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Chemically-Induced RAT Mesenchymal Stem Cells Adopt
Molecular Properties of Neuronal-Like Cells but Do Not
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Abstract

Induction of adult rat bone marrow mesenchymal stem cells (MSC) by means of chemical compounds (B-mercaptoethanol,
dimethyl sulfoxide and butylated hydroxyanizole) has been proposed to lead to neuronal transdifferentiation, and this
protocol has been broadly used by several laboratories worldwide. Only a few hours of MSC chemical induction using this
protocol is sufficient for the acquisition of neuronal-like morphology and neuronal protein expression. However, given that cell
death is abundant, we hypothesize that, rather than true neuronal differentiation, this particular protocol leads to cellular toxic
effects. We confirm that the induced cells with neuronal-like morphology positively stained for NF-200, S100, 3-tubulin Ill, NSE
and MAP-2 proteins. However, the morphological and molecular changes after chemical induction are also associated with an
increase in the apoptosis of over 50% of the plated cells after 24 h. Moreover, increased intracellular cysteine after treatment
indicates an impairment of redox circuitry during chemical induction, and in vitro electrophysiological recordings (patch-
clamp) of the chemically induced MSC did not indicate neuronal properties as these cells do not exhibit Na* or K* currents and
do not fire action potentials. Our findings suggest that a disruption of redox circuitry plays an important role in this specific
chemical induction protocol, which might result in cytoskeletal alterations and loss of functional ion-gated channels followed
by cell death. Despite the neuronal-like morphology and neural protein expression, induced rat bone marrow MSC do not have
basic functional neuronal properties, although it is still plausible that other methods of induction and/or sources of MSC can
achieve a successful neuronal differentiation in vitro.
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Introduction

Mesenchymal stem cells (MSC) from bone marrow stroma have
been broadly studied for use in the therapy of neurological
disorders. The great interest in studying this multipotent cell
population largely derives from the advantages it offers. For
instance, MSC can be easily harvested for autologous transplan-
tation and do not involve ethical issues.

Many studies have demonstrated that MSC can give rise to
neural cells, both m witro [1-14] and @ vwo [15-20]. In witro
experiments seeking the ideal conditions to obtain neural cells
from MSC were initially conducted by two main research groups:
Sanchez-Ramos et al. [6] and Woodbury et al. [9]. The former
tried to differentiate MSC: using molecules specifically involved in
neural development (growth factors, neurotrophins, cytokines and
retinoic acid) [6], while the latter proposed that neural induction
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could be performed simply by the addition of specific chemical
compounds to the culture medium (B-mercaptoethanol [BME],
dimethyl sulfoxide [DMSO] and butylated hydroxyanizole
[BHAJ) [9].

The chemical induction protocol used herein has two intriguing
aspects: I) while the neuronal differentiation of embryonic stem
cells and neural progenitor cells take days to happen [21], only a
few hours are necessary for chemically-induced MSC to acquire
morphological features and express specific markers of mature
neurons (e.g., NeuN, MAP-2, NSE); and II) the percentage of
differentiated neuronal cells exceeds 70%, which is extremely high
compared to neuronal differentiation using growth factors [22].
Such results contradict the molecular mechanisms currently
accepted for neural development because the development of
mature neurons is a very slow process characterized by the
induction and regulation of specific gene sets, as well as by distinct
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electrophysiological responses [23-25]. Thus, chemically-induced
adult bone marrow MSC transdifferentiation is very unlikely to
occur. Other reports suggest that neural differentiation induced by
chemical compounds results from cytoplasmic retraction triggered
by stress, which confers a neuronal-like morphology to the cells
after treatment [26,27]. However, these authors did not define the
stressful conditions triggered by chemical induction. Despite the
limited mechanistic data supporting this chemical induction
method, it is still widely used by a considerable number of
researchers [3,5,8,28-30].

The objectives of present study are to evaluate the potential of a
protocol based on chemical reagents in generating neurons from
rat bone marrow MSC, and elucidate the electrical properties and
molecular characteristics of these cells. Given that DMSO is an
inhibitor of S-adenosylmethionine synthetase, an enzyme involved
in homocysteine metabolism, and that BME is a potent disulfide
bond reducer, changes in this metabolic route and redox state may
be important determinants of cellular fate.

Materials and Methods
MSC Culture

Primary adult rat bone marrow MSC were isolated according to
the method of Azizi et al. [17]. Briefly, Wistar adult male rats,
2 months old, were sacrificed in a CO, chamber, according to the
Animal Care and Use Committee of the Federal University of Sao
Paulo. Tibias and femurs were dissected, the ends of the bones were
cut, and 10 mL of DMEM (Gibco, Grand Island, NY, USA) were
injected into the central canal of the bone to extrude the marrow.
After Histo-Paque (density of 1.077 g mL™") (Sigma, St. Louis, MO,
USA) purification of whole bone marrow, mononuclear cells were
isolated and cultured at a density of 2x10° cells cm ™2 in DMEM
supplemented with 20% fetal bovine serum (Gibco) and 1%
penicillin/streptomycin/amphotericin  (Gibco). After 24 h, non-
adherent cells were removed, and the medium was changed every
34 days until the culture became 80% confluent. The cells were
tripsinized, split 1:4 and passaged up to three times.

Neuronal Cultures

Rat neural precursor cells (NPC) [31] and primary culture of rat
fetal neurons from the brain cortex [32] were obtained as
described previously [31,32] (for details see supplementary data on
file S1) and served as positive controls. NPC were used to simulate
the differentiation of neurons from stem cells. Primary neuronal
cultures were used as a common source of neurons.

Fibroblast Culture

NIH 3T3 fibroblasts were maintained in DMEM containing 10%
fetal bovine serum and 1% penicillin/streptomycin/amphotericin.
These cells were used as negative controls in many experiments.

Chemical Induction

Primary MSC were chemically induced to become neuronal-
like cells in vitro according to the methods of Woodbury and
colleagues [9]. Briefly, approximately 80% confluent MSC
cultures were pre-induced for 24 h with DMEM, 20% fetal
bovine serum, and 1 mM BME (Sigma). The pre-induction
medium was then removed, and changed to serum-free induction
medium consisting of DMEM containing 2% DMSO (Sigma) and
200 pM BHA (Sigma) for 4, 8 or 24 h.

Control Groups
Matching MSC: cultures were kept in standard medium (non-
induced group, DMEM + 20% fetal bovine serum), or in serum-free
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condition (DMEM only) for 24 h, or were induced for 8 h and then
returned to the standard medium overnight. NIH 313 fibroblasts,
used as controls, were treated for 8 h with the chemical induction
components (induced NIH 3T3), or kept in standard medium (non-
induced NIH 3T3). The mononuclear fraction of bone marrow,
after separation in Histo-Paque, was used in immunofluorescence
and Western Blot assays. As positive controls for the neuronal
differentiation protocol, NPC and primary neuronal culture were
obtained as described above. Images of all groups were taken
periodically with an inverted phase contrast microscope coupled to
a digital camera (microscope model IX51-RC; Olympus, Japan) to
record possible morphological changes in culture.

Immunocytochemistry

NPC and all MSC groups were seeded into 24-well plates
containing round coverslips. Chemically induced MSC were
incubated in induction medium for 8 h. After treatment, cells were
fixed with 4% paraformaldehyde in 0.1 M PBS (pH 7.2) for
30 minutes and processed for immunocytochemistry to assess for
cell differentiation, as described below. Nonspecific antibody
reactions were blocked with 5% normal goat serum (Gibco) for 1 h
at room temperature and cells were permeabilized with 0.1%
Triton X-100 (Sigma). Next, cells were incubated overnight at 4°C
with primary antibodies diluted in blocking solution directed
against GFAP (Dako, Denmark, 1:500), NeuN (Chemicon,
Temecula, CA, USA, 1:500), B-tubulin III (Sigma, 1:500), MAP-
2 (Chemicon, 1:250), NSE (Dako, 1:200), NF-200 (Sigma, 1:100)
and S100 (Sigma, 1:100). After three washes with PBS, cells were
incubated with the respective anti-mouse or anti-rabbit biotiny-
lated secondary antibodies (1:200; Vector Laboratories, Burlin-
game, CA, USA) for 1 h at room temperature, followed by 1 h of
incubation in avidin-biotin peroxidase complex (1:100; Vector
Elite Kit) at room temperature. Diaminobenzidine (0.05%; Sigma)
with nickel chloride (0.04%) was used as chromogen, with
reactions sustained for 10 minutes at room temperature. Cells
were then coverslipped with Entellan (Merck, Germany) on glass
slides. NPC were used as positive controls for immunolabeling; for
negative control primary antibodies were omitted (figure S1). Cells
were analyzed under a bright field microscope (Nikon Eclipse
E600 FN, Nikon, Japan) and images were captured by a coupled
camera system using ACT-1 software (v.2.2, Nikon). This
experiment was performed independently for three times using
two coverslips of plated cells for each marker (n=6). Cells were
counted and the proportion of positive stained cells was estimated
by dividing the number of positive cells by the total cells number in
the same field. Statistical analysis consisted of ANOVA (95% of
confidence interval) followed by Newman-Keuls post-hoc test.

Immunofluorescence

The bone marrow mononuclear cell fraction of 5 adult rats (3 to
6 months old) was obtained after separation of total bone marrow
in Histo-Paque, as described above. Cells were immediately fixed
in 1% paraformaldehyde and distributed on gelatinized glass slides
by cytocentrifugation at a density of 5x10° cells mL™" in 200 uL
per slide.

Cells were washed and incubated in blocking solution with
primary antibodies against GFAP, B-tubulin III, NeuN, NSE, NF-
200 and S100, followed by fluorescent secondary antibodies (Cy3
conjugated; Jackson Immuno Research, West Grove, PA, USA,
1:1000), in the same conditions as described for immunocyto-
chemistry. Nuclei were counterstained with DAPI and slides were
coverslipped with paraphenylenediamine. Cell images were taken
by Axiocam MRm camera system (Carl Zeiss Inc., Thornwood,
NY, USA) coupled to a fluorescent microscope (Axiovert 200M,
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Carl Zeiss Inc.). Positive staining and total cells (2,000 cells for
each marker) were counted and analyzed as described in the
immunocytochemistry method.

Western Blot

Cell extracts were obtained with RIPA buffer in the presence of
protease inhibitors (sodium pyrophosphate, sodium fluoride,
phenylmethanesulfonyl fluoride, pepstatin A, aprotinin, leupeptin,
antipain, benzamidine - all from Sigma). Eighty micrograms of
protein extract from MSC (non-induced, serum-free and 8 h
chemically-induced groups), bone marrow mononuclear cells,
NIH 3T3 (non-induced and chemically-induced) and adult rat
brain cortex were electrophoretically separated in a 10%
acrylamide gel and transferred onto a nitrocellulose membrane
(GE HealthCare, England). The blot was probed for NeuN
(Chemicon, 1:1000), NF-200 (Sigma, 1:500), B-tubulin III (Sigma,
1:1000), stripped, and probed for actin (Chemicon, 1:2000).
Secondary antibodies were horseradish peroxidase conjugated
(HRP, Santa Cruz Biotechnology, Santa Cruz, CA, USA) and
detected with ECL reagents (GE HealthCare, England). Light-
sensitive silver radiographic films (HyperFilm, GE HealthCare,
Sweden) were exposed to ECL and developed.

Flow Cytometry

Non-induced, serum-free and chemically-induced MSC were
evaluated for cell death during the induction protocol, using
Annexin V and propidium iodide (PI) as markers for apoptosis or
necrosis, respectively (Annexin V-FITC Apoptosis Detection Kit I;
BD Biosciences, San Diego, CA, USA). The chemically-induced
MSC group was divided into 4 subgroups: BME, where cells were
treated only with BME for 24 h; 24 h BME treated cells induced
with the DMSO/BHA mix for 4, 8 and 24 h. Adherent cells were
trypsinized and collected in a tube, followed by centrifugation to
remove trypsin and medium. Cells were then washed in PBS twice
and resuspended in 100 uL. of Binding Buffer (BD Biosciences).
Subsequenlty, 5 pHL of anti-Annexin V antibody and 10 uL of PI
were added to each tube, and cells were incubated at room
temperature for 15 minutes. MSC from the non-induced group
were used to set the cytometer parameters: 1) without Annexin V
and PI; 2) Annexin V only; 3) PI only. Cell counts were taken in a
BD FACSCalibur (BD Biosciences) and analyzed with Cell Quest
Pro software (BD Biosciences). The following parameters were
used: FLI for Annexin V, FL2 for PI, side scatter and forward
scatter. The experiment was made in triplicates (n = 3) and 30,000
events were registered for each sample. Statistical analyses were
performed using ANOVA with Newman-Keuls post-hoc test.
Significance level was set at p<<0.05.

Homocysteine and cysteine quantification

Non-induced and 8 h chemically-induced MSC cultures (n =9,
each group) were used for biochemical analysis. Cells were washed
3 times in PBS, and detached from the plate surface with cell
scrapers in the presence of protease inhibitors (sodium pyrophos-
phate, sodium fluoride, phenylmethanesulfonyl fluoride, pepstatin
A, aprotinin, leupeptin, antipain, benzamidine - all from Sigma)
diluted in PBS. Cells were collected in 2 mL cryovial tubes and
submitted to five freeze and thaw cycles, by alternating between
dry ice and water bath at 37°C. Cell lysates were stored at —80°C
until chemical analysis.

Intracellular Hey and Cys were measured by high performance
liquid chromathography with fluorimetric detection and isocratic
elution. This methodology was adapted from Pfeiffer et al [33] and
involves three steps, namely reduction of thiol groups using TCEP
(tris(CarboxyEthyl)Phosphine), protein precipitation with trichlor-
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oacetic acid, and derivatization with SBD-F (7-fluorobenzene-2-
oxy-1,3-diazolic-4-ammonium sulfate). The Shimadzu high per-
formance liquid chromathography system had a SIL-10ADvp
automatic sample injector and a RF-10AXL fluorescence detector.
Chromatographic separation was performed using a C18 model
Shim-pack CLC-ODS column (4.6 x150 mm, with 5.0 im micro
particles). The fluorescence was detected at a 385 nm excitation
and at a 515 nm emission. Total Hey and Cys levels were
measured using a calibration curve of defined Hcy and Cys
concentrations with cystamine as the internal standard normalized
to the total protein content of the cell extract. Due to inter-assay
variation, total Hey and Cys levels were expressed as the ratio of
each measure to the mean content of the control values. Statistical
analyses were performed using #-Student test with significance level
set at p<<0.05.

Electrophysiology

In witro patch clamp recordings were used to distinguish
chemically-induced MSC from neurons by their electrophysiolog-
ical features, such as action potential firing properties, presence of
K* and Na" currents, and presence of voltage-gated channels.
Neurons from primary culture of E17 cortex and standard cultured
MSC were used as controls. The cell-attached voltage-clamp and
whole-cell current-clamp or voltage-clamp configurations were
performed in cells placed in a bath solution consisting of (in mM)
137 NaCl, 2.7 KCl, 1.36 NaH;PO,, 0.49 MgCl, 6H,O, 11.9
NaHCOs, 1.36 CaCly2 HyO, and 5.04 Glucose, and with a pH of
7.4 (Tyrode). Whole-cell pipette recordings were obtained from
either MSC or neurons visually identified using a microscopy system
(model Diaphot, Nikon). Patch electrodes (3—7 MQ for whole cell or
8-15 MQ for cell-attached) were pulled from 1.5 mm o.d.
borosylicate glass capillary tubing using a micropipette puller. For
whole-cell K* current recordings, the intracellular solution
contained (in mM) 1 CaCl,, 140 KCI, 1 MgCl,, 10 HEPES, 10
EGTA, 2 NayATP and 0.2 NayGTP, and had a pH of 7.2. To study
the K* current, the holding membrane potential was —50 mV. The
voltage-clamp protocol consisted of 100-ms depolarizing steps with
10-mV increments at 0.5 Hz, taking the membrane from —60 to
+60 mV. For whole-cell Na* current recordings, intracellular
solution consisted of (in mM) 140 CsCl, 2 K-ATP, 4 MgCl,, 10
EGTA and 10 HEPES, had a pH of 7.3, and 300 Osm. Moreover,
4-aminopyridine (5 mM) and tetraethylamonium (10 mM) were
added to the Tyrode extracellular solution to block K* currents.
The voltage-clamp protocol to study the Na* current consisted of a
100-ms hyperpolarizing pulse from a holding potential of —80 to
—120 mV to remove channel inactivation, followed by 200-ms
depolarizing steps with 10-mV increments at 0.5 Hz, bringing the
membrane from —80 to +70 mV.

Intracellular patch pipette solution for whole-cell current-clamp
recordings contained (in mM) 120 K-gluconate, 10 KCI, 1 MgCl,,
0.025 CaCly, 0.2 EGTA, 2 Nay-ATP, 0.2 Nay-GTP and 10
HEPES, had a pH of 7.2, and 295 Osm. In current-clamp, current
pulses (50-1000-ms, 0.5 Hz) were given through the patch pipette
to examine whether the cells were capable of producing action
potentials.

Single-channel currents were recorded using the cell-attached
mode of the patch-clamp technique. Cell-attached patches were
performed in the presence of high-KCl solution, both in the bath
and pipette, which contained (in mM) 150 KCl, 1 MgCl,.6H,0,
and 10 HEPES, and had a pH of 7.4. Patches were examined at a
holding potential of +60 mV. After a patch was obtained, a
stabilization period of ~5 minutes was allowed; patches that
showed large fluctuation in channel activity over this period were
discarded. Thereafter, channel activity was recorded continuously
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until the end of the experiment. The duration and amplitude of
each current level were determined using idealized records from
the original data, constructed through the recognition of the
transitions between distinct levels. NP, values, where N is the
number of channels in the patch available to open and P, is the
open probability of the channel, were calculated by the ratio of the
mean current to the unitary single-channel current. The mean
current was obtained from the amplitude current distribution
histogram, using the following expression: Lean = Afj+Aofo+.....
A,f, where Aj, Ay, and A, represent the area under the Gaussian
curve for each current level (fj, fy, f,) present in the patch.

Voltage and current were registered with the Axopatch 200
amplifier (Axon Instruments/Molecular Devices Corp., Union
City, CA). Whole-cell voltage-clamp data were filtered at 1 kHz
and cell-attached data were filtered at 5 kHz (3 dB, 8-pole Bessel
filter), and monitored with pClamp 6.0 software (Axon Instru-
ments/Molecular Devices Corp.). The resulting currents and
voltage were analyzed using Clampfit 9.0 (Axon Instruments/
Molecular Devices Corp.).

Ethical issues

This work was developed under the approval of the Ethics
Committee of Federal University of Sdo Paulo (UNIFESP),
process 01093-06.

Results

Acquisition of neuronal-like morphology by MSC
subjected to chemical induction is due to retraction of
cytoplasmic processes

Adult rat bone marrow-derived MSC were isolated and
successfully expanded, displaying characteristic morphology and
colony formation [34]. Morphological alterations were observed a
few hours after MSC induction following the protocol proposed by
Woodbury et al. [9] (figure 1), thus reproducing the effects
described previously. Those cells showed morphological similar-
ities to neurons. Changes in cell shape were gradual and due to
retraction of cytoplasmic processes. A long period of induction
(24 h) caused complete processes retraction and cells acquired a
round shape, leading to detachment from the culture plate surface.
To evaluate cell death we performed Annexin V and PI staining,
as demonstrated below. To properly evaluate cell death and
detachment, experiments were done at 8 h post-induction, when
80% of the initial amount of cells was likely to be alive and 82%
displayed a neuronal-like shape (figure 1).

Acquisition of neuron-like morphology also occurred for MSC
cultured in the absence of fetal bovine serum for 24 h (likely to
represent a stressful condition) (figure 2). After chemical induction
and re-exposure to fetal bovine serum, cells reacquired their
typical normal morphology, with a spread-out cytoplasm, and
there were no longer cells with neuronal-like morphology (data not
shown). As demonstrated in figure 1D, NIH 3T3 fibroblasts also
adopted neuronal phenotype after exposure to the chemical
induction protocol. Our data suggest that MSC display morpho-
logical alterations as a response to the chemical compounds used
for the induction of neuronal fate or to the lack of normal
supporting substances (such as fetal bovine serum).

Expression of neural proteins is not restricted to
chemically-induced MSC

Immunocytochemistry results showed that induced cells with

neuronal-like morphology were positively stained for NF-200,
S100, B-tubulin III, NSE and MAP-2 proteins (figure 2). MSC in
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A Chemical Induction Protocol
BME + FBS BHA + DMSO
-24hr Ohr 4hr 8hr 24hr

B ' / Q .,4 ";";H,

Figure 1. Morphological comparisons between non-induced
MSC, chemically-induced MSC, chemically-induced NIH 3T3
and primary neurons. A) Schematic illustration of the chemical
neuronal induction protocol. B-D) Phase-contrast microscopy images
showing morphological aspects. B) MSC have a spread-out cytoplasm in
standard medium; C) after induction for 8 h cells exhibited neuronal-like
morphology; D) fibroblast NIH 3T3 after 8 h induction adopted
neuronal-like morphology; E) primary neuronal cultures. Scale
bar=100 um.

doi:10.1371/journal.pone.0005222.g001

the serum-free condition also stained for all the markers that
appeared in the chemical induction group, except for NeulN.
NeuN immunostaining of chemically-induced MSC had low
intensity compared to neurons from rat brain section (figure 2).
Cell staining was found at a similar intensity level in the entire
cytoplasmic extension of induced MSC as well as in their extension
processes, while the localization of these proteins is normally
restricted to specific neuronal regions (dendrites: B-tubulin III;
MAP-2). Culture of neural cells expressed all of the
expected markers including GFAP that did not appear in any of
the other MSC culture conditions.

The counting of immunostained cells in bone marrow
mononuclear fraction, non-induced, serum-free and chemically-
induced MSC shows the gene expression profile of neural markers
(figure 3). All other neural markers used in this work were found in
mononuclear cell fraction, except MAP-2. In standard culture
conditions, MSC (non-induced) did not express MAP-2 and
NeuN, but a small fraction of cells were positive for B-tubulin III,
NF-200 and S100. The proportion of positive staining increased in
serum-free condition for B-tubulin III, MAP-2, NF-200 and NSE,
when compared to non-induced MSC. Finally, chemical induction
always had a higher proportion of positive cells than non-induced,
with a remarkable increase in the percentage of NeuN, NF-200
and S100 staining compared to the serum-free condition.

Considering the Western Blot analysis (figure 4), samples from
non-induced NIH 3T3 (lane 1) and non-induced MSC (lane 3)

axons:
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“Non-induced

Chemically-induced

Serum -free

Neural Cells

Figure 2. This panel shows the pattern of neural markers expression in the non-induced, chemically-induced and serum-free MSC
groups. Primary neuronal cultures were used as positive controls for the immunocytochemistry. Phase microscopy images of cells stained for: -
tubulin Il (B-tublll), MAP-2, NeuN, NF-200, NSE, S100 and GFAP. Scale bar=100 um.

doi:10.1371/journal.pone.0005222.g002
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Cells expressing neural markers
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Figure 3. Proportion of positive stained cells for neural proteins in rat bone marrow mononuclear cells and in non-induced, serum-
free and chemically-induced MSC. For each neural marker, statistically significant differences (ANOVA, p<<0.05) between cell types/conditions

appears under brackets.
doi:10.1371/journal.pone.0005222.9003

expressed only the 66 KDa NeuN isoform, while bone marrow
mononuclear cells (lanes 7, 8, 9) and brain (lane 10) extracts had all
three NeuN isoforms (66, 46, 48 KDa). The antibody against -
tubulin III cross reacts with the rat tubulin, and explained the 55
KDa band. Only bone marrow mononuclear cells (lanes 7, 8, 9)
and brain (lane 10) samples had the 48 KDa band corresponding
to the B-tubulin IIT expression. NF-200 expression increased after
MSC chemical induction (lanes 5, 6) and is also present in bone
marrow mononuclear cells (lanes 7, 8, 9). A small increase in NF-
200 expression was observed after serum deprivation of NIH 3T3
cells (lane 2) and of MSC (lane 4). Actin (43 KDa) was used as an
internal control.

Chemical induction leads to apoptosis

Flow cytometry analysis for Annexin V and PI indicated that
during the chemical induction process there was an increase in cell
death (figure 5). Although serum deprivation for 24 h is
characterized as a stressful condition for MSC, it was not sufficient
to trigger cell death mechanisms. Furthermore, serum-free MSC
show the same proportions of live and dead cells as non-induced

1 2 345678

MSC. At the end of the chemical induction protocol (24 h) we
found a significant percentage of dead cells (44.8%; figure 4A;
ANOVA p<<0.05, followed by Newman-Keuls as compared to
every other group, $<<0.01). Our results also demonstrated that
most of cells died due to apoptotic events during chemical
induction. Indeed, Annexin V™ /PI' cells, likely to indicate
necrotic elements, were less frequent than Annexin V* (both PI*
and PI") likely to indicate apoptotic events. Putative early
apoptotic cells (Annexin V*/PI") increased after exposure to
BME and BHA/DMSO at 4 h, and were augmented after
exposure to BHA/DMSO at later times with the highest value
occurring at 24 h (ANOVA p<<0.05, followed by Newman-Keuls
all groups as compared to non-induced group, and chemically-
induced for 24h as compared to every other group, p<<0.01;
figure 4C). The number of late apoptotic cells (figure 4D)
significantly increased after BME pre-induction treatment (11%)
as compared to non-induced MSC and at the 24 h induction time
point (24.2%) as compared to every other group. We have thus
found a number of significant differences between non-induced
and chemically-induced MSC groups for live and apoptotic cells
(early or late apoptotic; figure 5).

910

NeuN

B-tublil
Actin

7 8

NF200

—— o G D — U — 43 KDa

S 00 e e - 46/48 KDa

- 55 KDa
48 KDa

9 10
w - 200 KDa

Figure 4. Analysis of the expression of NeuN, NF-200 and f-tubulin Ill by Western Blot. Lanes: 1) non-induced NIH 3T3; 2)
chemically-induced 3T3; 3) non-induced MSC; 4) serum-free MSC; 5 and 6) chemically-induced MSC for 8 h; 7, 8 and 9) freshly
extracted bone marrow mononuclear cells; 10) brain tissue (positive control). Actin (43 KDa) was used as an internal control.

doi:10.1371/journal.pone.0005222.g004
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Figure 5. Cell death analysis of MSC. Graphic representations of the percentage of MSC that are: A) live cells (Annexin— PI—); B) necrotic
(Annexin— PI+); C) early apoptotic (Annexin+ PI—); or D) late apoptotic (Annexin+ PI+) in the non-induced (control, CTR), serum-free (SF), pre-induced
(BME) or chemically-induced (for Cl4 h, CI8 h and CI24 h). Mean=standard error. p<<0.05, # different from every other group; * different from non-

induced and serum-free.
doi:10.1371/journal.pone.0005222.g005

High demand over redox circuitry during chemical
induction

In order to evaluate whether the chemical compounds used in
the neuronal induction could promote alterations in the redox
balance, we analyzed the Cys and Hcy cellular contents. No
cellular change in Hcy content was observed in chemically-
induced MSC. However, total Cys content increased almost four
times in induced MSC as compared to non-induced cells (figure 6).

Neuronal-like MSC do not exhibit neuronal electrical
properties

To determine whether neuronal-like cells derived from adult rat
MSC were electrically active, we performed patch-clamp record-
ings to study the presence of K* and Na* currents (whole-cell
voltage-clamp), voltage-gated channels (cell attached) and the
ability of cells to fire action potentials (whole-cell current-clamp).
We observed that both neurons from E17 cortex primary culture
(n=6) and untreated MSC (n = 5) exhibited K* currents (Figue 6
Al, A2, Bl, B2). However no K" current was detected from
chemically-induced MSC with neuronal-like morphology (n=7)
(figure 7 A3, A4, Bl, B2). These cells also did not present Na*
current when compared with controls (neurons from primary
culture n = 6; chemically-induced MSC n = 10) (figure 8 Al, A2).
We observed that both, the immature neurons from primary
culture and the chemically-induced MSC were unable to fire
action potentials when depolarizing currents were injected in
current-clamp recordings (n = 3; n=15) (figure 8 B).

Lastly, cell-attached voltage-clamp recordings were performed
to evaluate the presence of voltage-gated channels in the cell
membrane (figure 7 C). Here again, MSC subjected to the
chemical treatment differed from embryonic rat neurons. The
activation of K" channels in response to membrane depolarization
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(+60 mV) occurred only in primary cultured neurons (NP, = 0.04)
(n=3) (figure 7 C1), but no activation was observed for
chemically-induced MSC (NP, =0) (n=15) (figure 7 C2).

Discussion

The potential of adult bone marrow MSC to become neurons is
controversial. When cells are removed from their niche and
propagated i witro, they lose many of their original properties
(proliferation rates, gene expression, morphology, cell-cell inter-

61 *

OCTR
@ Cl8h

Hey Cys

Figure 6. Ratio between Hcy e Cys contents obtained for non-
induced (control, CTR) and chemically-induced MSC. No cellular
change in Hcy content was observed in the induction protocol
(p=0.23). Total Cys content increased almost four times (p=0.00006)
in chemically-induced MSC compared to non-induced ones. Data
represented as meanz=standard deviation.
doi:10.1371/journal.pone.0005222.g006
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Figure 7. Electrophysiological recordings of K* current. A) Voltage-dependent K* current recorded from primary culture neuron (A1), non-
induced MSC (A2) and chemically-induced MSC (A3 and A4). B) I/V curves calculated from traces in A showing decreased K* current for treated MSC
(B1, B2). Q) Single-channel K" current recordings showing frequent channel opening in primary culture neurons (C1) but absent in chemically-induced

MSC (C2).
doi:10.1371/journal.pone.0005222.9007

action) and can behave in a non-physiological way, leading to
artifacts [35]. Alternatively, neurons derived from bone marrow
stromal cells after transplantation could be explained by cell
fusion, giving rise to uncertainties over “real” transdifferentiation
[36,37]. In this context, the demonstration of whether or not MSC
can differentiate into neurons is not unequivocal. Herein we
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emphasize that morphological and gene expression alterations
should be accompanied by electrophysiological demonstrations
that MSC derived neurons are functional cells.

The main findings of this work are summarized: 1) the seeming
induction triggered by one specific protocol based on chemical
compounds is reversible and caused by cytoplasmic retraction due
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Figure 8. Electrophysiological recordings of Na* current and AP firing ability. A) Representative voltage-dependent Na* current recorded
during a 100-ms hyperpolarizing pulse, followed by 200-ms depolarizing steps (10-mV increments) (see inset) for primary culture neuron (A1), and
chemically-induced MSC (A2). B) Membrane potential of chemically-induced MSC recorded under current clamp. Note the inability to fire AP with

depolarizing current steps (50 or 1000 ms).
doi:10.1371/journal.pone.0005222.g008

to stress; ii) adult rat bone marrow mononuclear cells also express
some neural markers irrespective of being subject to chemical
induction; iii) apoptosis rates are increased over induction time; iv)
redox circuitry is under high demand during chemical induction;
v) adult rat bone marrow MSC using this specific neuronal
induction protocol do not present electrical properties of fetal
neurons.

It was previously described that some bone marrow cell
populations, including MSC, express neural markers even before
any neural induction protocol [3,38-42]. These data are in
agreement with our findings for adult bone marrow mononuclear
cells, where we found S100, B-tubulin III, NeuN, NSE and NF-
200 expression by immunocytochemistry and/or Western Blot
analysis. It has been suggested that an overlap between the genetic
programs of bone marrow adult stem cells and neural stem cells
[38,42] exists, but this does not mean that the same proteins play
the same roles in different cell types.

NRSF/REST mediates the transcription repression of neuron-
specific genes in non-neuronal cells [43,44]. The transcriptional
repressor neuron-restrictive silencer factor has a critical role in the
specific control of connexin36 in insulin-producing cell lines,
indicating that connexin36 participates to the neuronal phenotype
of the pancreatic beta-cells [45]. In order to explain the presence of
neural markers in bone marrow mononuclear cells, we can
hypothesize that neuronal gene expression in a specific subpopu-
lation could be due to release of neuron-restrictive silencer element.

When bone marrow mononuclear cells were plated for  vitro
expansion, a subpopulation was selected by the property of
adhesion to plastic surface. The resulting adherent MSC present
low levels or do not express any of the tested neural proteins.
Whether this is a feature of this subpopulation or cells down-
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regulate neural protein expression after plating is still unknown
[46]. But when fetal bovine serum was removed or cells were
chemically induced with specific compounds, the expression of
these proteins became high. In fact, immunocytochemistry
experiments showed that cells with neuronal-like morphology
express neuronal proteins. Other groups also have demonstrated
that chemical induction triggers the increase in the transcription
and expression of some genes that code for neuronal proteins
[9,27], as well as serum-free media, when fetal bovine serum is
removed [35]. As we observed, this increased gene transcription/
expression may be related to stressful factors [26]. For example,
NSE is increased after brain injury and in cancers [47].

Measures of cell death during this specific induction process are
indicative of toxicity of the chemical compounds used. Here we
show that most cells die within 24 h of chemical induction, in
agreement with other studies [29]. We can consider a gradient of
cellular stress in which the mild fraction triggers the expression of
genes that might help cells to survive; and a severe, long-lasting
cellular stress culminates with cell death. Here we can compare the
mild stress to the serum-free media, and the severe to the chemical
induction. In this way, it is possible we had found less positive cells
for some neural markers after chemical induction than in serum-
free MSC because the stained cells already died after 8h induction.
Accordingly, the toxic environment should trigger abnormal
responses in the cells, far from what would constitute a
physiological response.

Altered total cysteine content in these cells can also be
interpreted in this context. In the presence of a S-adenosylmethi-
onine synthetase inhibitor, i.e., DMSO, the increase in cysteine
content must be related to increased cysteine uptake. Cells are able
to take cysteine from the culture media both in its oxidized,
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cystine, and reduced forms. Under the condition of an intracellular
reduced state determined by BME + BHA, cystine uptake is most
likely a compensatory mechanism to maintain the adequate redox
potential in these cells. Cystine is the most oxidized intracellular
thiol/disulfide couple, and such a situation may have homeostatic
purposes as it can serve as an oxidant signal to control normal cell
function [48].

It is possible that redox modulation can drive neuronal
differentiation, but non-physiological changes are more likely
related to cell damage [49,50,51]. A recent work demonstrated
that MSC treated with reduced glutathione apparently differen-
tiated into neurons [52]. The induction protocol in this paper used
serum-free culture medium, which we demonstrated to be
sufficient to induce the morphological changes in MSC formerly
believed to be neurons.

The electrophysiological data indicate that chemically-induced
cells with neuronal phenotype do not exhibit intrinsic properties of
neurons. The absence of action potential suggests that either the
cells are immature neurons or they are not neurons. Recently,
using a protocol described by Woodbury et al. [9], Wenisch et al.
[30] studied the intrinsic properties of the induced MSC and
showed that they were unable to fire spontaneously or evoke
action potential. However, Wenisch et al. [30] concluded that
these cells could be immature neurons, based on some ultra-
structural characteristics similar to that of neurons.

Although immature neurons may not fire an action potential,
they exhibit ion voltage-gated channels producing K* and Na*
currents in response to depolarization. The membrane perme-
ability to K* and Na* increases during depolarization of excitable
cells [53] and currents could be identified using the voltage-clamp
technique. According to our results, chemically-induced MSC
from adult rat bone marrow did not present K* or Na* currents (in
contrast to what was recorded in immature neurons). Moreover,
chemically-induced MSC are electrophysiologically different from
fibroblasts, since they present a class of maxi K* channels [54].

An interesting observation is that non-induced bone marrow
MSC: have voltage-gated K* and Na* channels [55]. But when
these cells are chemically induced they lost this characteristic. It is
possible that the redox imbalance caused by the chemical
compounds interfere in MSC ion channel function/activation.
Some ion channels are modulated or modified by oxidative stress,
resulting in modified ion conductance (K¥, Ca** or Na®) [49,50].
The abnormal function of these ion channels can alter the
membrane potential. Moreover, increased concentration of
intracellular Ca* can trigger apoptosis and K* efflux causes cell
shrinkage [56]. Thus, cell shrinkage, altered activity of ion
channels and cell death are all closely related phenomena [57].
Following MSC chemical induction, we could clearly notice the
interplay between these three events.

Holistically, our data allow us to suggest that bone marrow
MSC are damaged in the presence of toxic substances that
constitute one specific chemical induction protocol and, conse-
quently, present abnormal responses. The expression of neural
proteins could be one of these abnormalities that may not be
necessary (e.g. adult Purkinje cells do not express NSE protein in
their somas) [58], and is definitely not sufficient (current results) to
classify any single cell as a neuron. Indeed, even the most
distinctive neuronal feature, i.e., the ability to fire action potentials,
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