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smaller and limited than that under eccentric contraction, it is
also known that gene expression response is produced under
concentric muscle contraction. Chan et al. (2004) studied
cytokine gene expression in human skeletal muscle after
concentric contraction and showed that IL-6 and IL-8 mRNA
expressions significantly increased [7]. Most recently, Mcken-
zie and Goldfarb (2007) evaluated the gene transcription in rat
soleus after aerobic exercise (running on the treadmill for 2 h)
using microarray technique and identified that 52 genes
significantly altered by the exercise {8]. In their report, the
major gene families altered were metabolism, apoptosis,
muscle contraction, transcription/cell signaling, tissue genera-
tion, and inflammation.

Based on above studies, dramatic molecular responses of
masticatory muscles would be predicted during and after
contraction. However, since it is known that the anatomical
characteristics (e.g., fiber type, diameter) of jaw-closing muscle
fibers are different from those of limb and abdominal muscles
[9-12], masticatory muscles would be expected to have a wider
repertoire of contractile protein expression and function [13].
These anatomical differences lead us to suspect that the
biological characteristics of masticatory muscles may also be
different from those of the limb muscles. In order to clarify the
molecular responses of masticatory muscle to contraction, a
specific experiment is needed. We purposed to evaluate the

comprehensive gene expression profile changes induced in the

mouse masseter muscle tissue after repetitive electrical
stimulation, by using a cDNA microarray technique.

2. Materials and methods
2.1. Animals

Nine male ICR mice aged 10 weeks were used in this
study. Under general anesthesia (urethane:pentobarbi-
tal=1:1, 0.14 ml/100 g) by intraperitoneal injection, each
mouse was set on a platform in a supine position and the
. upper incisors were secured to the platform. One centimeter
skin cut was performed on both cheek region to expose the
masseter muscle proper. Bipolar electrodes were set on the
right masseteric fascia to electrically stimulate the masseter
muscle (8 V, 10 Hz, 20 ms) for 30 min. The left side masseter
muscle was kept exposed for 30 min but was not stimulated.
To confirm the repetitive muscle contraction was induced,
both masseter muscles were observed visually during the
experiment. To prevent drying of the muscle tissues, mineral
oil (SIGMA, St. Louis, MO, USA) was dropped over both
masseter muscles during the electrical stimulation period.
After cessation of the stimulation, each mouse was kept on
the platform and bilateral masseter muscle tissues were
sampled 0 h (n =3), 1 h (n=3) and 2 h (n = 3). The obtained
muscle tissues were immediately frozen by liquid nitrogen
for later RNA isolation. The experimental protocol of this
study was reviewed and approved by the animal research
control committee of Okayama University Graduate School
of Medicine, Dentistry and Pharmaceutical Sciences (#OKU-
2006188).
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2.2. RNA extraction and probe preparation

Masseter muscle total RNA was isolated from each
individual sample with TRIzop Reagent® (Invitrogen, Carls-
bad, CA, USA) according to the manufacture’s instructions and
pooled group-wise for analysis. Muscle samples weighing
approximately 50 mg each were homogenized in 1 mL of
TRIzoL. Following chloroform extraction, RNA was precipi-
tated with isopropyl alcohol and washed with 70% ethanol. The
purity and concentration of RNA were determined by
measurement of absorbance at 260 and 280 nm.

Total RNA samples (35 ng) were labeled with Cy3-dCTP
(as stimulation side) or Cy5-dCTP (as control side) using the
Cyscribe First-Strand c¢cDNA Labelling Kit (Amercham
Biosciences, Amersham Place Little Chalfont Buckingham-
shire, England) according to the manufacture’s instructions.

2.3. Microarray hybridization and signal detection

Fluorescently labeled samples were processed and hybri-
dized with cDNA microarray slide (Mouse 6.4 k oligo DNA
Microarray, Nippon Laser & Electronics Lab, Nagoya, Japan),
which is aminosilane-coated slide-glass, contains the 6400
marker genes representing 12 important functional classifica-
tions: (1) apoptosis, (2) stem cell, (3) neuroscience, (4)
developmental/regenerative disease, (5) cancer, (6) diabetes/
obesity, (7) cell cycle, (8) extracellular matrix and adhesion
molecules, (9) autoimmune/inflammatory disease, (10) tox-
icology and drug metabolism, (11) cardiovascular disease, and
(12) signal transduction. Hybridization procedure was per-
formed using UltraGAPS Coated Slides (Corning, Lowell, MA,
USA) according to the manufacture’s instructions, then
poly(A)RNAMN (TAKARA, Otsu, Japan) was mixed with
labeled samples as the spiking controls. The hybridized slides
were scanned with GenePix 4000B (Molecular Devices,
Sunnyvale, CA, USA) using appropriate gains on the
photomultiplier tube (PMT) to obtain the highest intensity
without saturation. TIFF image was generated for each channel,
Cy3 and Cy5. The signal intensity was transformed to
numerical value with the Array Vision (IMAGING Research
Inc., Ontario, Canada).

2.4. Data analysis

Probe arrays were then scanned and analyzed to calculate the
signal density using the computer software (Mouse DNA Chip
Consortium ver.1, INTEC Web and Genome Informatics
Corporation, Tokyo, Japan). Spots with background-subtracted
intensity, which were lower than 0 in either Cy3 or Cy5 channel
were filtered out. Global normalization was then applied to
correct the artifacts caused by different dye incorporation rates
or scanner settings for two dyes. Additionally, the digital
signals were normalized with the Lowess algorithm (0.33).
Gene expression profiles were compared at edch time point
between the right (stimulation side) and left (control side)
masseter. The ratio of each side gene expression (right/left) was
indicated as a logarithm in the data table. When the gene
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Fig. 1. (Continued).

expression levels were different more than 2-fold (log 2 > 1:
up-regulated or log 2 < —1: down-regulated), the difference

was regarded positive [14].

3. Results

Of the 6400 genes assessed, 1733 genes were up-regulated
and 515 genes were down-regulated from the stimulation side at
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least once during the experimental time points. 28 genes were
up-regulated and 25 genes were down-regulated at all time
points. However, those 53 genes could not be classified into any
functional categories, because they all were not listed in the
gene annotation database (FANTOM II, GenBank and
UniGene). The genes which showed positive differences
between right and left masseter at each time point are shown
in Fig. 1 in each functional category. As shown in Fig. 1, the up-
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course.

or down-regulated genes at least once during the experimental
time course were associated with autoimmune/inflammatory
disease (28/114), cardiovascular disease (17/61), neuroscience
(12/50), apoptosis (27/93), diabetes/obesity (9/28) and signal
transduction (66/250) and others.

Since previous studies provided the data to support the
notion that several kinds of cytokines play important role for
muscle metabolism changes related to muscle contraction
-[7,15-20], the data on ‘cytokine and inflammatory response’
were also analyzed in detail. As a result, 11 genes in relation to
‘cytokine and inflammatory response’ were up-regulated at
least once during the three time points in this study (Fig. 2). In
particular, marked expression changes were observed in CD80
antigen, bone morphogenetic protein 7, interleukin 6 receptor
alpha, and RIKEN cDNA 2210410K23 gene during the
experimental time course. The expression levels of these genes
were over 4-fold when compared with those in not stimulated
contralateral side.

4. Discussion

In order to improve our understanding of the molecular
events underlying masticatory muscle contraction, mRNA
expression profiling in mouse masseter after repetitive muscle
contraction was performed. In this study, concurrent measure-
ment of the magnitude of masseter contraction during electrical
stimulation was not elected since EMG needle electrodes could
induce local inflammation in muscle proper. However, we did
insert the needle electrode into the masseter muscle tissue in our
pilot study using several mice to confirm proper muscle activity
was consistently induced by the level of electrical stimulation
used in this experiment. Additionally, repetitive muscle
contractions were certainly confirmed visually during the
experiments. For these reasons, it is considered that our
electrical stimulation method used in this study actually
induced masseter muscle activity.

Overall a fairly dramatic molecular response in mouse
masseter muscles were observed and of the 6400 genes
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assessed, 1733 genes were up-regulated and 515 genes were
down-regulated on the stimulation side at least once during the
experimental time points. This data does not allow us to
determine the functional meaning of these gene expression
changes at this stage. Also, the mRNA expression levels of
cytokines were carefully analyzed, because it is known that the
several cytokines play important role for muscle metabolism
changes related to muscle contraction [7,15-21]. Several kinds
of cytokine mRNA levels changed after the cessation of the
electrical stimulation. Previous study demonstrated that IL-6
gene expression levels significantly increased after cessation of
the repetitive contraction using rat masseter muscle [21]. Other
research findings also suggested that up-regulation of IL-6 and
IL-6 receptor gene expression in muscle tissues can be a good
marker of muscle contraction [15,17-23]. Therefore, we paid
attention to the IL-6 receptor alpha gene levels. Since the up-
regulation of IL-6 receptor alpha gene was certainly observed,
these results suggest the excellent validity of this experimental
muscle contraction model. Regarding the function of IL-6
produced in contracting muscle tissues, several reports suggest
it may work as an energy sensor within the muscle cells [24].
Other organs also release IL-6 during exercise; however,
muscle-derived IL-6 seems to play an important role in
signaling between the muscles and other organs in order to
maintain energy supply. Moreover, muscle-derived IL-6 is
likely to initiate many of the exercise associated immune
changes, as IL-6 can increase plasma levels of the cytokines IL-
1 ra and IL-10, together with cortisol and blood neutrophils
[19]. It is also known that IL-6 inhibits low-level TNF-a
production [23], thus anti-inflammatory effect of IL-6 is widely
speculated by numerous researchers.

Before closing the manuscript, we would like to mention the
shortcomings of the study. Since the array slides utilized in this
study could not measure the every gene which is known to
express in skeletal muscle tissues, we need to recognize that
there will be other genes that show larger expression changes by
electrical stimulation. Additional research studies, which are
under consideration of these matters, would be desirable.

In summary, the present study found that the dramatic gene
expression changes were induced by the repetitive electrical
muscle stimulation in mouse masseter using microarray
technique. These data will provide useful information for the
scientists whose research target is a further understanding of”
masticatory muscle biology. In addition to the mRNA expression
levels analyzed in this study, evaluation of other gene expression
levels, which were not involved on the microarray slide utilized
in current study, is also needed. Furthermore, by using the
assessment of protein production levels in masticatory muscles
during and after muscle contraction is promising to get better
understanding of the masticatory muscle biology.

5. Conclusions

Within the limitation of this study, the results suggested that
the dramatic gene expression changes were induced by the
repetitive electrical muscle stimulation in mouse masseter
muscle.

242



T. Ono et al./Journal of Prosthodontic Research 54 (2010) 3641 41

Acknowledgements

This study was partially supported in part by grant-in-aids
for scientific research from the Ministry of Education, Science,
Sports, and Culture of Japan (for KM: #12671883, #18659572,
and for TK: #13877327). A preliminary report was presented at
the 82th General Session and Exhibition of the IADR, 3/12/
2004, Hawaii, USA.

References

[1} Fricton JR, Kroening R, Haley D, Siegert R. Myofascial pain syndrome of
the head and neck: a review of clinical characteristics of 164 patients. Oral
Surg Oral Med Oral Pathol 1985,60:615-23.

[2] Bush FM, Whitehill JM, Martelli MF. Pain assessment in temporoman-
dibular disorders. Cranio 1989;7:137—43.

[3] Dao TT, Lund JP, Lavigne GJ. Comparison of pain and quality of life in
bruxers and patients with myofascial pain of the masticatory muscles. J
Orofac Pain 1994;8:350-6.

(4] Glaros AG, Tabacchi KN, Glass EG. Effect of parafunctional clenching on
TMD pain. J Orofac Pain 1998;12:145-52.

[5] van Selms MK, Lobbezoo F, Wicks DJ, Hamburger HL, Naeije M.
Craniomandibular pain, oral parafunctions, and psychological stress in
a longitudinal case study. J Oral Rehabil 2004;31:738-45.

[6] Chen YW, Hubal MJ, Hoffman EP, Thompson PD, Clarkson PM. Mole-
cular responses of human muscle to eccentric exercise. J Appl Physiol
2003;95:2485-94.

[7) ChanMH, Carey AL, Watt MI, Febbraio MA. Cytokine gene expression in
human skeletal muscle during concentric contraction: evidence that IL-8,
like IL-6, is influenced by glycogen availability. Am J Physiol Regul
Integr Comp Physiol 2004;287:R322-7.

[8) Mckenzie MJ, Goldfarb AH. Aerobic exercise bout effects on gene
transcription in the rat soleus. Med Sci Sports Exerc 2007;39:1515-21.

[9] Tuxen A, Kirkeby S. An animal model for human masseter muscle:
histochemical characterization of mouse, rat, rabbit, cat, dog, pig, and
cow masseter muscle. J Oral Maxillofac Surg 1990:;48:1063-7.

{10] Rowlerson A, Mascarello F, Veggetti A, Carpene E. The fibre-type
composition of the first branchial arch muscles in carnivora and primates.
J Muscle Res Cell Motil 1983;4:443-72.

243

[11]) Desaki J, Fujita H, Okumura N, Sakanaka M. Immuno-electron-micro-
scopic localization of basic fibroblast growth factor in the dystrophic mdx
mouse masseter muscle. Cell Tissue Res 1992;270:569-76.

[12] Muller J, Vayssiere N, Royuela M, Leger ME, Muller A, Bacou F, et al.
Comparative evolution of muscular dystrophy in diaphragm, gastrocne-
mius and masseter muscles from old male mdx mice. J Muscle Res Cell
Motil 2001;22:133-9.

[13] Sciote JJ, Horton MJ, Rowlerson AM, Link J. Specialized cranial muscles:
how different are they from limb and abdominal muscles? Cells Tissues
Organs 2003;174:73-86.

[14} Schena M, Shalon D, Heller R, Chai A, Brown PO, Davis RW. Parallel
human genome analysis: microarray-based expression monitoring of 1000
genes. Proc Natl Acad Sci USA 1996;93:10614-9.

[15] Jonsdottir [H, Schjerling P, Ostrowski K, Asp S, Richter EA, Pedersen BK.
Muscle contractions induce interleukin-6 mRNA production in rat skeletal
muscles. J Physiol 2000;528:157-63.

[16] Sasaki F, Shindoh C, Niwa T, Ohtaka T, Shindoh Y. Effects of interleukin-
18 on diaphragm muscle contraction on rats. Tohoku J Exp Med
2002;196:269-80.

[17] Steensberg A, Keller C, Starkie RL, Osada T, Febbraio MA, Pedersen BK.
IL-6 and TNF-alpha expression in, and release from, contracting human
skeletal muscle. Am J Physiol Endocrinol Metab 2002;283:E1272-8.

[18] Pedersen BK, Steensberg A, Keller P, Keller C, Fischer C, Hiscock N, etal.
Muscle-derived interleukin-6: lipolytic, anti-inflammatory and immune
regulatory effects. Pflugers Arch 2003;446:9-16.

[19] Steensberg A. The role of IL-6 in exercise-induced immune changes and
metabolism. Exerc Immunol Rev 2003,9:40-7.

[20} Rosendal L, Sogaard K, Kjaer M, Sjogaard G, Langberg H, Kristiansen J.
Increase in interstitial interleukin-6 of human skeletal muscle with
repetitive low-force exercise. J Appl Physiol 2005;98:477-81.

[21} Ono T, Maekawa K, Watanabe S, Oka H, Kuboki T. Muscle contraction
accelerates IL-6 mRNA expression in the rat masseter muscle. Arch Oral
Biol 2007;52:479-86.

[22} Keller C, Steensberg A, Hansen AK, Fischer CP, Plomgaard P, Pedersen
BK. Effect of exercise, training, and glycogen availability on IL-6 receptor
expression in human skeletal muscle. J Appl Physiol 2005;99:2075-9.

[23] Pedersen BK, Steensberg A, Fischer C, Keller C, Keller P, Plomgaard P,
et al. The metabolic role of IL-6 produced during exercise: is IL-6 an
exercise factor? Proc Nutr Soc 2004;63:263-7.

[24] Hoene M, Weigert C. The role of interleukin-6 in insulin resistance, body
fat distribution and energy balance. Obes Rev 2008;9:20-9.



Neuroscience 159 (2009) 1422-1429

BOTULINUM TOXIN TYPE A (150 kDa) DECREASES EXAGGERATED
NEUROTRANSMITTER RELEASE FROM TRIGEMINAL GANGLION
NEURONS AND RELIEVES NEUROPATHY BEHAVIORS INDUCED BY
INFRAORBITAL NERVE CONSTRICTION
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Abstract—Many patients with trigeminal neuropathies suffer
severe chronic pain which is inadequately alleviated with cen-
trally-acting drugs. These drugs also possess severe side ef-
fects making compliance difficult. One strategy is to develop
new treatments without central side effects by targeting periph-
eral sensory neurons, since sensory neuron excitability and
neurotransmitter release increase in chronic pain states. Such
treatments may include the highly purified botulinum toxin type
A 150 kDa (BoNT/A) which reportedly blocks vesicular neuro-
transmitter release. We set out to determine if experimental
trigeminal neuropathy induced by infraorbital nerve constric-
tion (IoNC) in rats could alter neurotransmitter release from
somata of trigeminal sensory neurons and if it could be atten-
uated by BoNT/A. Thus, we monitored the secretory activity of
acutely dissociated trigeminal ganglion (TRG) neurons from naive
and lIoNC rats by measuring the fluorescence intensity of the
membrane-uptake marker (N-(3-triethylammoniumpropyl)-4-(6-(4-
(diethylamino)phenyljhexatrienyl)pyridinium dibromide (FM4-64).
FM4-64 staining showed that neurons possess a pool of recycled
vesicles which could be released by high KCI (75 mM) application.
BoNT/A pre-treatment of acutely dissociated TRG neurons from
naive rats significantly reduced the rate of FM4-64 dye release.
Neurons isolated from TRG ipsilateral to IoNC exhibited signifi-
cantly faster onset of FM4-64 release than neurons contralateral to

*Corresponding author. Tel: +81-86-235-6680; fax: +81-86-235-6684.
E-mail address: kuboki@md.okayama-u.ac.jp (T. Kubaki).
Abbreviations: BoNT, botulinum toxin; BoNT/A, botulinum toxin type A;
CGRP, calcitonin gene-related peptide; CLS, confocal laser scanning; CNS,
central nervous system; FBS, fetal bovine serum; FM4-64, (N-(3-triethyl-
ammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium
dibromide; HBSS, Hanks' balanced salt solution; HWT, head withdrawal
threshold; 1B4, isolectin B4; IoN, infraorbital branch of the trigeminal
nerve; loNC, infraorbital nerve constriction; i.p., intraperitoneal; MEM,
minimal essential medium; N-VGCC, N-type voltage-gated calcium chan-
nel; SNAP25, synaptosomal-associated protein, 25 kDa; SNARE, soluble
N-ethylmaleimide sensitive factor attachment protein receptor; TN, tri-
geminal neuralgia; TRG, trigeminal ganglion; TTX, tetrodotoxin.

IoNC (sham surgery). loNC also produced long-lasting ipsilat-
eral tactile allodynia, measured as large decreases of with-
drawal thresholds to mechanical stimulation. Intradermal injec-
tion of BoNT/A in the area of infraorbital branch of the trigeminal
nerve (loN) innervation alleviated loNC-induced mechanical al-
lodynia and reduced the exaggerated FM4-64 release in TRG
neurons from these rats. Our resuits suggest that BoNT/A de-
creases neuropathic pain behaviors by decreasing the exagger-
ated neurotransmitter release from TRG sensory neurons.
© 2009 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: botulinum toxin, neurotoxin, trigeminal ganglion,
neurotransmitter release, somata, tactile allodynia.

Trigeminal neuralgia (TN) is one of the classic neuropathic
pain disorders characterized by recurrent episodes of in-
tense, lancinating pain felt in one or more divisions of the
trigeminal distribution, either spontaneously or on gentle
tactile stimulation of a trigger point on the face or in the oral
cavity (Fromm, 1989; Rappaport and Devor, 1994). The
treatment of TN continues to be a major therapeutic chal-
lenge. While the antiepileptic drug, carbamazepine, con-
tinues to be the treatment of choice (Zakrzewska and
Patsalos, 1992; Li et al., 2004), a substantial proportion of
patients tolerate this drug poorly because of central ner-
vous system (CNS) side effects (e.g. dizziness, drowsiness).
More effective and safer drugs are therefore required to treat
debilitating neuropathic pain conditions such as TN.
Various rodent models of peripheral nerve injury have
been developed which mimic human neuropathy symp-
toms of tactile allodynia, thermal hyperalgesia and spon-
taneous pain (Bennett and Xie, 1988; Kim and Chung,
1992; Seltzer et al., 1990; Mosconi and Kruger, 1996; Vos
et al., 1994). It is now well established that the hyperex-
citability of injured or neighboring primary sensory neurons
is a major contributor to the development and maintenance
of these neuropathy behaviors (reviewed in Gold, 2000;
Devor, 2006; Dray, 2008). Neuropathic hyperexcitable af-
ferents are also expected to exhibit increases in excitatory
neurotransmitter release. Such increases in glutamate and
neuropeptides have been demonstrated in the spinal dor-
sal horn of neuropathic rats (Skilling et al., 1992; Mark et
al., 1998; Gardell et al., 2003; Coderre et al., 2005). Trans-
mitter release is generally considered to occur at the pe-
ripheral and central terminals of primary sensory neurons.
However, the somata of neurons in sensory ganglia were
also demonstrated to be capable of transmitter release
(Huang and Neher, 1996; Ulrich-Lai et al., 2001; Neubert
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et al., 2000; Matsuka et al., 2001). Additional evidence for
a more active role of somata in sensory signal transmis-
sion, especially in pathological states, had come from the
demonstrated increases in excitability of sensory neurons
and the development of spontaneous ectopic discharge
which originated within sensory ganglia after peripheral
injury (Kirk, 1974; Kajander et al., 1992; Sheen and Chang,
1993; Xie et al., 1995; Zhang et al., 1997). After injury,
neurons within sensory ganglia also exhibit potentiated
cross-excitation among neighboring sensory neurons in the
absence of synaptic specializations (Devor and Wall, 1990).
Cross-excitation occurs when discharge in one sensory neu-
ron leads to a depolarization in the cell bodies of adjacent
passive neurons sharing the same ganglion. Cross-excitation
was reported to be chemically mediated (Amir and Devor,
1996), but the identity of the chemical mediator(s) re-
mains unknown. Both calcium-dependent and calcium-
independent cross-excitation of vagal sensory neurons
was also demonstrated (Oh and Weinreich, 2002).

A goal of our research is to develop new treatment
methods that decrease chronic pain without severe central
side effects. One strategy is to develop new treatments by
targeting peripheral sensory neurons whose excitability
and neurotransmitter release is increased in chronic pain
states. Targeted treatments which do not penetrate the
blood-brain-barrier should theoretically limit central side
effects. One such treatment is botulinum toxin (BoNT),
which reportedly blocks vesicular neurotransmitter release
by disabling the soluble N-ethylmaleimide sensitive factor
attachment protein receptor (SNARE) complex proteins
which mediate vesicular transmitter release (Niemann et
al., 1994; Schiavo et al., 2000). Indeed, clinicians have
used BoNT, outside the product license, to treat chronic
pain symptoms not associated with muscle spasms (Jey-
nes and Gauci, 2008). Previous studies demonstrated that
BoNT is capable of attenuating release of substance P,
calcitonin gene-related peptide (CGRP), or glutamate from
sensory neurons in culture (Welch et al., 2000; Durham et
al., 2004; Coderre et al., 2005; Meng et al., 2007), in
isolated preparations (Ishikawa et al., 2000) and in vivo
(Cui et al., 2004). These actions were proposed to contrib-
ute to the effectiveness of BoNT in attenuating pain symp-
toms of inflammation, migraine and neuropathies (Cui et
al., 2004; Durham et al., 2004; Bach-Rojecky et al., 2005;
Luvisetto et al., 2006, 2007; reviewed in Jeynes and Gauci,
2008). However, evidence linking neuropathy-induced in-
crease in transmitter release from sensory neurons and its
attenuation by BoNT as a plausible mechanism for atten-
uating pain of neuropathy has been lacking.

Here we report that unilateral infraorbital nerve con-
striction (loNC) in rats produces long-lasting neuropathy
behaviors which are concomitant with faster onset and
increased magnitude of transmitter release from somata of
trigeminal ganglion (TRG) neurons acutely isolated from
the side of the injury. We also demonstrate that peripheral
injection of botulinum toxin type A (BoNT/A) alleviates the
loNC-induced neuropathy behaviors and decreases the
exaggerated neurotransmitter release in neurons acutely
isolated from TRG ipsilateral to IoNC.
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EXPERIMENTAL PROCEDURES
Trigeminal neuropathy model

All procedures regarding animal usage in this study were performed
in accordance to specifications of an animal protocol approved by
Okayama University (OKU-2007137). All experiments were con-
formed to relevant National Institutes of Health guidelines on the
ethical use of animals. We minimized the number of animals used
and their suffering. The unilateral constriction of the infraorbital
branch of the trigeminal nerve (loN) was made according to the
method described by Vos et al. (1994). Adult male Sprague—Dawley
rats (200—250 g) were anesthetized by intraperitoneal (i.p.} injection
with ketamine (35 mg/kg) and xylazine (5 mg/kg), the loN was
exposed and two silk ligatures (4—0) were loosely tied around the
loN at about 2 mm apart. To obtain the desired degree of constriction
a criterion formulated by Bennett and Xie (1988) was applied: the
ligations reduced the diameter of the nerve by a just noticeable
amount and retarded, but did not occlude the circulation through the
superficial vasculature. The skin incision was closed in layers using
nylon sutures (4—0). The contralateral side was subjected to sham
surgery, where the IoN was exposed using the above procedures,
but not constricted.

Sensory testing

On the day of sensory testing rat were lightly anesthetized (isoflu-
rane) and their whiskers were shaved bilaterally to avoid their
direct stimulation. After recovery from anesthesia mechanical sen-
sitivity was assessed using the electronic “von Frey hair” pressure
transducer (Model 1601C, IITC Instruments, Woodland Hills, CA,
USA). Rats were placed in a fitted cloth restrainer (rat sling suit
RSFC2, Lomir Biomedical, Malone, NY, USA) which was sus-
pended 10 cm from the tabletop and allowed for unrestricted head
movement during stimulation. Force was applied within the IoN
territory of the snout at the center of the whisker pad (i.e. between
rows B and C of the vibrissae) until the animal withdrew its head.
Stimuli were alternated between the ipsilateral and contralateral
sides, with 1 min recovery between iterations. Five iterations were
averaged for each side. Baseline behavioral testing was performed
one day before or same-day prior to the IoN surgery. On post-
operative day 3, rats were anesthetized by i.p. injection with ketamine
(35 mg/kg) and xylazine (6 mg/kg) for injections. Purified BoNT/A
composed of a light and heavy chain (Lee et al., 2007) was admin-
istered as a single intradermal injection (100 pg in 0.1 ml of sterile
saline) in the center of the whisker pad. All rats were injected intra-
dermally with saline on the contralateral side and eithér saline or
BoNT/A in saline on the ipsilateral side of the snout at the center of
the whisker pad (i.e. between rows B and C of the vibrissae). The
bleb of the injection materials was absorbed within a day. Sensory
testing was repeated on post-operative day 14 (11 days after injec-
tion). Force was applied at the same point as during baseline testing.

Dissociation of TRG neurons

After sensory testing, animals were deeply anesthetized with ket-
amine (35 mg/kg) and xylazine (5 mg/kg i.p.). The TRG were
harvested and cut into small pieces in ice-cold Hanks’ balanced
salt solution (HBSS, Sigma, St. Louis, MO, USA) supplemented
with 20% fetal bovine serum (FBS, Bio Serum Co., Japan) and
incubated for 30 min at 37 °C in 5 ml of minimal essential medium
(MEM, GIBCO, Carlsbad, CA, USA) with 10% FBS, 2 mM glu-
tamine, 24 mg/l insulin, 0.125% collagenase P (Roche, Indianap-
olis, IN, USA) and 0.02% DNase (Sigma). TRG were transferred
for 5 min at 37 °C to 2 ml of Ca2* — and Mg?* —free HBSS (Sigma)
containing 0.25% trypsin (Sigma) and 0.05% DNase. Cells were
dissociated by tissue trituration with a series of fire-polished Pas-
teur pipettes in 5 ml HBSS containing 0.295% MgSO,, and 0.02%
DNase. Dissociated cells were suspended into MEM with 10%
FBS and plated on 12 mm cover glass coated with poly-D-lysine
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(Becton Dickinson, Franklin Lakes, NJ, USA) with 10 mm diameter
cloning cylinder (Sigma). In some experiments, the cells were
incubated with BoNT/A (10 ng in 60 ul of MEM). All experiments
were performed within 1.5 h of tissue harvest.

FM4-64 dye staining, confocal imaging and analysis

Dissociated cells were tested with (N-(3-triethylammoniumpropyl)-
4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium dibromide (FM4-64)
dye (Molecular Probes, Eugene, OR, USA) 4-8 h after dissocia-
tion, as described previously (Matsuka et al., 2007). FM4-64 dye
(10 uM) was added in control external solution (control solution)
(mM) NaCl 119; KCI 5; glucose 30; Hepes 25; CaCl, 2; MgCl, 2
adjusted to pH 7.2 with NaOH and 310 mmol/kg osmolality, or in
high KCI external solution (high K™ solution) (mM) NaCl 49; KCI 75;
glucose 30; Hepes 25; CaCl, 2; MgCl, 2 adjusted to pH 7.2 with
NaOH and 310 mmol/kg osmolality. To load the dye, neurons were
incubated in the high K™ solution containing FM4-64 (10 uM) for 1
min. Cells were then washed three times with control solution to
remove extracellular FM4-64. For vesicular release experiments,
neurons were stimulated with the high K™ solution without the
FM4-64 dye. Fluorescein-conjugated isolectin B4 (IB4) (10 ng/ml)
was added to the chamber for 10 min at the end of each FM4-64
experiment, washed out for 10 min and imaged. Only small diameter
neurons (<25 um) were used in analysis of FM4-64 fluorescence
changes.

TRG neurons were examined by a Fluoview FV500 confocal
laser scanning (CLS) microscopy system (Olympus, Tokyo, Japan)
equipped for differential interference contrast microscopy during
FM4-64 experiments. The CLS microscopy system was coupled to
an upright microscope (IX-71; Olympus) with laser excitation at 568
nm, long-pass emission filter with a cutoff of 590 nm, a X60
(NA=1.4) oil-immersion objective lens. The scanning rate was 2.0
s/scan for an eight-bit image, 512X512 pixels, in size. Setting for
photomultiplier tube, gain, and offset was fixed in all of the experi-
ments. Fluorescence intensities of neurons were analyzed using
image analysis software in Fluoview FV500.

Statistical analysis

Results are presented as group means*SEM. Differences in
group means were evaluated by RM ANOVA on ranks or t-test
using the SigmaStat 3.11 software (SYSTAT, San Jose, CA,
USA).

RESULTS

In vitro pre-treatment with BoNT decreases
KCl-evoked FM4-64 release from somata of acutely
isolated TRG neurons

Initially we measured FM4-64 fluorescence intensity by
confocal microscopy (2.0 s intervals) before and after KCI
stimulation in acutely isolated neurons from naive rats with
or without BoNT pre-treatment (BoNT/A was pre-applied in
vitro for 3 h). We previously reported that the basal decay
rate in FM4-64 intensity is dependent on the rate of signal
acquisition (photobleaching) and on background vesicular
release, which varies between IB4 (+) and IB4 (—) neu-
rons (Matsuka et al., 2007). Since it is impossible to sep-
arate bleaching from the background release, the data
were not corrected for the basal decay in fluorescence.
Application of a depolarizing stimulus (KCI, 75 mM), which
allows for robust Ca®* influx via voltage-gated Ca®* chan-
nels, increased the rate of FM4-64 signal intensity de-
crease, reflecting Ca®*-dependent vesicular release of
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FM4-64 into the extracellular solution (Matsuka et al.,
2007). The maximal KCl-induced decreases in FM4-64
signal intensity were also significantly reduced in both
types of TRG neurons (Fig. 1). This effect of BONT/A was
significantly greater (P<0.05, RM ANOVA on ranks) in 1B4
(=) neurons (Fig. 1B) compared to B4 (+) neurons (Fig. 1A).

Post-treatment with BoNT alleviates loNC-induced
neuropathy behaviors

Next we examined the effect of unilateral IoN constriction
on the head withdrawal thresholds (HWTs) of rats to me-
chanical stimulation in the whisker pad area of lIoN inner-
vation. At 14 days after loNC induction, a large decrease in
HWT was observed ipsilateral to IoNC (Fig. 2) without
significant changes on the contralateral (sham surgery)
side, indicative of tactile allodynia previously demonstrated
in this model (Vos et al., 1994). Post-treatment with intra-
dermal ipsilateral injection of BoNT/A (100 pg in 0.1 ml of
saline) 3 days after loNC significantly increased the HWTs
(measured at 14 days) compared to saline-injected IoNC
rats (Fig. 2).
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Fig. 1. BoNT/A pre-treatment of dissociated TRG neurons from naive
rats decreases KCl-evoked FM4-64 dye release. FM4-64 intensity was
measured by confocal microscopy. Pretreatment of TRG neurons with
BoNT/A (10 ng/60 wl) for 3 h significantly reduced the rate of KCI-
evoked decreases in FM4-64 intensity in both the I1B4 (+) (A) and the
IB4 (—) (B) neurons compared to untreated neurons.
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Fig. 2. BoNT/A alleviates the loNC-induced decreases in withdrawal
thresholds to mechanical stimuli. Data are presented as mean+SEM
of HWTs to mechanical stimuli measured before (baseline) and 14
days after IoNC. Ipsilateral to, saline-treated IoNC, large >20 g de-
creases in HWTs were measured at 14 days after IoNC induction. No
significant changes in HWTs were observed on the contralateral side.
Intradermal BoNT/A injection (100 pg in 0.1 ml of saline) 3 days after
IoNC resulted in much smaller (<10 g) decreases in HWTs. * P<0.05
between groups; T P<0.05 from baseline (RM ANOVA on ranks). Note
the large decreases in the slope of the BoNT/A group (n=6 rats)
compared to the saline group (n=6 rats). After behavioral testing, rats
were anesthetized and TRG was harvested for FM4-64 release stud-
ies.

IoNC speeds up the onset and rate of FM4-64 dye
release from somata of TRG neurons

We next studied possible differences in the KCl-induced
FM4-64 release in acutely dissociated neurons isolated
from TRG ipsilateral to loONC compared to neurons disso-
ciated from the sham surgery contralateral side. All TRG
neurons were isolated at 14 days after IoNC induction in
rats studied above (see Fig. 2). IB4 (+) and I1B4 (-)
neurons ipsilateral to loNC exhibited a profoundly faster
onset of KCl-evoked vesicular release of FM4-64 com-
pared to neurons isolated from contralateral TRG (Fig. 3A,
B). The decay time constant (1) of FM4-64 signal during
KCI application was 26.4+8.1 s for IB4 (+) and 11.1+2.6
s for IB4 (=) TRG neurons acutely dissociated from con-
tralateral sham surgery (Fig. 2). IoNC significantly de-
creased the decay 7 in IB4 (+) (3.1+1.0 s) and I1B4 (—)
(4.2+0.9 s) neurons, without affecting the onset time of
KCl-induced vesicular release. In addition, the initial rate of
KCl-induced FM4-64 release was faster in IB4 (+) neurons
ipsilateral to IoNC (Fig. 3A), while IB4 (—) neurons ipsilat-
eral to loNC (Fig. 3B) showed significantly larger maximal
release of FM4-64 compared to neurons from control rats.

Post-treatment with BoNT decreases the rate and
magnitude of FM4-64 dye release from somata of
TRG neurons after IoNC

We next studied the effect of post-treatment with BoNT/A
on KCl-induced vesicular release of FM4-64 from TRG
neurons isolated from rats at 14 days after loNC. FM4-64
intensity was measured in neurons acutely isolated from
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TRG ipsilateral to IoONC. We compared FM4-64 release in
neurons from [oNC rats treated with BoNT/A with neurons
from IoNC rats treated with saline. BoNT or saline was
injected into ipsilateral facial skin (100 pg in 0.1 ml of
saline) 3 days after the loONC model induction and 11 days
before the dissociation. The KCl-induced decrease in the
FM4-64 signal was greatly attenuated in both IB4 (+) and
IB4 (—) neurons from IoNC rats treated with peripheral
BoNT injection (Fig. 4). Also, the onset of KCl-induced
FM4-64 release was significantly slower in both 1B4 (+)
and I1B4 (—) TRG neurons from the BoNT-treated IoNC
side.

DISCUSSION

In this study we demonstrated that unilateral loNC results
in long-lasting (>2 weeks) tactile allodynia in the region
innervated by the loN. This is consistent with previous
demonstrations that chronic constriction injury of the loN
produces behavioral alterations indicative of trigeminal
neuropathic pain (Vos et al., 1994; Idanpaan-Heikkila and
Guilbaud, 1999; Kitagawa et al., 2006; Shinoda et al.,
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Fig. 3. FM4-64 release in sham (contralateral) and IoNC (ipsilateral)
rat TRG neurons. KCl-induced decreases in FM4-64 intensity in
acutely dissociated 1B4 (+) (A) and IB4 (—) (B) neurons from sham
and IoNC sides were measured by confocal microscopy. The onset of
KCl-induced vesicular release of FM4-64 is faster in both I1B4 (+) and
IB4 (—) neurons from the IoNC side compared to the sham contralat-
eral side. In addition, I1B4 (—) neurons from the IoNC side exhibited
significantly larger maximal decreases in FM4-64 signal compared to
contralateral neurons. The decay time constant (1) of FM4-64 signal
during KCI application was 26.4+8.1 s for IB4 (+) and 11.1+2.6 s for
IB4 (—) TRG neurons acutely dissociated from contralateral side. loNC
significantly decreased the decay 7in I1B4 (+) (3.1=1.0 s) and I1B4 (—)
(4.2%0.9 s) neurons, without affecting the onset time of KCl-induced
vesicular release.
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Fig. 4. BoNT/A injection ipsilateral to IoONC decreases vesicular re-
lease of FM4-64 from acutely isolated TRG neurons of IoNC rats.
BoNT/A (100 pg in 0.1 ml of saline) was injected intradermally in the
area of the ipsilateral whisker pad 3 days after loNC surgery (11 days
prior to TRG neuron dissociation). BoNT/A significantly slowed the
onset of KCl-induced vesicular FM4-64 release and produced large
decreases in maximal release in both IB4 (+) (A) and 1B4 (—) (B)
neurons compared to neurons from the saline-injected neurons ipsi-
lateral to IoNC.

2007). It is widely acknowledged that persistent hyperex-
citability of primary sensory neurons is a major contributor
to the development and maintenance of neuropathy be-
haviors in rodent models of peripheral nerve constriction
(reviewed in Gold, 2000; Devor, 2006; Dray, 2008). The
demonstrated increases in neurotransmitter release from
hyperexcitable afferents within the dorsal horn (Skilling et
al., 1992; Mark et al., 1998; Gardell et al., 2003; Coderre et
al., 2005) and at the peripheral injury sites (Ma and
Quirion, 2006) are also thought to contribute to neuro-
pathic pain, particularly to peripheral and central sensitiza-
tion. Here we demonstrated that the somata of TRG neu-
rons ipsilateral to IoNC exhibit exaggerated vesicular re-
lease of FM4-64. Exaggerated neurotransmitter release
from the somata of neurons within sensory ganglia might
contribute to increases in chemically-mediated cross-exci-
tation of neighboring neurons after peripheral nerve injury
(Devor and Wall, 1990; Amir and Devor, 1996). Peripheral
and central terminations of trigeminal afferents would also
be expected to exhibit exaggerated neurotransmitter re-
lease after loNC.
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With some exceptions, the majority of small diameter
(<25 um) sensory neurons sampled in the present study
are considered to be nociceptors (Harper and Lawson,
1985). Mammalian nociceptors have been classified into
subclasses based on differential neurotrophin sensitivity
and IB4 binding (Bennett et al., 1998). Although some
overlap exists, most of the nerve growth factor-responsive
IB4 (—) nociceptors contain neuropeptides such as sub-
stance P and CGRP, whereas the glial-derived neurotro-
phic factor-responsive IB4 (+) neurons predominantly
lack such neuropeptides (Nagy and Hunt, 1982; Wang et
al., 1994; Molliver et al., 1995; Ambalavanar et al., 2003;
Fang et al., 2006). Their anatomical distributions also differ
in that IB4 (+) neurons innervate the epidermis whereas
IB4 (—) neurons innervate subcutaneous and visceral
structures (Lu et al., 2001). In the spinal cord, I1B4 (+)
neurons terminate primarily in the inner lamina Il, whereas
the 1B4 (—) peptidergic nociceptors terminate in lamina |,
and outer lamina |l (Silverman and Kruger, 1990; Gerke
and Plenderleith, 2004; Carlton and Hayes, 1989; Coimbra
et al., 1974). Evidence indicates that the 1B4 (+) and (—)
nociceptor populations are functionally distinct due to the
predominant localization of P2X3 receptors on I1B4 (+)
neurons (Bradbury et al., 1998; Vulchanova et al., 1997,
1998), as well as differences in the magnitudes of TTX-
resistant Na*-currents, Ca®* currents and responses to
heat, proton or capsaicin stimuli (Stucky and Lewin, 1999;
Dirajlal et al., 2003; Wu and Pan, 2004). However, specific
differences exist in IB4 binding and P2X receptor expres-
sion between the spinal and trigeminal nociceptive sys-
tems (Ambalavanar et al., 2005; Staikopoulos et al., 2007).
Previously we demonstrated differences in the patterns of
transmitter release and uptake between I1B4 (+) and |1B4
(=) neurons (Matsuka et al., 2007). In the present study,
the initial rate of KCl-induced FM4-64 release was faster in
IB4 (+) neurons ipsilateral to loNC, while IB4 (—) neurons
ipsilateral to IoNC showed significantly larger maximal re-
lease of FM4-64 compared to neurons from the contralat-
eral (sham surgery) side. Moreover, the onset of KCI-
induced vesicular release was faster in both subtypes of
TRG neurons ipsilateral to IoNC. Exaggerated neurotrans-
mitter release from sensory neuron terminals after [oNC
would be expected to produce larger responses in second
order trigeminal brainstem neurons. Such increases in the
excitability of pain pathways would then result in the ob-
served tactile allodynia. loNC-induced alterations in trans-
mitter release from P2X3-containing nociceptors would
also be expected to decrease the latency to withdrawal
from thermal stimuli observed by others in this neuropathy
model (Shinoda et al., 2007).

We did not differentiate between the different innerva-
tion targets of the acutely dissociated TRG neurons in our
study. However, the profound increase in the onset rate of
KCl-evoked vesicular release observed in neurons ipsilat-
eral to IoNC (see Fig. 3) suggests that both injured and
uninjured neurons exhibit exaggerated neurotransmitter
release after [oNC. In support of this notion, studies have
shown that injury of primary afferent neurons results in
hyperexcitability of uninjured neurons sharing the same
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ganglion (Tsuboi et al., 2004) or peripheral nerve (Ma et
al., 2003). However, the precise mechanisms by which
increases in excitability and transmitter release might oc-
cur in both injured and uninjured neurons remain to be
elucidated.

One such mechanism appears to involve alterations in
the subunit composition of the N-type voltage-gated cal-
cium channels (N-VGCCs). Spinal nerve ligation results in
a marked increase of the a,8 subunit expression in sen-
sory neurons that precedes the onset of tactile allodynia
(Luo et al., 2001). The anticonvulsant drug, gabapentin,
which selectively binds to the «,8 subunit of N-VGCCs,
decreases tactile allodynia and decreases the enhanced
formalin-evoked spinal release of glutamate in this neurop-
athy model (Coderre et al., 2005). Other selective N-VGCC
antagonists also suppress tactile allodynia in this neurop-
athy model (Chaplan et al., 1994; Calcutt and Chaplan,
1997). Thus, increased neurotransmitter release from sen-
sory neurons might be one of the common underlying
mechanisms for chronic pain behaviors following nerve
injury.

Cannabinoid analgesics which attenuate neurotrans-
mitter release are also effective in attenuating pain behav-
iors of many neuropathies (Pertwee, 2001; Di Marzo and
Petrocellis, 2006). Unfortunately, their centrally-mediated
psychotropic side-effects limit their clinical usefulness. In-
deed, this is the case for all of the current medications
used to treat neuropathic pain symptoms (Kinloch and
Cox, 2005; Dray, 2008). By contrast, clinically detectable
centrally-mediated adverse effects are minimal with pe-
ripherally administered BoNT/A (Jeynes and Gauci, 2008).

We demonstrated that a 3 h pre-treatment of acutely
isolated somata of TRG neurons with BoNT/A significantly
decreases their vesicular FM4-64 release (Fig. 1). This
decrease in vesicular release was relatively small but con-
sistent with the short (3 h) incubation with BONT/A. BoONT/A
was shown to enter neurons by binding to the synaptic
vesicle protein 2A (Dong et al.,, 2006; Mahrhold et al.,
2006); this protein is expressed in somata of TRG neurons
(Meng et al., 2007). BoNT/A is then internalized by vesicle
endocytosis and translocated into the cytosol where it
exerts its proteolytic activity via selective targeting of the
synaptosomal-associated protein, 25 kDa (SNAP25) one
of the SNARE complex proteins (Schiavo et al., 2000;
Rossetto et al., 2006). Studies have shown that overnight
or 24 h incubation with BoNT/A causes near-complete
inhibition (90%) of KCl-evoked substance P (Welch et al.,
2000) or CGRP release (Meng et al., 2007) and an equiv-
alent extent of SNAP25 cleavage in cultured sensory neu-
rons. In our study, BoNT/A produced similar attenuation of
vesicular release in both |B4 (+) and 1B4 (—) neurons. Our
current data also suggest that BoNT/A decreases neuro-
transmitter release to a similar extent in both subclasses of
nociceptors.

We demonstrated that in vivo post-treatment of neuro-
pathic rats in the area of 10N innervation with BoNT/A
produces profound decreases in vesicular FM4-64 release
from ipsilateral TRG neurons acutely dissociated 11 days
after BONT/A injection. These data confirm the persistence
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of BoNT/A action as well as its retrograde transport in the
axons away from the site of injection (Antonucci et al.,
2008). It also suggests that retrogradely transported
BoNT/A should have reached the central terminals of TRG
neurons and attenuated transmitter release from these
terminals. Since we did not study the spread of BoONT/A in
the brainstem, we could not confirm the demonstrated
ability of retrogradely transported BoNT/A to undergo
transcytosis (Antonucci et al.,, 2008). However, the pro-
found decrease in vesicular release of TRG neurons fol-
lowing BoNT/A injection in the whisker pad (Fig. 4) sug-
gests that following retrograde transport transcytosis could
occur within the TRG, resulting in the spread of BoNT/A to
neurons whose receptive fields are outside the area of
BoNT/A injection. Future studies using retrograde markers
should help to resolve this issue. Transcytosis of BoNT/A
at the central terminals of nociceptive primary afferents
might also contribute to the decreases in neuropathy
behaviors. '

Although our study dealt primarily with nociceptors, we
expect that peripheral BoNT/A injection would also de-
crease transmitter release in the large diameter TRG neu-
rons which normally convey innocuous sensation, thereby
affecting transmission of innocuous sensory signals. In
neuropathic pain states which involve hyperexcitability
and/or sprouting of large diameter myelinated AB sensory
neurons BoNT/A-induced decreases in transmitter release
from these neurons would also contribute to decreasing
neuropathy behaviors. Thus, based on the likely indiscrimi-
nate effects of BoNT/A on transmitter release in neurons
encoding different sensory modalities, clinical use of BoNT/A
in neuropathic pain states would have to weigh the benefits of
decreasing neuropathic pain symptoms against the disrup-
tion of innocuous sensory perception.

CONCLUSIONS

Our data show that unilateral IoNC in rats produces long-
lasting behaviors of neuropathy which are concomitant
with increased transmitter release from somata of TRG
neurons acutely isolated from the side of the injury. We
also demonstrate that peripheral injection of BONT/A alle-
viates the pain behaviors of IoONC and decreases the ex-
aggerated neurotransmitter release from acutely isolated
ipsilateral TRG neurons. The data add to our understand-
ing of neuropathic pain mechanisms and suggest that
BoNT/A may represent a valuable alternative to the use of
centrally-acting therapeutics for patients with certain types
of neuropathic pain.
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Abstract

Statin, 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase inhibitor, is known to promote bone formation.
However, it is not clear whether statin affects the differ-
entiation of pulp cells. This study used a cell proliferation
assay, cell cycle analysis, quantitative reverse transcrip-
tase polymerase chain reaction (RT-PCR) and in vivo
transplantation to examine the effects of simvastatin
on human dental pulp stem cells (DPSCs) in vitro
and in vivo. Simvastatin at 1 pmol/L was able to signif-
icantly suppress the proliferation of DPSCs without
inducing apoptosis. Quantitative RT-PCR revealed both
osteocalcin and dentin sialophosphoprotein to be signif-
icantly up-regulated when DPSCs were cultured with
simvastatin in comparison to bone morphogenetic
protein-2 treatment. The in vivo transplantation data
showed that simvastatin treatment promoted mineral-
ized tissue formation. Taken together, these results
suggest that statin might be an ideal active ingredient
to accelerate the differentiation of DPSCs. (J Endod
2009;35:367-372)
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N onsurgical endodontic treatment, eg, a pulpectomy, is initially selected for the treat-
ment of irreversible pulpitis. It is reported that 97% of teeth were retained in the
oral cavity 8 years after the initial nonsurgical endodontic treatment (1). However, the
frequency of clinical complications, including apical periodontitis and root fracture,
has been reported to increase in endodontically treated teeth in comparison to vital
teeth (2, 3). Therefore, treatment to maintain pulp vitality and function (vital pulp
therapy) is used to avoid totally irreversible pulpitis that would certainly result in a pul-
pectomy. Although calcium hydroxide is conventionally used as a pulp capping material
for vital pulp therapy, its long-term success rate varies among reports and is sometimes
unsatisfactory (4, 5). One of the reasons for these unpredictable results is that calcium
hydroxide does not biologically activate odontoblasts or accelerate reparative dentin
formation (6). Therefore, the development of pulp capping materials with the biologic
ability to activate odontoblasts and accelerate dentin formation is important. However,
so far, no optimal pulp capping materials with excellent long-term clinical outcome
have been developed.

In an experimental setting, several growth factors were investigated and proved to
induce odontogenic differentiation of dental pulp cells # vitro and to accelerate dentin
formation 7z vivo (7-12). Among them, bone morphogenetic proteins (BMPs) were
considered to be promising growth factors capable of promoting odontogenic differen-
tiation (9—11). However, the possibility of unexpected side effects and the production
cost can be obstacles for their clinical application.

Statin, 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitor, is the first-line
drug for hyperlipidemia, and it has been recognized to be a safe and low-priced drug as
a result of its worldwide longtime usage. Statin has multiple functions including anti-
inflammation, induction of angiogenesis, and improvement of the vascular endothelial
cell function (13-16). Another interesting and important function of statin s its effect
on bone formation. Statin improves the osteoblast function via the BMP-2 pathway and
suppresses osteoclast function, resulting in enhanced bone formation (17-19). There-
fore, statin might improve the function of odontoblasts, thus leading to improved dentin
formation. However, the effects of statin on odontoblastic cells have not yet been
reported.

The purpose of this study was to examine the effects of statin on the behavior of
human dental pulp stem cells (DPSCs) (20-22) in terms of cell proliferation, cell cycle,
gene expression patterns, and iz vivo tissue formation.

Materials and Methods

Sample Collection and Cell Culture

Seven third molars were collected from 5 adults (2226 years old) at Okayama
University Hospital under the approved guidelines and protocol (Okayama University
Ethics Committee #418 and 433), with written informed consent obtained from all
subjects . The isolation and culture of human DPSCs were performed according to
the method previously described (20—22). In brief, pulp tissue was gently and asepti-
cally separated from the extracted teeth, minced, and digested in a solution of 3 mg/mL
collagenase type T (Invitrogen, Carlsbad, CA) and 4 mg/mL dispase (Invitrogen) for
approximately 1 hour at 37°C. Single-cell suspensions were obtained by passing the
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solution through a 70 um strainer, seeded at 1 x 10* cells/10-cm
culture plate, and cultured with complete medium consisting of -
MEM (Sigma Chemical Company, St Louis, MO), 15% fetal bovine
serum (FBS; Cancera International Inc, Ontario, Canada), 100 mmol/
L L-ascorbic acid 2-phosphate (Sigma Chemical Company), 2 mmol/
L L-glutamine (Sigma Chemical Company), 100 units/mL penicillin
(Meiji Seika, Tokyo, Japan), and 100 mg/mL streptomycin (Meiji Seika)
at 37°C under 5% CO, in air. DPSCs at 3—6 passages were confirmed to
express dentin sialophosphoprotein (dspp) by reverse transcriptase
polymerase chain reaction (RT-PCR) and used in this study (23).

Simvastatin (Calbiochem, San Diego, CA) was used as a typical sta-
tin in this study, and its stock solution was prepared according to the
manufacturer’s instructions. BMP-2 was purchased from R&D Systems
Inc (Minneapolis, MN) and used as a positive control. Each experiment
in vitro and in vivo was repeated at least twice, and the reproducibility
for each was also confirmed.

Evaluation of Cell Proliferation

DPSCs were seeded onto 96-well plastic culture plates at 2.0 x 10*
cells/well with complete medium. Twenty-four hours after seeding, the
medium was changed to complete medium supplemented with simvasta-
tin (0.1, 1, or 10 umol/L) or BMP-2 (100 ng/mL). At 1, 3, and 5 days
after simvastatin or BMP-2 addition, the MTS assay was carried out to
evaluate the number of viable cells (CellTiter 96 Aqueous One Solution;
Promega, Madison, WI) according to the manufacturer’s instructions
(24). The proliferation efficiency was determined from data obtained
by measuring the optical absorbance at a wavelength of 490 nm with a mi-
croplate reader (Bio Rad, Hercules, CA). The mean values obtained from
8 wells under each condition were computed and statistically analyzed.

Mevalonate (Sigma Chemical Company) was used to confirm
whether the effect of statin on DPSCs was mediated via the mevalonate
pathway. DPSCs were cultured with complete medium supplemented
mevalonate (1 mmol/L) (25) and/or simvastatin {1 umol/L) for 5
days. Thereafter, an MTS assay was performed to evaluate the number
of viable cells.

Evaluation of Fiber Formation

To evaluate the effect on fiber formation, DPSCs at the subconflu-
ent stage were cultured with serum-free medium for 3 days. Next, sim-
vastatin (1 or 10 umol/L) or BMP-2 (100 ng/mL) was added to the
medium, and the cells were cultured for 2 days. The actin fibers
were stained with phalloidin-TRITC (Sigma Chemical Company), and
the nuclei were stained with DAPI (Invitrogen), and thereafter they
were observed under a fluorescence microscope.

Cell Cycle Analysis

The cell cycle and DNA fragmentation was analyzed by fluores-
cence-activated cell sorter (FACS) (FACSCalibur; Becton Dickinson,
Franklin Lakes, NJ). In brief, DPSCs cultured with simvastatin (1
umol/L) for 3 days were collected and stained with propidium iodide
(200 ng/mL) (Calbiochem) and then subjected to a FACS analysis.
H,0, (0.3 mmol/L) was used as an apoptosis inducer (26) or a positive
control in this experiment.

Quantitative RT-PCR Analysis

Total cellular RNA was extracted from DPSCs cultured with simvas-

tatin (0.1, or 1 pmol/L) for 7 days by RNeasy (QIAGEN, Hilden,
Germany) according to the manufacturer’s instructions. RNA samples
were reverse transcribed by using the Transcriptor First Strand cDNA
Synthesis Kit (Roche Molecular Biochemicals, Mannheim, Germany).
Quantitative RT-PCR was performed to quantify the gene expression
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TABLE 1. Primer Sequences for Quantitative RT-PCR

Gene name
(accession no.)

Primer sequences

gapdh Forward 5-CCATGGAGAAGGCTGGG-3'
(NM002046)
Reverse  5-CAAAGTTGTCATGGATGACC-3'
dspp Forward 5-GTGATAGAGGAAGGCAAGAG-3’
(NM14208)
Reverse 5-ATTCCAGCCCTCAATATTCC-3'
ocn Forward 5-CAAAGGTGCAGCCTTTGTGTC-3'
(NM199173)
Reverse  5-TCACAGTCCGGATTGAGCTCA-3

level of odontoblastic markers by using a specified thermal cycler
(LightCycler; Roche Molecular Biochemicals) with SYBR Green reagent
(Roche Molecular Biochemicals). These genes included glyceralde-
hyde-3-phosphate dehydrogenase (gapdh), dspp, and osteocalcin
(ocn). The samples were subjected to 40 cycles of amplification at
95°C for 15 seconds followed by 64°C for 20 seconds and 72°C for
25 seconds by using the specific primers (Table 1). The results of
the assays were normalized to the level of gapdh.

In Vivo Transplantation and Histologic Examination

DPSCs were cultured with simvastatin (0.1 or 1 gmo/L) or BMP-2
(100 ng/mL) for 7 days. Next, approximately 4.0 x 10° ex vivo
expanded DPSCs were mixed with 40 mg of hydroxyapatite/tricalcium
phosphate (HA/TCP) ceramic powder (Zimmer Inc, Warsaw, IN) and
then transplanted subcutaneously into the dorsal surface of 10-week-
old immunocompromised mice (NIH-bg-nw/nu-xid; Harlan Sprague
Dawley, Indianapolis, IN) as previously described (20, 21, 27). These
procedures were performed in accordance with the specifications of an
approved animal protocol (Okayama University #0KU-2007226 and
University of Southern California #10874). The transplants were recov-
ered at 8 weeks after transplantation, fixed with 4% paraformaldehyde,
decalcified with buffered 10% ethylenediaminetetraacetic acid, and
then embedded in paraffin. Sections were deparaffinized and stained
with hematoxylin-eosin. For the quantification of newly formed miner-
alized tissue én vivo, NIH Image software (http:/rsb.info.nih.gov/
nih-image) was used. The mineralized tissue area rate was calculated
as the percentage of mineralized tissue area per total area at 4 represen-
tative areas from each group.

Statistical Analysis

One-way factorial analysis of variance (ANOVA) followed by Fisher
PLDS tests were used for the statistical analysis (StatView; SAS Institute,
Cary, NC). P values of less than .05 were considered to be statistically
significant. All statistical data were presented as the mean =+ standard
deviation.

Resuits

Simvastatin Suppressed the Proliferation of DPSCs

Fig. 1 represents the effect of simvastatin on the proliferation of
DPSCs. Simvastatin at 0.1 umol/L and BMP-2 had no effects on the
proliferation until 5 days in culture. However, simvastatin at 10
umol/L significantly suppressed the proliferation in day-3 and day-5
cultures in comparison to the control. Simvastatin at 1 umol/L also
significantly suppressed the proliferation in a day-5 culture. These cells
were stained by 0.5% trypan blue, and the stained cells were counted to
evaluate the ratio of dead cells in each group. The ratio of dead cells in
the cells treated by simvastatin at 10 umol/L groups was 56.4% and
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Figure 1. Simvastatin suppressed the proliferation of DPSCs. When simvas-
tatin was added to the culture of DPSCs, the proliferation was significantly
suppressed in day-3 (at 10 umol/L) and day-5 cultures (at 1 and 10
wumol/L). BMP-2 did not affect the proliferation of DPSCs (n = 8, One-way
factorial ANOVA followed by Fisher PLDS tests; *P < .0001).

much higher than other groups (control, 21.2%; simvastatin at 0.1
umol/L, 25.3%; simvastatin at 1 umol/L, 20.2%; BMP-2, 30.5%).

To confirm the putative pathway of this suppression, 3 experi-
ments were conducted. At first, mevalonate was added to the culture

in addition to simvastatin (1 wmol/L) and found to restore the prolifer-
ation (Fig. 24). Next, actin fiber formation, as a downstream pathway of
Rho, was confirmed by phalloidin staining (Fig. 2B). In a day-3 culture,
simvastatin at 1 umol/L slightly suppressed the actin fiber formation.
Obvious suppression of fiber formation was observed in the culture
treated by simvastatin at 10 wmol/L. The effect of BMP-2 on fiber forma-
tion was not evident. Third, the cell cycle was analyzed by FACS
(Fig. 2€). The treatment by simvastatin at 1 umol/L led to a decrease
of the peak of the cells in the G2/M phase. H,0, treatment also led to
a decrease of the peak of the cells in the G2/M phase. However, at
the same time, H,0, treatment resulted in the accumulation of the cells
in the apoptotic sub-G1 phase, which was not observed in the simvas-
tatin-treated cells.

Simvastatin Induced Odontogenic Gene Expression in
DPSCs

The gene expression levels of odontogenic markers, dspp and
ocn, were analyzed in a day-7 culture by quantitative RT-PCR
(Fig. 3). Simvastatin at 1 umol/L induced dspp gene expression up
to 3.7 times significantly in comparison to the control. The induction
of dspp gene expression by BMP-2 was not significantly different in
comparison to the control. The ocn gene expression was also up-regu-
lated by simvastatin at 1 umol/L up to 18.1 times in comparison to the
control. BMP-2 also up-regulated ocn gene expression significantly

A - C control - simvastatin 1 uM H,0,0.3 mM
5 —y 200 . 200
@ 15 160 0s 160 160
= o . o
SE 1o S 120 @, @cm | 120 120
w2 8 80 80
g 0 40 40 40
% 0 0 | 0 0
simvastatin - + + 0 200 400 600 800 1000 0 200 400 600 800 1000 O 200 400 600 S00 1000
mevalonate - - o* FL2-A FL2-A FL2-A
B control simvastatin (1 uM)  simvastatin (10 uM) BMP-2 (100 ng/ml)

Figure 2. The suppression of the proliferation was a result of G1 arrest but not apoptosis that was mediated via the mevalonate and Rho pathways. (4) The
proliferation was suppressed when simvastatin was added at 1 umol/L to the culture for 5 days. However, when mevalonate was added at 1 mmol/L to the culture
together with simvastatin, the suppression was restored (n = 8, one-way factorial ANOVA followed by Fisher PLDS tests; *P < .001, NS). (B) The actin fiber forma-
tion was suppressed slightly by simvastatin at 1 umol/L and significantly by simvastatin at 10 umol/L. BMP-2 did not affect the actin fiber formation. The white square
in each upper panel indicates the region of each corresponding lower panel. Representative images are shown (scale bar, 100 um). (C) The treatment by sim-
vastatin at 1 umol/L led to a decrease of the peak of the cells in the G2/M phase. H,0, treatment also led to a decrease of the peak for the cells in the G2/M phase.
However, at the same time, H,0, treatment resulted in the accumulation of the cells in the apoptotic sub-G1 phase that was not observed in the simvastatin-treated
cells.
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Figure 3. Simvastatin induced odontogenic gene expression in DPSCs. Simvastatin at 1 umol/L induced dspp gene expression in a day-7 culture up to 3.7 times in
comparison to the control. The induction of dspp gene expression by BMP-2 was not significant in comparison to the control. ocn gene expression was also up-
regulated by simvastatin at 1 umol/L in day 7 culture up to 18.1 times in comparison to the control. BMP-2 up-regulated ocn gene expression significantly higher

than the control. However, the induction by simvastatin was significantly higher than that by BMP-2 (n = 8, one-way factorial ANOVA followed by Fisher PLDS tests:
*P < 01, ¥*P < .05, ***P < .0001, N.S.=not significant).

higher than the control. However, the induction by simvastatin was Discussion

significantly higher than that by BMP-2. DPSCs possess postnatal stem cell characteristics, including multi-

potent differentiation, self-renewal, clonogenic capacity, and expres-
) ) ) sion of multiple mesenchymal stem cell surface markers (20, 21,
Simvastatin Accelerated DPSC-Mediated Mineralized 28). DPSCs are also a heterogenic stem cell analogous to bone marrow
Tissue Formation /n Vivo mesenchymal stem cells (BMMSCs) (20—22). One of the unique char-

DPSCs were treated by simvastatin or BMP-2 and then trans- acteristics of DPSCs is their capacity to form dentin pulp—like tissue
planted into immunocompromised mice to evaluate the effects on when transplanted into immunocompromised mice by using HA/TCP
mineralized tissue formation (Fig. 4). Although all groups, including  as a carrier (20-22). Therefore, DPSCs are considered to be suitable

the control, showed mineralized tissue formation after 8 weeks, cells to evaluate odontogenic differentiation both iz vitro and in vivo.
DPSCs pretreated by simvastatin at 1 umol/L or BMP-2 for 7 days This is the first study to show that statin induces odontoblastic
formed a significantly larger amount of mineralized tissue in compar- differentiation of DPSCs in vitro and in vivo (Figs. 3 and 4). The ability
ison to others (Fig. 4F). of statin to accelerate mineralized tissue formation in vivo was

SR (1 M)

V.., RS S " RS T -
. "N control o 4 N simvastatin

area rate (%)

simvastatin simvastatin ~ BMP-2
control "5 4 uM) (1 uM) (100 ng/mi)

Figure 4. Simvastatin accelerated DPSC-mediated mineralized tissue formation i vivo. (A-D) All groups, including the control, showed mineralized tissue forma-
tion 8 weeks after transplantation. Importantly, mineralized tissue formed by simvastatin-treated cells formed tubular-like structures perpendicular to the surface of
the carrier. Representative images are shown (scale bar, 100 um). (E) DPSCs pretreated by simvastatin at 1 umol/L or BMP-2 for 7 days formed significantly larger
amount of mineralized tissue in comparison to the others (n = 4, one-way factorial ANOVA followed by Fisher PLDS tests: *P < .0001, **P < .01).
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equivalent to BMP-2 (Fig. 4). Statin is known to accelerate BMP-2
expression and then enhance bone formation (18). However, our
results showed the different effects of statin and BMP-2 on DPSCs in
gene expression patterns (Fig. 3). Especially, statin significantly accel-
erated dspp gene expression in DPSCs. However, BMP-2 only slightly
accelerated dspp gene expression, and the difference was not significant
(Fig. 34). The effect of BMP-2 on dspp gene expression observed in this
study was inconsistent with a former report (29). The reason for this
inconsistency might be due to the experimental conditions. In that
report, a pellet culture was used, and the accelerated dspp gene expres-
sion was observed under BMP stimulation for more than 10 days (29).
On the other hand, in this study, a monolayer culture was used, and the
accelerated dspp gene expression was observed in a day-7 culture. In
another report, an accelerated dspp gene expression was observed in
a day-21 culture with the osteoinduction medium (containing dexa-

- methasone, 3-glycerophosphate, and ascorbic acid) (23). On the basis
of these findings, statin might be a strong accelerator of dspp gene
expression. Whether other pathways independent from BMP-2 stimula-
tion could mediate the effects of statin on DPSCs, however, still needs
further investigation.

The suppression of cell proliferation observed in this study (Fig. 1)
is common to other cell types including osteoblastic cells, vascular
smooth muscle cells, and neuronal cells (30-32). This suppression
is mediated through the inhibition of the mevalonate and Rho pathways
(25, 30, 32). Indeed, in DPSCs, mevalonate also effectively restored the
proliferation suppressed by statin (Fig. 24). Furthermore, statin in-
hibited actin fiber formation (Fig. 2B) and cell cycle progression
(Fig. 2C) that is regulated by Rho. These results indicate that the
suppression of proliferation in DPSCs is also mediated through the inhi-
bition of the mevalonate and Rho pathways.

Pulp tissue contains a large amount of blood vessels and periph-
eral nerves. Statin is known to induce angiogenesis (13, 33) and to
regulate the survival and increase neurogenesis of neuronal cells
(34, 35), indicating the possible effectiveness of statin in pulp regener-
ation along with dentin regeneration. Furthermore, statin has an
anti-inflammatory effect in various tissues. This could help restore
the inflamed pulp tissue. Taken together, these results suggest that statin
might be an ideal active ingredient in pulp capping material to accel-
erate reparative dentin formation. However, at the same time, attention
has to be paid to the cell death observed in the cells treated with a high
concentration of statin (Figs. 1 and 2B). This fact suggests that cells in
pulp tissue might be damaged if statin acts on the cells at high concen-
tration. Therefore, a careful evaluation is required before clinical appli-
cation to determine the suitable concentration when applied indirectly
to a cavity or directly to pulp tissue.
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Polyphosphoric acid treatment promotes bone regeneration

around titanium implants
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SUMMARY This study was conducted to evaluate the
effect of polyphosphoric acid (PPA) treatment on
bone regeneration around titanium (Ti) implants
in vivo. Adsorption of PPA by Ti was achieved by
immersing Ti implants (2 mm in diameter, 4 mm in
length) in different concentrations of PPA solution
(0, 1 and 10 wt%) for 24 h at 37 °C after proper Ti
surface cleaning. The treated Ti implants were
implanted on 8-week-old-male rat (n = 30) tibiae.
Two or four weeks after implantation, all animals
were deeply anaesthetized and underwent perfu-
sion fixation. Ten specimens in each condition were
further immersed in the same fixative for 1 week
and eventually embedded in polyester resin. After-
wards, undecalcified sections were ground to a
thickness of approximately 70 pm parallel to the
long axis of the implant. The sections were stained
with basic fuchsine and methylene blue and then

examined by light microscopy. For quantitative
evaluation of bone regeneration around the
implants, the bone-implant contact ratio (BICR)
was determined. Polyphosphoric acid treatment of
the Ti implant surface significantly enhanced direct
bone contact to the Ti surface. Especially, the BICRs
of the 1 wt% PPA-treated Ti implants were signifi-
cantly higher than those of the control untreated Ti
implants, both 2 and 4 weeks after implantation. At
4 weeks, 10 wt% PPA-treated implants also signifi-
cantly increased the BICR as compared to that of the
untreated Ti implants. These results suggest that
PPA treatment promotes osteoconductivity of Ti
in vivo.

KEYWORDS: implant, titanium, polyphosphoric acid,
bone formation, rat
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Introduction

It is well known that the surface structure of the
implant material that interfaces with bone plays an
important role in osseointegration (1). Therefore, much
in vitro and in vivo research is devoted to surface
modifications of titanium (Ti) as well as to their
biocompatibility with bone cells. Titanium surface
modifications experimented include mechanical and/or
chemical alterations of surface hydrophilicity, rough-
ness, texture and morphology (2-6). In addition to such
modifications, recent research interest has gradually
shifted towards biological modification of implant
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surfaces by using e.g. cell growth factors, cell attach--
ment factors and Arg-Gly-Asp peptides (7-10). Many
bioactive surface coatings have been developed in an
attempt to promote early osseointegration and bone
formation around implants.

While such surface coatings have been shown to be
effective with varying success, most of these procedures
are rather complicated and/or costly for clinical use;
virtually, none of them have currently been accepted as
routine treatments to bioactivate implant surfaces. In
this respect, a recent study has provided evidence that
inorganic polyphosphate enhances human fibroblast
proliferation as well as it promotes the mitogenic
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