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Adult mesenchymal stem cells (MeSCs) isolated from human bone marrow are capable of generating neural
stem cell (NSC)–like cells that can be subsequently differentiated into cells expressing molecular markers for
neurons. Here we report that these neuron-like cells had functional properties similar to those of brain-derived
neurons. Whole-cell patch-clamp recordings and calcium imaging experiments were performed on neuron-like
cells differentiated from bone-marrow-derived NSC-like cells. The neuron-like cells were subjected to current
pulses to determine if they were capable of generating depolarization-induced action potentials. We found that
nearly all of the cells with neuron-like morphology exhibited active membrane properties in response to the
depolarizing pulses. The most common response was a single spike-like event with an overshoot and brief
afterhyperpolarization. Cells that did not generate overshooting spike-like events usually displayed rectifying
current–voltage relationships. The prevalence of these active membrane properties in response to the depolar-
izing current pulses suggested that the human MeSCs (hMeSCs) were capable of converting to a neural lineage
under defined culture conditions. The spike-like events were blocked by the voltage-gated sodium channel
inhibitor lidocaine, but unaffected by another sodium channel inhibitor tetrodotoxin (TTX). In calcium imaging
experiments, the neuron-like cells responded to potassium chloride depolarization and l-glutamate application
with increases in the cytoplasmic calcium levels. Thus, the neuron-like cells appeared to express TTX-resistant
voltage-gated sodium channels, voltage-gated calcium channels, and functional l-glutamate receptors. These
results demonstrate that hMeSCs were capable of generating cells with characteristics typical of functional
neurons that may prove useful for neuroreplacement therapies.

Introduction

Transplantation of human embryonic stem cells is
considered a promising therapy for traumatic injuries

and degenerative diseases because stem cells have the po-
tential to develop into and replace many different types of
tissue, including those with a limited capacity for self-repair
like the central nervous system (CNS). Yet, technical diffi-
culties isolating neural stem cells (NSCs) and ethical con-
cerns, among other issues, have limited the use of embryonic
stem cells in clinical settings [1,2]. For example, transplanted
embryonic stem cells can cause immune reactions and tu-
mors that can damage healthy tissue [3–5]. In addition, the
techniques that are traditionally used to grow and differen-
tiate embryonic stem cells for therapeutic applications, co-
cultures with feeder cells, and=or a medium containing
animal products are potentially harmful [1]. The ideal stem

cell for clinical use would be isolated from the patient’s own
tissue.

Adult stem cells, like human mesenchymal stem cells
(hMeSCs), may reduce some of the controversial ethical is-
sues and technical problems associated with the use of em-
bryonic stem cells. The hMeSCs are relatively easy to isolate
from the bone marrow (BM) and also grow well in culture.
The hMeSCs are self-renewable multipotent stem cells ca-
pable of differentiating into various mesenchymal lineages,
including osteogenic, chondrogenic, adipogenic, and fibro-
blastic cells [6–8]. Several recent studies have shown that
hMeSCs are also capable of being directly induced into
neuron- and glia-like cells under experimentally defined
culture conditions [9–16] and after transplantation into the
CNS [15,17,18]. This direct induction of MeSCs to differen-
tiate into neuronal- and glial-like phenotypes usually in-
volves exposure to growth factors, potentially toxic chemical
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agents, and cocultures with neural cells. In addition, the
survival of terminally differentiated neuron- and glia-like
cells after transplantation into the CNS is often poor [1,19].
The survival of undifferentiated embryonic stem cells is
better, but very few differentiate into neurons that integrate
into the brain or spinal cord, and the risk for tumor forma-
tion increases [17,20–23].

The BM-derived hMeSCs can be converted into NSC-like
cells that can subsequently differentiate into neuron- and
glia-like cells in culture [13,14,24,25]. Recently, we succeeded
in generating NSC-like cells by cultivating the isolated
hMeSCs in a conditioned medium of human neural stem
cells (hNSCs-CM) without using a coculture system, chemi-
cal treatment, or genetic modification. After culturing in a
serum-free differentiation medium, these NSC-like cells fur-
ther developed into glia-like cells expressing a marker for
astrocytes, glial fibrillary acidic protein (GFAP), and neuron-
like cells expressing the neuronal markers, microtubule-
associated protein 2 (MAP2), bIII-tubulin, neurofilament 200
(NF-200), gamma aminobutyric acid (GABA), and glutamate.
Although these cells have the morphological and immuno-
cytochemical characteristics of neurons, little is known about
their functional properties. We used patch clamp recording
to determine if the neuron-like cells were capable of gener-
ating an action potential in response to depolarizing current
pulses and calcium imaging to ascertain if they expressed
voltage-gated calcium channels and neurotransmitter recep-
tors. Electrophysiological analyses demonstrated that the
neuron-like cells differentiated from the BM-derived NSC-
like cells exhibited some functional characteristics of devel-
oping neurons. Portions of the data were previously
presented in abstracts.

Materials and Methods

Induction, culture, and expansion of NSC-like cells
from hMeSCs

The hMeSCs from 4 donors were commercially obtained
from AllCells LLC and Cambrex Bioscience. The cell lines
were negative for surface markers associated with hema-
topoietic cells (eg, CD11b, CD33, CD34, and CD133) and
retained their ability to differentiate along mesenchymal
cell lineages. The NSC-like cells were induced from
hMeSCs by culturing hMeSCs (1�105 cells=cm2) in T-75
tissue culture flasks containing CM collected from hNSC
cultures at 378C in a 5% CO2 humidified incubation
chamber (Fisher). The CM was prepared by culturing
hNSCs for 2 weeks in a neurobasal medium (Gibco) con-
taining B27 (1:50; Gibco), antibiotic–antimycotic mixture
(1:100; Gibco), heparin (5 mg=mL; Sigma), human recombi-
nant epidermal growth factor (EGF, 20 ng=mL; R&D Sys-
tems), and human recombinant basic fibroblast growth
factor (bFGF, 20 ng=mL; R&D Systems). The medium col-
lected from the hNSCs, termed hNSC-CM, was centrifuged
to remove cellular debris, and supernatant was filter ster-
ilized with a 0.22-mm membrane before use. Inspection of
long-term (1 week) cultures confirmed that the hNSC-CM
was cell free.

The hNSC-CM was changed every 2–3 days during the
induction process, and cells were passaged after reaching
about 80% of confluency. Cell aggregates formed 2–3 weeks

after the initial cultivation in hNSC-CM for all of the cell lines
tested. Since these cell aggregates were morphologically
similar to the spherical structures of cultured NSCs and the
cells in the aggregates expressed molecular markers for
NSCs, they were termed as NSC-like spheres and NSC-like
cells, respectively.

These cellular aggregates were transferred into and ex-
panded in uncoated tissue culture flasks (Falcon) containing
a growth medium at 378C in a 5% CO2 humidified incuba-
tion chamber. The growth medium consisted of the neuro-
basal medium (Gibco) containing N2 supplement (1:100)
or B27 (1:50; Gibco), penicillin (100 U=mL)=streptomycin
(1 mg=mL; Gibco), heparin (5mg=mL; Sigma), human re-
combinant EGF (20 ng=mL; R&D Systems), human recom-
binant bFGF (20 ng=mL; R&D Systems), human recombinant
leukemia inhibitory factor (10 ng=mL; Chemicon), human
recombinant b-nerve growth factor (NGF, 10 ng=mL; R&D
Systems), human recombinant brain-derived neurotrophic
factor (BDNF, 25 ng=mL; R&D Systems), and human re-
combinant glial cell line–derived neurotrophic factor
(10 ng=mL; R&D Systems). The medium was changed every
3–4 days by removing 50% of the medium and adding fresh
medium.

Differentiation of NSC-like spheres

The terminal neural differentiation was induced by plating
NSC-like spheres onto poly-l-lysine (Sigma)-coated cover-
slips and culturing in the differentiation medium for up to 14
days. The differentiation medium consisted of neurobasal
medium containing N2 supplement (1:100) or B27 (1:50),
penicillin (100 U=mL)=streptomycin (1 mg=mL), l-glutamine
(2 mM), mouse laminin (1 mg=mL; Invitrogen), BDNF
(50 ng=mL), and NGF (10 ng=mL). The cultures were main-
tained in a 5% CO2 humidified incubation chamber at 378C
and the medium was changed every 2–3 days.

Immunocytochemistry

After differentiation, cell samples were rinsed with 0.01 M
phosphate-buffered saline (PBS) and fixed with 4% parafor-
maldehyde in PBS for 20 min at room temperature. Cells were
washed in PBS and incubated in blocking buffer containing
0.1% Triton X-100 (Sigma) and 3% donkey serum ( Jackson
ImmunoResearch) in PBS for 30 min. Fluorescent immuno-
cytochemical staining was performed by incubating the cells
in primary antisera diluted in the blocking buffer overnight at
48C. The primary antibodies used were mouse anti-bIII-tu-
bulin (1:600; Sigma), mouse anti-NF-200 (1:600; Chemicon),
rabbit anti-glutamate (1:500; Sigma), and rabbit anti-GFAP
(1:1,000; Abcam). Cells were then washed in PBS and incu-
bated with corresponding secondary antibodies conjugated
with rhodamine (tetramethylrhodamine isothiocyanate) or
fluorescein (fluorescein isothiocyanate, 1:200; Jackson Im-
munoresearch) for 2 h at room temperature in the dark.
Finally, cells were washed in PBS, counterstained with 40,6-
diamidino-2-phenylindole (Vector Labs), and viewed by im-
munofluorescence microscopy (Zeiss). Negative controls
consisted of secondary antibodies application alone. Digitally
captured images from fluorescence microscopy of stained
cells were analyzed by NIH Image software (NIH) with Cell
Scoring, Particle Analysis, and Cell Analysis macros.
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Electrophysiological recording

Whole-cell patch-clamp recordings were performed on
cells differentiated from the NSC-like cell aggregates after
culturing in the differentiation medium for 2–13 days. Cov-
erslips with differentiated cells were placed into a recording
chamber and superfused with oxygenated (95% O2 and 5%
CO2) artificial cerebrospinal fluid [aCSF: 122 mM NaCl,
3 mM potassium chloride (KCl), 0.81 mM MgSO4, 2.5 mM
CaCl2, 1 mM NaH2PO4, 24 mM NaHCO3, and 10 mM glu-
cose, pH 7.4]. Patch pipettes (5–15 MO) were fabricated from
borosilicate glass capillary tubing (outer diameter 1.5 mm; A-
M Systems) using a Sutter Instruments P-97 micropipette
puller (Novato). Patch pipettes were filled with 140 mM K-
gluconate, 11 mM ethylenediaminetetraacetic acid, 1 mM
CaCl2, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and 3.5 mM KOH. Cells differentiated from
NSC-like cells with neuron-like morphology (a relatively
rounded cell body with extended processes) were chosen for
whole-cell patch-clamp recording as performed previously
[26]. Physiological signals were amplified and low-pass fil-
tered 10,000 Hz using a MultiClamp 700B (Axon Instru-
ments). The data were digitized at a rate of 10,000 Hz
(Digidata 1440A; Axon Instruments), and stored on a com-
puter for later analysis (pClamp 10; Axon Instruments). The
passive membrane properties of these cells, including the rest
potential, input resistance, capacitance, and time constant,
were determined by stimulating with 5 mV hyperpolarizing
steps in voltage clamp. Active properties were investigated
in current clamp by stimulating cells with a series of 400 ms
current steps beginning at �100 pA and increasing to 300 pA
in 50 pA intervals. All experiments were performed at room
temperature.

Pharmacology of action potentials

The neuron-like cells were stimulated with a series of 7
current steps ranging from 0 to 300 pA in 50 pA intervals.
Cells were stimulated once every minute and after the re-
sponse stabilized, the inhibitors were applied through the
perfusion system. Typically inhibitor applications lasted for
10 min and were followed by washes with aCSF. Drugs were
dissolved in aCSF immediately before application. The
voltage-gated sodium channel inhibitors [lidocaine hydro-
chloride and tetrodotoxin (TTX)] and voltage-gated calcium
channel inhibitors (cadmium chloride and nickel chloride)
were obtained from Sigma. We also used TTX from a second
source (Biomol) in this experiment with similar results.

Calcium imaging

The responses of the neuron-like cells to 55 mM KCl and
100 mM l-glutamate were recorded using a calcium imaging
system after culturing in the differentiation medium for 3–14
days. Cytosolic Ca2þ was monitored with ratiometric Ca2þ

indicator, Fura-2. Coverslips with differentiated cells were
washed twice in Hanks balanced salt solution (HBSS, 137 mM
NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4,
1.3 mM CaCl2, 1.0 mM MgSO4, and 4.2 mM NaHCO3). After
washing, the cells were incubated in 2 mL HBSS containing
5.0 mM Fura-2 AM and 0.066% Pluronic F-127 for 30–45 min
at 378C in the dark. Then, coverslips with the Fura-2-loaded
cells were washed twice in HBSS to remove extracellular dye

and mounted in an imaging chamber containing Mg 2þ-free
HBSS.

Fluorescence measurements were obtained at excitation
wavelengths of 340 and 380 nm and emission at 510 nm on
individual neuron-like cells using an inverted fluorescence
microscope (Model IX-70; Olympus). The base-line intracel-
lular Ca2þ levels were measured as a ratio of 340=380 nm
fluorescence in individual cells incubated in Mg2þ-free HBSS
buffer. Cells were then exposed to 55 mM KCl or 100mM l-
glutamate. Typically, Ca2þ levels at rest or in response to
challenges were measured simultaneously for 10–30 cells
within a microscopic field, with 3–5 microscopic fields
measured per condition. One microscopic field was mea-
sured in each Petri dish. Each cell was tested under only one
condition. The amplitude of the drug-induced intracellular
Ca2þ transient was determined for each cell by subtracting
the base-line Ca2þ level from the drug-induced level.

Statistical analysis

Sample sizes for the calcium imaging experiments ranged
from 30 to 50 cells for each of the different days in culture.
Data were collected from at least 3 different trials. The
within-group comparisons of the 340=380 ratio before and
after the drug applications were performed using a single-
tailed paired Student’s t-test on the data from individual
cells.

Results

Differentiation of BM-derived NSC-like cells

BM-derived NSC-like cells differentiated into neural cells,
including glia and neurons, after culturing in the differenti-
ation medium. We observed that the cells migrated from the
neurosphere-like structures, attached to coverslips, and ex-
tended processes (Fig. 1). These morphological changes were
concurrent with changes in protein expression patterns
based on immunocytochemistry. Coverslips of differentiated
NSC-like cells were stained with antisera directed against
neuronal markers (bIII-tubulin, NF-200, or glutamate) and a
glial marker (GFAP). Figure 1 shows that cells with neuron-
like morphology (small rounded cell bodies and extended
processes) were positively stained by antisera directed
against neuronal markers, bIII-tubulin, NF-200, or glutamate.
Analysis of the immunocytochemistry revealed that *40%
of the differentiated NSC-like cells expressed the immature
neuronal marker bIII-tubulin. The neuron-like cells also ex-
pressed other neuronal markers, including doublecortin,
MAP2, and GABA (data not shown). Cells with glia-like
morphologies (flat, polygonal, and star-like cell bodies) were
positively stained with antisera directed against the glial
marker GFAP (Fig. 1A). We found that *60% of the total
cells were labeled with the anti-GFAP antisera. At the be-
ginning of the serum-free culture, a subpopulation of the
undifferentiated hMeSCs expressed low levels of the neural
progenitor marker nestin; however, we did not detect ex-
pression of the other neuronal markers in the undifferenti-
ated hMeSCs by fluorescence immunocytology (data not
shown). Because a subpopulation of cells differentiated from
the BM-derived NSC-like cells had the morphology and
protein expression patterns of neurons, we investigated the
functional properties of these cells.
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Neuron-like cells differentiated from BM-derived
NSC-like cells have active membrane properties

We investigated whether the neuron-like cells with roun-
ded cell bodies and extended processes differentiated from
the NSC-like spheres had the electrophysiological properties
of functional neurons. Whole-cell patch-clamp recordings
were performed on >60 cells with this neuron-like mor-
phology after growing in the differentiation medium for 2–13
days. The passive membrane properties of these cells, in-
cluding the resting membrane potential, input resistance,
capacitance, and time constant, were determined. We did not
detect any obvious differences in the passive membrane
properties at the ages tested. The resting membrane poten-
tials for cells with a neuron-like morphology ranged from
�25 to �58 mV with an average potential of �37.6� 1.3 mV
(average� SEM, N¼ 60). The input resistance ranged from
0.2 to 8.3 GO with an average of 1.7� 0.2 GO (N¼ 51), the
membrane capacitance ranged from 2.8 to 33.9 pF with an
average of 12.1� 0.9 pF (N¼ 51), and the time constant ran-
ged from 100 to 2,300ms with an average of 593� 71ms
(N¼ 51). The variation in the input resistance, membrane
capacitance, and time constant indicated that the neuron-like
cells had a wide range of different sizes and electrical char-
acteristics. These results could indicate that the neuron-like
cells were at different developmental stages or that the NSC-
like spheres were capable of generating many distinct neu-
ronal or glial subtypes.

The neuron-like cells were also subjected to a series of
current pulses to determine if they were capable of gen-
erating depolarization-induced action potentials. We
found that nearly all (98%) of the cells with neuron-like
morphology exhibited active membrane properties in re-
sponse to the depolarizing current pulses. The most
common response was a single spike-like event early in
the depolarizing current step (Fig. 2F). Representative
examples of spike-like structures with overshoots and
brief afterhyperpolarizations recorded from 2 different
neurons are shown in Fig. 2A and B. The width of the
spike-like structures was *5 ms for both cells measured
at 50% of the peak amplitude. Also notice that the steady-
state voltage responses were rectifying for these 2 cells
(Fig. 2A, B, and E), indicating the presence of voltage-
gated potassium channels. The cells that did not generate
overshooting spike-like events usually had smaller
bumps without overshoot in the beginning of the depo-
larizing current steps and rectifying current–voltage rela-
tionships (Fig. 2C, E). These bumps were detected in 27%
of the neuron-like cells. Only one cell completely lacked
active membrane properties in response stimulation and
was presumably a glia-like or undifferentiated cell (Fig.
2D, E).

The neuron-like cells often responded to the hyperpolar-
izing current steps with a rebound excitation that sometimes
elicited a spike-like event. We detected postinhibitory re-
bound excitation in 37% of the neuron-like cells (26 of 70).

FIG. 1. Neural stem cell (NSC)–like cells derived from bone marrow differentiated into neuron and glia-like cells after 5
days in a defined culture medium. (A, B) NSC-like cells differentiated into cells with neuronal and glial morphology
expressing bIII-tubulin (A, B) and glial fibrillary acidic protein (GFAP) (A), respectively. (C, D) The differentiated neuron-like
cells expressed the neuronal markers neurofilament 200 (C) and glutamate (D). Nuclei were labeled with the nucleic acid
counterstain 40,6-diamidino-2-phenylindole (DAPI).
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The excitation triggered rebound spikes in 8 of these cells.
Figure 3 shows current clamp records from a neuron-like cell
that produced spikes to hyperpolarizing steps. Taken to-
gether, these data indicated that the BM-derived NSC-like
spheres were capable of differentiating into cells that had the
morphology, immunocytochemistry, and electrophysiologi-
cal membrane properties associated with neurons.

Action potentials of the neuron-like cells
are sodium dependent

The ionic properties of the spike-like events were investi-
gated using inhibitors of voltage-gated sodium and calcium
channels. The neuron-like cells were depolarized with a se-
ries of current steps, and, after the response stabilized, the

FIG. 2. Neuron-like membrane properties of neuron-like cells differentiated from human mesenchymal stem cell–derived
neural stem cell–like cells. (A–D) Patch-clamp recordings showing the responses of 4 different cells to a series of current
pulses. The cells in panels A and B had spike-like events with overshoot and afterhyperpolarizations at the beginning of the
current steps. The cell in panel C had an active response without a spike-like event and the response of the cell in panel D was
passive. Cells were stimulated with 400 ms current steps beginning at �100 pA and increasing to 300 pA in 50 pA intervals.
Resting membrane potential (mV) is indicated to the left of the voltage recordings. (E) Plot of the steady-state current–voltage
relationship for the cells in panels A–D. Notice that the plots were rectifying (nonlinear) for the cells in panels A–C, indicating
an active voltage response. The cell in panel D had only a passive (linear) response. (F) Graph of the frequency of cells with
active and passive responses to the current steps. A majority of the neuron-like cells generated spike-like structures with
overshoots and brief afterhyperpolarizations.
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inhibitors were applied through the perfusion system. We
found that the spike-like events were blocked by the voltage-
gated sodium channel inhibitor lidocaine (3.5 mM, N¼ 4; Fig.
4A). In contrast, another sodium channel inhibitor TTX did
not block the action potentials of any of the tested cells (1mM
TTX, N¼ 5; 10mM TTX, N¼ 5; Fig. 4B). These experiments
were performed using TTX from 2 different sources with the
same results. Next we tested whether calcium ions contrib-
uted to the spike-like events using 2 voltage-gated calcium
channels inhibitors, nickel and cadmium. The application of

1 mM nickel (N¼ 2) or 10mM cadmium (N¼ 2) did not block
the depolarization-evoked spikes (Fig. 5). We did, however,
observe slight changes in the action potential shape and
more pronounced changes in the amplitude of the steady-
state depolarization, suggesting that there was calcium
influx during the depolarization and that calcium may
modulate the process of repolarization. These data indicated
that the neuron-like cells express TTX-resistant voltage-gated
sodium channels that are capable of generating sodium-
dependent action potentials.

Neuron-like cells differentiated from BM-derived
NSC-like cells respond to the neurotransmitter
L-glutamate

In addition to sodium and potassium channels, functional
neurons express calcium channels that are activated by de-
polarization and receptors for fast-acting neurotransmitters.
We used a calcium imaging system to investigate whether
the neuron-like cells derived from the BM expressed voltage-
gated calcium channels and if they expressed receptors that
respond to l-glutamate, a neurotransmitter that is commonly
used in the CNS. The advantage of this technique is that it
permits large number of cells to be rapidly screened com-
pared to patch clamping. The neuron-like cells were loaded
with a ratiometric Ca2þ indicator, Fura-2, and the cytosolic
Ca2þ level was monitored while the cells were exposed to
KCl or l-glutamate. KCl depolarizes cells and increases
Ca2þ influx by activating voltage-gated calcium channels. l-
Glutamate increases Ca2þ levels by directly activating recep-
tors that are permeable to Ca2þ ions. We observed that both
KCl and l-glutamate stimulated a relatively rapid rise in the
intracellular Ca2þ concentration in most of the neuron-like

40 
mV

0.1 s

-54

FIG. 3. Rebound from hyperpolarization induces action
potentials in neuron-like cells differentiated from neural stem
cell–like cells. Patch clamp recording showing the rebound
excitation and subsequent spike-like events after �100 and
�50 pA hyperpolarizing current steps (400 ms). Resting
membrane potential (mV) is indicated to the left of the
voltage recordings.

FIG. 4. Effects of sodium channel inhibitors on depolarization-induced action potentials in neuron-like cells differentiated
from neural stem cell–like cells. (A) The depolarization-induced action potentials were inhibited by 3.5 mM lidocaine. Notice
that the inhibition reversed after washing with control saline [(artificial cerebrospinal fluid (aCSF)]. (B) Tetrodotoxin (TTX,
1 mM) had little effect on the action potential or the steady-state currents, suggesting that the spikes are generated by TTX-
resistant voltage-gated sodium channels. Resting membrane potential (mV) is indicated to the left of the voltage recordings.
Recordings are representative examples.
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cells (Fig. 6). KCl (55 mM) elicited an increase in the intracel-
lular Ca2þ level in 92% of the tested cells and l-glutamate
(100mM) elicited an increase in 87% of the cells.

We also examined if the length of time in culture affected
the amplitude of the KCl- and l-glutamate-induced Ca2þ

signals. Cells were exposed to either KCl or l-glutamate after
culturing in the differentiation medium for 3–14 days. We
observed that the responses of the neuron-like cells gradually
developed with time in the differentiation medium. Initially,
the application of KCl and l-glutamate did not significantly
increase the cytoplasmic Ca2þ levels in the neuron-like cells
(Fig. 6A). However, after 4 days in the differentiation me-
dium, the KCl-induced Ca2þ signals began to increase
reaching a maximum on day 7. The l-glutamate-induced
signals took longer to develop, increasing significantly after
6 days in culture and peaking on day 9 (Fig. 6B). The calcium
imaging suggests that the neuron-like cells express some of
the components necessary for synaptic transmission because
KCl and l-glutamate induced increases in the cytosolic Ca2þ

level, presumably by activating voltage-gated calcium
channels and glutamate receptors, respectively.

Discussion

Here we report that human BM-derived NSC-like cells
differentiated into cells with the morphology and some of the
functional properties of neurons. Patch clamp experiments
demonstrated that the neuron-like cells were capable of
generating action potentials and expressed TTX-resistant
sodium channels. Calcium imaging revealed depolarization-
and l-glutamate-evoked increases in the cytoplasmic Ca2þ

levels, indicating that there were functional voltage-gated
calcium channels and l-glutamate receptors. Therefore, the
neuron-like cells expressed components of the machinery
used to conduct action potentials, initiate neurotransmitter
release, and respond to a released transmitter. All of these
functions of neuron-like cells were induced using a defined

culture system containing hNSCs-CM without harsh chemi-
cals, cell cocultures, or genetic manipulations.

Membrane properties of neuron-like cells
differentiated from BM-derived
NSC-like cells

For years, scientists have known how to grow human
embryonic and adult NSCs in culture and differentiate them
into mature neurons capable of TTX-sensitive depolarization-
dependent action potentials [27,28]. In spite of this, ethical
issues and the limited availability of embryo- and brain-de-
rived stem cells have curbed their clinical usefulness. Here we
have shown that stem cells from an easily accessible tissue,
adult human BM, can be converted in culture into NSC-like
cells capable of differentiating into cells with multiple func-
tional characteristics of neurons. This culture system may be
capable of generating large quantities of NSCs or immature
neurons suitable for neuroreplacement therapy.

Initially, we examined the passive properties of the neuron-
like cells differentiated from the BM-derived NSC-like cells
and found them to be highly variable. This variation indi-
cated that the neuron-like cells had a wide range of different
sizes and=or electrical characteristics that could reflect dif-
ferences in their developmental stages or the types of neu-
rons being generated. The passive membrane properties of
the neuron-like cells were similar to previously published
data for neurons differentiated from human and rodent
embryonic stem cells [27,29], human and rodent NSCs
[28,30–32], and rodent MeSCs [33]. Although the passive
properties revealed that the NSC-like cells might have
differentiated into a diverse population of neuron-like cells,
it did not indicate anything about their functional char-
acteristics. To examine function we tested whether the
neuron-like cells could generate action potentials, express
voltage-gated calcium channels, or respond to the neurotrans-
mitter l-glutamate.

FIG. 5. Effects of calcium channel inhibitors on depolarization-induced action potentials in neuron-like cells differentiated
from neural stem cell–like cells. (A) The depolarization-induced action potentials were not affected by 1 mM nickel chloride
(NiCl2). However, the amplitude of the steady-state depolarization changed. (B) The action potential shape and the steady-
state depolarization were altered by 10mM cadmium chloride (CdCl2). Resting membrane potential (mV) is indicated to the
left of the voltage recordings. Recordings are representative examples.
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One important function of neurons is the ability to gen-
erate and conduct action potentials. We used patch clamp
recordings to show that the BM-derived neuron-like cells
were capable of generating action potentials in response to
depolarizing current steps. Some of the cells were also ca-
pable of responding to hyperpolarizing current with a re-
bound excitation and spike. A majority of the action
potentials that we detected had small overshoots and brief
afterhyperpolarizations. The shape of the action potentials
recorded from the neuron-like cells resembled the immature
action potentials that are commonly observed for developing
human neurons [26] and neuron-like cells differentiating
from stem cells isolated from both humans [14,25,28,30] or
from rodents [29,32,33]. In addition, the patch clamp re-

cordings were atypical for mature neurons in that the spikes
were not blocked by the sodium channel inhibitor TTX at
concentrations up to 10mM, and we did not observe any
repetitive spikes or spontaneous action potentials. The action
potentials were blocked by another voltage-gated sodium
channel inhibitor lidocaine (Fig. 4A). On the basis of the
electrophysiological properties of the neuron-like cells, we
believe that our data demonstrate that hMeSCs derived from
adult BM were clearly reprogrammed and directed toward a
neuronal lineage. Recent voltage clamp studies have shown
that a subset of undifferentiated hMeSCs, isolated from ei-
ther the BM or amniotic fluid, express the ion channels
necessary to generate action potentials [34–36]. However, the
density of the voltage-gated sodium channels is very low
compared to mature neurons, suggesting that the undiffer-
entiated hMeSCs are incapable of producing action poten-
tials. Attempts to induce action potentials in hMeSCs using
depolarizing current pulses have confirmed that undiffer-
entiated MeSCs isolated from the adult BM of humans or
rodents do not generate action potentials [14,21,25,37–40].

It is also possible that some of the action potentials we
recorded were from cells other than neurons because astro-
cytes and oligodendrocytes express many of the voltage-
gated ion channels found in neurons and can produce action
potentials [41–43]. However, there are several reasons that
we believe that most of the neuron-like cells were indeed
neurons. First, the neuron-like cells used in this study were
smaller than typical astrocytes. We used the membrane ca-
pacitance as an approximate measure of cell size and found
that the average capacitance of the neuron-like cells (*12 pF)
was smaller than the capacitance reported for human and
rat brain astrocytes (30–80 pF) [41–44]. Second, the preva-
lence of the spike-like events with overshoot and after-
hyperpolarization is higher than would be expected for glial
cells. Normally, the sodium current is much smaller than the
potassium current in astrocytes and they rarely fire action
potentials [45,46]. Besides, similar immature action potentials
and current–voltage relationships are often observed for
developing human neurons [26] and neuron-like cells dif-
ferentiated from stem cells isolated from humans
[14,25,28,30,37,47,48] or from rodents [29,32,33,49,50]. Fi-
nally, consistent with those previously published studies
[9,11–14,25,47,48,51–54], we confirmed that neuron-like cells
with neuronal morphology usually express neuronal and not
glial markers (Fig. 1A). Taken together, our results strongly
suggest that the NSC-like cells derived from adult BM
hMeSCs were capable of developing into cells with the
electrophysiological properties of immature neurons.

Development of KCl and L-glutamate-induced
increases in cytoplasmic calcium levels

Previous calcium imaging studies have show that cells
differentiated from adult MeSCs, adult NSCs, and embryonic
stem cells respond to depolarization with KCl or the appli-
cation of the neurotransmitter l-glutamate with an increase
in cytoplasmic Ca2þ levels [27,31,38,55,56]. These transient
changes in the Ca2þ levels are important for regulating
neuronal differentiation, transmitter selection, and axonal
targeting in immature neurons [57,58]. After maturation,
calcium signals regulate multiple cellular processes, such as
the cell viability, gene transcription, and synaptic transmis-
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FIG. 6. Potassium chloride (KCl) and l-glutamate increase
the intracellular calcium levels of the neuron-like cells dif-
ferentiated from neural stem cell–like spheres. (A) Time
course of the average peak calcium signal recorded from
neuron-like cells after the application of 55 mM potassium.
The neuron-like cells developed the capability to respond to
potassium on the fifth day in culture and the response
peaked on day 7. (B) Time course of the average peak cal-
cium signal recorded from neuron-like cells after the appli-
cation of 100mM l-glutamate. The neuron-like cells
developed the capability to respond to l-glutamate on the
seventh day in culture and the response peaked on day 9.
Insets show the average response of the cells from a single
experiment. Asterisks indicate that the average peak 340=380
ratio was significantly different from the baseline before the
KCl or l-glutamate application (P< 0.001, Student’s paired
t-test).
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sion [59,60]. Using calcium imaging, we observed that the
neuron-like cells produced transient increases in the cyto-
plasmic Ca2þ levels in response to KCl and l-glutamate ap-
plication. The KCl-evoked increase in the cytosolic Ca2þ levels
was probably caused by a depolarization-dependent open-
ing of voltage-gated calcium channels [61]. The l-glutamate-
induced increase in Ca2þ could be caused by a direct influx
of extracellular Ca2þ through glutamate receptor ion chan-
nels or an indirect influx through voltage-gated calcium
channels after the glutamate-evoked depolarization [62].
Our calcium imaging experiments extend the previous
studies and demonstrate that the BM-derived NSC-like cells
were capable of differentiating into cells that had many of
the basic functional properties of neurons in our defined
culture system.

Typically, the differentiation of embryonic stem cells,
in vivo and in vitro, is a gradual process regulated by both
genetic factors and microenvironmental cues [63–66]. We
found that the differentiation and maturation of the BM-
derived NSC-like cells were also gradual processes with each
of the neuron-like characteristics developing after different
lengths of time in culture. It took only 2–3 days in the dif-
ferentiation medium for the neuron-like cells to exhibit ac-
tion potentials in response to a depolarizing current steps,
whereas functional expression of voltage-gated calcium
channels increased significantly on day 5 and the l-glutamate-
evoked increase in the Ca2þ signal began on day 7 (Fig. 6). It
is important to note that we did not observe any repetitive
spikes or spontaneous action potentials in these neuron-like
cells, implying that even after 13 days in culture, these cells
were not fully developed neurons [67]. This is similar to the
time course for the differentiation of both multipotent pro-
genitor cells isolated from adults and embryonic stem cells.
Multipotent progenitor cells isolated from human or mouse
brains [30,32] or mouse embryonic stem cells [50] do not
usually express mature action potentials until they are cul-
tured >2 weeks. This gradual development is consistent with
the immunocytochemical analysis of neuronal differentiation
markers under similar culture conditions. The differentiating
NSC-like cells began to express a marker for immature
neurons, bIII-tubulin, after 3–5 days, and with increasing the
time in culture, they increased expression of a marker for
more mature neurons, MAP2.

Conclusions

Cells derived from human BM were induced in culture to
express proteins that are considered markers of neuronal and
glial differentiation. More importantly, the neuron-like cells
expressed functionally active voltage- and ligand-gated ion
channels. These cells appeared to be neuronal precursor cells
or immature neurons at different stages in development, al-
though it is possible that the BM-derived NSC-like cells will
develop into mature neurons with increased time for in vitro
differentiation or in a more appropriate environment for
differentiation such as transplantation into the brain. Our
results, in combination with previous studies by others,
suggest that there are many different ways to trigger
hMeSCs to transform into neuron-like cells in vitro. The fu-
ture challenge will be to identify the culture conditions
necessary to generate specific neuronal cell types that will
function properly and integrate into the CNS after trans-

plantation. Transplantation of individual patients’ BM-
derived autologous NSC-like cells for neuroreplacement
therapy would have the advantage of avoiding some con-
troversial ethical issues and the risk of immune rejection.
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