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Abstract—Dental pulp loss due to caries or pulpitis can affect
the longevity of teeth. Dental pulp tissue engineering
necessitates the use of progenitor cells that has the
potential to differentiate into neural, vascular and odonto-
blasts like cells. Previous reports have shown that human
gingival progenitor cells (HGPCs) can be differentiated into
different cell types; however neural differentiation of these
cells, to the best of our knowledge, has not been reported.
Low intensity pulsed ultrasound (LIPUS) has been reported
to enhance cell differentiation. The aims of this study were
(1) to explore the potential neural differentiation of HGPCs
and (2) to investigate the effect of LIPUS on the differen-
tiation of HGPCs when incubated under neuroinductive
conditions. The HGPCs were isolated from human interden-
tal papilla proximal to the premolar teeth that were extracted
for orthodontic purpose. The HGPCs were induced to
differentiate into neural lineage using a neuroinductive
culture medium. HGPCs were divided into four groups;
control group, neuro-induction (NI) group, ultrasound
group (LIPUS), and a combined NI+ LIPUS group. HGPCs
were harvested for immunostaining and q-PCR after 1 day.
Immunostaining for neuron specific antigens and q-PCR
suggested that HGPCs can be differentiated into neural
lineage and that selected neurodifferentiation markers can be
enhanced by LIPUS.

Keywords—Human gingival progenitor cells, Low intensity
pulsed ultrasound, Neural differentiation.

INTRODUCTION

Loss of dental pulp tissue due to pathology or trauma
may lead to extraction of the affected tooth with mul-
tiple unwanted sequences such as bone resorption,
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movement of adjacent and opposing teeth, and/or the
need for costly replacement of the missing tooth as well
as reduced quality of life.'***® There has been recently an
increasing interest in dental tissue engineering including
the dental pulp.'®'*'%2*25 Dental pulp tissue engi-
neering requires the availability of odontoblast-like
cells, nerve-like cells, and vascular cells/tissues. Previous
attempts of dental pulp tissue engineering aimed at
complete restoration of lost dental pulp to its original
function by utilizing different types of adult progenitor
cells.!31%2%25 Progenitor cells that have been previously
utilized include dental pulp stem cells, bone marrow
stem cells, dental follicle stem cells, and adipose tissue
stem cells.'*'*?*25 However, donor-site morbidity and/
or non-availability (e.g., dental pulp stem cells in an
adult for example) may be considered as unfavorable
considerations for potential clinical application of this
approach. Human gingival progenitor cells (HGPCs)
are more accessible for harvest with minimal donor-site
morbidity.* Previous studies have shown that HGPCs
possess multipotent-progenitor cell characteristics as
they express stem cell surface markers, can be differen-
tiated into osteogenic lineage, and assume morpholog-
ical changes similar to cementoblasts in vitro.>**?7-3¢
Moreover, the clinical application of HGPCs for ther-
apeutic purposes to regenerate attached gingiva and
interdental papilla has been reported.'”?® The neuro-
genic differentiation of HGPCs is yet to be explored.
Also, multiple previous studies have shown that low
intensity pulsed ultrasound (LIPUS) enhances differ-
entiation of mesenchymal cells into different types of
specialized cells such as chondrogenic, osteogenic and
cementoblasts and odontoblasts.!:>6-8:1216.2% Eyrther-
more, it has been reported that LIPUS has an anabolic
effect on HGPCs and can enhance their differentiation
into osteogenic lineage.*'
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The aim of this study was to explore the potential
neurogenic differentiation of HGPCs and to demon-
strate the effect of LIPUS on their potential neurogenic
differentiation. The hypothesis of this study is that
HGPCs can be differentiated into neurogenic lineage
and the application of LIPUS has a positive effect on
their neurogenic differentiation.

MATERIALS AND METHODS

The study utilized HGPCs obtained from three
human donors (age 14-16 years old) after extraction of
their premolars (total N = 12 premolars) for ortho-
dontic purpose in accordance with the approved health
ethics board at the University of Alberta, Edmonton,
Canada. Experiment below was run three times on the
pooled cells collected from all donors. The HGPCs
were harvested and isolated according to a previously
published protocol.>** In brief, the gingival explants
were cut into small pieces, isolated on glass slides,
placed in a culture plate, and incubated with a basic
medium (DMEM, 10% FBS, 100 U/mL penicillin, and
100 ug/mL streptomycin) at 37 °C in a humidified
atmosphere of 5% CO,. When the cells around gingi-
val explants were confluent following 2-3 weeks of
culture, they were transferred to 75-cm? tissue culture
flasks using 0.08% trypsin/0.04% ethylenediamine-
tetraacetic acid. Identification of the multipotent
potential of these cells was confirmed according to
Dominici ez al.” by flowcytometry for stem cell specific
markers (positive for CD 90 and negative for CD 31,
CD 34, and CD 45) (Fig. 1). Also, previous reports
that showed that these cells can be differentiated into
osteogenic lineage, and assume morphological changes
similar to cementoblasts in vitro *2%27-3¢

Neural induction was performed as previously de-
scribed by Yaghoobi er al.*® Briefly, neuroinductive
medium (NIM) was added to the culture. The com-
position of NIM was: «MEM with 2% DMSO, 10 ng/
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FIGURE 1. Flowcytometry of HGPCs.

mL bFGF, 100 uM butylated hydroxyanisole (Sigma),
10 uM Forskolin (Sigma), 25 mM KCIl, 2 mM val-
proic acid and 5 ug/mL insulin. Cells from each donor
were expanded and divided into four groups in seven
25-mL flasks. For each test, cells were used in tripli-
cates. LIPUS was applied to each respective group
using LIPUS device (SmileSonica Inc., Edmonton,
Canada) with output pulse of 1.5 MHz that is repeated
at 1 K Hs with spatial average—temporal average
intensity of 30 mW/cm® for 10 min/day for 3 days
under the tissue culture flasks using ultrasound gel and
aseptic technique inside the incubator according to
previously published protocol."¥¢%122% Group 1 was
HGPCs with regular medium (negative control); group
2 was HGPCs+ NIM; group 3 was HGPCs + LIPUS;
and group 4 was HGPCs+ NIM+ LIPUS. The
HGPCs at passage 2 were grown in 48-well plates at an
initial seeding density of 2.5 x 10* cells/well. Cells
were harvested for immunohistochemistry and quan-
titative polymerase chain reaction (qPCR) after 1 day
of using either regular medium or NIM. Immunohis-
tochemistry was performed as follows. The cells were
fixed with 4% paraformaldehyde and stored in PBS at
4 °C before incubation with the primary antibody.
Endogenous peroxidase was suppressed with 10%
H,0, for 20 min. The primary antibodies used were:
(a) mouse monoclonal anti f-tubulin (1:250, Sigma);
(b) mouse monoclonal anti-MAP2 (1:200, Sigma); (c)
mouse monoclonal anti-neurofilament 200 (1:50, Sig-
ma); and, (d) mouse monoclonal anti-synaptophysin
(1:250, Sigma). For murine antibodies, 2° anti-
body = rabbit anti-mouse HRP conjugated secondary
antibody (1:500, Dako, Glostrap Denmark). For nu-
cleostemin, 1° antibody was goat polyclonal anti-nu-
cleostemin (1:100, Abcam, Cambridge, UK) and 2°
antibody was rabbit polyclonal antibody against goat
HRP conjugated (1:500, Abcam, Cambridge, UK).
Finally, for rabbit GFAP, 1° antibody was rabbit
polyclonal anti-glial fibrilary acidic protein (GFAP)
antibody (1:500, Chemicon) and 2° antibody was bio-
tinylated goat anti-rabbit IgG (1:500, Vector, Burlin-
game, CA) and Avidine/HRP (1:500, Dako, Glostrap,
Denmark) was used for incubation.

For qPCR, the total RNA from the cells was iso-
lated using TRIzol reagent (Invitrogen) according to
the manufacturer’s instructions and the absorbance
were measured at 260 nm for RNA quantification.
First-strand cDNA synthesis was performed using the
high-capacity cDNA reverse transcription kit (Applied
Biosystems) according to the manufacturer’s instruc-
tions. In brief, 1.5 ug of total RNA from each sample
was added to a mix of 2.0 uLL 10x RT buffer, 0.8 uLL
25x dNTP mix (100 mM), 2.0 uL 10x RT random
primers, 1.0 uL MultiScribe™ reverse transcriptase,
and 4.2 pL nuclease-free water. The final reaction mix
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was kept at 25 °C for 10 min, heated to 37 °C for
120 min, heated for 85 °C for 5 s, and finally cooled to
4 °C. Quantitative analysis of specific gene mRNA
expression was performed by real time-PCR amplifi-
cation using 96-well optical reaction plates in the ABI
Prism 7500 System (Applied Biosystems). The amount
of 25 uL of the reaction mix contained 0.1 uL of
10 uM forward primer and 0.1 uL of 10 uM reverse
primer (40 nM final concentration of each primer),
12.5 uL of SYBR Green Universal Mastermix,
11.05 uL of nuclease-free water, and 1.25 uL of cDNA
sample. The primers used in the current study were the
housekeeping gene: GAPDH (forward) = CCTGCCA
AGTATGATGACATCAA and GAPDH (reverse) =
AGCCCAGGATGCCCTTTAGT and target genes:
Neurofilament-M (NM-017029): Forward: GCACTA
AGGAGTCCCTGGAAC; Reverse: GCCTCGACTT
TGGTCTTCTG; Nucleostemin (NM-175580): For-
ward: TCCGAAGTCCAGCAAGTATTG; Reverse:
AATGAGGCACCTGTCCACTC; Vimentin (NM-03
1140): Forward: AATTGCAGGAGCTGAATGAC;
Reverse: AATGACTGCAGGGTGCTCTC.

The amplification mixture contains 1 uL. RNA, 2 L
of each primer and 12.5 L of the components of the
SYBR Green PCR core reagents kit (Applied Biosys-
tems, Foster City, CA, USA) in a final volume of 25 L.
Real-time PCR was performed using the ABI Prism
7700 sequence detection system (Applied Biosystems)
with the following cycle conditions: 2 min at 50 °C,
15 min at 95 °C, 40 cycles of 15 sat 94 °C, 30 sat 60 °C,
and 30 s at 72 °C. Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as an internal control in
each run. Normalized fluorescence was plotted against
cycle number (amplification plot) and the threshold as
suggested by the software was used to calculate Ct (cycle
at threshold). Results of the real-time PCR were ex-
pressed as Ct, and the expression levels of specific genes
were indicated by the number of cycles required to
achieve the threshold level of amplification.

Statistical Analysis

All samples were performed in triplicate for each
group and the data were analyzed with one-way ana-
lysis of variance (ANOVA) using SPSS version 16.0
software package (SPSS, Chicago, IL, USA). Inter-
group differences were determined using the Bonefer-
roni post hoc test, and statistical significance was
defined by p-values <0.05.

RESULTS

To evaluate whether HGPCs have mesenchymal
progenitor characteristics, flowcytometry was performed
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and the results are shown in Fig. 1. HGPCs were po-
sitive for CD 90 and negative for CD 31, CD 34, and
CD 45 which confirmed their multipotent/progenitor
characteristics.” The HGPCs cultured with regular
medium with or without LIPUS showed spindle
shaped cells (Figs. 2a and 2b). After 6 h of adding
NIM to the HGPCs, morphological changes, e.g. cells
became round with neurite-like processes extending
from cell peripheries, were noted with or without LI-
PUS (Figs. 2c and 2d). Immunohistochemistry stain-
ing revealed no staining of the negative—negative
control group for all neural cells specific antibodies
(Fig. 3). On the other hand, HGPCs that were cultured
in NIM showed increased staining and morphological
changes after 96 h of culture with NIM with or with-
out LIPUS application.

Quantitative PCR results showed that mRNA for
neurofilament is significantly increased with NIM than
the control group or LIPUS alone group (Fig. 4).
Also, when LIPUS was applied in addition to NIM,
mRNA for neurofilament was statistically increased
than that of NIM alone (p = 0.026), LIPUS alone
(»p = 0.01) or control group (p = 0.006). Also, mRNA
for neurofilament was statistically increased for NIM
alone compared to negative control (p = 0.008). Sim-
ilar pattern was noted for Vimentin mRNA as
NIM + LIPUS showed significantly increased expres-
sion than the NIM alone (p = 0.024), LIPUS alone
(p = 0.048) or control group (p = 0.025). Vimentin
mRNA for NIM group was not significantly increased
than the control group (p = 0.14) same as between
NIM alone and LIPUS alone (p = 0.58). Nucleoste-
min mRNA was significantly decreased in NIM + LI-
PUS group than in control group (p = 0.004). Similar
pattern of decrease was also noted for nucleostemin
mRNA in LIPUS alone group than the control group
(P = 0.0025).

DISCUSSION

Research in the field of dentofacial tissue engi-
neering, especially dental pulp tissue engineering, has
long been investigating different sources for stem
cells. These sources include bone marrow stem cells,
periodontal ligament stem cells, and dental pulp stem
cells. However, these cells are difficult to obtain due
to the invasive nature of their harvesting tech-
niques.>*%!13* The difficulty in obtaining these cells
limits their potential for prospective clinical use in
dental tissue engineering. Gingival progenitor cells,
also known as gingival fibroblasts, can be differenti-
ated into different cell linages. This study was ori-
ented to explore the potential neural differentiation
of HGPCs.
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FIGURE 2. HGPCs, (a) control (Spindle shape); (b) LIPUS treated cells, (c) NIM only, and (d) NIM+LIPUS after 96 h in cell culture.
Magnification is x100. Note morphological changes as the cells have big round cell bodies and neurite-like processes are of

HGPCs with NIM and with NIM+LIPUS. (Bar = 30 um).

Beta tubulin

Neurofilament

Synaptophysin

FIGURE 3. Immunohistochemistry of HGPCs stained with anti-Beta-tubulin; Glial Fibrillary; MAPK2; nucleostemin; neurofilament
and synaptophysin antibodies in the negative control group; after LIPUS treatment; after NIM treatment and after NIM and LIPUS. It
can be seen that control group show no staining to any of the antibodies used. However HGPCs show increased staining with most
of the antibodies used. LIPUS alone slightly increased staining than the control group. Most of the HGPCs show deep staining after

differentiation using NIM or NIM+LIPUS. (Bar = 100 um).

Previous reports have shown that bone marrow
stem cells can be differentiated into neuron-like cells.™
In this study, we have utilized neural induction med-
jum as reported by Yaghoobi es al.** The morpho-
genesis phenotype of the neuron-like cells was
apparent in few hours following the addition of NIM

(Fig. 2). This is in alignment with previous report about
the neurogenic potential of bone marrow stem cells.™
Cells showed large rounded cell bodies with neurite-like
processes similar to cultured neuronal cells.*® Neuron
specific antibodies were used to identify the neurogenic
differentiation of HGPCs.*>* Neuroinduced HGPCs

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



1410 EL-BiALY et al.

@ NIM+/US+
* W NIM+/US-
14 - O NIM-/US+
*
O NIM-/US-
12 -
10 - sk
8
o *
® 6
7 * %k h>l<_\
4- -
*% % %
) [ [
o L] = =l |
NG & O
O Q OB
&
.\'b& é@& ‘&0(\
& & N
& N
N 00
< &

FIGURE 4. gPCR data showing significant up-regulation of
Neurofilament (NF) gene by NIM and by LIPUS+NIM. Neucle-
ostemin (NCT) is down-regulated by LIPUS and by LIPUS+NIM
(non-significant). Vementin is significantly up-regulated by
LIPUS+NIM than the control. *p<0.05; **p<0.005.

with or without LIPUS showed high reaction to these
antibodies (Fig. 3).

Nucleostemin is expressed in stem cells and is then
turned off upon differentiation.’> Vimentin is selec-
tively enriched in bone marrow stem cells.'>3%3!-33 The
expression of HGPCs of Vimentin supports the
hypothesis that HGPCs cells have stem cell charac-
teristics. The decreased expression of nucleostemin by
LIPUS as evaluated by qPCR in this study may sup-
port the hypothesis that these cells are differentiating,
but not fully yet, into neural lineage and this differ-
entiation is complemented by LIPUS. However,
immunostaining of nucleostemin showed increased
staining with NIM and LIPUS. This contradiction
between qPCR and immunostaining could be due to
the fact that qPCR deals with part of the nucleostemin
protein, so NIM and LIPUS might have stimulatory
effect on other parts of nucleostemin protein that is
shown by immunostaining. This phenomenon war-
rants further investigation. In addition, it has been
recently shown that there is more than one nucleoste-
min alleles that have different behaviors.?® This con-
tradiction between the qPCR and immunostaining
might suggest that LIPUS might have stimulatory ef-
fect on one nucleostemin allele while has inhibitory
effect on another allele. This observation also warrant
further investigation. Also, HGPCs showed increased
expression of neurofilament gene when induced to
neural differentiation by NIM, which was comple-
mented by LIPUS application more than control cells.
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The qPCR results suggest that LIPUS has neural
induction to HGPCs as there was statistically induced
neurofilament and vimentin expression by LIPUS and
this was supported by NIM. Also, there was no sta-
tistical difference between the NIM and LIPUS in
vimentin expression which may indicate that LIPUS
has similar neural induction as NIM. The enhanced
neurofilament and vimentin expression by NIM sug-
gest neural differentiation of HGPCs and this expres-
sion was enhanced by LIPUS. Also, the down
regulation or nucleostemin by LIPUS support the
hypothesis that LIPUS enhances neural differentiation
of HGPCs. The exact mechanism of the mechano-
transduction pathway involved in cellular responses to
LIPUS remains unknown. Possible explanation that
LIPUS stimulates neural differentiation is that LIPUS
is a mechanical stimulation that stimulates intracellu-
lar signaling pathway. Previous studies have shown
that LIPUS activate cell differentiation and integrins
as well as the downstream signaling pathway
in vitro.>*" Also, possible mechanism of LIPUS effect
on neural differentiation of gingival stem cells is that
LIPUS upregulates neurotrophin-3 (NT-3),** which is
an important regulator of neural survival, develop-
ment, function, and neuronal differentiation.'”'® Fu-
ture research may be directed to explore more details
about the mechanisms by which LIPUS enhances stem
cell neural differentiation.

CONCLUSION

To our best knowledge, this is the first report that
HGPCs can be differentiated into neural lineage and
this effect can be complemented by LIPUS application.
This report suggests that HGPCs may be used in nerve
tissue engineering including dental pulp as well as
other craniofacial nerve tissue engineering. Also, our
report supports that LIPUS can be used as a comple-
mentary technique in neural differentiation of stem
cells.
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