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Suppressive effects of nicotine on the cytodifferentiation of
murine periodontal ligament cells
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OBJECTIVES: Tobacco smoking has been suggested to
be one of the important risk factors of developing peri-
odontal disease. Although epidemiological studies have
shown the detrimental effects of smoking on periodontal
disease, the effects of smoke compounds on gingival
tissue are not well understood. The aim of this study was
to evaluate the effects of nicotine, which is the major
component of the thousands of chemicals that constitute
cigarette smoke, for cytodifferentiation of murine peri-
odontal ligament (MPDL) cell.

MATERIALS AND METHODS: Expression of nAChR
subunits on MPDL cells was examined using RT-PCR. The
effects of nicotine on gene expression of extracellular
matrices and osteoblastic transcription factors were
evaluated by quantitative RT-PCR. Mineralized nodule
formation of nicotine-treated MPDL cells was charac-
terized by alizarin red staining.

RESULTS: Murine periodontal ligament cells expressed
several subunits of nAChR, which have functional calcium
signals in response to nicotine. Gene expression of
extracellular matrices and osteoblastic transcription fac-
tors were reduced in nicotine-treated MPDL cells. In
addition, mineralized nodule formation was inhibited in
MPDL cells in the presence of nicotine.

CONCLUSION: Our findings indicate that nicotine may
negatively regulate the cytodifferentiation and minerali-
zation of MPDL cells.

Oral Diseases (2010) 16, 812-817

Keywords: periodontal ligament cells; nicotine; cytodifferentia-
tion; mineralization

Introduction

The periodontal ligament (PDL) is a connective tissue
that surrounds the root of the tooth and attaches the
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root to the alveolar bone to provide mechanical support.
The PDL also plays a nutritive and sensory role. In
addition, PDL is regarded as a reservoir of multipoten-
tial mesenchymal stem cells that can differentiate into
mineralized tissue-forming cells, such as osteoblasts and
cementoblasts (Seo et al, 2004), and plays an important
role in periodontal tissue remodeling and regeneration.

Cigarette smoking is known to be one of the most
important risk factors in periodontal disease (Martinez-
Canut et al, 1996; Ryder, 2007). Previous reports have
shown that more clinical attachment loss and alveolar
bone loss have been observed in smokers than in non-
smokers (Grossi et al, 1994; Grossi et al, 1995). Tobacco
smoke consists of thousands of chemicals (Lofroth,
1989) which individually, and collectively, can affect
periodontal tissue. Nicotine is the main component of
tobacco smoke and a selective agonist of the nicotinic
acetylcholine receptor (nAChR). The main route of
nicotine exposure is via inhalation of tobacco smoke.
During inhalation, a high dose of nicotine (in excess of
10~ M) would be exposed to the epithelial surface of
the oral cavity, the bronchus and the lungs (Feyerabend
et al, 1982; Seow et al, 1994). In particular, nicotine
concentrations in the saliva of long-term snuff users can
reach 9.6 mM (Hoffmann and Adams, 1981; Sato et al,
2008).

Therefore, we hypothesized that nicotine affects the
characteristics of PDL directly and has detrimental
effects on periodontal tissue, such as disease progression
and the ineffectiveness for periodontal treatment. In this
study, we investigated the gene expression of nAChR
subunits and calcium influx via these receptors using a
PDL clone obtained from murine PDL (MPDL) tissue
(Yamada et al, 2007). We then examined the gene
expression of alkaline phosphatase (ALP), collagen type
I, bone sialoprotein (BSP), osterix, and runx2 in
nicotine-treated MPDL. Further, the effects of nicotine
on mineralization in MPDL were evaluated.

Materials and methods

Culture of MPDL

We have established a murine PDL clone cell, MPDL22,
isolated from the PDL tissue of the molar teeth
extracted from 2.5-week-old BALB/c mice (Yamada



et al, 2007). MPDL22 cells were maintained in ao-MEM
(Nikken, Kyoto, Japan) supplemented with 10% fetal
calf serum (FCS; JRH Biosciences, Lenexa, KS, USA)
and 100 ng ml™' fibroblast growth factor-2 (FGF-2;
Kaken, Kyoto, Japan) at 37°C in a humidified atmos-
phere of 5% CO?. After the cells reached confluence, we
replaced the culture medium (a«-MEM supplemented
with 10% FCS and FGF-2) with the mineralization
medium (a-MEM supplemented with 10% FCS, 10 mM
B-glycerophosphate, and 50 ug ml™" ascorbic acid). We
replaced the mineralization medium every 2 days with
or without nicotine (107* M to 107* M), which was
prepared in PBS and neutralized to pH 7.2.

Detection of nAChRs in MPDL by RT-PCR

MPDL22 cells were seeded at a density of 10° cells per
dish in 60 mm dishes and grown to confluency. Follow-
ing the culture of MPDL cells, total RNA was extracted
using the RNAbee (TEL-TEST, Friendswood, TX,
USA), according to the manufacturer’s instructions.
cDNA synthesis and amplification via PCR were per-
formed, as described previously (Yamada et al, 2007).
The primers used for PCR were prepared according to
published results (Kageyama-Yahara et al, 2008). After
denaturation at 94°C for 5 min, each PCR cycle
consisted of 94°C for 30 s, 60°C for 45 s and 68°C for
45 s. Amplified products were analyzed by electropho-
resis at 100 V for 30 min on 1.5% TAE agarose gels
containing 0.5 ug ml™" ethidium bromide. Murine brain
samples were used as a positive control for nAChR
subunits.

RT-PCR for ALP, collagen type I, BSP, osterix and
runx2 mRNA

RNA samples were obtained from MPDL22 cells in
o-MEM containing 1% FCS 2 days after nicotine
treatment (107> M). Total RNA extract (0.4 mg) was
reverse-transcribed using the High Capacity cDNA
Reverse Transcriptase kit (Applied Biosystems, Foster
City, CA, USA) to generate the single-stranded cDNA.
PCRs were carried out using the ABI 7300 Fast Real-
Time PCR System (Applied Biosystems) with Power
SYBRR® Green PCR Master Mix (Applied Biosystems)
according to the manufacturer’s protocol. All reactions
were run in triplicate. The primer sequences used for
RT-PCR were as follows; ALP, (sense) 5-ACA CCT
GAC TGT GGT TAC TGC TGA-3, (antisense)
5’-CCT TGT AGC CAG GCC CGT TA-3"; collagen
type I, (sense) 5-ATG CCG CGA CCT CAA GAT G-3/,
(antisense) 5-TGA GGC ACA GAC GGC TGA
GTA-3’; BSP, (sense) 5-TGG AGA CTG CGA TAG
TTC CGA AG-3’, (antisense) 5-CGT AGC TAG CTG
TTA CAC CCG AGA G-3’; Osterix, (sense) 5-CGC
ATC TGA AAG CCC ACT TG-3, (antisense) 5-CAG
CTC GTC AGA GCG AGT GAA-3’; runx2, (sense)
5’-CAC TGG CGG TGC AAC AAG A-3’, (antisense)
5’-TTT CAT AAC AGC GGA GGC ATT TC-3".

Proliferation assay
MPDL22 (5 x 10® cells per well) were incubated in
96-well plates in a-MEM containing 1% FCS in the
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presence of nicotine or FGF-2 (100 ng ml™") for 48 h.
Cell proliferation was measured using the non-radioac-
tive colorimetric assay WST-1 system (Roche Diagnos-
tics GmbH, Penzberg, Germany) according to the
manufacturer’s instructions and the OD450/650 mea-
sured after 2h on a microplate reader (Bio-Rad,
Hercules, CA, USA).

Intracellular calcium determination

The cells (2 x 10* cells per well) were incubated onto
96-well plates for 24 h and washed in PBS containing
1 mM Ca?*, 1 mM MgCl, and 0.1% bovine serum
albumin (BSA). Cells were incubated with 200 pul of
1 mg ml™! Fluo3-AM (Dojindo, Kumamoto, Japan) for
30 min in the dark. Cells were then rinsed three times in
PBS wash solution, as described above, to remove any
extra Fluo3-AM. Cells were stimulated with nicotine
and levels of calcium influx were measured by Fluoro-
Scan (Thermo Fisher Scientific Inc, Waltham, MA,
USA). The excitation wavelength was 353 and 373 nm,
and the emission wavelength was 510 nm. Non-selec-
tive nAChR antagonist, D-tubocurarine, was obtained
from Sigma (St. Louis, MO, USA). In some experi-
ments, MPDL22 cells were pretreated with 10™* M
p-tubocurarine, which was the most effective concen-
tration for inhibiting nicotine-induced calcium influx in
preliminary experiment, for 30 min before calcium
measurement. '

Mineralization assay

Histochemistry for staining calcified nodules was per-
formed using the alizarin red staining method (Dahl,
1952). Cell layers were washed twice with PBS and then
fixed in dehydrated ethanol. After fixation, the cell
layers were stained with 1% alizarin red S in 0.1%
NH,OH (pH 6.3-6.5) for 5 min. The dishes were washed
with H,O and then observed microscopically, digitized
and analyzed using the WinRoof software program
(Mitani Corporation, Fukui, Japan).

Statistical analysis

Results were analyzed for statistical significance using
the Student’s z-test. Differences were considered signif-
icant at P values <0.05.

Results

Expression of nAChRs mRNA and calcium signaling of
nAChR in MPDL22 cells

To determine whether nAChRs were expressed in
MPDL cells, mRNA was extracted from MPDL22
cells and analyzed by RT-PCR using mouse nAChR-
specific primers. As shown in Figure 1a, MPDL22 cells
were positive for a3, a4, o7 and 2 nAChR mRNA.
To investigate whether the nAChRs expressed were
functional, we analyzed cytozolic Ca®" levels using
Flou-3AM. When nicotine was used as the agonist
for nAChR, it elicited cytozolic Ca®>*. Pretreatment
with non-selective nAChR antagonist, D-tubocurarine,
reduced  nicotine-induced calcium  mobilization
(Figure 1b).

813

60 Oral Diseases



Nicotine and periodontal ligament cells
M Yanagita et al

814

(a) G

a3 a4 a7 P2

MPDL

Brain | TR

Nicotine

A with pret
/ of d-tubocurarine

4

PBS with pretreatment
of d-tubocurarine

-
[~ rpes

0 50 100 150
Time (s)
Figure 1 MPDL22 cells express functional nAChRs. (a) Expression of
nAChR mRNA in MPDL22 cells was examined by RT-PCR. The
number of PCR cycles was 33 and 24 for nAChRs and GAPDH,
respectively. G: GAPDH. (b) Effects of nicotine on calcium mobili-
zation in MPDL22 cells were monitored by measuring the fluorescence
ratio (F340/380). Cells were pretreated for 30 min in the presence or
absence of non-selective nAChR antagonist, b-tubocurarine (1074 M),
before addition of nicotine (107> M) or PBS. The arrowhead indicates
the time of application of the stimulators. The results of one
representative experiment from three identical experiments are shown

Effects of nicotine on MPDL22 proliferation

To investigate the effects of nicotine on the proliferation
response of MPDL cells, cells were cultured for 48 hin a
medium containing 1% FCS with or without nicotine.
As previous studies revealed that FGF-2 induced the
proliferation of PDL (Takayama et al, 1997), FGF-2
concentration of 100 ng ml™', which was the most
optimal concentration for MPDL proliferation in
preliminary experiment, was used as a positive control
of this assay. The exposure of 10°M to 107> M
nicotine did not induce significant proliferative
responses in MPDL22 cells (Figure 2).

0.6 *

o e e o
9 © F (2]

Proliferation OD value

o
o

0 10° 10 10 10 FGE-2
-1
Nicotine (M) (100 ng mI™)

Figure 2 Effects of nicotine on proliferation of MPDL cells. MPDL
cells were cultured with various doses of nicotine or FGF-2
(100 ng mlI™") for 2 days. Values are means + s.d. of four determina-
tions. *P < 0.05 compared with medium only
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Figure 3 Analysis of mRNA expression of ECM in MPDL cells by
RT-PCR. RNA samples were obtained from MPDL cells 2 days after
nicotine treatment (10~ M). The relative expression of each gene was
standardized against the amount in HPRT as control and the
expression of ECM in MPDL cells without nicotine was taken as
1.0. Values are means + s.d. of three or four determinations.
*P < 0.05 compared with non-treated

Effects of nicotine on mRNA expression of ALP, BSP
and osterix in MPDL22 cells

We then examined the effects of nicotine (10~ M) on
gene expression of the extracellular matrix (ECM) and
osteoblastic transcription factors (Figure 3). MPDL22
cells, which were treated with nicotine, showed signif-
icantly decreased mRNA expression of ALP, BSP and
osterix. In addition, the expression of collagen type I
and runx2 were also decreased compared with the
control, but not significantly.

Effects of nicotine on mineralized nodule formation in
MPDL22 cells

We cultured MPDL22 cells with or without nicotine in
mineralization medium and then examined mineralized
nodule formation on day 12. As shown in Figure 4a,b,
nicotine reduced alizarin red staining intensity. Even a
low concentration of nicotine (10~ M) decreased min-
eralized nodule formation by the MPDL22 cells. Inhib-
itory effects of nicotine on the mineralization were partly
abrogated by pretreatment with p-tubocurarine (Fig-
ure 4¢). Next, we examined the time dependency of
period of nicotine treatment on the inhibition of
mineralization of MPDL cells (Figure 5). As shown in
Figure 4, treatment with 107 M nicotine inhibited
mineralization of MPDL22 cells. Interestingly, treat-
ment with the same concentration of nicotine only for
the first 8 days still considerably inhibited the mineral-
ization. Similarly, nicotine treatment for both first
4 days (sample ID 4: day 0-4) and for the following
4 days (sample ID 5: day 4-8) still inhibited the
mineralized nodule formation significantly.

Discussion

Little is known about the expression of nAChR subunits
in hard tissue-forming cells. We previously reported that
human dental pulp cells express nAChRs (Yanagita
et al, 2008). In addition, a4 nAChR was expressed in
human primary osteoblasts (Walker et al, 2001) and a
recent study has reported human growth plate chon-
drocytes express a5, o7, f1 and ¢ nAChR subunits
(Kawakita et al, 2008). In this study, we found that
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Figure 4 Effects of nicotine on mineralization
of MPDL cells. (a) Effects of nicotine (107 M
to 10~ M) on mineralization in MPDL cells
were examined by alizarin red staining.
Alizarin red staining was performed after

12 days of culture in mineralization medium. 0
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staining is shown in (a) and was quantitated (c)
and normalized to alizarin staining without
nicotine. (c) Effects of p-tubocurarine on
nicotine-dependent inhibition of the mineral-
ization was examined. Alizarin red staining
was performed after 12 days of culture in
mineralization medium with nicotine
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p-tubocurarine (107 M). Results of one rep-
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experiments are shown. *P < 0.05 compared
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compared with medium only

expression of o3 a4, o7 and B2 nAChR subunits at
mRNA level, which are reportedly the most abundantly
expressed subtypes in murine brain and ganglion cells
(Gahring and Rogers, 2005; Gotti et al, 2006) are
detected in MPDL cells by RT-PCR. Unfortunately, we
did not reveal the nAChR subunit expression at protein
level in this study, and the detection of nAChR subunit
proteins by immunoblot or immunohistochemistry
remained to be the future work. Furthermore, nicotine
elicited a transient calcium influx and p-tubocurarine, a
non-selective nAChR antagonist, inhibited the calcium
signals. This suggests that the effects of smoking on
MPDL cells can be mediated via nAChR.

The results of this study show that nicotine did not
change the proliferative responses of MPDL cells. In
contrast, it was reported that nicotine has cytotoxicity
and inhibits proliferation of human gingival fibro-
blasts and periodontal ligament cells (Giannopoulou
et al, 2001; Chang et al, 2002). On the contrary, a
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recent study showed that nicotine increased the
proliferation rate of a murine preosteoblastic cell line,
MC3T3-E1 (Sato et al, 2008). In addition, our
previous study revealed that nicotine increased the
DNA amounts in human dental pulp cells (Yanagita
et al, 2008). Thus, the effect of nicotine on cellular
proliferation is still controversial and may be cell-type
dependent.

We examined the expression of some osteogenic
markers, and revealed by RT-PCR that nicotine reduced
the mRNA expression of ALP, BSP, and osterix
(Figure 3). ALP is an enzyme marker of osteoblasts
and participates in bone mineralization (Majeska and
Wauthier, 1975). BSP is a small integrin-binding ligand
N-linked glycoprotein, involved in the regulation of
mineralization (Moses et al, 2006). Osterix, the osteo-
blast-specific transcription factor, has been identified as
a modulator of bone formation and osteoblast differen-
tiation (Nakashima and de Crombrugghe, 2003). Thus,
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the inhibitory effects of nicotine on the above-mentioned
mRNA expression are correlate with that on the
mineralization of MPDL22 cells. On the contrary,
nicotine-induced BSP and collagen type I mRNA
expression but down-regulated osteopontin mRNA in
a human osteosarcoma cell line (Tanaka et al, 2005).
Another study documented that 24-h treatment of
nicotine up-regulated collagen type I, ALP and osteo-
calcin in osteosarcoma cells, but after 48 or 72-h
incubation mRINA expression of these three genes was
downregulated by nicotine in a dose-dependent manner
(Rothem et al, 2009). In the case of chondrocytes,
nicotine decreased the expression of ALP (Kawakita
et al, 2008). Thus, the effects of nicotine on the mRNA
expression of bone-related ECM also appears to be cell-
type dependent.

Alizarin red staining showed that mineralization of
MPDL22 cells was inhibited by nicotine (Figure 4a,b),
and the inhibition was partly abrogated by p-tubocura-
rine, a non-selective nAChRs antagonist (Figure 4c).
Furthermore, nicotine treatment for the first and second
4 days (sample ID 4, 5: day 0-4, 4-8) inhibited the
mineralization. This result suggests that the suppressive
effect of nicotine on the cytodifferentiation and miner-
alization of MPDL22 cells is culture-phase dependent.
The fact that nicotine treatment for the last 4 days
(sample ID 6: day 8-12) did not reduce the mineraliza-
tion may suggest that MPDL22 should be committed to
terminally differentiate at day 8. As shown in Figure 1b,
D-tubocurarine almost completely inhibited nicotine-
induced calcium influx, although suppression of miner-
alization was not completely recovered by the reagent
(Figure 4c). In the case of calcium influx experiment, the
incubation time was quite short, whereas cells were
cultured for 12 days in mineralization assay. It is
difficult at this point to establish a correlation between
the initial, transient calcium signals and the mineraliza-
tion results done on day 12. Measurement of calcium
levels in the cells at day 12 may need to be done to
accurately determine if early, transient calcium signals
are linked to mineralization via an unknown signaling
cascade.

Recently nicotine has been reported to induce p53
in osteoblasts (Sato et al, 2008). p53 is originally
identified as a tumor suppressor, and promotes cell
cycle arrest (Vogelstein et al, 2000). Interestingly it has
been demonstrated that p53 regulates osteogenic
differentiation (Wang et al, 2006). This suggests that
P53 may be involved in the nicotine-induced inhibition
of the differentiation of MPDL cells. Further studies
are required to clarify the nicotine-induced signal
cascade through nAChRs that influences the mineral-
ization.

The association between smoking and progression of
periodontal diseases, including alveolar bone loss, has
been well-investigated (Grossi et al, 1994; Grossi et al,
1995; Ryder, 2007). Nicotine alters the cellular func-
tions of PDL cells and gingival fibroblasts in vitro
(Chang et al, 2002). Smokers demonstrate impaired
periodontal tissue regeneration compared with non-
smokers (Stavropoulos et al, 2004). The inhibitory

Oral Diseases 63

effect of nicotine on the mineralization of PDL cells
partly accounts for the reason. Furthermore, smokers
have been reported to suffer decrease of bone mass,
increased risk of fracture and prolonged fracture repair
(Krall and Dawson-Hughes, 1991, 1999). The impor-
tant information is that the nicotine concentration in
smokers’ sera was 25-444 nM (Russell ez a/, 1980) and
that serum nicotine levels of non-smokers exposed to
secondhand smoke was around nM (5.9 ng ml™})
(Pacifici et al, 1995). Figure 4a showed that a low
concentration of nicotine circulating in the blood
stream (~10 nM) can negatively influence the mineral-
ization of PDL cells. These results suggest the possibil-
ity that secondhand smoke could be detrimental to
periodontal health. In addition, inflammatory cytokines
are detected in inflamed periodontal lesions, and some
of those cytokines such as IL-1f affect ECM expression
(Chien et al, 1999). Therefore, to investigate the effect
of nicotine on cytokine-induce ECM expression should
be carried out in the future.

In conclusion, we have shown that nicotine is a potent
negative regulator of cytodifferentiation and minerali-
zation in PDL cells. Our studies suggest that nicotine
causes progressing periodontal diseases and unfavorable
prognoses after periodontal treatments.
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In this study, we analyzed the effects of tensile mechanical
stress on the gene expression profile of in vitro-maintained
human periodontal ligament (PDL) cells. A DNA chip analysis
identified 17 up-regulated genes in human PDL cells under the
mechanical stress, including HOMERI (homer homolog 1) and
GRIN3A (glutamate receptor ionotropic N-methyl-p-aspartate
3A), which are related to glutamate signaling. RT-PCR and
real-time PCR analyses revealed that human PDL cells constitu-
tively expressed glutamate signaling-associated genes and that
mechanical stress increased the expression of these mRNAs,
leading to release of glutamate from human PDL cells and intra-
cellular glutamate signal transduction. Interestingly, exogenous
glutamate increased the mRNAs of cytodifferentiation and min-
eralization-related genes as well as the ALP (alkaline phospha-
tase) activities during the cytodifferentiation of the PDL cells.
On the other hand, the glutamate signaling inhibitors riluzole
and (+)-MK801 maleate suppressed the alkaline phosphatase
activities and mineralized nodule formation during the cytodif-
ferentiation and mineralization. Riluzole inhibited the mechan-
ical stress-induced glutamate signaling-associated gene expres-
sions in human PDL cells. Moreover, in situ hybridization
analyses showed up-regulation of glutamate signaling-associ-
ated gene expressions at tension sites in the PDL under orth-
odontic tooth movement in a mouse model. The present data
demonstrate that the glutamate signaling induced by mechani-
cal stress positively regulates the cytodifferentiation and miner-
alization of PDL cells.

The ability of cells to sense and respond to physical stress is
required for tissue homeostasis and normal development. In
muscle, bone, tendon, periodontium, and the cardiovascular
system, applied forces of physiological magnitude regulate cel-
lular processes that are critical for normal tissue and organ
functions, such as differentiation, proliferation, and migration
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(1). The periodontal ligament (PDL)? is a connective tissue
interposed between the roots of teeth and the inner wall of the
tooth-supporting bone (alveolar bone) socket. The PDL consti-
tutively and iatrogenically receives mechanical stress, such as
occlusal pressure and orthodontic forces, which have effects on
the homeostasis of the PDL (2). Proper mechanical stress on
teeth induces not only the proliferation and differentiation of
PDL cells into osteoblasts and cementoblasts but also the syn-
thesis and degradation of extracellular matrix (ECM) molecules
(3). For example, during orthodontic tooth movement, two
types of sites (tension sites and pressure sites) arise around the
tooth through the orthodontic force. At the tension sites, the
PDL is stretched, and the expressions of bone-related genes,
such as osteocalcin (4) and bone sialoprotein (5), are up-regu-
lated, such that bone formation is finally induced on the alveo-
lar bone facing the tooth root (6). On the other hand, at the
pressure sites, the PDL is compressed, and osteoclasts are acti-
vated. Consequently, resorption of the alveolar bone is induced.
An orchestrated balance between bone formation and resorp-
tion controls tooth movement (7). In contrast, elimination of
mechanical stress on teeth is known to cause atrophy of the
PDL in vivo (8). Kaneko et al. (9) reported that loss of occlusal
function by extraction of the antagonistic upper molars of rats
caused atrophic changes in the PDL of the lower molars, such
as narrowing of the space, disorientation of collagen fibers,
and decreases in proteoglycans. These findings indicate that
mechanical stress on teeth affects the remodeling of the PDL,
cementum, and alveolar bone. Thus, it is important to clarify
the physiological functions of mechanical stress on the PDL.
To clarify the molecular basis of the mechanical stress-regu-
lated PDL functions, we analyzed the gene expression profile of
human PDL cells receiving tensile mechanical stress in vitro.
Interestingly, an oligo-DNA chip analysis identified two gluta-
mate signaling-associated genes, HOMERI (homer homolog 1)
and GRIN3A (glutamate receptor ionotropic N-methyl-D-as-
partate 3A), among the up-regulated genes. L-Glutamate is the
most abundant amino acid in the central nervous system and
plays important roles in neurotransmission (10). Stimulation of

3 The abbreviations used are: PDL, periodontal ligament; MK801, (+)-MK801
maleate; CREB, cAMP-response element-binding protein; ECM, extracellu-
lar matrix; Ca%*, calcium ion; NMDAR, N-methyl-p-aspartate receptor; IPs,
inositol 1,4,5-trisphosphate; aRNA, amino allyl RNA; DIG, digoxigenin.
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Mechanical Stress-induced Glutamate Signaling in PDL Cells

presynaptic cells promotes the release of glutamate, and the
released glutamate induces glutamate signaling by binding to
glutamate receptors on the postsynaptic cells. In addition to the
central nervous system, glutamate signaling has been observed
in non-neural tissues, such as the taste buds (11), spleen (12),
and bone (13), and modulates various functions of each tissue
(14). However, involvement of glutamate signaling in the PDL
has not been reported. In the present study, we further analyzed
the gene expression and functions of glutamate signaling-asso-
ciated molecules in PDL cells to elucidate the roles of glutamate
signaling in the PDL.

EXPERIMENTAL PROCEDURES

Reagents—a-Modified Eagle’s medium was obtained from
Nikken Biomedical Laboratory (Kyoto, Japan). Fetal calf serum
(FCS) was purchased from JRH Biosciences (Lenexa, KS).
Riluzole, bisbenzimidazole (Hoechst 33258), and DNA sodium
salt (from calf thymus) were products from Sigma. Kanamycin,
L-glutamate, B-glycerophosphate, ascorbic acid, and p-nitro-
phenyl phosphate were obtained from Wako Pure Chemical
Industries (Osaka, Japan). (+)-MK801 maleate (MK801) was
purchased from Tocris Cookson (Bristol, UK).

Cell Culture—Human PDL cells were isolated as described
previously (15). The cells were cultured in a-modified Eagle’s
medium supplemented with 10% FCS, 50 units/ml penicillin G,
and 50 pg/ml streptomycin at 37 °C under 5% CO,. For the
induction of cytodifferentiation, human PDL cells were cul-
tured in a-modified Eagle’s medium with 10% FCS in the pres-
ence of 10 mm B-glycerophosphate and 50 ug/ml ascorbic acid
(mineralization-inducing medium). The mineralization-induc-
ing medium was replaced every 3 days.

Application of Mechanical Stress—To allow cell attachment,
10-cm? silicon membrane chambers (Scholertec, Osaka, Japan)
were coated with 0.3 mg/ml pepsin-digested collagen type 1
derived from swine (Nitta Gelatin, Osaka, Japan) according to
the Scholertec manufacturer’s instructions. Human PDL cells
were transferred to the chambers at a density of 1.5 X 10* cell/
cm? and cultured in a-modified Eagle’s medium with 10% FCS
for 3 days. The chambers were applied to a stretch apparatus,
Scholertec NS-350 (Scholertec), and the cells were repeatedly
stretched and relaxed at 37 °C under 5% CO, in vitro. The force
conditions were 0.5 Hz (30 cycles/min) with 110% elongation
for 0, 24, and 48 h. This force represented the physiological
conditions of occlusal force (16). Cells seeded on the chambers
without stretching served as controls.

Oligo-DNA Chip Analysis—Total RNA (1 ug) extracted from
the stretched human PDL cells using RNA Bee (Tel-Test Inc.,
Friendswood, TX) was targeted to synthesize experimental
amino allyl RNA (aRNA) using an Amino Allyl MessageAmp
aRNA kit (Ambion Inc., Austin, TX) according to the manufac-
turer’s protocol. Cy3 or Cy5 fluorescent dyes (Amersham Bio-
sciences) were incorporated into the aRNAs by an indirect
labeling method. The labeled aRNAs were fragmented and
hybridized to an AceGene Human Oligo Chip 30K (Hitachi
Software Engineering Co., Ibaraki, Japan) consisting of 30,000
human oligonucleotide features. After a 12-h hybridization, the
DNA chip was washed according to the manufacturer’s instruc-
tions, and the fluorescence intensities were scanned with a Scan
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Array Lite (PerkinElmer Life Sciences). The resulting image
was analyzed using Scan Array Express version 2.0. Normaliza-
tion using LOWELL was performed for data obtained from the
raw data.

Real-time RT-PCR Analysis—cDNA was synthesized from
the purified total RNA using a high capacity cDNA reverse
transcription kit (Applied Biosystems, Carlsbad, CA) according
to the manufacturer’s instructions. The obtained cDNA was
mixed with Power PCR SYBR Master Mix (Applied Biosystems)
and gene-specific primers (Takara Bio, Shiga, Japan). The
sequences of the primers are shown in supplemental Table 1.
Real-time PCR was performed using a 7300 fast real-time RT-
PCR system (Applied Biosystems) according to the manufac-
turer’s instructions. The amplification conditions consisted of
an initial 15-min denaturation step at 95 °C, followed by 40
cycles of denaturation at 94 °C for 15 s, annealing at 60 °C for
30 s, and elongation at 72 °C for 30 s. The dissociation curves
were analyzed to ensure the amplification of a single PCR
product. Three independent assays were performed for each
primer. The amount of cDNA was calculated for each sample
from the standard curve. The relative expression is shown
after normalization by the gene expression of HPRT (hypo-
xanthine phosphoribosyltransferase).

Conventional RT-PCR Analysis—The purified total RNA was
reverse-transcribed with SuperScript II reverse transcriptase
(Invitrogen) and an oligo(dT) primer (Invitrogen). The synthe-
sized cDNA was mixed with AmpliTaq Gold DNA polymerase
(Applied Biosystems) and gene-specific primers synthesized by
GeneDesign Inc. (Osaka, Japan). The sequences of the primers
are shown in supplemental Table 2. PCR was performed using a
PTC-200 Peltier thermal cycler (Bio-Rad). The amplification
conditions consisted of an initial incubation at 94 °C for 9 min,
followed by cycles of denaturation at 94 °C for 60 s, annealing at
the temperatures indicated in supplemental Table 2, and elon-
gation at 72 °C for 60 s. The PCR products were evaluated by
agarose gel electrophoresis.

Determination of Released Glutamate—The levels of gluta-
mate were determined by a modification of an enzyme-linked
fluorimetric assay according to a previously published protocol
(17). In the presence of glutamate dehydrogenase (Oriental
Yeast Co., Osaka, Japan) and -nicotinamide adenine dinucle-
otide phosphate (3-NADP™) (Oriental Yeast Co.), released glu-
tamate is oxidized to a-ketoglutarate with the production of
NADPH, which can be determined fluorometrically to quantify
the glutamate concentration. Briefly, human PDL cells were
grown in 6-well plates or stretched on chambers. The superna-
tants were collected from each well, filtered with a Minisart
0.2-um filter (Sartorius Stedim Biotech, Goettingen, Ger-
many), and prewarmed to 25 °C with 7 mm B8-NADP™ (pH 7.4).
The reaction was initiated by the addition of glutamate dehy-
drogenase (9 IU/ml). After incubation for 15 min, the absor-
bance was measured at 320 nm using a GeneQuant pro“S” spec-
trophotometer (Amersham Biosciences) and compared with
standard curves constructed using known concentrations of
L-glutamate. The DNA concentrations in the cell layers were
determined by subtracting the amount of glutamate in the
medium as the absorbance of the background in advance.
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Mechanical Stress-induced Glutamate Signaling in PDL Cells

A. pore, Temecula, CA) and a rabbit
Description Symbol Ratio anti-CREB antibody (1:1000, Milli-
pore) were used as the primary anti-
homer homolog 1 HOMERI 8.12 bodies. A horseradish peroxidase-
ciliar‘y neurotropht:c factor receptor CNTFR 6.32 linked goat anti-rabbit IgG
makt’:'vc metallopeptidase 15 MMPI5 5.24 antibody (Cappel, Aurora, OH) was
MUY 3.76 used as the secondary antibody.
unknown 3.46 Immunoreactive proteins were
down syndrome critical region gene 1 DSCRI1 2.81 detected using an ECL Plus kit (GE
leucin rich repeat interacting protein 1 LRRFIPI 2.85 Healthcare).
KIAA1409 KIAA1409 2.68 Measurement of Intracellular Ca®™*
glutamate receptor ionotropic GRIN34 2.50 Content—Fluorescence measure-
N-methyl- D-aspartate 34 ments of the intracellular Ca**
KIAA1799 KIAA1799 2.50 contents were performed using a
mucin 4 MUC4 229 Fluoskan Ascent FC spectropho-
unknown 2.29 tometer (Thermo Fisher Scien?iﬁc
mannosyl - glycoprotein beta-1,6-N- MGATS 2.29 InF" Waltham, MA) and a Calc1}1m
acetyl-glucosaminyltransferase Kit-Fluo 3 (Dojindo Labf)ratorles,
plexin DI PLXNDI 224 Kumamoto, ]ap:an) according t(') the
snbrovm 218 manufacturers’ protocols. Briefly,
angiopoietin-like 1 ANGPTLI 211 srcan, EOR ells wers seedded st
TP53TG3 protein 210 density of 1.5 X 10 cells/w‘ell ona
black 96-well plate. After incuba-
B. tion for 24 h, the cells were washed
HOMERI GRIN34 with PBS and incubated in loading
= 4r . . . buffer containing Fluo 3-AM for1h.
2 1 L 5 r The cells were washed with PBS,
7] * 7] I
S 3t 8 and then 100 ul of recording
& g 4 medium containing 0.04% Pluronic
b o F-127 and 1.25 mM probenecid was
§n 2r §o 3 added to each well. The PDL cells
o B 5 were then stimulated with 20 ul of
S 1t g L-glutamate (600 wum). The fluores-
s 8 cence intensities were immediately
4 4 measured at 1-s intervals using
B B .
s 8 0 wavelengths of 485 nm for excita-
o 0 24 48 2 0 24 48 tion and 538 nm for emission.
Time (h) Time (h) Cell Survival Analysis—Human

FIGURE 1. Gene expression profile of human PDL cells under mechanical stress. A, the oligo-DNA chip
analysis revealed the gene expression profile of human PDL cells after the application of mechanical stress for
48 h. The ratios are the relative ratio of each gene expression in the 48-h stretched cells to that in the non-
stretched cells. B, real-time RT-PCR was performed for the gene expressions of HOMERT and GRIN3A in human
PDL cells after the application of mechanical stress for 0, 24, and 48 h. The expressions of HOMER1 and GRIN3A
were normalized by the expression of HPRT. The values are shown as the relative ratios to 0 h. Values represent
the means =+ S.D. (error bars) of triplicate assays. Similar results were obtained in three separate experi-
ments, and representative data are shown. ¥, p < 0.05, compared with 0 h.

Western Blotting Analysis of Phosphorylation of cAMP-re-
sponse Element-binding Protein (CREB) in Human PDL Cells—
Human PDL cells stimulated by glutamate or mechanical stress
were lysed with cell lysis buffer (50 mm Tris-HCI, pH 7.4; 1%
Nonidet P-40; 0.25% sodium deoxycholate; 150 mm NaCl; 1 mm
EDTA; 1 mm PMSF; 1 mg/ml aprotinin, leupeptin, and pepsta-
tin; 1 mm NazVO,; 1 mm NaF; 1 uM microcystin). The protein
concentrations of the cell lysates were measured using a BCA
protein assay kit (Pierce) according to the manufacturer’s
instructions. The cell lysates were subjected to 7.5% SDS-PAGE
and then electroblotted onto polyvinylidene difluoride mem-
branes. A rabbit anti-phospho-CREB antibody (1:1000; Milli-
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PDL cells were seeded on 12-well
dishes at a density of 1.0 X 10° cells/
well. After 24 h of serum starvation,
the cells were cultured in the pres-
ence or absence of inhibitors at
specified concentrations for 0, 24,
and 48 h. The cells were then treated
with trypsin for 5 min at 37 °C and
centrifuged at 1,200 X g for 5 min. The cell pellets were resus-
pended with PBS. The live and dead cells were manually
counted with a hemocytometer after 0.5% trypan blue staining.

Determination of ALP (Alkaline Phosphatase) Activity—ALP
activities were measured according to the procedure described
by Bessey et al. (18). Briefly, human PDL cells were placed in
12-well plates at a density of 1.0 X 10° cells/well. After two
washes with PBS, the cells were sonicated in 2 ml of distilled
water at 4 °C. Next, 500 wl of Tris-HCI (1.0 M, pH 9.0), 100 ul of
MgCl, (5 mm), and 150 ul of Triton X-100 (0.04%) were mixed
with 150 ul of the supernatants. The addition of 100 ul of p-ni-
trophenyl phosphate (5 mm) as a substrate was used to deter-
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Mechanical Stress-induced Glutamate Signaling in PDL Cells
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FIGURE 2. Gene expressions and functions of glutamate signaling-associated molecules in human PDL
cells. A, human PDL cells were harvested for RNA isolation, followed by RT-PCR for the gene expressions of
glutamate signaling-associated molecules. RNA derived from the human brain was used as a positive control.
The numbers of PCR cycles were 40 for metabotropic glutamate receptors and 35 for ionotropic glutamate
receptors and glutamate vesicle transporters. The number of PCR cycles was 30 for HPRT. Representative
results of three independent experiments are shown. B, human PDL cells were labeled with the Ca?* fluores-
cent agent Fluo 3-AM and stimulated with 100 um exogenous glutamate. The fluorescence intensity was
measured to assess the intracellular Ca?™ influx. Black line (None), distilled water alone; red (Glutamate), gluta-
mate (100 um). Representative results of four independent experiments are shown. C, human PDL cells were
stimulated with glutamate (500 um) for 40 min and then lysed. The cell lysates were subjected to SDS-PAGE and
transferred to a membrane that was simultaneously probed with antibodies against phospho-CREB (P-CREB)
and CREB protein. A quantitative Western blotting analysis is shown as the ratios of the intensities of phospho-
CREB and CREB. Representative results of three independent experiments are shown.

Glutamate

tion (5 pg/ml) was added to 100 ul
of the supernatants. The fluores-
cence was monitored at an emission
wavelength of 450 nm after excita-
tion at 356 nm using a spectropho-
tometer (Fluoskan Ascent FC,
Thermo Fisher Scientific Inc.). The
concentration of DNA in the sam-
ples was determined by a standard
curve based on various concentra-
tions of calf thymus DNA.

Alizarin Red Staining—Histo-
chemical staining of Ca** was per-
formed by a modification of the
method described by Dahl (20).
Briefly, human PDL cell layers were
washed twice with PBS and then
fixed with dehydrated ethanol for 10
min. After fixation, the cell layers
were stained with 1% alizarin red S
(Wako Pure Chemical Industries) in
0.1% NH,OH (pH 6.5) for 5 min.
The wells were washed with dis-
tilled water and scanned with a
GT-9700F system (Epson, Nagano,
Japan). The density of calcified nod-
ules in each well was calculated
using the software Win ROOF ver-
sion 5.6 (Mitani, Fukui, Japan).

Preparation of a Mouse Mechani-
cal Stimulation Model by Experi-
mental Tooth Movement and Tissue
Preparation—The first molars of
6-week-old male ICR mice were
moved according to the method
described Sakai ez al. (21). Briefly, a
nickel-titanium wire, 0.012 inches
in diameter, was fixed to the maxil-
lary incisor with resin, and the right
maxillary first molar was moved
toward the palatal side for 3 days.
The force loaded was directly
measured on a plaster model
before and after the placement of
the wire in each mouse using a dial
tension gauge (DTG-10NP, Mitu-

mine the ALP activities. The samples were incubated at 37 °C
for 30 min, and 0.25 ml of 1 N NaOH was added to stop the
reaction. The absorbance of each sample was measured at 405
nm using a microplate reader (model 680; Bio-Rad). One unit of
activity was defined as the enzyme activity hydrolyzing 1 nmol
of p-nitrophenyl phosphate in 30 min.

Determination of Cellular DNA Contents—The DNA con-
tent was measured by a modification of the method of Labarca
and Paigen (19). Briefly, human PDL cells were washed twice
with PBS and sonicated on ice in 2 ml of distilled water. Hoechst
33258 was prepared by dissolution in NaCl (2 m) plus Tris-HCl
(25 mM, pH 7.5), and 25 pl of the resulting Hoechst 33258 solu-

SEPTEMBER 3, 2010+VOLUME 285-NUMBER 36

agpe, 8

toyo (Kawasaki, Japan)). A 10-g force was applied to the
tooth at 0 h, and no further adjustment was necessary during
the 3 days. The animals were anesthetized and perfused with
4% paraformaldehyde (pH 7.4). Samples of the alveolar bone
region were prepared at 12 and 24 h after the initiation of
experimental tooth movement and fixed in the above solu-
tion for ~24 h at4 °C. The specimens were decalcified in 20%
EDTA for 14 days at 4°C, dehydrated, and embedded in
paraffin. The resulting tissue blocks were cut into 7-um-
thick cross-sections and mounted on triethoxyaminopropyl-
silane-coated slides. The experimental protocol was approved
by the Animal Committee of Tohoku University.
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FIGURE 3. Effects of human PDL cells under mechanical stress on glutamate signaling. A, RT-PCR analyses
were performed for the expressions of glutamate signaling-associated genes in human PDL cells after the
application of mechanical stress for 24 h. The numbers of PCR cycles were 35 for mGluR2-R6 and VGLUT1, 30 for
GRIA3 and HPRT, 40 for GRINT and GRIN3B, and 38 for GRIN2C and GRIN2D. A quantitative analysis of the PCR
products using the software Win ROOF is shown as the ratio of the intensities of each gene expression and
HPRT. Control, non-stretched human PDL cells; Stretch, stretched cells. Representative results of three inde-
pendent experiments are shown. B, the release of glutamate was determined in supernatants from human PDL
cells after the application of mechanical stress for the indicated times. Values are shown as the relative ratios to
0 h. Values represent the means = S.D. (error bars) of triplicate assays. Similar results were obtained in three
separate experiments, and representative data are shown. ¥, p < 0.05, compared with non-stretched cells.
C, Western blotting analysis was carried out for phospho-CREB (P-CREB) and CREB proteins in human PDL cells
after the application of mechanical stress for the indicated times. A quantitative analysis is shown as the ratios
of the intensities of phospho-CREB and CREB. Similar results were obtained in three separate experiments, and
representative data are shown.

Probe Preparation—Commercial mouse Homerl, Vigutl,
Grinl (glutamate receptor ionotropic N-methyl-p-aspartate 1),
mGluR3 (metabotropic G-protein-coupled receptor 3), mGIuRS,
and mGIluR6 full-length cDNA clones were purchased from
Source BioScience Plc Geneservice (Cambridge, England). By

¢ aepe.
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using these clones as templates for
RT-PCR, we obtained the corre-
sponding c¢DNA fragments. The
DNA fragment for Homerl was 501
bp (site location from 388 to 888 bp
of accession number NM_147176),
that for Vglutl (vesicular glutamate
transporter 1) was 364 bp (site loca-
tion from 515 to 878 bp of accession
number NM_182993), that for
Grinl was 478 bp (site location from
1 to 477 bp of accession number
NM_008169), that for mGIluR3 was
509 bp (site location from 202 to
710 bp of accession number NM_
181850), that for mGIuRS was 505
bp (site location from 98 to 602 bp of
accession number NM_001081414),
and that for mGIluR6 was 485 bp
(site location from 58 to 542 bp of
accession number NM_173372).
The DNA fragment for mouse
Runx2 was 701 bp (site location
from 3324 to 4024 bp of accession
number NM_001146038), that for
mouse osteocalcin was 403 bp (site
location from 39 to 441 bp of acces-
sion number NM_007541), and that
for mouse type I collagen was 241 bp
(site location from 119 to 359 bp of
accession number NM_007742).
The fragments were subcloned into
pGEM-T Easy vectors (Promega,
Madison, W1I) and used to generate
sense and antisense probes. Digoxi-
genin (DIG)-11-UTP-labeled sin-
gle-stranded RNA probes were pre-
pared using a DIG RNA labeling kit
(Roche Applied Science) according
to the manufacturer’s instructions.
In Situ Hybridization—In situ
hybridization was performed as
described previously (4), with minor
modifications. Briefly, sections were
deparaffinized and fixed with 4%
paraformaldehyde for 20 min at
room temperature. The sections
were then washed and incubated
with 5 ug/ml proteinase K (Roche
Applied Science) in 10 mm Tris-
HC1 (pH 8) and 1 mm EDTA for 15
min at room temperature. The sec-
tions were refixed, treated with 0.2 N

HCl for 10 min at room temperature, washed again, and equil-
ibrated with 0.1 M triethanolamine-HC1 buffer (pH 8) for 2
min. Acetylation of the sections was performed by incubation
with freshly prepared 0.25% acetic anhydride for 10 min
at room temperature. The sections were dehydrated and used
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FIGURE 4. Functional analysis of glutamate signaling in human PDL cells. A, real-time RT-PCR was per-
formed for the expressions of cytodifferentiation- and mineralization-related genes, such as C-FOS, RUNX2, and
ALP, after a 12-h stimulation with exogenous glutamate (100 um). The expressions of C-FOS, RUNX2, and ALP
were normalized by the HPRT expression. Values are shown as the relative ratios to the non-stimulated controls.
Values represent the means *+ S.D. (error bars) of triplicate assays. Similar results were obtained in three
separate experiments, and representative data are shown. *, p < 0.05, compared with PBS alone. 8, human PDL
cells were cultured in the mineralization-inducing medium. Every 3 days, the supernatants of the cultured cells
were harvested, and the released glutamate was determined. Values represent the means = S.D. of triplicate
assays. Similar results were obtained in three separate experiments, and representative data are shown. *, p <
0.05, compared with day 0. C, real-time RT-PCR was performed for the expressions of CREB and IP; transcripts
during the cytodifferentiation and mineralization of human PDL cells. The expressions of CREB and IP; were
normalized by the HPRT expression. Values are shown as the relative ratios to day 0. Values represent the
means = S.D. of triplicate assays. Similar results were obtained in three separate experiments, and represent-
ative data are shown. *, p < 0.01, compared with day 0. D, human PDL cells were cultured in the mineralization-
inducing medium in the presence of exogenous glutamate, followed by measurement of the ALP activities
during the cytodifferentiation of human PDL cells. Values represent the means = S.D. of triplicate assays.
Similar results were obtained in three separate experiments, and representative data are shown. *, p < 0.05,
compared with 0 um glutamate. , real-time RT-PCR was performed for the expression of RUNX2 during the
cytodifferentiation of human PDL cells. Values represent the means * S.D. of triplicate assays. Similar results
were obtained in three separate experiments, and representative data are shown. ¥, p < 0.05, compared with

0 uMm glutamate.

for hybridization. Briefly, 0.5 ug/ml of a DIG-UTP-labeled
RNA probe was incubated at 85 °C for 3 min after dilution with
hybridization solution, and the hybridization solution was then
placed on the sections. The sections were covered with Parafilm
and incubated at 52 °C for 16 h in a moist chamber saturated
with 50% formamide. Next, the Parafilm was dislodged with 5X
SSC at 50 °C, and the sections were sequentially incubated with
50% formamide in 2X SSC for 30 min at 52 °C and TNE buffer
for 10 min. RNase A treatment (10 pg/ml) was carried out at
37 °C in TNE buffer for 30 min. After washing with 2X SSCand
0.2X SSC twice for 15 min at 52 °C, the sections were incubated
with DIG Buffer 1 for 2 min and then with 1.5% blocking rea-
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Statistical Analysis—Data were
expressed as the mean * S.D. The
statistical significance of differences
between two means was examined
by one-way analysis using Student’s
ttest with the Bonferroni correction
for multiple comparisons. p values
of less than 0.05 were considered to
indicate a significant difference.

RESULTS

Gene Expression Profile of Human
PDL Cells under Mechanical Stress—
First, we confirmed the application
system of tensile mechanical stress
to human PDL cells. After the appli-
cation of tensile mechanical stress
for 48 h, the axes of human PDL
cells were aligned perpendicularly
to the direction of the stretch force,
whereas the control cells were
aligned randomly (data not shown).
To biologically evaluate whether
the mechanical stress worked on
human PDL cells in this system, we
examined the gene expression of
C-FOS (FB] murine osteosarcoma
viral oncogene homolog), which is
known to be a mechanical stress-responsive gene (22). Real-
time PCR analysis showed that the application of mechanical
stress to human PDL cells for 48 h significantly up-regulated
the gene expression of C-FOS (data not shown). Next, utilizing
oligo-DNA chips, we analyzed the gene expression profile of
human PDL cells after the application of mechanical stress for
48 h. The DNA chip analysis identified 17 up-regulated genes
showing at least 2-fold differences in their relative intensities
between the stretched cells and the non-stretched control cells
(Fig. 1A). The full data are also accessible through the NCBI
Gene Expression Omnibus (GEO) GSE19118. These results
included the following genes with specific functions: for signal
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transduction, CNTFR (ciliary neurotropic factor receptor) and
DSCR1 (Down syndrome critical region gene 1); for ECM
remodeling, MMP15 (matrix metallopeptidase 15); for ECM
components, LRRFIPI (leucine-rich repeat interacting protein
1) and MUC4 (mucin 4 cell surface-associated). Interestingly,
we also identified two glutamate signaling-associated genes
among the up-regulated genes: HOMERI (homer homolog 1)
and GRIN3A (glutamate receptor ionotropic N-methyl-p-as-
partate 3A). HOMER! is a glutamate receptor-binding protein,
and GRIN3A is one of the glutamate receptor subunits. The
HOMERI and GRIN3A mRNA expressions in the mechani-
cally stressed human PDL cells were significantly up-regu-
lated in the real-time PCR analysis (Fig. 1B).

Functional Expression of Glutamate Signaling-associated
Molecules in Human PDL Cells—Glutamate receptors are
divided into two groups: metabotropic G-protein-coupled
receptors (mGluR1 to -8) and ionotropic ligand-gated chan-
nels. The ionotropic ligand-gated channels are subdivided into
a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate recep-
tors (GRIA1 to -4), kainite receptors (GRIK1 to -5), and
N-methyl-p-aspartate receptors (NMDARs; GRIN1, GRIN2A
to -2D, GRIN3A, and GRIN3B) (23). Vesicular glutamate trans-
porters (VGLUT1 to -3) (24) and adaptor molecules, such
as HOMERI, also participate in glutamate signaling (25).
Through our RT-PCR analysis, we found for the first time that
human PDL cells constitutively expressed the mRNAs for
mGIluR2to -6, GRIA3, GRINI1, GRIN2C, GRIN2D, GRIN3B, and
VGLUTI (Fig. 2A). Similar results were observed in human
PDL cells derived from three different donors (data not shown).
Next, we assessed whether the glutamate receptors were func-
tional in human PDL cells. Determination of the intracellular
Ca?" influx showed that 100 um exogenous glutamate appar-
ently increased the fluorescence intensity compared with the
control cells (Fig. 2B). These findings showed that exogenous
glutamate induced an intracellular Ca®>* influx, followed by glu-
tamate signaling in human PDL cells. We also analyzed the
phosphorylation of CREB, which is mediated via mGluRs (26 —
28) and promotes the cytodifferentiation of osteoblasts in vitro
and in vivo (29). Western blotting analysis showed that gluta-
mate stimulation induced the phosphorylation of CREB in
human PDL cells (Fig. 2C). These results indicated that the
glutamate receptors expressed on human PDL cells were func-
tional and that intracellular glutamate signal transduction was
activated.

Effects of Mechanical Stress on Glutamate Signaling in
Human PDL Cells—After the application of mechanical stress
to human PDL cells for 24 h, we extracted total RNA and per-
formed RT-PCR analyses. The analyses revealed that the
mechanical stress up-regulated the gene expressions of
mGluR2-6, VGLUT1, GRIN1, GRIN2C, and GRIN3B (Fig. 3A).
Interestingly, we also found that human PDL cells spontane-
ously released glutamate and that the mechanical stress signif-
icantly increased the glutamate release after 48 h (Fig. 3B). We
then assessed whether the mechanical stress induced the phos-
phorylation of CREB in human PDL cells. Western blotting
analyses revealed that the mechanical stress induced the phos-
phorylation of CREB after 48 h (Fig. 3C).
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FIGURE 5. Effects of inhibition of glutamate release on the cytodifferen-
tiation and mineralization of human PDL cells. A, the viabilities of human
PDL cells were assessed after incubation in the presence orabsence ofriluzole
for0,24,and 48 h. Values are shown as percentages relative to the numbers of
surviving cells at 0 h. Values represent the means *+ S.D. (error bars) of tripli-
cate assays. Similar results were obtained in three separate experiments, and
representative data are shown. *, p < 0.05, compared with 0 h. B, human PDL
cells were cultured in the mineralization-inducing medium in the presence or
absence of riluzole for 24 days. The release of glutamate from human PDL
cells was measured on day 9. C, the ALP activities were analyzed. D, the min-
eralized nodule formation was analyzed on day 24. A picture of the alizarin
red staining is shown on the /eft, and the densities of the alizarin red staining
analyzed by the software Win ROOF are shown on the right. E, total RNA was
extracted from human PDL cells during the cytodifferentiation and mineral-
ization of the cells. Real-time RT-PCR was performed for the gene expressions
of RUNX2 and ALP. The RUNX2 and ALP expressions were normalized by the
HPRT expression. Values represent the means * S.D. of triplicate assays. Sim-
ilar results were obtained in three separate experiments, and representative
data are shown. ¥, p < 0.05, compared with 0 um riluzole.

Functional Analysis of Glutamate Signaling in Human PDL
Cells—As shown in Fig. 44, glutamate stimulation of human
PDL cells up-regulated the gene expressions of C-FOS, ALP,
and RUNX2 (Runt-related transcription factor 2), which are
known to be cytodifferentiation- and mineralization-related
genes. These findings suggest the involvement of glutamate sig-
naling in the cytodifferentiation and mineralization of human
PDL cells. Thus, we measured the release of glutamate during
the cytodifferentiation of human PDL cells into mineralized
tissue-forming cells. We confirmed that the ALP activities
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riluzole. First, we examined the
effect of riluzole on the survival of
human PDL cells. The cell survival
assay showed that riluzole at 12.5
pM or less did not affect the viability
of human PDL cells after a 48-h
incubation (Fig. 54). We then con-
firmed the effect of riluzole on the
inhibition of glutamate release from
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FIGURE 6. Effects of inhibition of glutamate signaling via NMDARs on the cytodifferentiation and min-
eralization of human PDL cells. A, the viabilities of human PDL cells were assessed after incubation in the
presence or absence of MK801 for 0, 24, and 48 h. Values are shown as percentages relative to the numbers of
the surviving cells at 0 h. Values represent the means = S.D. (error bars) of triplicate assays. Similar results were
obtained in three separate experiments, and representative data are shown. B, the Ca** influxes in human PDL
cells in the presence or absence of MK801 were determined after stimulation of human PDL cells with 100 um
exogenous glutamate. The fluorescence intensity was measured to assess the Ca®* influxinto human PDL cells.
Zero seconds indicates the time of the stimulation with glutamate. A representative experiment of four inde-
pendent experiments is shown. C, human PDL cells were cultured in the mineralization-inducing medium in
the presence or absence of MK801, and the ALP activities were measured. D, the mineralized nodule formation
was analyzed on day 24. A picture of the alizarin red staining is shown on the left, and the densities of the
alizarin red staining analyzed by the software Win ROOF are shown on the right. Values represent the means =
S.D. of triplicate assays. Similar results were obtained in three separate experiments, and representative data

human PDL cells. As shown in Fig.
5B, we found that riluzole signifi-
cantly decreased the glutamate
release from human PDL cells dur-
ing the cytodifferentiation in a dose-
dependent manner.

To examine the effects of riluzole
on the cytodifferentiation and min-
eralization of human PDL cells, we

are shown. ¥, p < 0.05, compared with 0 um MK801.

gradually increased during culture of human PDL cells in the
mineralization-inducing medium for 21 days (data not shown).
Under these experimental conditions, the release of glutamate
from human PDL cells was increased during the process of the
cytodifferentiation and reached its peak on day 9 of long term
culture (Fig. 4B). Next, we assessed the expressions of CREB
and inositol 1,4,5-trisphosphate (IP,), which is one of second
messengers of glutamate signaling via mGluRs (26). Real-time
PCR analyses revealed up-regulation of CREB and IP; during
the cytodifferentiation of PDL cells with the exact same pattern
of glutamate secretion (Fig. 4C). These results suggested that
glutamate secreted by PDL cells induces CREB and IP; expres-
sions during the course of the cytodifferentiation. Subse-
quently, we examined the effect of the exogenous addition of
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cultured human PDL cells in the

mineralization-inducing medium in
the presence of riluzole. Riluzole significantly decreased the
ALP activities during the cytodifferentiation of human PDL
cells in a dose-dependent manner (Fig. 5C). The results of aliz-
arin red staining also showed that riluzole inhibited the miner-
alized nodule formation on day 24 during the course of the
cytodifferentiation of human PDL cells in a dose-dependent
manner (Fig. 5D). In addition, real-time RT-PCR analysis
revealed that riluzole significantly down-regulated the gene
expressions of RUNX2 and ALP during the cytodifferentiation
of human PDL cells (Fig. 5E).

Effects of Inhibition of Glutamate Signaling via NMDARs on
the Cytodifferentiation and Mineralization of Human PDL
Cells—NMDARs are specific glutamate ionotropic receptors
and are composed of heteromeric assemblies between the
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and mineralization of human PDL
cells, we examined the effects of
riluzole on the cytodifferentiation
and mineralization-related gene
expressions in human PDL cells
under mechanical stress. Real-time
RT-PCR analyses demonstrated that
the gene expressions of HOMERI
and GRIN3A were up-regulated
after a 48-h mechanical stress in the
absence of riluzole. On the other
hand, riluzole significantly inhibited
the up-regulation of the HOMERI

* * * * * and GRIN3A expressions (Fig. 7,
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FIGURE 7. Effects of glutamate signaling on mechanical stress-induced gene expressions. Real-time RT-
PCR was performed for the gene expressions of HOMER1, GRIN3A, C-FOS, RUNX2, and ALP in human PDL cells
after the application of mechanical stress for 48 h in the presence or absence of riluzole (12.5 um). Each gene
expression was normalized by the HPRT expression. Values represent the means * S.D. (error bars) of triplicate
assays. Similar results were obtained in three separate experiments, and representative data are shown.

* p < 0.05.

essential GRIN1 subunit and the other subunits (30, 31). These
receptors play an important role in the initiation of neuroplasty
and modulate intracellular Ca®>* influx, activate Ca®>*-depen-
dent enzymes such as Ca®*/calmodulin-dependent protein
kinases (CaMKII) and calcineurin, and regulate the phosphor-
ylation of proteins and gene transcription (32).

Toanalyze the effects of glutamate signaling via NMDARs on
the cytodifferentiation and mineralization of human PDL cells,
we utilized an antagonist of NMDARs, MK801. First, we exam-
ined the effect of MK801 on the survival of human PDL cells.
The cell survival assay revealed that MK801 at 100 uM or less
had no effect on the viability of human PDL cells after a 48-h
incubation (Fig. 6A). Human PDL cells were stimulated with
100 uM exogenous glutamate in the presence of MK801 to con-
firm the antagonistic effect of MK801 on the activation of
NMDARs in human PDL cells. Determination of the Ca**
influx showed that MK801 inhibited the fluorescence intensity
in a dose-dependent manner (Fig. 6B).

To examine the effects of MK801 on the cytodifferentiation
and mineralization of human PDL cells, we cultured human
PDL cells in the mineralization-inducing medium in the pres-
ence of MK801. As shown in Fig. 6C, MK801 significantly sup-
pressed the ALP activities in a dose-dependent manner during
the cytodifferentiation of human PDL cells. Alizarin red stain-
ing revealed that MK801 significantly reduced the mineralized
nodule formation on day 24 during the course of the cytodiffer-
entiation and mineralization of human PDL cells (Fig. 6D).

Effects of Glutamate Signaling on Mechanical Stress-induced
Gene Expression—To analyze the relationships among gluta-
mate signaling, mechanical stress, and the cytodifferentiation

28294 JOURNAL OF BIOLOGICAL CHEMISTRY
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Expressions of Glutamate Signaling-
associated Molecules in PDL Tissue
by Orthodontic Tooth Movement—
To establish the biological relevance
of the in vitro studies to the in vivo
situation, we investigated the gene
expressions of the glutamate signaling-associated molecules in
PDL tissue by utilizing a mouse model of orthodontic tooth
movement (21). We selected probes for Homerl, Vglutl, Grinl,
mGIluR3, mGIluRS, and mGIluR6. The upper molar teeth were
moved by an orthodontic force mediated by a closed-coil spring
for0,12,and 24 h. We observed horizontal cross-sections of the
tooth roots at the indicated time points by hematoxylin-eosin
(H&E) staining (Fig. 84, a—c). At 12 and 24 h after the applica-
tion, the root was moving to the right side in each image. In Fig.
8, tension sites were created on the left side of the root, and
pressure sites were present on the right side. At the indicated
time points, the teeth were moving in the direction of the force
within the dental sockets, and resorption and remodeling of the
alveolar bone were initially activated (Fig. 84, a—c). In situ
hybridization analyses revealed that the PDL faintly expressed
the glutamate signaling-associated molecule genes Homerl,
Vglutl, Grinl, mGIluR3, mGluRS, and mGluR6 at the base line
(Fig. 84, d, g, j, m, p, and s). Of note was the observation that
these gene expressions were up-regulated at the tension sites at
12 and 24 h after the application (Fig. 84, e, f, h, i, k, [, n, 0, q, 1,
t, and ). On the contrary, the mRNA expression levels of these
molecules were not changed at the pressure sites at 12 and 24 h
after the application (Fig. 84, e, f, i, i, k, I, n, 0, q, 1, t, and u). We
also analyzed the expressions of the cytodifferentiation and
mineralization-related genes Runx2, type I collagen, and osteo-
calcin. In situ hybridization analyses revealed that the mRNA
expression of Runx2 was observed even in normal PDL cells (at
0 h) and thereafter was only increased at the tension sites after
the application of orthodontic force (Fig. 8B, a—c). This finding
indicated that cytodifferentiation of PDL cells at the tension
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A. B.
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FIGURE 8. In vivo induction of the gene expressions of glutamate signaling-associated molecules in PDL
tissue by orthodontic tooth movement. The upper first molars of ICR mice were moved with orthodontic
force for the indicated time periods. Horizontal sections of the periodontium around the palatal root of the first
molars were stained. A, H&E staining (a-c). The gene expressions of Homerl (d-f), Vglut1 (g-i), GrinT (j-),
mGluR3 (m-o0), mGIuR5 (p-r), and mGIuRé6 (s- u) were analyzed by in situ hybridization. B, the gene expressions
of the cytodifferentiation and mineralization-related genes Runx2 (a- c), type | collagen (d-f), and osteocalcin
(g-i) were analyzed by in situ hybridization. P, PDL; R, root; B, bone. Scale bars, 200 um. Black arrow, direction of
the force application. Each inset shows a higher magnification image of the tension sites (left side). Scale bars in

the insets, 100 pm.

sites was induced by the mechanical stress in vivo. Type I col-
lagen was also expressed in the PDL at 0 h and then clearly
up-regulated at the tension sites (Fig. 8B, d—f), indicating active
synthesis of collagen fibers. Moreover, strong expression of
osteocalcin was detected near the alveolar bone at the tension
sites after 24 h of the force application (Fig. 8B, g—i), showing
that bone remodeling was activated by mechanical tensile stress
in vivo.

DISCUSSION

Mechanical stress is one of the most important factors for
maintaining the homeostasis of a variety of tissues, such as
bone, muscle, skin, and blood vessels. PDL tissues are also influ-
enced and regulated by mechanical stresses, such as occlusal
pressure and orthodontic forces. The physiological levels of the
forces regulate cellular functions and remodeling of the PDL
adequately, whereas pathophysiological forces can induce con-
nective tissue destruction and bone and teeth resorption in
periodontal diseases or inadequate orthodontic tooth treat-
ments clinically.

The signaling pathways linking mechanical stress to cell
functions are still not well described. In the present study, we
carried out a comprehensive microarray analysis to assess the
influences of physiological tensile mechanical stress on human
PDL cells in vitro and identified the up-regulation of gluta-
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mate signaling-associated genes.
We further revealed that a
mechanical stretch applied to
human PDL cells induced their
cytodifferentiation and mineral-
ization through activation of glu-
tamate signaling pathways.

In this study, we identified 17 up-
regulated genes, including CNTFR,
DSCRI, MMP15, LRRFIPI, PLXNDI,
and ANGPTLI, in human PDL cells
after a 48-h mechanical stress using
a DNA chip analysis. Interestingly,
de Araujo et al. (33) reported a
microarray analysis of human PDL
cells under compressive forces
using an in vitro three-dimensional
culture system. They identified sev-
eral up-regulated genes, including
inflammation-related  molecules,
such as COX-2 (cyclooxygenase-2),
PGE, (prostaglandin E,), IL-6
(interleukin-6), and IL-18 (interleu-
kin-1p3), which were not listed in our
present study. These findings sug-
gest that mechanical compressive
stress tends to induce inflammation
and destructive responses, whereas
tensile stress induces cytodifferenti-
ation and remodeling responses in
PDL cells in vivo, similar to those
in orthodontic treatments, CNTFR
encodes a receptor for ciliary neuro-
tropic factor, which is known to be a growth factor. Ciliary
neurotropic factor has been implicated in the regulation of cell
survival and cytodifferentiation in the brain (34). DSCRI, the
product of a chromosome 21 gene highly expressed in the brain,
is located in the minimal candidate region for the Down syn-
drome phenotype. DSCR1 protein encoded by the gene inter-
acts with calcineurin A to inhibit calcineurin-dependent signal-
ing pathways and induce anti-inflammatory reactions (35).
MMPIS is a member of the matrix metalloproteinase (MMP)
family and promotes ECM remodeling (36). LRRFIP1 (leucine-
rich repeat (in FLII)-interacting protein 1), which is an ECM
component, occupies a tumor necrosis factor-a (TNF-a) pro-
moter site and appears to act as a repressor of TNF-a produc-
tion (37). PLXND1 (Plexin D1) (38) and ANGPTLI (angiopoi-
etin-like 1) (39) are both associated with vasculogenesis and
angiogenesis. In summary, the differentiation, proliferation,
ECM remodeling, and angiogenesis induced by mechanical
stress may contribute to arranging the optimal microcircum-
stances for the homeostasis and remodeling of PDL tissue.
Among these up-regulated genes, we found two glutamate sig-
naling-associated genes, HOMERI and GRIN3A. HOMERI
encodes a member of the homer family of dendritic proteins
and regulates intracellular Ca>*. HOMER connects group 1
mGluRs, such as mGluR1 and mGluR5, to other scaffolding
proteins (40). GRIN3A encodes a subunit of NMDAR, which
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belongs to the superfamily of glutamate-regulated ion chan-
nels. Further analyses revealed that in addition to HOMERI and
GRIN3A, human PDL cells constitutively and functionally
expressed glutamate signaling-associated molecules, including
glutamate and its receptors. We also demonstrated that the
application of mechanical stress to human PDL cells up-regu-
lated the expressions of glutamate signaling-associated genes,
increased the secretion of glutamate from the cells, and induced
intracellular signal transduction. These results reveal that
mechanical stress activates glutamate signaling pathways in
human PDL cells.

Recently, glutamate signaling has been reported to be
involved in bone metabolism (41). There are some similarities
between PDL cells and osteoblasts, in that PDL cells can differ-
entiate into mineralized tissue-forming cells when they are
cultured in mineralization-inducing medium iz vitro (42). The
induction of the cytodifferentiation of human PDL cells
increased the release of glutamate from human PDL cells as
well as CREB and IP; transcription. Exogenous glutamate
enhanced the ALP activities and RUNX2 expression during the
cytodifferentiation of human PDL cells. These results suggest
that glutamate signaling promotes the cytodifferentiation and
mineralization of human PDL cells. The suppression of ALP
activities and calcified nodule formation of human PDL cells by
riluzole, an inhibitor of glutamate release, and MK801, an
antagonist of NMDARSs, strengthens the notion that glutamate
signaling is crucial for the cytodifferentiation and mineraliza-
tion of human PDL cells. The analyses utilizing MK801 sug-
gested that glutamate signaling via NMDARs contributes to the
enhancement of the cytodifferentiation and mineralization of
human PDL cells. The effects of antagonists for other glutamate
receptors on the cytodifferentiation and mineralization of
human PDL cells warrant further investigation.

Mechanical stress has been reported to induce the expres-
sions of cytodifferentiation and mineralization-related genes in
osteoblasts (43). However, the molecular mechanism of the
activation of osteoblasts that leads to bone remodeling has not
been fully elucidated. In this study, we confirmed that human
PDL cells up-regulated the gene expressions of C-FOS, RUNX2,
and ALP under mechanical stress. On the other hand, riluzole
inhibited the up-regulation of the mechanical stress-induced
gene expressions of C-FOS, RUNX2, and ALP. These results
suggest that glutamate signaling controls the upstream of the
mechanical stress-induced gene expressions and clearly dem-
onstrate the involvement of glutamate signaling in the mechan-
ical stress-induced cytodifferentiation and mineralization of
human PDL cells.

Orthodontic tooth movement has been defined as the result
of biological responses to mechanical stress applied to a tooth
and is achieved by PDL and alveolar bone remodeling. Bone
formation and resorption are induced at the tension sites and
pressure sites, respectively. The in situ hybridization analyses
revealed that the expressions of the glutamate signaling-associ-
ated genes Homerl, Vglutl, Grinl, mGIluR3, mGIluRS, and
mGluR6 were clearly up-regulated in the tension sites of the
PDL under orthodontic tooth movement iz vivo. Up-regulation
of the cytodifferentiation and mineralization-related genes
Runx2, type I collagen, and osteocalcin was observed in the
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tension sites. These findings strongly support our iz vitro data
indicating that glutamate signaling was induced by the tensile
mechanical stress and promoted the cytodifferentiation and
mineralization of PDL cells. According to a previous report that
tensile force activates PDL cells and modulates PDL remodel-
ing by the induction of ECM synthesis and degradation (32), we
consider that the glutamate signaling-associated molecules are
also modulated together with the activation of PDL cells and
PDL remodeling in response to mechanical stress.

In conclusion, we have demonstrated that mechanical stress
induces glutamate signaling in the PDL, resulting in enhance-
ment of the cytodifferentiation and mineralization of PDL cells.
These findings suggest that mechanical stress-induced gluta-
mate signaling is involved in the homeostasis, remodeling, and
regeneration of periodontal tissue.
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Fibroblast Growth Factor-2
Stimulates Directed Migration of
Periodontal Ligament Cells via
PI3K/AKT Signaling and CD44/
Hyaluronan Interaction
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TOMOKO HASHIKAWA, MANABU YANAGITA, SATORU YAMADA, anp SHINYA MURAKAMI*
Division of Oral Biology and Disease Control, Department of Periodontology, Osaka University Graduate School of Dentistry,
Osaka, Japan

Fibroblast growth factor-2 (FGF-2) regulates a variety of functions of the periodontal ligament (PDL) cell, which is a key player during tissue
regeneration following periodontal tissue breakdown by periodontal disease. in this study, we investigated the effects of FGF-2 on the
cell migration and related signaling pathways of MPDL22, a mouse PDL cell clone. FGF-2 activated the migration of MPDL22 cells and
phosphorylation of phosphatidylinositol 3-kinase (PI3K) and akt. The P13K inhibitors, Wortmannin and LY294002, suppressed both cell
migration and akt activation in MPDL22, suggesting that the PI3K/akt pathway is involved in FGF-2-stimulated migration of MPDL22 cells.
Moreover, in response to FGF-2, MPDL22 showed increased CD44 expression, avidity to hyaluronan (HA) partly via CD44, HA
production and mRNA expression of HA synthase (Has)-1, 2, and 3. However, the distribution of HA molecular mass produced by
MPDL22 was not altered by FGF-2 stimulation. Treatment of transwell membrane with HA facilitated the migration of MPDL22 cells
and an anti-CD44 neutralizing antibody inhibited it. Interestingly, the expression of CD44 was colocalized with HA on the migrating
cells when stimulated with FGF-2. Furthermore, an anti-CD44 antibody and small interfering RNA for CD44 significantly decreased
the FGF-2-induced migration of MPDL22 cells. Taken together, PI3K/akt and CD44/HA signaling pathways are responsible for
FGF-2-mediated cell motility of PDL cells, suggesting that FGF-2 accelerates periodontal regeneration by regulating the cellular functions

including migration, proliferation and modulation of extraceliular matrix production.

J. Cell. Physiol. 226: 809821, 201 1. @ 2010 Wiley-Liss, Inc.

Cell migration is essential for embryogenesis, tissue
development, wound healing, and tissue regeneration. This
cellular event requires coordinated multiple processes such
as activation of related signaling pathways, membrane-linked
cytoskeleton reorganization, causing specific structural changes
in the plasma membrane, and interaction with the extracellular
matrix.

Phosphatidylinositol 3-kinase (PI3K) is associated with cell
polarization and migration in a wide range of cell types (Derman
et al., 1997; Ren and Schwartz, 1998; Cantley, 2002; Weiner
etal,, 2002). Polarized accumulation of phospholipid PI(3,4,5)P3
and its product is seen via PI3K for establishment of cell polarity
and migration during chemotaxis. In addition, PI3K and its
downstream kinase effector akt are known to regulate
cytoskeletal rearrangements, cell migration, apoptosis, and
other biological functions.

As one of the key extracellular matrices involved in cell
migration, hyaluronan (HA) has been receiving particular
attention. HA is a linear glycosaminoglycan composed of
repeating disaccharides of glucuronic acid and N-
acetylglucosamine: [B1,4-GlcUA- B1,3-GlcNAc-] and is
ubiquitously distributed in the body. HA is synthesized at the
inner face of the plasma membrane by HA synthase (Has). A
wide variety of mediators regulate the HA synthesis and in turn
modulate physiological and pathophysiological conditions via
HA. So far, HA has been reported to be involved in not only
matrix organization, but also cell adherence, cell migration,
cell proliferation. In the early phase of tissue repair, enhanced
expression of HA precedes other glycosaminoglycan (Lammi
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et al.,, 2001), leading to facilitation of cell motility and
subsequent tissue remodeling.

CD44, a cell surface molecule, is one of the major receptors
for HA. The intracellular portion is linked to actin filaments and
mediates intracellular signal transduction. Interestingly, CD44
has been reported to be present on the leading edge of
migrating cells (Thorne et al., 2004). The interaction of CD44
with HA activates Racl and in turn regulates the formation
of cytoskeleton-mediated membrane protrusions and cell
migration (Bourguignon et al., 2000). Myoblasts derived
from CD44-deficient mouse lacked the chemotaxis seen in the
wild-type myoblasts (Mylona et al., 2006). In addition, CD44-
deficient fibroblasts revealed less directional migration and less
efficiency of wound closure in wound healing assay in spite of
the increased motility compared with the wild type (Acharya




