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Introduction

Neurodegenerative disorders such as Alzheimer’s 
disease, Parkinson’s disease, and Huntington’s disease 

involve the death and atrophy of neurons in the brain [1]. 
Currently, there is no cure for neurodegenerative disorders 
and all available treatment options focus on symptomatic 
treatment only. Transplantation of stem cells or their deriva-
tives, and mobilization of endogenous stem cells within the 
adult brain, have been proposed as future therapies for neuro-
degenerative diseases [2,3]. Although, it may seem unrealistic 
to induce functional recovery by replacing cells lost through 
disease, considering the complexity of the human brain struc-
ture and function, studies in animal models have demon-
strated that neuronal replacement and partial reconstruction 
of damaged neuronal circuitry is possible [4–6]. Results from 
clinical trials also suggest that the replacement of cells in the 
diseased human brain can lead to symptomatic relief [7–11].

Fully differentiated neurons may be the preferred cells for 
transplants to replace dead neurons in the brains of patients 
with neurodegenerative disorders. However, terminally 

differentiated neurons are less likely to survive detachment 
and subsequent transplant procedures [4,5,12,13]. Neural 
stem cells (NSCs) can proliferate and subsequently differen-
tiate into all major neural cell lineages of the brain, including 
neurons, astrocytes, and oligodendrocytes [14,15]. Therefore, 
NSCs are likely more suitable than fully differentiated neu-
rons for neurodegenerative treatment strategies that use 
transplantation. Although NSCs can be generated directly 
from human brain tissue or from human embryonic stem 
cells [16,17], they are limited by the number of brain donors 
and available embryonic stem cell lines, and they are not 
suitable for the autologous transplantation setting. If NSCs 
can be generated from clinically accessible sources, such as 
bone marrow (BM) and peripheral blood, then autologous 
transplantation will be feasible. Mesenchymal stem cells 
(MSCs) derived from both BM and peripheral blood can be 
expanded effi ciently and can differentiate into many meso-
dermal tissues, including bone, cartilage, fat, and muscle 
[18–20]. In addition, it has been reported that a small frac-
tion (usually <5%) of MSCs can differentiate into cells that 
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medium containing low glucose Dulbecco modifi ed Eagle 
medium (DMEM) (Gibco BRL, Rockville, MD), 15% fetal 
bovine serum (Gemini Bio-Products, Inc., Calabasas, CA), 
2 mM l-glutamine, 1 mM sodium pyruvate, and penicillin–
streptomycin (Flow Laboratories, Rockville, MD) and plated 
at an initial density of 1 × 106 cells/cm2. Three days later, 
the cultures were washed with PBS to remove nonadherent 
cells, and the remaining monolayers of adherent cells were 
cultured in fresh medium until they reached 70–85% con-
fl uence. The cells were harvested by trypsinization (0.25% 
trypsin with 0.1% EDTA) and subcultured at densities of 
5,000–6,000 cells/cm2. Media were changed every 2–3 days. 
Cell cultures were passaged again at 70–85% confl uence 
and used in experiments during the 4th–10th passages. 
Differentiation assays, including those for adipogenic, 
chondrogenic, and osteogenic lineages, were performed as 
 previously described [36].

Flow cytometry

The antigen profi les of cultured human BM-derived 
adherent cells in our culture were analyzed by fl ow cytom-
etry as previously described [33–36]. Fluorescein isothio-
cyanate (FITC)-labeled and phycoerythrin (PE)-labeled 
monoclonal antibodies against CD29, CD44, CD73, CD90 
(thy-1), CD34, CD45, CD14, and HLA-DR were purchased 
from Becton Dickinson (San Jose, CA). Antibody against 
CD105 was  purchased from Abcam, Inc. (Cambridge, 
MA) and  antibodies against CD166, CD80, and CD86 were 
purchased from Research Diagnostic Inc. (Flanders, NJ). 
Antibody against CD11 was purchased from Beckman 
Coulter Inc. (Fullerton, CA). Cells were analyzed on a MoFlo 
fl uorescent activated cell sorter (FACS; Cytomation, Inc., Fort 
Collins, CO). To examine the expression of MSC antigens on 
MSC-derived neurospheres, neurospheres were collected, 
trypsinized, and subjected to fl ow cytometry.

Generation of neurospheres from MSCs

Generation of neurospheres from MSCs was performed 
as previously described [30] with slight modifi cations. MSCs 
were dissociated with 0.05% trypsin/0.04% EDTA and plated 
on low-attachment plastic tissue culture fl asks (Nalge Nunc 
International, Rochester, NY, USA) at a concentration of 
1–2 × 105 cells/cm2 in NSC culture medium containing the 
P4-8F medium (AthenaES, Baltimore, MD) supplemented 
with 20 ng/mL of both epidermal growth factor (EGF; 
R&D Systems, Inc., Minneapolis, MN) and basic fi broblast 
growth factor (bFGF; R&D Systems, Inc., Minneapolis, MN). 
By the  following day, cells had started to adhere, forming 
very loose, sphere-like clusters. On the third day after plat-
ing, cell clusters were collected by centrifugation, mechan-
ically dissociated with a fi re-polished Pasteur pipette, and 
replated on low-attachment plastic tissue culture fl asks at a 
concentration of 1–2 × 105 cells/cm2 in the NSC culture me-
dium. Cells did not cluster after this point and neurospheres 
were apparent within 7–10 days in the culture. To  determine 
the frequency of neurosphere-forming cells within the 
MSCs, one thousand MSCs were distributed into each well 
in low-attachment 24-well tissue culture plates (Nalge Nunc 

express neuronal and glial markers, both in vitro [21–23] and 
in vivo [24–27], suggesting that some MSCs possess neural 
potential and could be used as therapeutics for neurodegen-
erative diseases. However, the identity of these cells remains 
illusive [21–28].

It has been recently reported by two laboratories, using 
similar protocols by culturing MSCs in NSC culture condi-
tions, that MSCs can be converted into clonogenic NSCs that 
grow in neurosphere-like structures [29,30]. In one study 
working with rat MSCs, Suzuki et al. reported that a consid-
erable proportion [20–60%] of rat MSCs were converted into 
NSCs [29]. In another study working with human adult MSCs, 
Hermann et al. reported that >60% of MSCs can be converted 
into clonogenic NSCs [30]. Both studies suggest that the 
conversion of MSCs into NSCs could be a transdifferentia-
tion phenomenon [29,30]. In both studies, the MSC-derived 
NSCs differentiated in vitro into cells with morphological 
and functional characteristics of neurons, astrocytes, and 
oligodendrocytes [29,30]. Since these protocols have consid-
erable implications for using autologous NSCs for treating 
neurodegenerative diseases, we repeated the experimental 
protocol from Hermann et al. as a prelude to further dis-
sect the underlying mechanisms of how human adult MSCs 
can be converted to NSCs. We report here that human adult 
BM-derived MSCs can generate NSCs by using the proto-
col of Hermann et al. [30]. However, our results demonstrate 
that only 8% of cells within the MSCs’ population were able 
to generate neurospheres when cultured in NSC culture 
conditions. These MSC-derived NSCs grow as neurosphere-
like structures, express characteristic NSC antigens such as 
nestin [31] and musashi-1 [32], and are able to self-renew and 
differentiate into the three main types of neural cells includ-
ing neurons, astrocytes, and oligodendrocytes. Moreover, 
when these MSC-derived neurospheres were cocultured 
with primary astrocytes that were generated from human 
fetal brain tissues, they differentiate into mature neurons 
that possess both dendritic and axonal processes, form syn-
apses, and are able to fi re tetrodotoxin (TTX)-sensitive action 
potentials. When switched back to MSC culture condition, a 
small fraction (4–5%) of MSC-derived NSCs adhered to the 
fl asks, grew as a monolayer, and had the characteristic mor-
phology of MSCs. Those adherent cells also expressed the 
classical MSC antigens and differentiated into adipocytes, 
osteoblasts, and chondrocytes. Our data suggest that MSCs 
are heterogeneous and contain a small population (4–5%) of 
bipotential stem cells that can generate either MSCs or NSCs 
depending on the culture conditions. This bipotential stem 
cell population in the heterogeneous MSCs could provide 
the basis for the generation of NSCs from MSCs.

Materials and Methods

Generation and characterization of MSCs 
from human BM samples

Adult BM samples were obtained from healthy donors 
with approved consent (City of Hope Medical Center, 
Duarte, CA). Preparation of mononuclear cells (MNCs) 
from BM samples was performed as previously described 
[33–35]. MNCs were then resuspended in MSC culture 
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Coculture of MSC-derived NSCs with human 
fetal brain-derived primary astrocytes

Coculture of MSC-derived NSCs with human fetal brain-
derived astrocytes was carried out as previously described 
with slight modifi cations [37]. Human fetal brain-derived 
astrocytes were plated onto 24-well plates, precoated with 
0.1% gelatin (Sigma) at 4°C overnight, at a density of 10,000 
cells per well in the coculture medium. The coculture me-
dium was composed of DMEM/F-12 (GIBCO/BRL) plus 
a defi ned hormone and salt mixture including insulin 
(25 μg/mL), transferrin (100 μg/mL), progesterone (20 nM), 
putrescine (60 μM), and sodium selenite (30 nM). Once 
confl uent, glass coverslips, precoated with 500 μg/mL 
poly-d-lysine overnight at 4°C, were placed on top of the 
astrocyte layers and MSC-derived NSCs were seeded onto 
the glass coverslips, either as neurospheres or single cells 
(trypsinized). Cultures were maintained for 14 days with 
medium change once at day 7. After 14 days, glass coverslips 
were processed for immunocytochemistry, electron micros-
copy (EM), and electrophysiology.

Immunocytochemistry

Indirect immunocytochemistry of individual neuro-
spheres and differentiated cells from neurospheres was 
performed as previously described [35]. Cells were fi xed in 
4% paraformaldehyde in PBS, then immunocytochemistry 
was carried out as previously described [35]. Antibodies 
and dilutions were as follows: β-tubulin III monoclonal, 
1:1,000 (Sigma, St Louis, MO); GalC monoclonal, 1:750; glial 
fi brillary acid protein (GFAP) monoclonal, 1:1,000, and 
nestin polyclonal, 1:500 (all from Chemicon International, 
Temecula, CA); musashi-1 monoclonal, 1:300 (R&D Systems 
Inc., Minneapolis, MN); Synapsin I polyclonal, 1:1,000; 
MAP-2 monoclonal, 1:1,000; and S-100β polyclonal, 1:100 
(all from Abcam, Cambridge, MA). Fluorescence-labeled 
secondary antibodies were used as F(ab)2 fractions from 
Jackson Immunoresearch Laboratories (West Grove, PA). 
After three washes, samples were counterstained with 4′,6-
diamidino-2-phenylindole (DAPI) (Sigma, St Louis, MO) and 
embedded in Vectashield (Vector Laboratories, Burlingame, 
CA). Samples were visualized with an Olympus BX51 
 fl uorescent microscope, equipped with a Pixera cooled 
CCD camera. Fluorescent images were collected using ap-
propriate fi lter sets for each fl uorophore. Color composite 
images were  generated using Adobe Photoshop 7.0 software 
(Adobe Systems, San Jose, CA).

EM and electrophysiology

For EM, phase images of cells in selected fi elds were taken 
for later identifi cation. The cultures were processed for EM 
preparation as previously described [37,38]. Serial thin sec-
tions (60 nm) with previously selected fi elds were examined 
in a FEI Company™ Tecnai™ Twin 12 electron microscope 
at 80 kV.

Standard whole-cell patch-clamp recording methodolo-
gies were used to examine the physiological properties of neu-
ron-like cell generated from MSC-derived NSCs.  Whole-cell 

International, Rochester, NY, USA) in the NSC culture me-
dium. The number of neurospheres in each well was counted 
at day 7–10. At this cell density (1,000 cells per well) in the 
24-well plates, cells did not cluster together.

Propagation and expansion of MSC-derived NSCs

To determine the self-renewal activity of the neuro-
sphere-forming cells, neurospheres were harvested by 
 centrifugation at 104 g for 5 min, resuspended in 5 mL of 
NSC culture medium, and mechanically dissociated into 
single cells by triturating with a fi re-polished Pasteur pi-
pette. Cells were plated in 96-well plates in NSC culture me-
dium (500 cells in 200 μL of medium per well). The number 
of neurospheres in each well was scored 7–10 days after plat-
ing. The whole procedure was repeated every 7–10 days until 
the fi fth passage. For expansion of the bulk cultures, neuro-
spheres were harvested by centrifugation at 104 g for 5 min 
and resuspended in 5 mL of NSC culture medium. The neu-
rospheres were mechanically dissociated into single cells or 
small clusters by triturating with a fi re-polished Pasteur pi-
pette, and replated on low-attachment plastic tissue  culture 
fl asks at a concentration of 1–2 × 105 cells/cm2 in the NSC 
culture medium. The medium was changed once per week 
and growth factors (EGF and bFGF) were added every 3 
days. These neurospheres were expanded for an additional 
2–6 passage before characterization and differentiation was 
started.

Differentiation of MSC-derived NSCs

Differentiation of neurospheres into neural lineages was 
carried out as previously described [35]. Single, isolated neu-
rospheres were plated on poly-l-ornithine-coated (15 μg/
mL) glass coverslips in individual wells of 24-well plates 
(1.0 mL/well) in DMEM/F-12 medium containing 1% bo-
vine fetal serum (Gemini Bio-Products Inc., Calabasas, CA, 
USA) and a defi ned hormone and salt mixture composed of 
insulin (25 μg/mL), transferrin (100 μg/mL), progesterone 
(20 nM), putrescine (60 μM), and sodium selenite (30 nM) 
[35]. The medium was not changed for the duration of the 
experiment. Coverslips were processed for fl uorescence im-
munocytochemistry 8–10 days after plating [35].

Generation of primary astrocytes from 
human fetal brain tissues

Human brain tissues were dissected from 15- to 22-week-
old fetuses obtained by elective abortion with approved con-
sent (Advanced Bioscience Resources, Alameda, CA, USA). 
Primary astrocytes were prepared essentially as previ-
ously described [37]. Briefl y, human fetal brain tissues were 
digested in Hanks’ balanced salt solution (GIBCO/BRL) with 
a mixture of 0.125% trypsin/0.05% DNase I (Sigma) at 37oC for 
20 min. Then, they were washed with PBS and mechanically 
dissociated. After passing through a 70-μm nylon mesh, the 
cells were collected, counted and plated onto tissue culture 
fl asks, precoated with 0.1% gelatin (Sigma) at 4oC overnight, 
at a density of 600,000 cells per cm2 in DMEM plus 10% FBS 
(Gemini Bio-products, Calabasas, CA) until confl uent.
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express the costimulatory molecules CD80 and CD86, and 
human leukocyte antigen (HLA) class II HLA-DR antigens 
(data not shown). Furthermore, these cells differentiated 
into the three mesodermal lineages including adipocytes, 
osteoblasts, and chondrocytes (Fig. 1C). Taken together, 
these results demonstrate that MSCs from all three differ-
ent donors, regardless of the number of passages, displayed 
typical MSC morphology, expressed antigens that are char-
acteristic of MSCs, and were able to differentiate into adipo-
cytes, osteoblasts, and chondrocytes.

Derivation of NSCs from MSCs

To convert MSCs into cells with characteristics of NSCs, 
we followed the protocol of Hermann et al. [30]. After 4–10 
passages, MSCs were trypsinized, collected, and cultured in 
NSC culture medium containing the P4-8F medium supple-
mented with 20 ng/mL of both EGF and bFGF. We observed 
that under these culture conditions cells clumped together 
and formed loose spheres after 1 day of culture (Fig. 2A). 
We have analyzed those loose spheres and our results dem-
onstrate that the loose spheres were not neurospheres (data 
not shown). On day 3 after plating, all cells, including the 
loose spheres, were collected, mechanically dissociated with 
a fi re-polished Pasteur pipette, and replated in the NSC cul-
ture medium. After this passage, the cells stopped clump-
ing together and neurospheres were apparent within 7–10 
days (Fig. 2B). To determine the frequency of neurosphere-
forming cells within the MSC population, 1,000 MSCs were 
distributed into each well of 24-well plates, and the number 
of neurospheres that formed in each well was scored after 
7–10 days. We observed that on average 8% of the MSCs gen-
erated neurospheres when cultured in NSC culture condi-
tions and there was minimal variation among these MSCs 
derived from the three donors (Fig. 2C).

Characterization and verifi cation of 
MSC-derived NSCs

To determine if the cultured spheres derived from MSCs 
resembled neurospheres, we determined whether these 
spheres expressed antigens that were characteristic of NSCs, 
could differentiate into neural cells of multiple lineages, and 
had self-renewal potential. First, we investigated whether 
these spheres expressed two characteristic antigens for 
NSCs, nestin [31] and musashi-1 [32]. Immunocytochemistry 
revealed that most of the cells (>85%) within a single sphere 
express nestin and musashi-1 (Fig. 3A). In addition, we inves-
tigated whether these spheres continued expressing antigens 
that are characteristic of MSCs. FACS analysis showed that 
these MSC-derived spheres did not express CD44, CD105, 
and CD166, but did weakly express CD29, CD73, and CD90 
(Fig. 3B). We next examined whether these MSC-derived 
spheres were capable of multilineage differentiation into 
neurons, astrocytes, and oligodendrocytes. Single spheres 
were plated onto poly-l-ornithine-coated glass coverslips in 
24-well culture plates in the absence of EGF and bFGF and 
in the presence of 1% bovine fetal serum, and cultured for 
8–10 days [35]. Fluorescence immunocytochemistry for neu-
ronal (β-tubulin III) and glial cell antigens (GFAP; galacto-
sylceramidase, GalC), in combination with examination of 

patch-clamp recordings were carried out with patch-clamp 
amplifi ers (Axopatch 200A, Axon Instruments, Foster City, 
CA) as previously described [39,40]. Electrophysiological 
recordings were carried out at room temperature in the exter-
nal recording solution containing: NaCl 145 mM, KCl 3 mM, 
HEPES 10 mM, CaCl2 3 mM, glucose 8 mM, and MgCl2 2 mM 
(pH 7.30). The micropipettes (2–6 MΩ) were fi lled with inter-
nal recording solution containing: potassium gluconate 136.5 
mM, KCl 17.5 mM, NaCl 9 mM, MgCl2 1 mM, HEPES 10 mM, 
and EGTA 0.2 mM (pH 7.30). Signals were fi ltered at 5 kHz 
using a 4-pole low pass Bessel fi lter. Pulse protocols were 
generated and current responses recorded online using a 
Compaq 386 microcomputer and the pClamp program inter-
faced to the Axopatch 200A via an Axon Instruments TL-1 
interface board. To establish the parameters for performing 
the whole-cell patch-clamp recording, we have included the 
following controls: (1) positive controls, neurons generated 
from four different sources of NSCs that were derived from 
two independent human fetal brain tissues and two human 
adult brain tissues after 14 days in coculture with human 
fetal brain tissue-derived astrocytes; (2) negative controls, 
undifferentiated MSCs derived from two human fetal and 
two adult BM samples. To examine the excitability of neu-
rons, transient membrane currents from neurons in 14d cul-
tures induced by stepping holding membrane potential from 
–60 mV to 0 mV (50 ms) were recorded. Then the cell was 
switched to current-clamp and currents (0.5–1 nA, 20 ms) 
were injected through the patch pipette to examine whether 
action potential could be induced. TTX (0.5 μM; Sigma, St. 
Louis, MO) was used to block voltage-dependent Na+ chan-
nels. A minimum of 10 cells from coculture were recorded.

Generation of MSCs from MSC-derived NSCs

Neurospheres were harvested from the NSC culture 
medium, and switched to the MSC culture medium, either 
as spheres or single cells (trypsinized). To determine the fre-
quency of cells within neurospheres that were capable of dif-
ferentiating into MSCs, neurospheres were harvested from 
the NSC culture medium, trypsinized and resuspended in 
MSC culture medium. Limiting dilutions of cells (900, 300, 
and 100 cells per well in 24-well plates) were grown in MSC 
culture condition, and the number of adherent cell clusters 
(>50 cells) was scored 7–10 days after plating.

Results

Characterization and verifi cation of 
human BM-derived MSCs

MSCs were derived from three human adult BM samples 
obtained from 22-, 34- and 52-year-old healthy donors. These 
MSCs were propagated for 4–10 passages to generate suffi -
cient numbers of cells for experiments. Regardless of donor 
or passage, these MSCs had the typical morphology of MSCs; 
we observed two morphologically distinct groups of cells: 
spindle-shaped cells and large cuboidal or fl attened cells 
(Fig. 1A). These cells expressed the characteristic antigens 
of MSCs, including CD29, CD44, CD73, CD90, CD105, and 
CD166 (Fig. 1B), and did not express hematopoietic markers 
CD45, CD34, CD14, or CD11 (Fig. 1B). These cells also did not 
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donor effect on the self-proliferation and expansion of 
MSC-derived NSCs. Taken together, these results demon-
strate that MSC-derived NSCs possess the characteristics 
of NSCs.

Generation of functional neurons from 
MSC-derived NSCs in vitro

One of the hallmarks of mature CNS neurons is their 
ability to form synapses [41]. Astrocytes produce a variety of 
soluble and membrane-associated factors that infl uence the 
development of the CNS [42]. It has been previously demon-
strated that primary astrocytes derived from both neonatal 
and adult rat hippocampus provide an excellent environ-
ment to guide the NSCs from adult rat hippocampus to 
develop essential properties of functional CNS neurons [37]. 
To further examine the functional aspects of MSC-derived 
NSCs, we generated primary astrocytes from human fetal 
brain tissues and used to co-culture with those MSC-derived 
NSCs.Using a previously reported protocol [37], primary 
astrocytes were generated from three different human fetal 
brain tissues. Consistent with the previous report [37], major-
ity of cells in these cultures were astrocytes, which were 
GFAP+ and/or S-100β+ (Fig. 4A). Importantly, these astro-
cytes did not give rise to any detectable neurons (MAP-2+) 
under coculture condition (data not shown). To investigate 

cell morphology, was used to identify the phenotype of the 
cells that comprised the differentiated spheres. Cells within 
a single sphere were able to differentiate into GFAP-positive 
cells with astrocyte morphology, β-Tubulin III-positive cells 
with neuronal morphology, and GalC-positive cells with 
oligodendrocyte morphology (Fig. 3C). When analyzed for 
their potential to differentiate into cells of a mesodermal 
 lineage [36], our results demonstrate that these MSC-derived 
NSCs have lost their capacity to differentiate into adipocytes, 
osteoblasts, or chondrocytes (data not shown).

To determine if MSC-derived NSCs had self-renewal 
potential, MSC-derived neurospheres were harvested and 
mechanically dissociated into single cells. Five hundred 
cells were plated into each well of 96-well plates in NSC 
culture medium. Seven days after plating, the number of 
neurospheres in each well was scored. This whole process 
was repeated four more times (through the 5th passage). 
For donor 1, the average number of spheres generated in 
each well (n = 60) from the fi rst to the 5th passage ranged 
from 99 to 104 neurospheres showing that the percentage 
of neurosphere-forming cells in each passage is very con-
stant averaging 20% (Table 1). On the basis of the results 
from donor 1, we calculated that there is an average 40-fold 
expansion of NSCs in each passage (Table 1). The data from 
the other two donors were almost identical to the data from 
donor 1 (Table 1),  suggesting that there was no signifi cant 

FIG. 1. Derivation and characterization of human adult bone-marrow-derived mesenchymal stem cells (MSCs). (A) 
Morphology of the MSCs derived from human adult BM samples. (B) Flow cytometric analysis for the expression of character-
istic MSC antigens including CD29, CD44, CD73, CD90, CD105, CD166, CD34, CD45, CD14, and CD11. Red line represents the 
isotype control and green line represents the staining against each specifi ed antibodies. (C) Differentiation of MSCs into three 
mesodermal lineages: adipocytes (oil red O staining), chondrocytes (collagen II antibody staining), and osteoblasts (von Kossa 
staining for calcium deposits). Scale bars: (A) 100 μm; (C) adipocyte 10 μm, osteoblast 8 μm, and chondrocyte 50 μm.
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negative controls. Injection of depolarizing currents (0.5–1 
nA) induced repetitive action potentials on the neurons in 
the positive controls (Fig. 4D) and not on the undifferen-
tiated MSCs in the negative controls (Fig. 4D). Injection of 
depolarizing currents (0.5–1 nA) on the neurons derived 
from MSC-derived NSCs after 14 days in coculture with 
human fetal brain tissue-derived astrocytes induced repeti-
tive action potentials that were abolished in the presence of 
neurotoxin TTX (Fig. 4D), suggesting that neurons generated 
from MSC-derived NSCs are electrically active, similar to 
those generated from NSCs that were derived from fetal and 
adult brain tissues. Taken together, these results show that 
MSC-derived NSCs, like those derived from fetal or adult 
brain tissues, possess the potential to differentiate into neu-
rons with essential properties of mature CNS neurons.

Derivation of MSCs from MSC-derived NSCs

To further understand the possible underlying mecha-
nisms of how human adult BM-derived MSCs can be con-
verted into NSCs, we investigated if these MSC-derived 
NSCs still retain the potential to differentiate into MSCs 

if these human fetal brain-derived primary astrocytes can 
support the differentiation of mature neurons from NSCs, 
MSC-derived NSCs, either as neurospheres or single cells 
(trypsinized), were cocultured with these human fetal 
brain-derived primary astrocytes. In coculture, synapse for-
mation between neurons derived from MSC-derived NSCs 
occurred within 2 weeks, as indicated by punctuate stain-
ing of synapsin I, a synaptic vesicle protein concentrated at 
synapses in mature neurons (Fig. 4B). We further analyzed 
the synaptic boutons by EM and found that typical synap-
tical structures were associated with the dendrites, spines, 
and cell bodies of neurons derived from MSC-derived NSCs 
(Fig. 4C). The whole-cell patch-clamp recordings were per-
formed to further determine whether neurons derived from 
MSC-derived NSCs are electrically active and whether their 
morphologically defi ned synapses are functional. Neurons 
generated from four different sources of NSCs that were 
derived from two independent human fetal brain tissues 
and two human adult brain tissues after 14 days in coculture 
with human fetal brain tissue-derived astrocytes were used 
as positive controls. Undifferentiated MSCs derived from 
two human fetal and two adult BM samples were used as 

FIG. 2. Generation of neural stem cells (NSCs) from mesenchymal stem cells (MSCs). (A) Loose clusters of MSCs in NSC 
culture medium within 24 h after plating. (B) Neurospheres generated from MSCs at Day 8 after plating in NSC culture 
conditions. (C) Number of neurosphere-forming cells per 1,000 MSCs; 1,000 MSCs per well were plated in 24-well plates and 
the number of neurospheres in each well was scored 7 days later. A total of 24 wells were analyzed for each donor. Data for 
the number of neurospheres per well are presented as the mean ± SD in each well. Experiments were performed in triplicate 
using the MSCs from the same donor to ensure the reproducibility of the results. These data are compiled from three differ-
ent donor samples. Scale bars: (A and B) 100 μm.
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Table 1. Number of NSCs in Subsequent Cultures of MSC-Derived NSCs

Passage 1st 2nd 3rd 4th 5th

Donor
1 102.8 ± 11.5 (20.4)  99.2 ± 9.4 (19.8) 101.6 ± 13.3 (20.2) 104.5 ± 13.3 (20.8)  99.6 ± 9.8 (19.9)
2 101.4 ± 10.3 101.6 ± 11.2  99.6 ± 11.6  99.2 ± 11.6 101.2 ± 11.8
3 103.4 ± 12.5 102.1 ± 11.3 104.2 ± 13.9  99.4 ± 10.8 101.6 ± 11.6

Abbreviations: MSC, mesenchymal stem cell; NSC, neural stem cell.

Cells were plated in 96-well plates as 500 cells/200 μL per well for each passage. These wells were scored 7 days later 

for the presence of spheres. The total number of wells analyzed for each passage is 60. The number of spheres per well 

is presented as the mean ± SD in each passage. The numbers in parenthesis represent the frequency of NSCs.

These data are compiled from three independent experiments using MSCs derived from different donor samples. 

Each neurosphere averages 200 cells, so each well contains an average of 20,000 cells (100 neurospheres × 200 cells/ 

neurosphere). Since the percentage for neurosphere-forming cells in each passage remains constant (averaging 20%), the 

estimate for the magnitude of expansion in each passage is 40-fold (20,000 cells/500 cells).

FIG. 3. Characterization of mesenchymal stem cell (MSC)-derived neural stem cells (NSCs). (A) Immunocytochemical 
analysis for the expression of nestin and musashi-1 on MSC-derived NSCs. FITC-labeled secondary antibody was used 
for both nestin and musashi-1. DAPI was used for nuclear staining. (B) Flow cytometric analysis for the expression char-
acteristic MSC antigens on MSC-derived NSCs. Antigens include CD29, CD44, CD73, CD90, CD105, and CD166. Red line 
represents the isotype control and green line represents the staining against each specifi ed antibodies. (C) Differentiation 
of MSC-derived NSCs into three neural lineages including neurons (β-tubulin III; FITC-labeled secondary antibody), astro-
cytes (glial fi brillary acid protein; FITC-labeled secondary antibody), and oligodendrocytes (galactosylceramidase; Texas 
Red-labeled secondary antibody). DAPI was used for nuclear staining. Scale bars: (A) 50 μm; and (C) 50 μm.
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conditions changed from NSC culture conditions to MSC 
culture conditions.

We next investigated whether all or only a fraction of 
the MSC-derived NSCs had the potential to generate MSCs. 
MSC-derived neurospheres were harvested from the NSC 
culture medium, trypsinized, and resuspended in MSC 
culture medium. Limiting dilutions of cells from donor 1 
(900, 300, and 100 cells per well) were grown under MSC 
culture conditions, and the number of adherent cell clus-
ters (>50 cells) was scored at 7–10 days. Only 4–5% of cells 
within these MSC-derived neurospheres adhered to the cul-
ture fl asks, proliferated, and differentiated into MSCs when 
grown in MSC culture conditions (Table 2). The data from 
the other two donors were almost identical to the data from 

even though they had lost their MSC characteristics. To 
investigate whether these MSC-derived NSCs could gener-
ate MSCs, MSC-derived neurospheres were harvested from 
the NSC culture medium and switched to MSC culture con-
ditions, either as spheres or as single cells. In MSC culture 
conditions, the MSC-derived NSCs, regardless of whether 
they were plated as spheres or single cells, adhered to the 
culture fl ask and showed the morphology similar to that of 
MSCs (Fig. 5A). Furthermore, these adherent cells expressed 
the characteristic antigens of MSCs (Fig. 5B) and can be 
induced to differentiate into adipocytes, osteoblasts, and 
chondrocytes (Fig. 5C). These results demonstrate that MSC-
derived NSCs, which had lost their MSC characteristics, 
maintained the ability to generate MSCs when the culture 

FIG. 4. Coculture of mesenchymal stem cell (MSC)-derived neural stem cells (NSCs) with primary astrocytes derived from 
human fetal brain tissues. (A) Astrocytes derived from human fetal brain tissues. Cells were stained to detect two astrocyte 
markers, s-100β (green) and GFAP (red), as well as DAPI to detect nuclei. Scale bar, 50 μm. (B) Synapse formation between neural 
progeny of MSC-derived NSCs in coculture with human fetal brain-derived astrocytes. Cells (14d) were stained for MAP-2 and 
synapsin. Scale bar, 50 μm. (C) Ultrastructure of synapses between neural progenies of MSC-derived NSCs. Red and blue arrows 
point to presynaptic vesicles and postsynaptic membranes, respectively. Scale bar, 450 nm. (D) Firing action potentials. Positive 
control shows a typical fi ring of repetitive action potentials by the neurons generated from human brain tissue-derived NSCs 
in the positive control group in response to pulses of current, and negative control displays that pulses of current do not induce 
the undifferentiated MSCs in the negative control group to fi re repetitive action potentials. Injection of depolarizing currents 
(0.5–1 nA) on the neurons derived from MSC-derived NSCs induces the fi ring of repetitive action potentials that is abolished 
in the presence of neurotoxin TTX (0.5 μM). Scale bars, 30 mV and 50 ms.

Positive control

0 mV

0 mV 0 mV

0 mV

Negative control
+TTX

MSC-derived NSCs

A

B

C D

11_SCD-2008-0068.indd   1116 12/3/2008   2:53:32 PM



A BIPOTENTIAL STEM CELL POPULATION IN HUMAN MSCs 1117

donor 1 and showed no noticeable variation in the frequency 
of MSCs generated from MSC-derived NSCs (Table 2). These 
MSCs have been propagated up to the 10th passage, and 
the expanded MSCs have maintained all MSC character-
istics, including the expression of characteristic MSC anti-
gens such as CD29, CD44, CD73, CD90, CD105, and CD166, 
and the ability to differentiate into cells of multiple meso-
dermal lineages, including adipocytes, chondrocytes, and 
osteoblasts. Taken together, these results demonstrate that 
a small fraction (4–5%) of cells within the MSC-derived NSC 
population maintained the ability to differentiate into MSCs 
when grown in MSC culture conditions.

Discussion

Many common neurological disorders, such as Parkinson’s 
disease, stroke, and multiple sclerosis, are caused by the loss 
of neurons and glial cells. It is hoped that NSCs will provide 

Table 2. Frequency of Cells Capable of Adhering and 
Proliferating within the MSC-Derived NSCs

Cell dose 900 300 100

Donor
1 45.6 ± 4.2 14.8 ± 1.4 4.8 ± o.6
2 43.2 ± 3.8 14.2 ± 2.2 4.3 ± 0.4
3 45.3 ± 4.1 14.5 ± 1.5 4.6 ± 0.5

Abbreviations: MSC, mesenchymal stem cell; NSC, neural 

stem cell.

Dilutions of cells (900, 300, and 100 cells per well) were plated 

in well of 24-well plates with 1 mL MSC culture medium. These 

wells were scored 7–10 days later for the number of adherent cell 

clusters (>50 cells). The total number of wells analyzed for each 

cell dose is 60. Data for the number of adherent cell clusters per 

well are presented as the mean ± SD in each cell dose. These data 

are compiled from three independent experiments using MSCs 

derived from different donor samples.

FIG. 5. Characterization of mesenchymal stem cells (MSCs) generated from MSC-derived neural stem cells (NSCs). (A) 
Morphology of adherent cells generated from MSC-derived NSCs in MSC culture condition. (B) Flow cytometric analysis 
for the expression of characteristic MSC antigens on the adherent cells generated from MSC-derived NSCs in MSC culture 
condition. Characteristic MSC antigens include CD29, CD44, CD73, CD90, CD105, and CD166. Red line represents the iso-
type control and green line represents the staining against each specifi ed antibodies. (C) Differentiation of adherent cells 
generated from MSC-derived NSCs into three mesodermal lineages: adipocytes (oil red O staining), chondrocytes (collagen 
II antibody staining), and osteoblasts (von Kossa staining for calcium deposits). Scale bars: (A) 75 μm; (C) adipocyte 2.5 μm, 
osteoblast 15 μm, and chondrocyte 50 μm.
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is a large body of confl icting results regarding the broader 
developmental potential of BM and blood stem cells and it 
remains a controversial issue in the stem cell research fi eld 
[44–47].

To clarify this controversial issue in stem cell plasticity, 
two specifi c areas need to be appreciated. The fi rst area is the 
complexity of the stem cell populations in the BM and blood. 
BM and blood contain several different stem cell  populations, 
including hematopoietic stem cells [48], MSCs [18], mesoder-
mal adult progenitor cells [49,50], and others [51–53]; how-
ever, each stem cell population represents only a very minor 
population (e.g., 0.01–0.001%). It is also well accepted in the 
stem cell fi eld that all stem cell populations are heteroge-
neous. The second area is the lack of common standards. 
Several stem cells could be derived from different tissues, by 
diverse isolation protocols, cultured and expanded in dif-
ferent media and conditions. All of these variables could (1) 
infl uence the selection of cell types and the composition of 
heterogeneous subpopulations; (2) selectively favor expan-
sion of various cell populations with substantially differ-
ent potentials; or (3) alter the long-term fate of adult stem 
cells upon in vitro culture. It is likely that the complexity 
of stem cell populations and the lack of common standards 
could have signifi cantly contributed to the generation of 
confl icting results from different laboratories. We are taking 
a simplifi ed approach to investigate if BM stem cells can dif-
ferentiate into neural cells by using a subpopulation of stem 
cells instead of whole BM or blood cells. It has been reported 
that all identifi ed stem cell populations in the BM, including 
hematopoietic stem cells [44–47], MSCs [21–28], mesodermal 
adult progenitor cells [50], and others [51–53], possess the 
potential to differentiate into neural cells. However, MSCs 
are the most well-characterized stem cell population for the 
generation of neural cells, both in vitro and in vivo, and are 
the choice of stem cell population in this study.

A small fraction (usually <5%) of MSCs possesses the 
potential to differentiate into cells expressing neuronal 
and glial markers, both in vitro [21–23] and in vivo [24–27]. 
However, the identity of these cells remains unknown 
[21–28]. Several lines of evidence have recently reported 
and further demonstrated that MSCs are heterogeneous. 
Colter et al. reported that single cell-derived colonies of 
MSCs contained two morphologically distinct cell types: 
 spindle-shaped cells and large fl at cells [54]. Tremain et al. 
reported that MicroSAGE analysis of 2,353 expressed genes 
in a single cell-derived colony of undifferentiated human 
MSC revealed the expression of mRNAs from multiple cell 
lineages, including chondrocytes, myoblasts, osteoblasts, 
and endothelial, epithelial, and neural cell lineages [55]. In 
addition, Woodbury et al. reported that RT-PCR analysis 
shows that adult BM stromal cells express germline, ecto-
dermal, endodermal, and mesodermal genes prior to neu-
rogenesis [56]. The work of Pochampally et al. showed that 
serum deprivation of human marrow stromal cells selects 
for a subpopulation of early progenitor cells with enhanced 
expression of Oct-4 and other embryonic genes [57]. Taking 
all of these published data together, it is generally appreci-
ated that populations of MSCs are heterogeneous [54–56], 
contain a small fraction (<5%) of cells that are capable of dif-
ferentiating into neural cells [21–28], and may also  contain 

a long-lasting source of neurons and glials for therapies 
aimed at cell replacement in disorders affecting the brain 
and spinal cord. Two recent reports demonstrated that clonal 
NSCs were effectively converted from BM-derived MSCs 
[29,30]. In one study, the data demonstrated that majority of 
MSCs (>60%) were converted to NSCs, suggesting that the 
conversion of MSCs into NSCs is a transdifferentiation phe-
nomenon [30]. Since these protocols have considerable impli-
cations for using autologous NSCs generated from clinically 
accessible BM-derived MSCs for treating neurodegenera-
tive diseases, we repeated the experimental protocol from 
Hermann et al. [30] as a prelude to further dissecting the 
underlying mechanisms of how human adult MSCs can be 
converted to NSCs.

In this study, using MSCs derived from three human 
adult BM samples, we have confi rmed that MSCs can gener-
ate clonal NSCs when cultured in NSC culture conditions 
(Fig. 2), as described in a previous report [30]. However, our 
data showed that only a small fraction (on average, 8%) of 
MSCs possess the ability to generate NSCs (Fig. 2). These 
MSC-derived NSCs showed typical NSC characteristics, 
including the expression of the characteristic NSC antigens, 
self-renewal, and multilineage differentiation into neurons, 
astrocytes, and oligodendrocytes (Fig. 3 and Table 1). To fur-
ther examine the functional aspects on these MSC-derived 
NSCs, immunocytochemistry, EM, and electrophysiology 
were employed to demonstrate that neurons derived from 
these MSC-derived NSCs are electrically active and exhibit 
functional synaptic transmission (Fig. 4). In addition, these 
MSC-derived NSCs also stopped expressing characteristic 
antigens of MSCs and lost the ability to differentiate into 
cells of mesodermal lineages, including adipocytes, chon-
drocytes, and osteoblasts (data not shown). Furthermore, 
we have demonstrated that a small fraction (4–5%) of MSC-
derived NSCs maintains the potential to generate MSCs 
when they are switched back to the MSC culture conditions 
(Fig. 5 and Table 2). Those MSCs generated from MSC-derived 
NSCs, express the characteristic MSC antigens, including 
CD29, CD44, CD73, CD90, CD105, and CD166, proliferate, 
and differentiate into multiple mesodermal lineages, includ-
ing adipocytes, chondrocytes, and osteoblasts [Fig. 5].

Organ-specifi c stem cells have been identifi ed in a variety 
of mammalian tissues [43,44]. These cells hold great promise 
for cellular therapy, if they can reliably produce functional 
progeny of specifi c lineages. A central dogma in develop-
ment has been that organ-specifi c stem cells are restricted to 
making the differentiated cell types of the tissue from which 
they are isolated. One of the major achievements in stem cell 
research over the last 10 years is the discovery that BM and 
blood stem cells are able to generate not only blood cells but 
also cells belonging to many different tissues such as brain, 
liver, lung, kidney, heart, and pancreas [44,45]. These stud-
ies suggest that BM and blood stem cells possess a broader 
developmental potential than originally thought. Since BM 
and blood stem cell transplantation have been well estab-
lished over the last 40 years as an effective treatment option 
for patients with various blood disorders, this new discov-
ery suggests that BM and blood stem cells may some day 
be used to treat patients with neurodegenerative disorders, 
liver diseases, heart failure, and diabetes. However, there 
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a subpopulation of more primitive Oct-4+ stem cells [57]. 
However, the identities of these cells within the MSCs that 
are capable of differentiating into neural cells remain not 
well defi ned.

Several possible mechanisms have been proposed for the 
apparent stem cell plasticity, including cell fusion [58,59], 
transdifferentiation of tissue specifi c stem cells, the coex-
istence of multiple stem cells with different potentials, or 
resident totipotent stem cells in these tissues [43,44,60]. In 
this study, we convincingly demonstrated that multipotent 
NSCs can be generated from human BM-derived MSCs 
when they are cultured in NSC culture conditions and that 
those MSC-derived NSCs can further differentiate into 
functional neurons that form synapses and can fi re action 
potentials. We further demonstrated that only 8% of MSCs 
are capable of differentiating into NSCs, suggesting that 8% 
of MSCs are committed multipotent NSCs. These 8% com-
mitted multipotent NSCs within MSCs may account for the 
well-established phenomenon that <5% of MSCs that are 
capable of differentiating into cells that express neuronal 
and glial markers. It remains possible that MSCs may also 
contain further committed neural progenitor cells that can-
not proliferate and be seen in the NSC culture conditions; 
however, the frequency for these cells should be minimal. In 
addition, we have demonstrated that 4–5% of MSC-derived 
NSCs retain the potential to differentiate into MSCs when 
they are cultured in MSC culture conditions, suggesting 
that there is another subpopulation of stem cells within 
those committed multipotent MSC-derived NSCs that are 
more primitive and possess the potentials to differentiate 
into multipotent NSCs and multipotent MSCs depending 
on the culture conditions. Data presented in this study sug-
gest that the possible mechanisms for the differentiation of 
MSCs into neural cells are the presence of committed mul-
tipotent NSCs and the more primitive bipotential stem cell 
population in the heterogeneous MSCs. Experiments are in 
progress in our laboratory to further defi ne the identities of 
those committed multipotent NSCs and the more primitive 
bipotential stem cell population within the heterogeneous 
MSCs and to further assess the function and safety of these 
committed multipotent NSCs and the more primitive bipo-
tential stem cell population in vivo. The ability to identify, 
purify, and expand those committed multipotent NSCs and 
the more primitive bipotential stem cells will facilitate the 
realization of autologous NSC transplant strategies for neu-
rodegenerative disorders.
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