394.

Rao, M. S. (1999) Anatomic Record, 257, 137-148.

Reh, T. (2002) Nat. Neurosci., 5, 392-394.

Kim, J. H., Auerbach, J. M., Rodriguez-Gomez, J. A., Velasco, V.,
Gavin, D., Lumelsky, N., Lee, S.-H., Nguyen, J., Sanchez-
Pernaute, R., Bankiewicz, K. and McKay, R. (2002) Nature, 418,
50-56.

Wichterle, H., Lieberam, 1., Porter, J. A. and Jessell, T. M. (2002)
Cell, 11, 385-397.

Gage, F., Coates, P., Palmer, T., Kuhn, H., Fisher, L., Suhonen, J.,
Peterson, D., Suhr, S. and Ray, J. (1995) Proc. Natl. Acad. Sci.
USA, 92, 11879-11883.

Gage, F. H. (2000) Science, 287, 1433-1438.

Johansson, C., Momma, S., Clarke, D., Risling, M., Lendahl, U.
and Frisen, J. (1999) Cell, 96, 25-34.

Kordover, J., Freeman, T., Chen, E., Mufson, E., Sanberg, P.,
Hauser, R., Snow, B. and Olanow, C. (1998) Mov. Disord., 13,
383-393.

Lundberg, C., Martinez-Serrano, A., Cattaneo, E., McKay, R. and
Bjorklund, A. (1997) Exp. Neurol., 145, 342-360.

Renfranz, P., Cunningham, M. and McKay, R. (1991) Cell, 66,
713-729.

Reynolds, B. and Weiss, S. (1992) Science, 255, 1707-1710.
Snyder, E., Deitcher, D., Walsh, C., Arnold-Aldea, S., Hartweig, E.
and Cepko, C. (1992) Cell, 68, 33-51.

Snyder, E., Taylor, R. and Wolfe, J. (1995) Nature, 374, 367-370.
Snyder, E., Yoon, C., Flax, J. and Macklis, J. (1997) Proc. Natl.
Acad. Sci. USA, 94, 11163-11168.

Song, H., Stevens, C. F. and Gage, F. H. (2002) Nature, 417, 39-
44,

Weissman, I. (2000) Science, 287, 1442-1446.

Pittenger, M., McacKay, A., Beck, S., Jaiswal, R., Douglas, R.,
Mosca, J., Moorman, M., Simonetti, D., Craig, S. and Marshak, D.
(1999) Science, 284, 143-147.

Bruder, S., Jaiswal, N., Ricalton, N., Mosca, J., Kraus, K. and
Kadiyala, S. (1998) Clin. Orthop. Rel. Res., 355S, S247-S256.
Jiang, Y., Jahagirdar, B. N., Reinhardt, R. L., Schwartz, R. E.,
Keene, C. D., Ortiz-Gonzalez, X. R., Reyes, M., Lenvik, T., Lund,
T., Blackstad, M., Du, J., Aldrich, S., Lisberg, A., Low, W. C,,
Largaespada, D. A. and Verfaillie, C. M. (2002) Nature, 418, 41-
49,

Krebsbach, P., Mankani, M., Satomura, K., Kuznetsov, S. and
Robey, P. (1998) Transplantation, 66, 1272-1278.

Peterson, B. E., et al. (1999) Science, 284, 1168-1170.

Yoo, J., Barthel, T., Nishimura, K., Solchaga, L., Caplan, A.,
Goldberg, V. and Johnstone, B. (1998) J. Bone Joint Surg- Am., 80,
1745-1757.

Caplan, A. and Bruder, S. (2001) Trends Mol. Med., 7, 259-264.
Dezawa, M., Kanno, H., Hoshino, M., Cho, H., Matsumoto, N.,
Itokazu, Y., Tajima, N., Yamada, H., Sawada, H., Ishikawa, H.,
Mimura, T., Kitada, M., Suzuki, Y. and Ide, C. (2004) J. Clin.
Invest., 113, 1701-1710.

Neuhuber, B., Gallo, G., Howard, L., Kostura, L., Mackay, A. and
Fischer, 1. (2004) J. Neurosci. Res., 77, 192-204.

Lu, D., Li, Y., Wang, L., Chen, J., Mahmood, A. and Chopp, M.
(2001) J. Neurotrauma, 18, 813-819.

Borlongan, C., Koutouzis, T., Poulos, S., Saporta, S. and Sanberg,
P. (1998) Cell Transplant., 7, 131-135.

Kopen, G., Prockop, D. and Phinney, D. (1999) Proc. Natl. Acad.
Sci. USA, 96, 10711-10716.

Li, Y., Chopp, M., Chen, J., Wang, L., Gautam, S. C., Xu, Y. X.
and Zhang, Z. (2000) J. Cereb. Blood Flow Metab., 20, 1311-1320.
McKay, R. (1999) Brain stem cells change their identity. Nature
Med., 5, 261-262.



62 Current Drug Targets, 2005, Vol. 6, No. 1

[56]
[57]
[58]

[59]

[60]

[61]

[62]

[63]

[64]
[65]

[66]

[67]

[68]

[69]
[70]

[71]

[72]

[73]
[74]
[75]
[76]
[77]

[78]

Mezey, E., Chandross, K. J.,, Harta, G., Maki, R. A. and
McKercher, S. R. (2000) Science, 290, 1779-1782.

Park, K., Teng, Y. and Snyder, E. (2002) Nat. Biotechnol., 20,
1111-1117.

Erickson, G., Gimble, J., Franklin, D., Rice, H., Awad, H. and
Guilak, F. (2002) Biochem. Biophys. Res. Commun., 290, 763-769.
Gimble, J., Youkhana, K., Hua, X., Bass, H., Medina, K., Sullivan,
M., Greenberger, J. and Wang, C. (1992) J. Cell Biochem., 50, 73-
82.

Halvorsen, Y. D., Franklin, D., Bond, A. L., Jitt, D. C., Auchter, C.,
Boskey, A. L., Paschalis, E. P., Wilkison, W. O. and Gimble, J. M.
(2001) Tissue Eng., 7, 729-741.

Halvorsen, Y.D., Bond, A., Sen, A., Franklin, D.M., Lea-Currie,
Y.R., Sujkowski, D., Ellis, P.N., Wilkison, W.O., Gimble, J.M.
(2001) Metabolism, 50, 407-413.

Halvorsen, Y. D., Wilkison, W. O. and Gimble, J. M. (2000) Int. J.
Obes. Rel. Metab. Dis., 24 (suppl.), S41-44.

Lott, K. E., Awad, H. A., Gimble, J. M. and Guilak, F. (2004)
Clonal analysis of the multipotent differentiation of human
adipose-derived adult stem cells. Transactions of the Orthopedic
Research Society, San Francisco, pp. 162.

Safford, K., Safford, S. and Rice, H. (2002) Blood, 11, 731a.
Safford, K. S., Hicok, K. C., Safford, S. D., Halvorsen, Y. C.,
Wilkison, W. O., Gimble, J. M. and Rice, H. E. (2002) Biochem.
Biophys. Res. Commun., 294, 371-379.

Zuk, P., Zhu, M., Ashjian, P., De Ugarte, D. A., Huang, J. I,
Mizuno, H., Alfonso, Z. C., Fraser, J. K., Benhaim, P. and Hedrick,
M. H. (2002) Mol. Biol. Cell, 13, 4279-4295.

Zuk, P. A., Zhu, M., Mizuno, H., Huang, J., Futrell, J. W., Katz, A.
J., Benhaim, P., Lorenz, H. P. and Hedrick, M. H. (2001) Tissue
Eng., 7, 211-228.

Gimble, J. M. and Guilak, F. (2003) Curr. Top. Dev. Biol., 58, 137-
160.

Rodbell, M. (1964) J. Biol. Chem., 239, 375-380.

Hauner, H., Entenmann, G., Wabitsch, M., Gaillard, D., Ailhaud,
G., Negrel, R., Pfeiffer, E.F. (1989) J. Clin. Invest., 84, 1663-1670.
Lalikos, J.F., Li, Y.Q., Roth, T.P., Doyle, J.W., Matory, W.E.,
Lawrence, W.T. (1997) J. Surg. Res., 70, 95-100.

Moore, J.H. Jr., Kolaczynski, J.W., Morales, L.M., Considine,
R.V., Pietrzkowski, Z., Noto, P.F., Caro, J.F. (1995) Aesthetic
Plastic Surgery, 19, 335-339.

Deslex, S., Negrel, F., Vannier, C., etal. (1986) Int. J. Obes. 10,
19-27.

Gronthos, S., Franklin, D. M., Leddy, H. A., Robey, P. G., Storms,
R. W. and Gimble, J. M. (2001) J. Cell Physiol., 189, 54-63.

Zhao, L., Duan, W., Reyes, M., Keeng, C. D., Verfaillie, C. M. and
Low, W. C. (2002) Human Exp. Neurol., 174, 11-20.

Zuk, P. A. Zuk, P. A. (2004) Consensus statement. International
Fat Applied Technology Society, Pittsburgh, PA , USA

Williams, S. K., Rose, D. G. and Jarrell, B. E. (1994) J. Vasc.
Surg., 19, 916-923.

De Ugarte, D. A., Morizono, K., Elbarbary, A. S., Alfonso, Z. C.,
Zuk, P., Zhu, M., Dragoo, J., Ashjian, P., Thomas, B., Benhaim, P.,

[79]
[80]
[81]
[82]
[83]

[84]

[85]
[86]
[87]
[88]
[89]
[90]

[91]
[92]

[93]

[94]

[95]
[96]

[97]

[98]

[99]

[100]

[101]

Safford and Rice

Chen, 1., Fraser, J. K. and Hedrick, M. H. (2003) Cells Tissues
Organs, 174, 101-119.

Kral, J. and Crandall, D. (1999) Plast. Reconst. Surg., 104, 1732-
1738.

Ashjian, P. H., Elbarbary, A. S., Edmonds, B., DeUgarte, D., Zhu,
M., Zuk, P. A., Lorenz, H. P., Benhaim, P. and Hedrick, M. H.
(2003) Plast. Reconstr. Surg., 111, 1922-1931.

Gimble, J. M. (2003) Expert Opin. Biol. Ther., 3, 705-713.

Kang, S. K., Lee, D. H., Bae, Y. C., Kim, H. K., Baik, S. Y. and
Jung, J. S. (2003) Exp. Neurol., 183, 355-366.

Safford, K. S., Safford, S. D., Gimble, J. M., Shetty, A. and Rice,
H. E. (2004) Exp. Neurol.

Holiday, R. (1996) DNA methylation in eukaryotes: 20 years on. In
Epigenetic mechanisms of gene regulation (Russo, V. E. A,
Martienssen, R. A. and Riggs, A. D. Eds.), Cold Spring Harbor
Laboratory Press, New York, pp. 692.

Asanuma, M., S, N.-A., Miyazaki, I., Kohno, M. and Ogawa, N.
(2001) J. Neurochem., 76, 1895.

Bang, Y. J., Pirnia, F., Fang, W. G., et al. (1994) Proc. Natl. Acad.
Sci. USA, 91, 5330.

Deng, W., Obrocka, M., Fischer, 1. and Prockop, D. J. (2001)
Biochem. Biophys. Res. Commun., 282, 148.

Fricker, R. A., Carpenter, M. K., Winkler, C., Greco, C., Gates, M.
A. and Bjorklund, A. (1999) J. Neurosci., 19, 5990-6005.

Gage, F., Ray, J. and Fisher, L. (1995) Ann. Rev. Neuroscience, 18,
159-192.

Cova, L., Ratti, A., Volta, M., Fogh, 1., Cardin, V., Corbo, M. and
Silani, V. (2004) Stem Cells Dev., 13, 121-131.

Tada, T. and Tada, M. (2001) Cell Struct. Funct., 26, 149-160.
Mahmood, A., Lu, D., Wang, L. and Chopp, M. (2002) J. Neuro-
trauma, 19, 1609-17.

Dahlke, M. H., Popp, F. C., Larsen, S., Schlitt, H. J. and Rasko, J.
E. (2004) Liver Transplant., 10, 471-479.

Lagasse, E., Connors, H., Al-Dhalimy, M., Reitsma, M., Dohse,
M., Osborne, L., Wang, X., Finegold, M., Weissman, I. L. and
Grompe, M. (2000) Nat. Med., 6, 1229-1234.

Liu, Y. and Rao, M. S. (2003) J. Cell. Biochem., 88, 29-40.

Terada, N., Hamazaki, T., Oka, M., Hoki, M., Mastalerz, D. M.,
Nakano, Y., Meyer, E. M., Morel, L., Peterson, B. E. and Scott, E.
W. (2002) Nature, 416, 542-545.

Ying, S., Nichols, J., Evans, E. P. and Smith, A. G. (2002) Nature,
416, 545-548.

Young, H. E., Steele, T. A., Bray, R. A, Detmer, K., Blake, L. W.,
Lucas, P. W. and Black, A. C. J. (1999) Proc. Natl. Acad. Sci. USA,
221, 63-71.

Eglitis, M. A. and Mezey, E. (1997) Proc. Natl. Acad. Sci. USA, 8,
4080-4085.

Li, Y., Chen, J., Chen, X. G., Wang, L., Gautam, S. C., Xu, Y. X,,
Katakowski, M., Zhang, L. J., Lu, M., Janakiraman, N. and Chopp,
M. (2002) Neurology, 59, 514-523.

Snyder, E. Y., Daley, G. Q. and Goodell, M. (2004) J. Neurosci.
Res., 76, 157-168.



