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VALPROIC ACID INCREASES SUSCEPTIBILITY TO ENDOTOXIN SHOCK
THROUGH ENHANCED RELEASE OF HIGH-MOBILITY GROUP BOX 1
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ABSTRACT-~High-mobility group box 1 (HMGB1) is a nuclear factor and a secreted protein. During inflammation, HMGB1
is secreted into the exiraceliular space where it can interact with the receptor for advanced glycation end products and
trigger proinflammatory signals. Extraceliular HMGB1 plays a critical role in several inflammatory diseases such as sepsis
and rheurnatoid anthritis. Va§pmtc acid (VPA} is one of the most frequently preseribed antiepileptic drugs. The present study
was Undertaken to investigale the effect of VPA on secrétion of HMGB1 in' systemic inflammatory responses induced by
lipopolysaccharide. Pretreatment with VPA increased the susceptibility of mice to lipopolysaccharide in endotoxemia.
Valproic acid induced HMGB1 release and nudlear factor «B activation in RAW-blue cells. Valproic acid promoted the
phosphorylation of ERK1/2 but not that of p38 or JNK, The MEK1/2 inhibitor PD98059 also suppressed HMGE1 release and
activation of nuclear factor «B induced by VPA. Valproic acid induced expression of y-aminobutyric acid recepltors in
macrophages, and picratoxin, a y-amincbutyric-acid A receptor antagonist, inhibited the VPA-activated phosphoryiation of
ERK and VPA-induced HMGB1 release. These results suggest that VPA may exacerbate innate immune responses to

endotoxin through enhanced release of HMGB1.

KEYWORDS-«Sepsxs, alarmin, lipopolysaccharide, histone deacetylases, inflammation, immunomodulation, cytokines

INTRODUCTION

Sequential cytokine induction by cells of the mononuclear
phagocyte system has been found in vitro and in vive follow-
ing endotoxin stimulation. These cytokmu, ‘such as tumor
necrosis factor (TNF), interleukin’ 6 (1L-6) and 1L-1, are
thought to be important as regulators of the immune system
under physiologic conditions. However, excessive amounts of
cytokines play a role in the pathologic manifestations of en-
dotoxernia. High-mobility group box 1 (HMGBI1), a protein
previously known as a nuclear transcription factor, is a.critical
mediator of lethality in endotoxemia and sepsis (1). During a
systemic inflammatory response, HMGB! is released into the
circulation by activated monocytes and by damaged cells,
Administration of antibodies to HMGBI attenuates endotoxin
lethality in mice. Therefore, it is thought that HMGBI is an
important mediator of lethal systemic inflammation (1).

Inhibitors of nuclear histone deacetylases (HDACS) hav
been shown 1o suppress cancer cell proliferation in virro (2, 3)

and reduce experimental tumor growth in vivo (4, 5). Histone
deacetylase inhibitors include short-chain fatty acids, hy-
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droxamic acids, cyclic tetrapeptides, and benzamides. Sub-
eryolanilide hydroxamid acid (SAHA)—the classic member of
the class of hydroxamic acids—has potent anti-inflammatory
activities, both in vitro and in vive (6, 7). Histone deacetylase
inhibition was shown to be associated with significant sup-~
pression of the production of proinflammatory cytokines (8, 9).

These anti-inflammatory properties were confirmed by studies
demonstrating that treatment with SAHA resulted in a sig-
nificant reduction of disease severity in a murine model of
systemic lupus erythematosus, the MLR-Ipr/lpr mouse (10).
The anti-inflammatory effects described for HDAC inhibitors
have so far been limited to SAHA (11} and trichostatin A
(TSA} (8, 12), both members of the class of hydroxamic acids.

Thus, it remains to be clarified whether the anti-inflammatory
effects of HDAC inhibition are restricted to this class or
whether inhibition of HDACs in general results in suppression
of cytokine production.

Many studies show that varmus HDAC inhibitors suppress
inflammation. A few @tud&t‘:& show that select HDAC inhibitors
can increase inflammation. The differences between these re-
sults are probably explained by differences in the specificity
of HDAC inhibitors and the various animal models used to
uncover the mechanisms of inflammation.

Valproic acid (VPA) is an HDAC inhibitor of the class of
short-chain fatty acids (13), and it is an established drug in
the treatment of epileptic seizures and bipolar disorder (14).
Accumulated experimental and clinical data also show that
VPA might be a potent anticancer drug (135). Valproic acid
also has anti-inflammatory effects (16). On the other hand, in
somie cases, VPA augments inflammatory responses: patieats
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receiving VPA may well develop hemorrhagic pancreatitis,
bone marrow suppression, and hepatotoxicity (17, 18). Gingival
overgrowth and progression of gingival inflammation are
sometimes observed in patients who are taking VPA chroni-
cally (19). However, the mechanisms underlying the inflam-
matory cffects of VPA are not known. In the present study, we
found that VPA enhanced systemic mflammdmr} responses
induced by lipopolysaccharide (LPS) by promoting the secre-
tion of HMGBI! in murine macrophage cultures and in a
murine model of endotoxic shock.

MATERIALS AND METHODS

Materials

Valproie acid and SAHA were purchased from Sigma-Aldrich (St Louis,
Mo). Trichostatin A was purchased from (‘.xlbmchz,m (San Dicgo, Calif).
Escherichia coli Q18 LPS and TNF-o were purchused from Sigma-Aldrich.
Purified rabbit polyclonal antibodies o HMGB! wnd chicken polyclonal
antibodies to HMOB1 were purchased from SHING-TEST (Tokyo, | Japan),
Mouse monoclonal antibodies to phospho-ERK 172, 138, and INK were pur-
chased from Cell Signaling Technology (Beverly, M Mouse monoclonal
antibodies to ERK1/2, p%ﬂ and INK were purchased from BD Blosclence
(Franklin Lakes, NI Mouse monoclonal antibodies to f-actin were purchased
from BioVision (San Francisco, Calif),

Cell culture

RAW-blue cells were esw( fished from RAW 264.7 macrophage cells
{InvivoGen, San Diego, Calify. They stably espress a secreted embryonic
alkatine phosphatase gene inducible by nuclear factor kB (NF-xB} and AP-1
ranscription factors, RAW-blue cells were precultured i RPMI 1640 medium
{Gibeo BRL, Grand Island, NY) supplemented with 10% fetal bovine scrum
and 2 mM L-glutamine,

Analysis of HMGB1 release

To determmine the effect of VPA on HMGB 1 release, RAW-blue cells were
stimylated with various concestrations of YPA, . celi LPS, TNF-g, TSA, and
SAHA, and the amonnt of HMGB1 released info the mediom was measured ¥ by
enzyme-linked immunosorbent assay (ELISAY (SHINO-TEST).

Measurement of NF«B activity

RAW-blue cells were incubated with VPA, Culture supernatants of the cells
were mixed with QUANTELblue (InvivoGen), an alkaling phosphatase sub-
strate, and then Incubated for 30 min w 37°C. The absorbance (A = 595 nm}
wis measured by using Appliskan (Thermo Fisher Seientific, Waltham, Mass)
to detect relative NF-«B activity,

Western blofting :

RAW-blue cells were incubated with various spechmens for (0.3 1o 24 b,
Cells were lysed in Celytic M (Sigma-Aldrichy with protease inhibitor X

al Tesque. Kyoto, Japan) and phosphatase inhibitor mixture

(Nacalai Tesque). Cell fysates were separated by sodivm dodecyl sl fate-
polyacrylamide gel electrophoresis and traflsﬁ,m;d, 10 pm}vm},hdcnc,dxl‘iu(v
vide membranes. The membrangs were blotted by the SNAP id. Protein
Detection System {Millipore. Billerfea, Mass’ following the manufacturer’s
protocal. The membranes were blocked with 0.02% z&kxm milk (BD Bio-
science) in Tris-buffered saline (pH 7.4} containing 0.08% Tween 20 {TBST)
and then incubated with the sppropriate antibodies in TBST containing 0.02%
skim milk. After washing, the membranes were incubated with horseradish
purmsd%ewcong*zs.atcd anti-rabbit or mouse IgG untibodies (TRL, Takasaki,
Japary in TBST containing 0.02% skih milk. The membranes were wished
twice with TBST, and then immunoreactive bands were visualize using an
ECL Plus Detection System (GE Healtheare, Uppsala; Sweden).

Cytotoxicity assay

Cell viability was determined by using Cytotoxity )Jeteczmu Kit 1’LL$
{LDH) (Roche Diagnostics, Basel, Sw;tzeﬁdnd} following the manufacturer’s
protocol. As an apoptosis marker, caspase 3/7 activity was determined by the
Caspase-Glo 3/7 assay (Promega, Madison, Wis) following the manunfacturer’s
protocol.

Fluorescence immunostaining
To investigate the translocation of HMGB I, RAW-blue cells were cultured
on Lab-Tek chamber slides (Nalge Nunc International, Cambridge. Massy and

was amplified usnw the following primers: forward, 5-COA AGG T(:(f

Acrve Rerease or HMGB1 Wita VPA 465

incubated with cach specimen for 24 h. Cells were then fixed with 4% para-
formaldehyde for 15 min and permesbilized with 0.2% Triton X-100 in
phosphate-buffered saling for 3 min, After washing with phosphate-buffered
saline three times, cells were blocked in 5% sheep seruny atbumin in TBST for
I h and incubuted with rabbit ant-HMGBIL polyclonal antibody (SHINO-
TEST) for 1 h at roons temperature. The stides were then washed with TBST
and incubated with anti-rabbit 18G conjugated with green Alexs Fluor 488
{Invitrogen, Carlsbad, Calif). Finally, the slides were covered by ProLong
Gold with DAPI ﬂmarmocrt} Images were cuplured using a fluorescence
m:cmsmpc, {Keyence, Osaka, Japan).

Quant:tatwe poiymerase chain raact;on
RAW-blue cells were stimulited with 5 mM of VPA for 24 h, and mRNA

expresgion of y-aminobutyric acid (GABA) receprors was analyzad by reverse
transeriptase-polyierase chain reaction (RT-PCR). Total RNA from cells was
purified with an RNeasy mini kit (Qiagen, Hormbrechtikon, Switzerdand) and
DINdigest {Qiagen), and cDNA was synthesized using ReverTra Ace {Toyoho,
i)mkd. Japan) following the manufacturer’s pmmcel Real-time PCR was
performed on a 7300 Real-time PCR System {Applicd Blosys Carlsbad,
Calify using SYBR MIX Plus (Tovobo}. The raouse HMGB! tanscript was
amplified using the following primers; forward, 5-CCA AAG GGG AGA
CCA AAA AG-3T reverse, S-TCA TAG GGC TGC TTG TCA TCT-Y. The
mouse TNF-q transcript was amplified using the following primers: forward,
S-AAG CCT GTA GOC CAC GTC GTA-S reverse, 5 GC‘{“ ACCACT AGT
TGG TTG TCT TTG-3, "The mouse GAR M receptor subunit ol transeript
AT
ATG CAA CA-3 reverse, §-CCC ACG CAT ACC CTC TCT TG-3. The
mouse GABA wwpmr subunit’ o3 transeript was amplified usmw zm fol-
}owmg, primerst forward, 55CTC CAA CAG CGA TTGCTT CA-3 reverse,
STGA TGC GGG AAA TTT TGT CA-Y, The mouse GABA, LpOT
subunit §2 tanscript was amplified m’mg the fo%lm&irzg primers: forward, 5-

AAC COA GTO GCA GAC CAA 1684 I reverse, SVTCG GOA TGO AAT
CGA ATC AT-3. Mouse B-actin transeript wak used as an internal control:
forward primer, S-CAT COG TAA AGA CCT CTA TGC CAA-Y: reverse, 5
ATG GAG CCA CCG ATC CAC-3. The housekeeping sene, f-uctin, was
ased o normalize all test genes, and data quantification was performed using
the AACT micthod.

Murine model of endofoxemiz

This study was approved und performed in accordance with the guidetines
of the School of Dentistry, Aichi Gakuin University at Nagoya, Alchi, Japun,
Endotoxemia was induced in Balb/c mice {male, 7-8 weeks old) by i.p. injection

Eoeoli LPS (1), Briefly, mice were injected .. with VPA (600 mgtkgy 128

ore LPS udmindstration. The mice were monitored for survival over a period
of 192 h alter LPS administration. In some cases, YPA (600 mig/kg) with or
without a neutralizing amibody for HMGR! Qor 4 myfke) was given to mice
12 h before LPS ¢ mg.;’kg 3 administration. The mice were monitored for sur-
vival over a period of 192 h after LPS adradnistration. In parallel experiments,
blood was collected from mice at 24 b afier LPS administration, and levels of
seram 1L-6 (kit purchased from IBL) and HMGB1 (kit purchased from SHINO-
TEST) were defermined by ELISA.

Statistics :

Results are expressed us means & 5D, Muortality studies were analyzed using
log-rank test. Satistical evaluaton of the continous duta was performed by
one-way analysis of varfance, followed by Tukey test for between-group
compartsons. These statistical amlyses were {‘itm{, using the statistical software
Statcei 2 {OMS Lid., Samum Japan}. The level of significance was considered
to be P <0.05.

RESULTS

VPA enhances systemic inflammatory respanses induced
by LPS in vive and in vitro

To determine the effect of VPA on systemic inflammatory
response i vive, we used a mouse model of endotoxic shock
induced by injecting purified £. coli LPS according to the
modified method of Galanos et al. (20), Valproic acid was
injected L.p. 12 h before adininistering saline or LPS, and the
survival rate of the mice was determined. Fifty percent of the
mice died within 3 days after administration of LPS (Fig. 1A).
Valproic acid alone did not cause lethality in mice (Fig. 1A),
However, pretreatment with VPA reduced the survival rate of
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5.1 Valproic acid enhanced systemic mfiammatczry responses induced by LPS. Vaiproit acid (600 mg/kg; s.c. injection) was given to mice 121t before
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control). RAW-blue celis werg preincubated with VPA (5 mM) for 6 h and wers then tréated with LPS (100 ng/ml) for 24 h. The levels of HMGB1 in culture
media were determined by ELISA (D) (**¥F < 0,01 ve. control). Cell viability was ‘evaluated by LDH assay (E). Nuclear factor «B activity In RAW-blue cells
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mice (20%) (Fig. 1A). We also determined ihc cmccmmm}m
of 1L-6 and HMGB1 in serum of the mice. Serum was col-
lected at 24 h after LPS administration, and levels of IL-6 and
HMGBI in the serum were determined by ELISA. Interleukin
6 was induced in serum in LPS-administered mice (Fig. 1B).
Pretreatment with VPA significantly increased the concen-
tration of IL-6 in serum in LPS-administered mice (Fig. 1B).
Furthermore, serum levels of HMGB] were mu’eawd in VPA-
pretreated mice (Fig. 1C).

High-mobility group box 1 is a key mediator of systemic
inflammation and sepsis (1), Theref(m,, we mvaﬂummi whether
VPA affects LPS-induced HMGB1 production in mcu.mpbag,cs
in culture. RAW-blue cells were pmnwbakd with VPA &) mM)

for 6 h and were then treated with L?S (100 ng/mL) for 24 h.

The levels of HMGB1 in culture media were detected by ELISA.
Valproic acid as well as LPS induced HMGBI release in mac-
rophage cultures (Fig. 1D). However, release. of HMGBI s
mf;uml y mcrw\c(i m a,uitures pmtrz:amd wz&h VPA before

( ”'bl ity that

1g~

HMGBE in medm icaks oul émm neumuc (:elis, we examined

the effect of pretreatment of VPA and LPS stimuli on viability
of macrophages. RAW-blue cells were preincubated with VPA

(5 mM) for 6 h and were then treated with LPS (100 nngL} ,

for 24 h. Cell viability was evaluated b}, LDH assay. Lipo-
polysaccharide or VPA alone or in combination did not affect

the viability of macrophages (Fig. 1E). We next examined VPA
activation of NF-«B in macrophage cultures. Pretreatment with.

VPA significantly enhanced LPS-induced NF-«B activation
(Fig. 1F). To test the effect of HMGB1 blockade in the endo-
toxin shock mouse model, anti-HMGB1 chicken polyclonal
antibodies or control IgY antibodies were injected  into the

peritoneal cavity simultaneously and after injection of VPA. All

10 mice in the group administered VPA and LPS were dead
2 days after LPS administration. However, when mice sub-
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jected to LPS administration were pretreated with anti-HMGBI
antibodies (total 4 mg/kg), 5 (50%) of the 10 mice survived for
§ days (Fig. 1G). In contrast, none of the 10 mice survived after
pretreatment with VPA and control antibodies and then admin-
istration of LPS (Fig. 1G). These results suggest that VPA
primes macrophages to respond to LPS and to produce inflam-
matory mediators such as HMGBI1 and enhances systemic
inflammatory responses in mice.

VPA induces HMGB1 release from macrophages

To confirm that YPA Acnwte'; HMGBI release, RAW-blue
cells were mwbafed with VPA (5 ‘mM). LPS (100 ng/mL), and
TNF-u {20 ng/mly for 24 h, and the amount of HMGB!
released into the medium was measured by ELISA. Valproic
acid strongly mduced HMGBI in macrophage cultures, and
ihed am(}mu\ x}f the ;)mtun rc caac«ﬂ were comp‘lmbie t{} mme

HMGBK leica«,e mcrcaaa,d time éapwdentl\, and corztumwl f(}x
up to 24 h (Fw 2B). We next compared the localizations of
HMGBT in VPA-stimulated and nonstimulated macrophages.
Strong nuclear localization of HMGBI was observed in un-
treated macrophages, whereas nuclear-cytoplasmic transioca-
tion of HMGB1 was observed in macrophages stimulated with
VPA, LPS dmi TNF-a for 24 h (Fig. 20C). To determine
whether VPA induces active HMGBI release in the absence of
Cdi; death, Ehb effects of VPA on cell vmblhty Were inves-
tigated by LDH assay. Valproic acid as well as LPS and TNF-a
was not toxic to macrophages in culture (Fig. 2D). To deter-
mine the effect of VPA on the apoptosis paihway We exam-
ined the activity of caspase 3/7 in VPA-treated macrophage
cultures. Activity of caspase 3/7 was not increased by stim-
ulation with VPA in macrophages (Fig, 2E). Moreover, VPA
did not induce mRNA expression of HMGBI in macrophages
{(Fig. 2F). We also examined mRNA expressions of HMGR1
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Fis. 2. VPA induced HMGB1 release from macmpi’:ages RBAW-blue cells were incubated with VPA (5 mM), LPS {100 ng/mky, and TNF-o (20 ng/md for
24 h (A). RAW-Blue cells were mcubated with YPA (5 m) § for 3, 6, 18, and 24 h (B), HMGB1 levels in supematanis were analyzed by ELISA (A and B).
Transiocation of HMGE1 in response o VPA (5 mM), LPS (XOO ng/mL}, and TNF-a (20 ng/ml} 24 h was analyzed by immunofluorescence assay (C). Call
viability was evaluated by LDH assay (D). Caspase 3/7 activity in the celis was analyzed by using a detection kit (E). Levels of HMGBY mRNA expresion were
aralyzed by real-time PCR and are shown as relative expression normalized by the levels of a housekeeping gene (f-actin) mRNA [F) (=32 8D, *P< 005 vs.
control, **P < 0,01 vs. control), RAW-Blue: cells were pre-incubaled with Brefeldin A {50-500 ng/mi} for 3 h and were then treated with VPA (5 mM) and LPS
(100 ngimi) for 24 h. The levels of HMGB1 and IL-6 in culture media were determined by ELISA { H} (= 3 S.0. =P < Q.01 vs. VPAand LPS).

and TNF-a by stimulations with LPS and VPA. Stimulation
with VPA for 24 h increased steady-state levels of HMGB]
mRNA. However, LPS did not induce HMGBI mR’\iA
expression at a concentration of 100 ng/ml. (Fig. 2G). llwh—
mobility group box 1 mRNA levels also did not increase in
RAW-blue cells primed with VPA and then stimulated with
TNF-a. On the other hand, LPS strongly induced mRNA
expression of TNF-a in RAW-blue cells (Fig. 2G). However,
VPA did not induce its expression. These results suggest that
HMGB! release by stimulation with VPA due not 10 cell lysis
or injury but to an active pmccs‘: that is not dcgmndem on
jncrease in gene expression and mRNA mdmimu of HM(JBI
by VPA is not duc to activation of NF-kB. We also exam-
ined the effect of brefeldin A, a blocker of membrane export
of proteins out of the endoplasmic reticulum, on mlmse of
HMGB! induced by VPA and LPS. As shown in I*wuxe 2H.
the refease of HMGBI stimulated with VPA and LPS did not
suppress by addition of brefeldin A, although the release of
IL-6 stimulated with these stimulants suppressed with it at a
concentration of 50 ng/ml. These results suggest that HMGB1
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release with VPA and LPS were not due to the conventional
secretory paﬁma}

ERK kinase may play a role in VPA-induced HMGB1 release
To clarify the' mechanism by which VPA induces the release
of HMGBI, we examined whether MAP kinases mediate
VPA-induced HMGB1 release. Treatment of macrophages
with VPA for 0.5 or 24 h activated phosphorylation of ERK
(Fig. 3A). However, VPA did not induce phosphorylation
of INK and p38. In contrast, LPS induced phosphorylation
of ERK, INK, and p38. Inhibition of ERK with PD9805Y
suppressed VPA-induced ERK phosphorylation and HMGB1
release by macrophages (Fig. 3B and Supplemental Digital
Content 5, at hitp:/flinks.lww.com/SHK/A90). Valproic acid
also induced NF-kB activation in macrophages (Fig. 3C), and
it was inhibited by treatment with PD98059 (Fig. 3D). These
findings suggest that VPA stimulates the release of HMGBI
from activated macrophages via ERK MAP kinase and NF-«B
signaling. A recent study showed that acetylation of cytosolic
M(*:Bl triggers its exocytosis from monocytic cells (21).
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Fia. 3. EBK kinase mediates VPA-induced HMGBY release. RAW-blue cells were incubated with VPA (3 mM) and LPS {100 ﬂgimL} for 0.5 %0 24 h.
Prosphorylation of p3BMAPK, ERK1/2, and JNK was assayed by Westem blot analysis {A). BAW-blue cslis were incubated with VPA (5 mM) and PD98058
(0.1-10 1) for 24 h. The levels of HMGBT in culture supernatants were analyzed by ELISA {B}). RAW-blue cells were incubated with VPA (5 mM) for 3, 5, 18, and
24 B {C). BAW-blug cells wera incubated with VPA (5 mM) and PDI805S (0.1-10 uM) for 24 h (D). The levels of NF-«B activation were analyzed by reporiér
assay, as described in Materials and Methods (C and D) {(n = 3 = 8D, P < 0.01 vs. VPAL

907



408 SHOCK vou. 36, No.5

A
o BOY s 80
& i @
o i "
25404 $E a0
® & ! :
- -
5% E<2
s =7
x e
Control § 10 50 100 VPA. Cantrol 005 6.1 0.5
TSA(nk) . - (SN SAHA (M),

SUGHIRA BT AL

Minutes
8 15 30 80

C

B

Stimulation with TSA

p-ERK
ERK
ip,-es;x‘
ERK
‘p-éﬁK
ERK

© Control
VPA
{5 mM)

TSA
{100 oM)

SAHA
ATty

 Stimulation with SAHA

p-ERK

smy ERK

Fiz. 4. Histone deacstylases do not madiate the effects of VPA on HMGB1 release RAW btue celfs wareimcubated inhistone deace!ylase inhibitors TSA
(5100 nMj) of SAHA {0.05-1 uM]} for 24 h, Thie levels of HMGB1 in supematanis were evaluated by ELISA (A). Transiocation of HMGBT in response to TSA

(100 nM} and SAHA (1 uM) for 24 h was anaﬁyzaé by’ xmmunoﬁuorascence assay {B). RAW-blu¢ ce
SAHA (1 uM}for 0 to 1 h. Phosphorylation of ERK1/2'was assayed by Westem blotanalysis (Cy (n =

HDACS do not madlate Iﬁe effects of VPA on HMGBT refease

Therefore, we uxdmmcé the effects of T‘%A and SAHA,
inhibitors of HDAC,
macrophage cultures. Trichostatin A and SAHA did not in-
duce HMGBI release from defOphd"C% {Fig. 4A). In aclch~

tion, HMGB1 was retained in noclear regions, and the levels

of HMGBI in the cytoplasmic region were not increased after
treatment with TSA and SAHA (Fig. 4B). Furthermore, TSA
and SAHA did not activate phosphorylation of ERK, although
VPA activated phosphorylation of ERK i1 the same conditions
(Fig. 4C), These results suggest that VPA-induced HMGBI
release is not due to its inhibitory effect on HDACs.

VPA activates GABA signaling

Valproic acid exerts its antiepileptic effect plmupaily by
elevating GABA concentration in the brain (22, _23}, There-
fore, we nexi examined whether VPA increases GABA con-
centration in macrophage cultures. RAW-blue cells were
stimulated with 5 mM of VPA for 24 h. y-Aminobutyric acid
levels in the cytoplasm and supernatants were analyzed by
ELISA. Valproic acid induced GABA release into nwdia
(Figures 1A and B, Supplemental Digital Content 1,
http://links Jww.com/SHK/ABS, and Supplemental Digital Lanv
tent 2, at 1:2;;.};‘!1ni\slmv.wm/‘i%ﬂ{./ﬁ;%é), RAW cells were
stimulated with VPA (5 mM) for 24 h. y-Aminobutyric acid
levels in supernatants (A) and cytoplasms (B) were axmlwui
by ELISA(n=31 SD). We then confirmed that GAB A xci@aee
from macrophages acts on macrophages through a paracrine
pathway and induces HMGB release. We examined the effect
of GABA on HMGBI release in maurophdaea; y-Aminobutyric

A

VPA (5 mM) g 3
Tt B PE 25
R o o R
, 5220
GABA, | o3 g= 15
~ receptor x 1
g2 &

fractin VPA (5 mi)

. Pierotoxin (uM)

on VPA-induced HMGBI release in

re incubated wxm VPA (5 mbﬁ}, TSA (16(} niy, and
& SD;

acid at concentrations of 1 to 1,000 uM did not activate the
release of HMGBI (Figures 2A and B, Sapp%emmtai Digital
Content 3, at hitp://links Iww .com/SHK/A87, and Supplemental
Digital. Content 4, at http://links.lww.com/SHK/AR8). RAW
cells were stiin’ulated with various concentrations (11,000 uhh
of GABA for 24 h.ylﬂighmiobilit& group box 1 levels in super-
natants were analyzed by ELISA (A). Cell viability was eval-
uated by LDH assay (B) (n =3 % SD). These findings suggest
that QABA did not mediate HMGB1 release. mduwd by VPA,

Nx,xt., we examined whether VPA induces expression of
GABA receptors in macmphages RAW cells were stimulated
with 5 mM of VPA for 24 h, and expression of GABA,
receplor subunits in murine macrophages was investigated by
quantitative RT-PCR. Among the o and B subunits, the fis
subunit was expressed in macrophages (Fig. 5A). Expression
of the u; and o3 subunits of the GABA , receptor was induced
by stimulation with 5 mM of VPA (Fig. 5A). Expression of
aa, a4, 65, and By was not detected in macrophages with or
withouf VPA stimulation (Fig. SA). Picrotoxin, a GABA,
receptor antagonist, inhibited VPA-induced HMGB1 release at
a concentration of 0.5 uM (Fig. 5B). Picrotoxin also inhibited
the activation of ERK phosphorylation by stimulation with
VPA in macrophages (Fig. 5C). These results suggest that
VPA induces HMGBI release in macrophages in part through
activation of GABA 4 receptors and ERK kinase.

DISCUSSION

In the present study, we demonstrated that VPA signifi-
cantly augmented the proinflammatory response induced by

VPA (5 mi) -
Picrotoxin (uily -

Fis. 5. Valproic acid mduced HMGB1 release by activating the GABA, receptor. BAW-blue cells were c;hmulatpd with VPA {‘5 i) for 24 h. Expression
of GABA, receptor mBNA was analyzed by RT-PCR (A).RAW-blue cells were incubated with VPA (5 mM) in the presence or absence of picrotoxin (2 M) for
24 h. The levels of HMGBY in supematants were: anaiyzed by ELISA (B) Phosphorylation of ERKU.? was detected by Weqtem biot analysis {C) {n= 3 = 8D,
*#* 0 (.01 vs. VPAL
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LPS both in vive and in vitro. Valproic acid reduced survival
in a mouse model of lethal endotoxemia by inducing HMGBI
release. Pharmacologic data show that VPA induces HMGRB!1
release through a pathway that mlﬂht include GABA r@ce,ptors
and ERK MAP Kinase.

A previous study demonstrated that HDAC inhibitors have
broad anti-inflammatory properties via suppression of c¢yto-
kine production (6, 24). These anti- -inflammatory properties
were demonstrated in vitro by inhibition of the secretion of
proinflammatory cytokines in LPS- and Lymkznvatxmulai.ed
peripheral blood mononuclear cells (PBMCS) and in macro-
phages (6). Histone deacetylase inhibitors reduced circulating
cytokine concentrations during endotoxemia in mice (25). His-
tone deacetylase inhibitors, by increasing the levels of histone
acetylation, can lead to a local alteration in the structure of
chromatin, which facilitates gene-specific repression of . tran-
seription. Therefore, HDAC inhibition is a relevant mecmmsm
mediating anti-inflammatory effects.

How do HDACs and HDAC inhibitors regulate inflam-
mation? Histone deacetylases were originally identified as
enzymes that modify acetylation of histone proteins, ﬂlerf.b\’
regulating gene expression. However, subsequent research has
identified many other targets of acetylation, and acetylation
of nonhistone proteins regulates a variety of other cell signal-
ing pathways, including inflammation. Thus, at least three
distinct pathways may exist for HDAC regulation of inflamma-
tion. First, HDACs might regulate gene expression of inflam-
matory mediators through modification of histone proteins.
Second, HDACs might regulate transcription factors such as
NFE-xB that ransactivate pmmﬁ‘mnmtaq genes, Third, HDACs
directly modify members of the mitogen-activated protein ki-
nase (MAPK) pathway, such as MAPK phosphatase-1 (MKP-1),
which in turn modulate transcription factors controlling innate
immune responses (} 2.

Valproic acid is an HDAC inhibitor of the class of short-
chain fatty acids, and it exhibited anti-inflammarory effects
through histone hyperacétylation (16, 26). On the other hand,
several mechanigms are known to promote the relocation of
HMGBI from the nucleus to cytoplasm, including the acety-
lation (21, 27) and phosphorylation (28) of HMGB1 and
the destabilized association of HMGB1 with chromatin or a
nuclear import protein (28). High-mobility group box 1 has
been reported to be a substrate of histone acetylase, and it
has been shown that HDAC inhibitors induce the relocation
of HMGBI1 from the nucleus to cytoplasm (21, 27). In this
study, we demonstrated that VPA induced HMGRB] release in
macrophage cultures and that the VPA-induced release of
HMGB1 was not due to inhibition of HDAC (Fig. 4) or ace-
tylation of HMGB1 (data not shown). However, VPA-induced
HMGBI release might be mediated in part through activation
of GABA receptors and ERK MAP kinase. This conclusion is
strengthened by our findings that inhibitors of ERK or GABA
receptors abolished HMGB! release stimulated by VYPA,
Phosphorylation of ERK is important for secretion of insulin
(29y and various cytokines (30). Purthermore, the GABA,
receptor regulates the phosphorylation of ERK. Therefore, our
studies support the theory that MAPK signaling and GABA
signaling mediate VPA activation of HMGB1 release,
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High-mobility group box 1 is either secreted from activated
monocytes and macrophages through secretory lysosomes (31)
or passively leaked from cells when the integrity of the plasma
membrane i disrupted during necrosis (32, 33). In this study,
we demonstrated. that VPA does not cause necrosis or apop-
tosis, These results suggested that VPA induced the release of
HMGB1 through active exocytosis.

Gingival overgrowth is. a common adverse effect of the
administration of an anticpileptic drug such as VPA (19, 34).
The presence of dental plaque is often associated with gingival
overgrowth {35). Morphological changes in the gingiva lead to
the retention of dental plaque. Bacterial components, such as
LPS and lipoprotein, in dental plaque can be recognized by
host cell Toll-like receptors and play an important role in the
inflammatory response in periodontal tissue. Higher levels of
HMGBI were shown to be present in gingival crevicular fluid
from periodontal patients {36). High-mobility group box |
potentiates the action of LPS (37), and thus release of HMGB1
induced by VPA may exaggerate the outcome of bacterial
insult in periodontal tissue. ‘
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Complete Pulp Regeneration After Pulpectomy
by Transplantation of CD105™ Stem Cells
with Stromal Cell-Derived Factor-1
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Loss of pulp due to caries and pulpitis leads to loss of teeth and reduced quality of life. Thus, there is an unmet
need for regeneration of pulp. A promising approach is stem cell therapy. Autologous pulp stem/progenitor
(CD105™) cells were transplanted into a root canal with stromal cell-derived factor-1 (SDF-1) after pulpectomy in
mature teeth with complete apical closure in dogs. The root canal was successfully filled with regenerated pulp
including nerves and vasculature by day 14, followed by new dentin formation along the dentinal wall. The
newly regenerated tissue was significantly larger in the transplantation of pulp CD105" cells with SDF-1
compared with those of adipose CD105" cells with SDF-1 or unfractionated total pulp cells with SDF-1. The pulp
CD105" cells highly expressed angiogenic/neurotrophic factors compared with other cells and localized in the
vicinity of newly formed capillaries after transplantation, demonstrating its potent trophic effects on neo-
vascularization. Two-dimensional electrophoretic analyses and real-time reverse transcription—polymerase chain
reaction analyses demonstrated that the qualitative and quantitative protein and mRNA expression patterns of
the regenerated pulp were similar to those of normal pulp. Thus, this novel stem cell therapy is the first

demonstration of complete pulp regeneration, implying novel treatment to preserve and save teeth.

Introduction

ENTAL PULP has many functions, and it is essential for

longevity of teeth and quality of life. The long-term goal of
endodontic treatment after deep caries and/or pulp inflam-
mation is the conservation and restoration of teeth including
dental pulp. A promising approach for it is stem-cell-based
therapy to regenerate the dentin-pulp complex for the conser-
vation and total restoration of structure and function." The
regeneration and tissue engineering of pulp is based on mor-
phogens and growth factors, respondlng stem/progenitor
cells, and the extracellular matrix scaffold.” The regeneration of
dental pulp in immature teeth with incomplete apical closure
has been reported using fibrin in the blood clot or collagen.®*
However, there have been no reports concerning total pulp
regeneration in mature teeth with complete apical closure by
stem/progenitor cell therapy. Thereé is an intimate association
of innervation with vasculature of the dental pulp. Angiogenesis/

vasculogenesis and neurogenesis are critical for total functional
pulp regeneration. The type III receptor of the transforming
growth factor-f receptor family cell surface antigen CD105 (en-
doglin) was selected on the basis of its wide expression on mes-
enchymal stem cells (MSCs).® The stromal cell-derived factor-1
(SDF-1)/CXCR4 axis is present and functional in MSC popula-
tions.*” CD105* stem/progenitor cells from human pulp tissue
containing CXCR4-positive cells demonstrated angiogenic/vas-
culogenic and neurogenic potential® Endothelial cells release
SDF-1 under hypoxic conditions and promote cell survival and
neovascularization by recruitment and perivascular retention of
CXCR4-positive bone marrow-derived cells. >1° Therefore, in this
study, autologous pulp CD105" cells were transplanted with
SDF-1 in a collagen scaffold into the root canal of mature teeth
induced complete apical closure after pulpectomy, in dogs. Thus,
we demonstrate for the first time complete pulp regeneration
in the root canal, by protein profiles and mRNA expression
patterns.
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Materials and Methods
Cell isolation

Dental pulp cells were separated from pulp tissues of
maxillary teeth in dogs as previously described.!’ Primary
adipose cells were also separated from the adipose tissue of
the same dog as a control. Those primary cells, 2-5X 10° cells
each were stained with anti-mouse IgGl negative control
(W3/25) (AbD Serotec), mouse IgG1 negative control (Phy-
coerythrin [PE]) (MCA928PE) (AbD Serotec), and mouse
anti-human CD105 (PE) (43A3) (BioLegend), 10 uL per 108
cells for 90 min at 4°C, and were sorted by a flow cytometer
JSAN (Bay Bioscience). Both CD105" cells and CD105™ cells
derived from the pulp and adipose tissue and total pulp cells
without cell fractionation were cultured in EBM2 (Cambrex
Bio Science) supplemented with 10 ng/mL IGF (Cambrex Bio
Science), 5ng/mL EGF (Cambrex Bio Science), and 10% FBS
(Invitrogen Corporation) to maintain the cells. They were
subcultured after reaching 60%—-70% confluence.

The phenotype of pulp CD105" cells was further charac-
terized by flowcytometry at the third passage of culture in
comparison with adipose CD105" cells and unfractionated
total pulp cells after immunolabeling with antigen surface
markers (Supplementary Material; Supplementary Data are
available online at www liebertonline.com/tea). The experi-
ments were repeated nine times.

Real-time reverse transcription-polymerase
chain reaction analysis

To further characterize the phenotype of the cell popula-
tions, total RNA were extracted using Trizol (Invitrogen) from
the pulp and adipose CD105™ cells and total pulp cells at the
third passage. The number of these cells was normalized to
5x10* cells in each experiment. First-strand cDNA syntheses
were performed from total RNA by reverse transcription us-
ing the ReverTra Ace-o (Toyobo). Real-time reverse tran-
scription—polymerase chain reaction (RT-PCR) amplifications
were performed at 95°C for 10s, 62°C for 15, and 72°C for 8 s
using stem cell markers, canine CXCR4, Sox2, Stat3, Bmil, and
Rex1 (Supplementary Table 51) labeled with Light Cycler-Fast
Start DNA master SYBR Green I (Roche Diagnostics) in Light
Cycler (Roche Diagnostics). The design of the oligonucleotide
primers was based on published canine cDNA sequences.
When canine sequences were not available, human sequences
were used. To examine mRNA expression of angiogenic and
neurotrophic factors, real-time RT-PCR amplifications of ca-
nine matrix metalloproteinase-3 (MMP-3), VEGF-A, granulocyte-
monocyte colony-stimulating factor (GM-CSF), SDF-1, nerve
growth factor (NGF), brain-derived neurotrophic factor (BDNF),
Neuropeptide Y, Neurotrophin 3, E-selectin, VCAM 1, rhombotin
2, ECSCR, and SLC6A6 were also performed (Supplementary
Table S1). The RT-PCR products were confirmed by se-
quencing based on published cDNA sequences. The expres-
sion in pulp CD105* cells and adipose CD105" cells was
compared with that in total pulp cells at the third passage of
culture after normalizing with B-actin.

Induced differentiation

The differentiation of pulp CD105" cells from the third to
fifth passage, into adipogenic, angiogenic, neurogenic, and
odontogenic/osteogenic lineages, was determined and
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compared with adipose CD105" cells and unfractionated
pulp cells as previously described.'”

Proliferation and migration assay

To determine cell proliferation in response to SDF1 (Acris),
pulp CD105" cells were compared with total pulp cells and
adipose CD105* cells at fourth passage at the 10° cells per 96
well in EBM2 supplemented with 0.2% bovine serum albu-
min (Sigma) and SDF-1 (50 ng/mL). Ten microliters of Tetra-
color one® (Seikagaku Kogyo) was added to the 96-well
plate, and cell numbers were measured at 2, 12, 24, and 36 h
of culture using a spectrophotometer at 450nm absorbance.
Wells without cells served as negative controls.

To examine migration activity of pulp CD105* cells by
SDF-1, horizontal chemotaxis assay was performed and
compared with total pulp cells and adipose CD105" cells.
The TAXIScan-FL (Effector Cell Institute) was used to detect
real-time horizontal chemotaxis of cells. The TAXIScan-FL
consists of an etched silicon substrate and a flat glass plate,
both of which form two compartments with a 6 um deep
microchannel. Each cell fraction (1pL of 10%cells/mL) was
placed into the single hole with which the device is held
together with a stainless steel holder, and 1 uL of 10ng/uL of
SDF-1 was placed into the contra-hole. The video images of
cell migration were taken for 6 h.

In vivo transplantation studies

An experimental model of whole pulp removal and
transplantation of cell populations for regeneration was es-
tablished in the permanent teeth in dogs to achieve complete
apical closure (Narc). The whole pulp removal was carried
out in both sides of upper second incisors and lower third
incisors under intravenously administered sodium pento-
barbital (Schering-Plough) followed by enlargement of apical
foramen, 0.7 mm in width using #70 K-file (MANI). Auto-
logous transplantation of the pulp CD105% cells, adipose
CD105* cells, or total pulp cells, 1x 10°cells in each, from the
third to fourth passage, after Dil labeling was performed
with collagen TE, a mixture of collagen type I and type III
(Nitta Gelatin) in the lower part of the root canals. The upper
part of the root canals was further filled with SDF-1 at the
final concentration of 15 ng/uL, with collagen TE. The cavity
was sealed with zinc phosphate cement (Elite Cement, GC)
and composite resin (Clearfil FII) after treatment with a
bonding agent (Clearfil Mega Bond). Sixty teeth from 15
dogs were used. Ten teeth transplanted with pulp CD105*
cells with SDF-1, 5 teeth transplanted with adipose CD105™
cells with SDF-1, 5 teeth transplanted with total pulp cells
with SDF-1, 5 teeth with SDF-1 only without cells, 5 teeth
with pulp CD105* cells only without SDF-1, and 5 teeth with
a scaffold only without cells were harvested for histology
after 14 days. Six teeth transplanted with pulp CD105% cells
with SDF-1 were harvested for two-dimensional electro-
phoretic analyses after 28 days. Four teeth each transplanted
with pulp CD105 cells with SDF-1, adipose CD105" cells
with SDF-1, and total pulp cells with SDF-1 were harvested
after 90 days, respectively. Seven normal teeth without any
operation were used as control. For morphological analyses,
they were fixed in 4% paraformaldehyde (Nakarai Tesque) at
4°C overnight and embedded in paraffin wax (Sigma) after
demineralization with 10% formic acid. The paraffin sections
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FIG. 1. Isolation of CD105* cells from adult canine dental pulp and adipose tissue. (A) The two panels show flow
cytometry profiles of forward scatter (FSC) and side scatter (SSC) (left), and CD105 and SSC expression (right) on the dental
pulp tissue. CD105" cells represented 6% of the total. (B) Primary pulp CD105" cell culture on day 3. (C) Primary pulp
CD105* cell culture on day 10. (D) Primary total pulp cells on day 10. (E) The two panels show flow cytometry profiles of
FSC and SSC (left), and CD105 and SSC expression (right) on the adipose tissue. CD105 cells represented 5.8% of the total.
(F) Primary adipose CD105* cell culture on day 3. (G) Primary adipose CD105" cell culture on day 10. (H) Primary total
adipose cells on day 10. The experiments were repeated nine times, and one represented experiment is presented. Color

images available online at www liebertonline.com/tea

(5um in thickness) were morphologically examined after
staining with hematoxylin and eosin (HE).

All animal experiments were conducted using the strict
guidelines of the Animal Protocol Committees and DNA
Safety Programs both in National Center for Geriatrics and
Gerontology and Aichigakuin University.

For vascular staining, 5-pm-thick paraffin sections stained
with Fluorescein Griffonia (Bandeiraea) Simplicifolia Lectin
1/fluorescein-galanthus nivalis (snowdrop) lectin (20 pg/
mL; Vector laboratories) for 15min a fluorescence micro-
scope BIOREVO, BZ-9000 (KEYENCE) were used.

For whole mount staining of vascular structure, the re-
generated tissue and normal pulp tissue were dissected from
teeth on day 14 and fixed in 4% paraformaldehyde for
45min. The tissue was treated with 0.3% Triton X in
phosphate-buffered saline, blocked, and stained with iso-
lectin GS-IB4 from Griffonia simplicifolia, Alexa Fluor 488
conjugate (1:500) for 12h at 4°C overnight. Neovascularization
and engraftment of the transplanted cells into the root canal
was examined by two-photon microscopy using FV1000MPE
(Olympus) instrument. Three-dimensional structures were
reconstructed by FV10-ASW software.

For neuronal staining, 5-pum-thick paraffin sections were
incubated for 15min with 0.3% Triton X-100 (Sigma Che-
mical). After incubation with 2.0% normal goat serum to
block non-specific binding, they were incubated with goat
anti-human PGP9.5 (Ultra Clone) (1:10000) at 4°C overnight.
After three washes in phosphate-buffered saline, bound an-
tibodies were reacted with biotinylated goat anti-rabbit IgG
secondary antibody (Vector) (1:200) for 1h at room temper-
ature. The sections were also developed with the ABC re-
agent (Vector Laboratories), using the DAB chromogen for
10 min.

Relative amounts of regenerative pulp tissue 14 days after
transplantation were examined in each sample by capturing
video images of the histological preparations on the binoc-

ular microscopy (Leica, M 205 FA). Three sections at 150-um
intervals for each tooth from a total of 5 teeth each trans-
planted with pulp CD105% cells with SDF-1, adipose
CD105* cells with SDF-1, total pulp cells with SDF-1, pulp
CD105* cells only, SDF-1 only, and collagen TE scaffold only
were examined. On-screen image outlines of newly
regenerated pulp tissue and newly formed dentin were
traced, and the surface area of these outlines in the root canal
was determined by using Leica Application Suite software.
The ratio of the regenerated area to the root canal area was
calculated in three sections of each tooth, and the mean value
was determined.

In vivo gene expression of odontoblastic differentiation
markers, dentin sialophosphoprotein (Dspp) and enamelysin, in
the cells lining along the root canal surface was examined by

TaBLE 1. FLow CYTOMETRIC ANALYSIS OF CELL-SURFACE
MARKERS ON PuLp AND Apirose-Derivep CD105% CeLLs
AND Totar Purr CeLLs AT THE THIRD PASSAGE oF CULTURE

Pu{za Adipose Total
CD105™ cells ~ CD105" cells  pulp cells

CD24 1.8% 1.7% 0.3%
CD29 95.9% 90.5% 99.2%
CD31 0% 0% 0%
CD33 3.7% 0% 0.2%
CD34 45.5% 0.1% 47.1%
CD44 96.2% 92.3% 99.9%
CD73 97.2% 0.8% 22.3%
CD90 98.1% 95.6% 97.5%
CD105 98.5% 74.0% 4.6%
CD146 0.8% 0.2% 0.9%
CD150 2.3% 0.2% 0.9%
MHC class I 36.0% 80.0% 73.8%
MHC class II 0.4% 0% 04%
CXCR4 12.2% 5.9% 5.3%
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FIG. 2. Relative mRINA expression of cytokines of vasculogenesis and neurogenesis by real-time reverse transcription-
polymerase chain reaction in pulp and adipose-derived CD105* cells. The experiments were repeated four times, and one

represented experiment is presented.

in situ hybridization in 5 um-paraffin sections 90 days after
transplantation of pulp CD105" cells with SDF-1. Canine
c¢DNA of Dspp (183bp) and enamelysin (195bp) linearized
with Ncol and Spel, respectively, were used as anti-sense
probes. The probes were constructed out of the plasmids
after subcloning the PCR products using the same primers as
those designed for real-time RT-PCR (Supplementary Table
S1). The DIG signals were detected by TSA system (Perki-
nElmer).

Two-dimensional electrophoretic analyses
and gene expression analyses

For two-dimensional electrophoretic analysis, the re-
generated pulp-like tissue on day 28, normal pulp, and
periodontal ligament were homogenized in lysis buffer (6 M
urea, 1.97M thiourea, 2% [w/v] 3-[(3-cholamidopropyl) di-
methylammonio] propanesulfonate, 64.8mM dithiothreitol
[DTT], 2% [v/v] Pharmalyte) and sonicated. The supernatant
was collected after being centrifuged at 15,000 rpm for 15 min
at 4°C, and applied to two-dimensional electrophoresis.
Isoelectric focusing (IEF) was carried out using Cool-
PhoreSter 2-DE systems. IPG strips (Immobiline DryStrips,
pH 4-7, 18 cm; GE) were used according to the manufac-
turer’s instructions. IPG strips were rehydrated with rehy-
dration solution (6M wurea, 1.97M thiourea, 2% [v/v]
TritonX-100, 13mM DTT, 2% [v/v] Pharmalyte, 2.5mM
acetic acid, 0.0025% bromophenol blue [BPB]) overnight at
20°C. IEF was performed following a step-wise voltage in-
cremental manner: 500V for 2h, 700-3000V for 1h, and
3500V for 24 h. After IEF, IPG strips were incubated in an
equilibration buffer (6 M urea, 32.4mM DTT, 5mM Tris-HCl,
pH 6.8, 2% [w/v] sodium dodecyl sulfate [SDS], 0.0025%
BPB, 30% [v/v] Glycerol) for 30 min. IPG strips were further
equilibrated in 5mM Tris-HCl, pH 6.8, 2% (w/v) SDS,
0.0025% BPB, 30% (v/v) Glycerol, and 243 mM iodoacetamid
for 20 min. Separation in the second dimension was carried
out in 12.5% SDS-PAGE gels (20cmx20cm) at a constant
current of 25mA/gel for 15min and 30mA/gel thereafter.
The gels were stained with Flamingo Fluorescent Gel Stain
(Bio-Rad Laboratories) and scanned (FluoroPhorester 3000;

Anatech). The gel images were analyzed and compared with
each other by using Progenesis (Nonlinear Dynamics).

Real-time RT-PCR amplifications were performed as pre-
viously described using markers for periodontal ligament,
canine axin2, periostin, and asporin/periodontal ligament-
associated protein 1 (PLAP-1). Collagen ol(I), syndecan3, and
tenascin C were also used for comparison of regenerated
tissue with normal pulp and periodontal ligament (Supple-
mentary Table S1).

For microarray analysis, biotinylated cRNA were pre-
pared from 250ng of total RNA according to the standard
Affymetrix protocol (Affymetrix Japan KXK.). After frag-
mentation, 10 pg of cRNA were hybridized for 16 h at 45°C
on GeneChip Canine Genome 2.0 Array (Affymetrix) con-
taining ~43,000 annotated sequences. GeneChips were wa-
shed and stained in the Affymetrix Fluidics Station 450, and
were scanned using the Affymetrix GCS3000 scanner. The
data were analyzed with Microarray Suite version 5.0 (MAS
5.0) using Affymetrix default analysis settings and global
scaling as normalization method. The trimmed mean target
intensity of each array was set to 500. Chips were ordered
into hierarchical clusters using the Pearson centered algo-
rithm as the distance measure, and the Average algorithm as
the linkage method.

Statistical analyses

Data are reported as means *standard deviation. p-Values
were calculated by using the unpaired Student’s t-test. The
number of replicates in each experiment is indicated in the
figure legends.

Results

Isolation and characterization of CD105" cells
from pulp and adipose tissue

Flow cytometric isolation of the CD105* cells from canine
adult total pulp cells (Fig. 1D) was performed using anti-
bodies against CD105. CD105" cells isolated from total adi-
pose cells (Fig. 1H) of the same dog and unfractionated total
pulp cells were used as controls. The pulp and adipose
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