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ABSTRACT

Size-sieved stem (SS) cells isolated from human bone
marrow and propagated in vitro are a population of cells
with consistent marker typing, and can form bone, fat,
and cartilage. In this experiment, we demonstrated that
SS cells could be induced to differentiate into neural cells
under experimental cell culture conditions. Five hours
after exposure to antioxidant agents (3-mercaptoethanol +
retinoic acid) in serum-free conditions, SS cells expressed
the protein for nestin, neuron-specific enolase (NSE), neu-
ron-specific nuclear protein (NeuN), and neuron-specific
tubulin-1 (TuJ-1), and the mRNA for NSE and Tau.
Immunofluorescence showed that almost all the cells

(>98%) expressed NeuN and TuJ-1. After 5 days of [3-
mercaptoethanol treatment, the SS cells expressed neuro-
filament high protein but not mitogen-activated protein-2,
glial filament acidic protein, and galactocerebroside. For
such long-term-treated cells, voltage-sensitive ionic cur-
rent could be detected by electrophysiological recording,
and the intracellular calcium ion, Ca?, concentration
can be elevated by high potassium (K*) buffer and gluta-
mate. These findings suggest that SS cells may be an
alternative source of undifferentiated cells for cell ther-
apy and gene therapy in neural dysfunction. Stem Cells
2002;20:522-529

INTRODUCTION

Disorders of neural function, including cognitive dys-
function, psychiatric disorders, stroke, defects arising from
injury, and neurodegenerative diseases, place an incalculable
emotional and financial burden on our society. The discovery
of new therapies that could alleviate neurodegeneration or
facilitate neural regeneration has become a high priority in

medical research. Neural progenitors isolated from the cen-
tral nervous system (CNS) [1] and embryonic stem cells [2]
derived from the inner cell mass of preimplantation embryos
are candidate stem cells for cell therapy in neural dysfunc-
tion. Transplants of stem cells in vivo have clearly demon-
strated that they can differentiate into neurons, astrocytes,
and oligodendrocytes [3-8].
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Another source of undifferentiated cells is bone marrow
stem cells, which have greater functional plasticity than pre-
viously suspected. After bone marrow transplantation,
donor-derived stem cells have been found in such diverse
nonhematopoietic tissues as bone [9, 10], cartilage [9, 10],
skeletal muscle [11], lung [9, 10, 12], spleen [12], thymus
[12], liver [13], cardiac muscle [14], neuron, and brain [15-
17]. The stem cell compartment in human bone marrow is
highly complex, comprising both CD34* and CD34-
hematopoietic stem cells, mesenchymal progenitors, and per-
haps other cell types whose activities remain to be defined.
Among these, a stem cell may be identified to have potential
similar to or equal to that of embryonic stem cells. This could
simplify an approach to cell therapy in the nervous system by
eliminating the need for harvesting autologous human neural
stem cells, an admittedly difficult procedure. It is currently
believed that heterogeneous cells may be used for the CNS,
given the immune tolerance of the brain [5].

In the study reported here, we tested the novel size-
sieved stem (SS) cells of CD34- stem cells [18], which were
selected on the basis of cell size and adherent capacity via
the use of a culture device—a plastic culture dish compris-
ing a plate with 3-um pores, for the capacity to form neurons
in in vitro culture. SS cells isolated from human bone mar-
row and propagated in vitro are able to form bone, fat, and
cartilage. SS cells have been well characterized previously
with the use of flow cytometry over 30 more markers, for
each marker cell expressed as a single peak in the histogram.
SS cells used in this study were negative for surface mark-
ers associated with hematopoietic cells (e.g., CD14, CD34,
and CD45), but positive for SH2, SH3, CD44, CD90, and
CD105, consistent with previous reports [19]. In this report,
SS cells were more thoroughly characterized by reverse
transcription-polymerase chain reaction (RT-PCR), anti-
body staining, electrophysiological recording, and intracel-
lular calcium ion concentration ([Ca’*]i) measurement
studies in order to better define the differentiation potential
of these cells in in vitro culture.

MATERIALS AND METHODS

Chemicals

The antibodies omestin (polyclonal, AB5922), oNSE
(polyclonal, AB951), olNeuN (monoclonal, MAB377), oNF-H
(monoclonal, MAB1623), olGFAP (monoclonal, MAB360),
0Gal-C (monoclonal, MAB342), orabbit IgG (AP132P), and
amouse 1gG (AP124P) were purchased from Chemicon
(Temecula, CA; http://www.chemicon.com). cMAP-2 (mon-
oclonal, 5F9) was purchased from Upstate Biotechnology
(Waltham, MA; http://www.upstate.com). oTuJ-1 (poly-
clonal, PRB-435p) was purchased from COVANCE
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(Princeton, NJ). Human brain lysate was from Chemicon.
Fura-2 AM was purchased from Molecular Probes (Eugene,
OR; http://www probes.com).

Cell Culture

SS cells were isolated from human bone marrow as pre-
viously reported [18]. In brief, bone marrow aspirates, washed
twice with phosphate-buffered saline (PBS), suspended in
Dulbecco’s modified Eagle’s medium-low glucose (DMEM-
LG) supplemented with 10% fetal bovine serum (FBS), 100
U/ml penicillin, 100 mg/ml streptomycin, and 0.25 pg/ml
amphotericin B, were plated in a 10-cm plastic culture dish
comprising a plate with 3-um pores at a density of 10°
mononuclear cells/cm?. SS cells that adhered to the pore-con-
taining plate were recovered at 7 days after initial plating,
plated at about 6,000 cells/cm?, and subcultured at a ratio of
1:3 when cells reached more than 80% confluence.

Differentiation Protocol

Undifferentiated SS cells were cultured in DMEM-LG
supplemented with 10% FBS. To induce differentiation,
cells were seeded at a density of 4,000 cells/cm?, pretreated
with DMEM-LG supplemented with 10% FBS, 10% fetal
calf serum (FCS), 10° M [-mercaptoethanol (B-ME)
(Sigma; St. Louis, MO; http://www .sigmaaldrich.com) + 5
x 107 M all-trans-retinoic acid (RA) (Sigma) for 24 hours,
and then treated with serum depletion for 5 hours to 5 days.

Western Blot Analysis

Protein was extracted from subconfluent differentiated (3
ME =+ RA) and undifferentiated cell cultures. The cells (5 X
10%) were rinsed with PBS and lysed with 0.5 ml of ice-cold
radio-immunoprecipitation buffer containing 10 mM Tris-HCI
(pH 7.5), 150 mM NaCl, 1% Nonidet P-40, and 0.1% SDS for
15 minutes on ice. After being heated for 5 minutes at 95°C,
equal aliquots of the cell lysate were run on a 12% or 5% SDS-
polyacrylamide gel. Proteins were transferred to PVDF
membrane filters, probed with antibodies, and detected
with the enhanced chemiluminescence system (PerkinElmer
Instruments, Inc.; http://www instruments.perkinelmer.com/
index.asp).

Immunofluorescence

At 5 hours or 5 days postdifferentiation by serum deple-
tion, cells were rinsed briefly in PBS, fixed with 2%
paraformaldehyde (in PBS) for 10 minutes, permeabilized
with 0.1% Triton X-100 in PBS for 10 minutes, and treated
with 5% FCS in PBS for 30 minutes, all at room tempera-
ture. They then were incubated with the first antibody
(omestin 1:100, oNeuN 1:250, oTuJ-1 1:250, aNF-H 1:100,
OoMAP-2 1:100, aGFAP 1:100, and oGal-C 1:100) for 1 hour
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at room temperature, rinsed three times with PBS, and incu-
bated for a further hour with a secondary antibody (fluo-
roscein isothiocyanate- or rhodamine-conjugated oumouse or
orabbit IgG 1:100). Control staining without primary anti-
body was used as a negative control. For quantification, cells
were further stained with Hoechst dye 33258 (Molecular
Probes). Cells exhibiting strong fluorescence for each anti-
body were counted, compared with total cell counts, and the
mean and standard deviation (SD) were computed.

RT-PCR

Total RNA was prepared from cells using the RNeasy
purification system as described by the manufacturer (Qiagen;
Valencia, CA; http://www qiagen.com). Total RNA (1 pg)
was reverse transcribed with Moloney murine leukemia virus
reverse transcriptase at 42°C in the presence of oligo-dT
primer. PCR was performed using specific primers designed
from the published sequence of each cDNA as follows: NSE
sense: 5-CATCGA CAAGGCTGGCTACACG-3’, anti-
sense: 5-GACAGTTG CAGGCCTTTTCTTC-3"; Tau
sense: 5-GTAAAAG CAAAGACGGGACTGG-3’, anti-
sense: 5-ATGATG GATGTTGCCTAATGAG-3"; and B-
actin sense: 5-GCACTCTTCCAGCCTTCCTTCC-3’,
antisense:  65-TCACCTTCACCGTTCCAGTTTTT-3".
The thermal profile was 1 minute at 95°C, 1 minute at 60°C,
and 2 minutes at 72°C. The amplification cycles of NSE, Tau,
and B-actin were all 35. The expected sizes of NSE, Tau, and
B-actin were 329 bp, 512/612 bp, and 515 bp, respectively. To
exclude possible contamination of genomic DNA, PCR was
also applied to reactions without RT. The amplified comple-
mentary DNA was electrophoresed through a 1% agarose gel,
stained, and photographed under ultraviolet light.

Electrophysiology

For whole-cell current recording, the cell was whole-cell
patched as previously described [20]. The extracellular solu-
tion (loading buffer [LB Buffer]) contained 150 mM NaCl, 5
mM KCl, 5 mM glucose, 1 mM MgCl,,2.2 mM CaCl,, and 10
mM Hepes, pH 7.3. The pipette solution contained: 120 mM
aspartic acid, 5 mM MgCl,, 0.5 mM EGTA, 40 mM Hepes, 2
mM ATP, and 0.3 mM GTP, pH 7.3 with KOH.
Micropipettes were pulled from 1.5-mm O.D. capillary glass
(IB150F4; World Precision Instruments; New Haven, CT) on
a Brown-Flaming puller (model P-97; Sutter Instruments;
Novato, CA) and had a resistance of about 8 M2 with the
above solutions used. Whole-cell current was recorded using
an Axoclamp 200B amplifier (Axon Instruments, Inc.; Union
City, CA) and pClamp software. Data acquisition was initiated
when the whole-cell patch was formed and stable; the holding
potential was set at -70 mV and depolarized to different
potential for 20 milliseconds to evoke channel opening.
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[Ca*]i Measurement

The [Ca®*]i change was recorded as previously
described, with some modifications [21]. Cells were loaded
with Fura-2 AM (5 M in loading buffer) under room tem-
perature for 1 hour. After the washout of fura-2 AM, the
coverslip was mounted on an Olympus IX-70 inverted
microscope and observed with a 40x objective. The 340
nm and 380 nm excitation lights were provided by T.I.L.L
Polychrome IV spectrophotometer (T.I.L.L. Photonics
GMBH; Germany), and the emission light was recorded by
Princeton charged-coupled device camera (CCD-130;
Roper Scientific; Trenton, NJ). The excitation switch and
emission acquisition were controlled by Axon Workbench
software. The [Ca®*]i was represented as a ratio (Rssg)
between emission intensities induced by 340 and 380 nm.
For stimulation, LB buffer contained glutamate (25 yM),
or high K* (the NaCl was replaced with equilmolar KCI)
was puffed from a glass micropipette placed right beside
the cell. The opening of the micropipette was approxi-
mately 1.5 ym. The puff pressure was controlled by
Eppendorf Microinjector 5242 (Eppendorf GMBH,;
Germany) with a P2 setting of 200 hPa.

RESULTS

Neural Differentiation

To induce neural differentiation, SS cells were incu-
bated in a serum-containing medium supplemented with
107 M B-ME for 24 hours, and then treated with serum
depletion. After exposure to a serum-free condition, changes
in morphology were observed over the first 5 hours (Fig. 1).
Initially, cytoplasm in some of the flat SS cells retracted
toward the nucleus and began to form a rounded cell body
(1 hour). The percentage of responsive cells increased pro-
gressively and almost all the cells had the same morphologic
changes (>95% at 2-3 hours). Neurite outgrowth was then
observed, displaying primary and secondary branches (2-3
hours). Over the subsequent 2 hours, cells began to adopt
their earlier morphology; rounded cell body and neurite out-
growth gradually disappeared (4-5 hours). At this time, cells
exhibited greater expression of the neural markers (data
shown below).

Western Blot Analysis (Fig. 2) (Table 1)

Western blot analysis demonstrated that all cell cultures
had the same expression of actin, an internal control.
Undifferentiated cell cultures had a faint expression of
nestin, a marker for neural precursors, and several early neu-
ron markers, such as NSE, NeuN, and TulJ-1. The differen-
tiated cells, however, had a stronger expression of NSE and
NeuN at 5 hours under conditions treated by the addition of
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Figure 1. Induction of neural morphol-
ogy in SS cells treated with -ME and
serum depletion. SS cells were treated
with B-ME for 24 hours and then were
further treated with serum depletion for
0(A),1(B),2(C),3(D),4(E),and 5 (F)
hours. Original magnification 150X.

antioxidants (B-ME + RA) and
serum depletion. The addition of
RA to the medium did not signifi-
cantly increase the level of neural
protein expression. The expression
of NF-H, a marker for mature neu-
rons, was only observed at 5 days
after exposure to serum-free condi-
tions. A decrease in the expression
of nestin and NSE was also found
at that time. MAP-2, a marker for
mature neurons, GFAP, and Gal-C,
markers for mature astrocytes and
oligodendrocytes, were negative in
these culture conditions.

Immunofluorescence on
Differentiated SS Cells

Subsequently, a more detailed
analysis of the expression of
nestin, NeuN, Tul-1, and NF-H
was performed using immunoflu-
orescence. Control staining without primary antibody did
not detect any autofluorescence in these cells (Fig. 3A). B-
ME-treated SS cells, exposed to serum-free conditions for 5
hours expressed nestin. Nestin was chiefly preserved in the
cytoplasm with little maintained in the nucleus (Fig. 3B).
Up to 98% of the cell population was stained with NeuN
(98% =+ 2%) and Tul-1 (>98%) antibodies. The NeuN and
Tul-1 proteins were dispersed in a dependable manner both
in the nucleus and in the cytoplasm of the cells (Fig. 3C and
Fig. 3D). After exposure to serum-free conditions for 5
days, cells also expressed NF-H, which was located pri-
marily in the cytoplasm (Fig. 3E). However, these cells did
not express GFAP (Fig. 3F), Gal-C (Fig. 3G), and MAP-2
(Fig. 3H), before, and 5 hours or 5 days after the depletion
of serum from the medium, as shown in the figures.

Figure 2. Western blot assay of the expression of actin, NeuN,
TuJ-1, nestin, NSE, NF-H, MAP-2, GFAP, and Gal-C in brain
lysate and SS cells. SSCs, untreated SS cells. ME (5 h), SS cells
treated with B-ME and serum depletion for 5 hours. ME + RA (5
h), SS cells treated with B-ME/retinoic acid and serum depletion
for 5 hours. ME (5 d), SS cells treated with B-ME and serum
depletion for 5 days.

Neural Differentiation of SS Cells
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Table 1. Comparisons of protein expression on neural differentiation of SS cells
Conditions Undifferentiated B-ME B-ME + RA B-ME

cells (serum free for 5 hours) (serum free for 5 hours) (serum free for 5 days)

Actin + ++ ++
Nestin + + -
NSE + ++ +
Tul-1 + ++ ++
NeuN + ++ +
NF-H - - - +
MAP-2 - - - -
GFAP - - - -
Gal-C - - - -

Figure 3. Immunofluorescence for
expression of neural protein in SS
cells treated with B-ME and serum
depletion for 5 hours (A-D) and 5 days
(E-H). These cells were fixed, then
stained without primary antibody (A) or
with an antibody against nestin (B),
NeuN (C), TuJ-1 (D), NF-H (E), GFAP
(F), Gal-C (G), or MAP-2 (H), and
finally stained with a secondary anti-
body. Cells were also stained with
Hoechst dye 33258 (C, D, F-H).
Original magnification 200x (A, C, D,
F-H), 300x (B), and 400x (E).

Expression of Neural Genes in
Differentiated SS Cells (Fig. 4)

In order to identify neural dif-
ferentiation after treatment (3-ME
+ RA), we examined the expres-
sion of neural genes in SS cells
before and after differentiation.
Total RNA isolated from undif-
ferentiated and from differenti-
ated cells, which had been
maintained in serum-free condi-
tions for 5 hours, was analyzed
by RT-PCR. Expression of [-
actin, which served as an internal
control, was the same in undiffer-
entiated and differentiated cells.
In contrast, NSE and Tau were
detected only in the differentiated
SS cells. Tau had an alternative
splicing and expressed two
bands, 512 bp and 612 bp. There
was no significant difference in
the expression of the neural genes
between the two protocols for
differentiation.
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< Figure 4. RT-PCR analysis of  including skeletal muscle-, cardiac-, neuron-, and hematopoi-
o Z;g ‘;”e‘tl j‘gge”;l (‘(q;[%j)’ 5 ;’g‘;l’ B etic-like cells (mesoderm, endoderm, and ectoderm) [22].

-treated SS cells ,and 5 hour .
8 + B-ME- and RA-treated SS cells (ME Untq recently, tbe fate of adulF c.ells had been thought to be
o W w + RA). B-actin served as an internal restricted to their tissues of origin. Cells are well known to
n == control (515 bp). Tau has an alterna-  be capable of repairing damage in tissues in which they

tive splicing (512 bp and 612 bp). NSE

reside, such as blood, muscle, liver, and skin. Our previous
is neuron-specific enolase (329 bp).
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To confirm that SS cells have < ]
the potential to differentiate into % 2001
functional neuronal cells, the membrane currents and [Ca*]i S ] +50 mV.
were measured. Figure SA is a representative whole-cell cur- g o- |
rent trace from a voltage-clamped SS cell in -ME-supple- (=') ] o I
mented serum-free culture. The current shows an apparent $ i
inward Na* current, which inactivated very quickly, and an % 2007 £10 my
outward current, which was likely to be K* current. é .
Since differentiated cells can have voltage-sensitive ion -400-—— T

channels, we used high K* or glutamate to stimulate the cell
and record the [Ca**]i change. Figure 5B shows a represen-
tative Ryy350 ratio recorded from cells stimulated with gluta-
mate. Though glutamate could induce the elevation of [Ca?*]i
in almost all of the SS cells tested, the response was slowly 064
developed. This suggests that the treated SS cells may
express glutamate receptors. Similarly, using high K* buffer
to stimulate the differentiated cell also elevated the [Ca*i,
but also in a slow mode. This suggests that voltage-sensitive
Ca* channels may appear on differentiated SS cells. The 0.4
averaged results (Fig. 5C) show that cells without treatment J

Time (ms)

_——
-
3
r
-
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R340/380

~ N

did not have a significant [Ca?*]i change when stimulated;
however, differentiated cells had a significant elevation in
[Ca*]i either stimulated with glutamate or high K* buffer.
This suggests that long-term B-ME-treated SS cells may
develop some basic neuronal membrane properties.

-
’
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Di1ScUSSION
Replating stem cells from embryos on an adhesive sub-
strate can lead to the formation of multiple cell types,

0.3+

Figure 5. The membrane properties of long-term treated SS cells. 0.2
SS cells were treated with -ME in serum-free conditions for 5 days
and the membrane currents and [Ca** Ji were measured. A) Long-
term treated cell has voltage-sensitive ion currents. The current
traces were recorded from a treated SS cell. The cell was whole-cell ﬁ
patch-clamped and depolarized to -60, -10, and +50 mV for 20 mil- 0 l¢|

liseconds (ms) from a holding potential of -70 mV as indicated. B) B-ME — - + +
[Ca?* Ji could be elevated by high K* buffer and glutamate. Cells were E K+ E K+
puffed with high K* buffer (dashed line) or 25 uM glutamate (solid
line) for 75 seconds as indicated by the bar. [Ca** ]i was measured
and represented as Rs 5. C) The averaged results of [Ca®* Ji response induced by high K* buffer (K*) and glutamate (E) from cells with or with-
out B-ME treatment. The differences between the basal (before stimulation) and maximum (during stimulation) Rs,gs from each cell were aver-
aged. The treatment of each group of cells is indicated under the figure.

0.1+

Delta ratio (Ray/a80)
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data indicated that SS cells from human bone marrow are a
population of cells with consistent marker typing and can
form bone, fat, and cartilage [18]. The current observations
indicate that SS cells are capable of differentiating into cells
that express several neural proteins, including the neuron
precursor marker (nestin), immature neuron markers (NeuN,
TuJ-1), and more mature neuron markers (NF-H). This doc-
uments the presence of a population of potent stem cells in
adult bone marrow that can form both nonmesenchymal and
mesenchymal derivatives.

The results were similar, but not identical to, the observa-
tions recently reported by Woodbury et al. [23], Sanchez-
Ramos et al. [24], and Deng et al. [25] using different culture
conditions. Similar morphological changes were seen with all
these studies, but the number and percentage of neural-like
cells varied widely. The percentage varied from 0.4%-50%,
and the addition of basic fibroblast growth factor to the
medium increased the ratio of neural-like cells from 50% to
80% in B-ME or dimethylsulfoxide + butylated hydrox-
yanisole-treated cells [23]. Possible factors that may influence
the results include the culture conditions used and the cells
made to differentiate into neural-like cells. B-ME in serum-
free conditions seemed to be the most effective method for
neural differentiation, as seen in Woodbury et al.’s results and
also in ours. Our study [18] was the only one that emphasized
the characterization of the cells applied for neural differentia-
tion. The previous studies left two fundamental questions.
The first is whether the differentiated cells are more mature
neuron-like cells that possess functional and electrophysio-
logical characteristics of neurons. The second is how to iden-
tify and characterize the subfraction of marrow stem cells that
gives rise to the neuron-like cells. SS cells are a relatively
homogeneous population as evidenced by a consistent profile
on 30 more surface epitopes. Previous studies demonstrated
that they can form bone, fat, and cartilage [18]. In this report,
following a treatment that included antioxidants and serum-
free conditions, about 100% of SS cells assumed a neuron-
like morphology. The morphological change coincided with
an increase in the expression of both nestin and early neuronal
markers (NSE, NeuN, and TuJ-1) at 5 hours after exposure to
a differentiation medium. The expression of mature neuronal
markers (NF-H), the decreased expression of nestin and NSE,
and a feedback in the functional assay, namely the membrane
currents and calcium channels for putative neurons at 5 days,
are evidence of a more mature differentiation. To our knowl-
edge, this investigation is the first to have more mature and
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electrically active neurons differentiated from adult stem
cells. The failure to express MAP-2, GFAP, and Gal-C in
these results does not conclusively indicate that the cells we
tested here lost their potential to form MAP-2-expressed neu-
rons, astrocytes, or oligodendrocytes. These need different or
more specialized culture conditions.

[-ME has been shown to protect neurons from cell death in
serum-free conditions, and the survival rates of cells were 200-
fold higher than those in control cultures for neurons [26]. The
ability of neurons to extend neurites was drastically enhanced
by the addition of B-ME in a serum-free medium. 3-ME itself
had trophic activity for primary cultures of neurons. In the pre-
sent investigation, we clearly demonstrated that -ME also has
effects on neural differentiation of adult stem cells. The func-
tional mechanisms of the effects of B-ME on neural differenti-
ation were speculated as the synthesis of glutathione [27] and
the release of cells from oxygen stress [28]. RA also has been
reported to promote the replication and survival of multipoten-
tial neural crest precursor cells in culture and lead to a greater
number of differentiated neurons [29]. That there was no ele-
vation in the expression of neuron-specific proteins after the
addition of RA into the medium in our experiment might indi-
cate that the mechanisms or pathways undertaken by -ME or
RA to initiate neural differentiation are the same.

The elevation in [Ca*]i induced by glutamate or high
K* buffer strongly suggests that SS cells have the potential
to differentiate into neuron-like cells. The delayed response
of differentiated SS cells to these stimuli suggests that the
mechanisms underneath the response are not well coupled.
However, with appropriate induction factors, it is possible
to strengthen the coupling between stimuli and responses.
More importantly, it is possible for SS cells to differentiate
into the specific type of neuronal cells.

SS cells, a relatively homogeneous population of adult
stem cells that can form bone, fat, and cartilage, have been
found in many cases to differentiate into electrically active
neurons in vitro. SS cells offer significant advantages over
other “stem cells,” and may be useful in the treatment of a
wide variety of neurological diseases. SS cells are readily iso-
lated from marrow, thus overcoming the risks of obtaining
neural stem cells from the brain, and providing a renewable
population. Autologous transplantation overcomes the ethical
and immunologic concerns associated with the use of fetal or
embryonic tissue. Moreover, SS cells grow rapidly in culture,
precluding the need for immortalization, and differentiate into
neurons exclusively with the use of a simple protocol.
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