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ABSTRACT

Large numbers of neuronal cells are needed for
regenerative medicine to treat patients suffering
from central nervous system diseases and defi-
cits such as Parkinson’s disease and spinal cord
injury. One suggestion has been the utilization
of human dental pulp stem cells (hDPSCs) for
production of neuronal cells which would offer a
patient-specific cell source for these treatments.
Neuronal differentiation of hDPSCs has been
described previously. Here, we tested the dif-
ferentiation of DPSCs into neuronal cells with
previously reported protocol and characterized
the cells according to their morphology, gene
and protein expressions and most importantly
according to their spontaneous electrical function-
ality with microelectrode array platform (MEA).
Our results showed that even though hDPSC-
derived neural progenitor stage cells could be
produced, these cells did not mature further into
functional neuronal cells. Thus, utilization of
DPSCs as a cell source for producing grafts to
treat neurological deficits requires more efforts
before being optimal.
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1. INTRODUCTION

Human stem cells have been intensively studied due to
the possibility to use them for regenerative purposes for
neurological diseases such as Parkinson’s disease, spinal
cord injury, and stroke [1]. Both human pluripotent stem
cells, i.e. human embryonic [2] and human induced
pluripotent [3,4] stem cells, as well as human fetal stem
cells [5] have been shown to improve the functional re-
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covery after the disease manifestations in both experi-
mental animals [6] and clinical experiments [7]. The
source of cells, however, should be thoroughly consid-
ered and assessed due to possible harmful side effects
and tissue rejections. Indeed, the most optimal case
would be harvesting the stem cells from patient’s own
body before culturing and differentiating them further
and finally transplanting these cells back to the same
patient. Stem cells can be obtained from various sources
in the human body such as bone marrow and adipose
tissue [8,9]. Further, these stem cells have been success-
fully used in treating leukaemia [10] or bone deficits [11].
The neural differentiation potential of human mesen-
chymal stem cells is not, however, extensively and relia-
bly shown [8].

One interesting adult stem cell population is the hu-
man dental pulp stem cells (hDPSCs). These cells have
been shown to be able to differentiate along several
pathways, including mesenchymal and neural cells [12,13].
Thus, if they could be differentiated into neural cells in
large quantities in vitro, they would offer a promising pa-
tient-specific cell population for transplantation thera-
pies. So far, neural differentiation of hDPSCs has been
reported [14-18]. HDPSC-derived neural cells have been
characterized with gene and protein expression analysis
but the most important aspect, the spontaneous electrical
activity of the produced neural cells, has not been studied.
Currently, it is noted that neuronal cells derived from any
of the available stem cell sources should be able to form
spontaneous action potentials and further spontaneously
active functional neuronal networks. Indeed, it has been
shown with human embryonic stem cells [19] and human
cord blood stem cells [20] and should also be shown with
hDPSCs. Patch clamp analysis has been reported from
hDPSC-derived neuronal cells showing typical volt-
age-activated sodium and potassium currents [16,21] but
no actual action potentials have been shown. The neuronal
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activity properties can also be investigated at network
level using microelectrode array (MEA) platform [22].

Here, we performed neural differentiation of hDPSCs
with previously published method [16] and characterized
the cells using qPCR, immunocytochemistry, and MEA
setup. Human embryonic stem cell (hESC)-derived neu-
ronal cells were used as a positive control.

2. MATERIALS AND METHODS

2.1. Isolation and Culture of Human Dental
Pulp Stem Cells

Normal impact third molars were collected from
young adults (n = 4) (21 - 25 years of age) with their
informed consent at Finnish Student Health Service,
Tampere, Finland. Three of the pulps were from male
and one (pulp 1) from a female patient. The donors did
not smoke nor had diabetes or asthma. Two pulps (from
maxilla and mandible) from one patient were pooled.
The pulp tissue was separated from the crown and the
root and placed on 2 ml of DMEM/F12 (Gibco Invitro-
gen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS, Invitrogen), 1% antibiotic-antimycotic
(Gentaur, Belgium), and 1% GlutaMax (Invitrogen).
Tissue was digested with 3 mg/ml collagenase type I and
4 mg/ml dispase for 1 hour at 37°C, centrifuged, and
resuspended with medium described above. Cell suspen-
sions were filtered with 100 um cell strainer and cells
were seeded in 6-well plates (Nunc, Thermo Fisher Sci-
entific, Rochester, NY, USA). Subconfluent cultures
were passaged using trypsin in phosphate buffered saline
(PBS). Cells were transferred to T-25 cell culture flasks
when wells were confluent. Cells were cultured 3 - 6
weeks after isolation to increase the number of cells for
the experiments.

2.2. Neural Differentiation

Neural differentiation was conducted with protocol
published previously [16]. Briefly, dental pulp stem cells
(DPSCs) at passage 2 were seeded at 20,000 cells/cm” in
10 pg/ml mouse laminin (Sigma-Aldrich, St Louis, MO,
USA)-coated 24- and 48-well plates (Nunc) and 20,000
cells/well in 0.1% polyethyleneimine (PEI) and 20 pg/ml
mouse laminin-coated 6-well MEA-plates (MultiChannel
Systems, Reutlingen, Germany). The used differentiation
protocol consisted of three stages. Epigenetic repro-
gramming was induced for 48 h with DMEM/F12 sup-
plemented with 10 uM 5-azacytidine (Sigma-Aldrich),
2.5% FBS (Invitrogen), and 10 ng/ml bFGF (R&D Sys-
tems, Minneapolis, MN, USA) starting 24 h after cell
seeding. Next, neural induction was conducted with
DMEM/F12 supplemented with 250 uM IBMX, 50 uM
forskolin, 200 nM TPA, 1% ITS (all from Sigma-Al-
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drich), 1 mM dbcAMP, 10 ng/ml bFGF, 10 ng/ml NGF,
and 30 ng/ml NT-3 (all from R&D Systems) for 3 days.
Cells were washed with PBS before neural maturation
with Neurobasal medium (Gibco Invitrogen) supple-
mented with 1 mM dbcAMP (Sigma-Aldrich), 1% N2,
1% B27 without vitamin A (both from Gibco Invitrogen),
and 30 ng/ml NT-3 for 7 days. All solutions were freshly
prepared prior to use. Control cells were maintained in
control medium (DMEM/F12 supplemented with 2.5%
FBS and 1% penicillin/streptomycin) which was changed
as differentiation mediums.

2.3. Quantitative RT-PCR

RNA samples from DPSCs was collected at three time
points, at time 0 (before cell plating), after 3 days of
neural induction, and after 7 days of neural maturation.
Similar samples were also collected from control cells.
Total RNA was isolated using NucleoSpin® RNA XS kit
(Macherey-Nagel, Germany) according to manufacturer’s
instructions. Next, 50 ng of total RNA per sample was
used for cDNA synthesis using random primers (High
Capacity cDNA Reverse Transcription Kit, Applied Bio-
systems) in a reaction volume of 20 pl. Next, quantitative
real-time PCR was performed with Taqman® gene ex-
pression assays (Applied Biosystems) with 3 pl cDNA
according to manufacturer’s instructions in a reaction
volume of 15 pl for Musashi for neural progenitor cells
(Hs01045984 ml), light neurofilament for neuronal cells
(NF68, Hs00196245 ml), glial fibrillary acid protein for
astrocytes (GFAP, Hs00909236 ml), brain lipid-bind-
ing protein for radial glial cells (BLBP, Hs00361426
ml), and Olig2 for oligodendrocytes (Hs00377820_ml).
GAPDH was used as the internal control (4352934E).
Quantitative real-time PCR was performed using the
following conditions: 50°C for 2 min, 95°C for 10 min,
and 40 cycles of 95°C for 15 s and 60°C for 1 min with ABI
7300. All samples were analyzed as technical triplicates
(variation required less than 0.5 CT) and no-template
control was used. The data was analyzed with a 7300
System SDS Software (Applied Biosystems). Relative
quantification was calculated using 2 **“"-method [23].
Gained data was normalized to the expression of GAPDH.
The data is presented as mean fold change compared to
start point.

2.4. Immunocytochemistry

Samples for immunocytochemistry were collected af-
ter neural induction and neural maturation stages. Dif-
ferentiating DPSCs were fixed with 4% PFA in PBS for
20 min in room temperature (RT). Blocking was con-
ducted with 10% normal donkey serum (NDS), 0.1%
TritonX-100, and 1% bovine serum albumin (BSA) in
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PBS for 45 min at RT. Cells were washed once with 1%
NDS, 0.1% TritonX-100, and 1% BSA in PBS and incu-
bated with primary antibodies diluted to the same solu-
tion at 4°C overnight. Antibodies used were mouse
anti-nestin (1:100, Chemicon, Temecula, CA, USA) for
neural progenitor cells, mouse anti-f-tubuling (1:1200,
Sigma-Aldrich) and rabbit anti-microtubule associated
protein 2 (MAP-2, 1:600, Chemicon) for neuronal cells,
sheep anti-GFAP (1:600, R&D Systems) for astrocytes,
and mouse anti-GalC (1:200, Chemicon) for oligoden-
drocytes. All solutions for GalC stainings were made
without TritonX-100. After washing three times with 1%
BSA in PBS cells were incubated for 1 hour with Alexa
Fluor-488 and/or -568 conjugated with anti-mouse, anti-
rabbit, and anti-sheep antibodies (1:400, Molecular Probes/
Invitrogen, Carlsbad, CA, USA). After washing with
PBS and phosphate buffer the cells were mounted with
Vectashield containing DAPI (4’,6-diamidino-2-phenyl-
indole) (Vector Laboratories Inc., Burlingame, CA,
USA). Stained cells were imaged with a phase contrast
microscope with fluorescence optics (Olympus IX51,
Olympus, Finland) and Olympus DP30BW camera. Im-
ages were edited with Adobe Photoshop CS2.

2.5. Microelectrode Arrays

HDPSCs were also cultured on planar microelectrode
array (MEA) 6-well plates (6 x 9 electrode layout, elec-
trode diameter 30 pm, inter-electrode distance 200 pum,
MultiChannel Systems, Reutlingen, Germany) during
neural differentiation (n = 8 wells/differentiating cells/pulp
and n = 4 wells/control cells/pulp) as previously de-
scribed for hESC-derived neurons [8]. Measurements
were performed 1 - 2 times/week. Measurements were
performed with MEA 1060-Inv-BC-amplifier with inte-
grated TPC Temperature controller adjusted to +37°C
and data was recorded with MC_Rack software (all from
Multichannel systems). Prior to measurements, MEA
plates were sealed with PDMS discs in laminar hood to
keep the cultures sterile for repeated measurements. Af-
ter executing the differentiation protocol, the cells were
maintained on MEA plates for additional 1 - 2 weeks to
prolong the measurement period to 4 weeks.

2.6. Positive Control

As a positive control we used hESC-derived neuronal
cells differentiated with previously published protocol
[24]. Briefly, the cells were fixed and stained as de-
scribed above after 8 weeks of differentiation as neuro-
spheres and then 3 days on mouse laminin-coated 24-
wells. 8 weeks old neurospheres were also plated on PEI
and mouse laminin-coated MEA-plates and measured 1 -
2 times/week for 4 weeks.
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3. RESULTS
3.1. Isolation and Culture of hDPSCs

The culture time before actual neural differentiation
experiment varied from 3 to 6 weeks depending on the
cell number after isolation. Morphology of dental pulp
stem cells in general varied from spindle-shaped fibro-
blasts to flat cells as previously shown [25].

3.2. Morphology of hDPSCs during Neural
Differentiation

After seeding the cells mostly resembled fibroblasts.
There were no differences in the morphology after the
epigenetic reprogramming. The control cells had, how-
ever, proliferated notably more efficiently. After initiat-
ing the neural induction stage, the morphology of the
cells of three hDPSC lines over went a change; the cells
became more round-shaped and some processes were
developed. During the following three days the mor-
phology changed further. Many processes could be de-
tected in the cell populations as well as branched cells
with round soma resembling astrocytes, neuronal cells,
or oligodendrocytes. Differences between hDPSC lines
could be observed. Figure 1(a) represents the induction
stages of all 4 hDPSC lines. In induction stage, according
to morphology, pulp 2 derived populations resembled
mostly neuronal cells. Pulp 4 was clearly different from
the others as no clear neuronal morphologies were de-
tected. The neuronal cell morphologies were detected
only during neural induction stage. In the neural matura-
tion stage the cell morphology changed again more into
fibroblast-like as the number of processes decreased, as
represented in Figure 1(b) with pulps 1 and 2.

(2)

(C) Relative expression of Musashi
25

INDUCTION STAGE

(b

~

MATURATION
STAGE

Figure 1. Morphology and gene expression of differentiating
DPSC lines. At induction stage: (a) Cells resembling neuronal
cells could be detected among pulp 1, 2, and 3 cells but pulp 4
did not seem to be differentiating towards neuronal phenotypes.
At maturation stage; (b) The cells of any of the DPSC lines did
not seem neuronal whereas more fibroblast-like cells. Increasing
Musashi expression; (c) Could be detected with all DPSC lines
during neural differentiation protocol whereas NF-68 expression;
(d) Could be detected only with pulp 2 cells. Scale in A and B
100 pm.
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3.3. Quantitative RT-PCR

The neural progenitor cell marker Musashi was de-
tectable already in non-differentiated cells and the ex-
pression increased with all 4 hDPSC lines during differ-
entiation experiment (Figure 1(c)). With three hDPSC
lines (pulps 2, 3, and 4) the increment in expression of
Musashi was at least 10-fold. In line with hDPSC line
morphologies during differentiation experiment, the ex-
pression of NF68 was not detected in any of the DPSC
lines expect with pulp 2. In this hDPSC line NF68 was
expressed already before the differentiation protocol was
started and a 3-fold increase in expression could be de-
tected at the maturation stage (Figure 1(d)). The expres-
sion of GFAP, Olig2, or BLBP was not detected in any of
the hDPSC lines at any timepoints.

3.4. Neuronal Cells Were Not Detected with
Immunostaining

Variation between hDPSC lines was also detected in
protein expression. Neural precursor marker nestin could
be detected in cultures after maturation stage with all the
studied pulps. Also, control cultures were positive for
nestin but the morphology of the cells was different
(Figure 2(a)). Neuronal marker S-tubulin; was detected
only with pulp 2 after maturation stage but the morphol-
ogy did not resemble that of neurons (Figure 2(a)).
MAP-2 staining was negative in all the cultures. Oli-
godendrocyte marker GalC stained cells after neural in-
duction and maturation stages in pulp 2 as well as in
control cultures (Figure 2(a)). GFAP-positive astrocytes
were not detected among any of the differentiated DPSC
lines nor control cultures. As a positive control for im-
munostaining we used hESC-derived neuronal cells
which stained positive for both f-tubulin; and MAP-2
(Figure 2(c)).

3.5. Functional Neuronal Networks Could
Not Be Detected

Neuronal network signaling was not detected during 4
weeks follow-up on MEA among hDPSC-derived control
or differentiated cultures (Figure 2(b)). Neuronal cells
derived from hESCs as a positive control formed func-
tional neuronal networks after 2 weeks of culturing on
MEA dishes which could be detected as spikes (Figure

2(c)).

4. DISCUSSION

In the present study we differentiated hDPSCs towards
neural phenotype with a previously described protocol
[16]. We show that, despite of detecting neural gene ex-
pression within the differentiating DPSC lines, protein
expression of neural or neuronal markers could not
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Figure 2. (a) Immunostaining of pulp 2-derived cells during
neural differentiation. At neural induction stage no cells stained
positive for nestin or S-tubulin; but some cells stained positive
with GalC. At maturation stage some cells stained positive with
nestin, [-tubuling and GalC. Positive staining could also be
detected in control (undifferentiated) cells. Scale 100 um; (b)
No signals could be detected with MEA thus functional neu-
ronal networks were not forming in differentiated or control
hDPSCs; (¢) HESC-derived neuronal cells were used as a posi-
tive control. These cells stained positive with neuronal markers
MAP-2 (green) and f3-tubulin; (red) and action potentials could
be detected in MEA platform.

reliably be observed and the cells did not form electri-
cally active functional neuronal networks.

The efficient neural differentiation of hDPSCs could
be clinically relevant due to opening up possibilities to
produce patient-specific cells for treating many neuro-
logical deficits. Indeed, some groups have already pub-
lished the production of neural cells from hDPSCs
[14-18,26]. The pulp stem cells hold multipotent nature
[27] hence neural differentiation should, in principle, be
attainable. The solid production of neuronal cells, how-
ever, relies on the cells’ electrophysiological properties:
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capability of forming spontaneous action potentials and
further functional neuronal networks. This aspect re-
mains unanswered in previously published articles.

In this study, the DPSCs did not resemble neural cells
morphologically prior to differentiation but neuronal
phenotypes could be detected at neural induction phase
with 3 hDPSC lines, one (pulp 2) being particularly
promising. We could detect increasing expression of
Musashi in all hDPSC lines during the neural differentia-
tion protocol using quantitative RT-PCR. Musashi, how-
ever, was also expressed in DPSCs prior to the onset of
the differentiation and thus the validity of Musashi as a
neural precursor marker is somewhat questionable. One
major challenge, indeed, is the basal expression of neural
genes in undifferentiated hDPSCs. For example, a few of
previous studies have shown that expression of another
neural progenitor marker nestin is negative but the ex-
pression of medium sized neurofilament is clearly de-
tectable [14,16] while another study discusses expression
of nestin and GFAP in ex vivo-expanded hDPSCs [28].
In contrasts, we could not detect GFAP expression at all.
Here, NF-68 was considered as an important gene to
study due to its unequivocal presence in neuronal cells.
Indeed, increment in NF-68 expression was detected
with pulp 2 indicating the presence of neuronal cells.
With other pulps, however, expression of this gene was
not detected. We studied 4 pulps separately whereas
other groups have pooled the pulps collected from sev-
eral adults [15-18]. To our opinion, the pulp-to-pulp
variation should be taken into consideration when col-
lecting cells from human patients.

In immunostaining we could detect nestin positive
cells in all pulps after the neural maturation stage which
goes hand-in-hand with the musashi expression. 3-tubu-
lin; could be detected only with pulp 2 after maturation
but the morphology of the positive cells was not typical
to neuronal cells. We have been differentiating human
pluripotent stem cells to neural lineages routinely [24,29]
and are familiar with accurate neural and neuronal mor-
phologies and valid staining with neural, neuronal, and
glial markers [24]. To support the lack of neuronal cells
we could not detect positive MAP-2 staining with any of
the hDPSC lines studied. No GFAP-positive astrocytes
were detected either. Interestingly, a few cells from pulp
2 stained positive for oligodendrocytic marker GalC
whereas gene expression for Olig2 was absent. Whether
GalC stains other cell populations in addition to oligo-
dendrocytes remains as an open question as the mor-
phology of the cells was not typical to oligodendrocytes
[8,16]. Other published studies do not describe staining
with oligodendrocytical markers [14,16,26]. On the other
hand, very recent publication shows in vivo differentia-
tion of hDPSC to oligodendrocytes after transplantation
in to spinal cord lesion [30] which suggests that hDPSCs
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have potential to differentiate into this particular neural
lineage.

None of the differentiated cultures formed spontane-
ously active neuronal networks. Previous studies have
reported the presence of voltage-activated sodium and
potassium currents with patch clamp technique [14,16,21]
but no evidence of spontanecous action potentials have
been shown. Neuron is considered as a neuron by its ca-
pability to form action potentials, thus it is the key aspect
to show. Further, single action potential forming cells
should be able to form electrically active neuronal net-
works. We used MEA to detect the neuronal network
forming properties of differentiating hDPSCs and could
not detect any activity within these cultures. Thus, even
though neural progenitor gene expression was detected,
expression of neuronal proteins and proper neuronal
functionality remained undetected. This indicates that
neural progenitor stage cells could be produced but they
were not maturing further into neuronal cells. The pro-
tocol used here has been previously published reporting
neuronal cell differentiation from hDPSCs, but the
proper functionality was not shown in that study either
[16]. Thus, even though Kiraly and co-workers supple-
mented their maturation medium with B27 containing
vitamin-A [16] whereas our B27 supplement did not
contain vitamin-A it is highly unlikely that vitamin-A
had effects on the end phenotype of the cells. The
pulp-to-pulp variation between the patients is another
aspect that should be more thoroughly considered when
investigating neural differentiation of hDPSCs.

In this study we show that production of functional
neuronal cells from dental pulp stem cells is not as
straightforward as suggested in previous studies. Even
though neural progenitor cells could be produced as in-
dicated by gene expression, their further maturation into
functional neuronal cells was unsuccessful. In our study
and in previously published articles the amount of de-
tected neuronal cells has not been great and no one has
been able to prove the neuronal functionality. For clinical
trials the amount of cells needed is millions (ReNeuron
www.reneuron.com, StemCells Inc. www.stemcellsinc.com)
and thus it seems that for the time-being the most opti-
mal way for large scale production of human neuronal
cells remains with the utilization of human pluripotent
stem cells.
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