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ABSTRACT

Introduction: The objective was to assess the process of apical periodontitis induced by
injecting Porphyromonas gingivalis lipopolysaccharide (Pg LPS) that is followed by regener-
ation of roots in premature permanent tooth. A novel operation table was introduced to
facilitate endodontic treatment of mandibular molars.
Materials and Methods: Pulp of mandibular first molars of 6-week Wistar rats were exposed
by drilling, inoculated with 0.6 ug Pg LPS and sealed with glass ionomer cement. After 1 and
2 weeks rats were sacrificed and the molar roots compared with those of vehicle controls
by protein array analysis and (histo) morphology/chemistry. Micro-CT imaging visualized
the lesion, and non-decalcified frozen serial sections were HE stained and subjected to
TRACP-5b/ALP activity staining and immunohistochemical staining.
Results: Quantitative induction of inflammation enabled us to examine the effects of LPS-
injection: micro-CT images exhibited much larger radiolucent apical lesions than did con-
trols; CD68 (M1+ M2x+) cell surface marker was more intense in Pg-1w and then subsided
while CD163 (M1- M2+) was more intense in Pg-2w. Staining of IL-4, which induces M2
polarization, and angiogenic markers, VEGF/CD34 was intense in Pg-1w than in controls.
Conclusion: The introduced apparatus facilitated accurate mandible operation with ease.
Thus, stages of pulpal infection were reproduced quantitatively with a small amount of Pg
LPS. Proteins expressed in the root apex where inflammation occurred and the lesion in the
surrounding alveolar bone revealed the inflammation time course in the immature per-
manent teeth. This mandibular model turned out quite useful for clinical and pharma-
ceutical developments in the future.
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1. Introduction

In daily practice, dentists are often required to perform end-
odontic treatment in immature permanent teeth such as those
with a fractured central tubercle. The roots of immature per-
manent teeth are usually incomplete with a funnel-shaped
apex making treatment difficult. A central tubercle is an
abnormal form of crown that appears mainly on the central
portion of the occlusal surface of premolars, more commonly
in mongoloids. It has been reported to form in about 1% of
Japanese [1] and to be found mostly in mandibular second
premolars [1—4]. Fractures generally occur during the process
of tooth eruption necessitating attention to prevent dental pulp
infection through fracture cracks [5]. Currently, there is no
agreed standard treatment to aid root development to com-
plete the process. This is an urgent task to establish a reliable
protocol leading to normal permanent teeth with mature roots.
The goal of endodontic treatment of such immature teeth is to
preserve their function as much as possible.

Animal models have been used in evaluating certain
pathogenesis, identifying the actions of novel drugs, and
determining the results of interventions prior to clinical trials.
To date, dental experiments have often used rat maxillary
molars [6—8] rather than mandibles because of anatomical
constraints with cheek, tongue, and pericranial tissues asso-
ciated with rat mandible. While few studies used mandibular
teeth, certain clinical conditions such as central tubercle
fracture necessitate use of mandibular teeth models.

Infection of periapical tissues may occur by pathogenic
invasion of microorganisms into the dental pulp during dental
caries, trauma or other ailments. Inflammatory reaction in
periapical tissues is induced by microbial infection in the root
canal system [9]. Resulting root apex periodontitis is an in-
flammatory disease characterized by reduced periodontal
tissue and alveolar bone. Apical periodontitis models pre-
pared by surgically exposing dental pulp have been widely
used, mostly with rats whose dental pulp was left open and
exposed to oral bacteria. Infected pulpal tissue was then used
as a periodontitis model [10,11]. It is difficult to identify the
source and extent of an infection occurred at the root apex in
such a model. On the other hand, by injecting a pathogen
directly into the dental pulp and sealing it with glass ionomer
cement, one can control the source and determine the extent
of induced inflammation followed by healing to obtain an
apical periodontitis model. To perform such an operation on
mandibular teeth of young rats, is challenging, however.

In the present study, we developed apparatus, a table, to
facilitate easy operation on rat mandibular molars which may
be used to develop mandibular teeth models. Using this novel
operation table, we examined the effect of Porphyromonas
gingivalis lipopolysaccharide (Pg LPS) injected into the pulp of
mandibular first molar teeth. The effects were assessed at 1-
week (Pg-1w) and 2-weeks (Pg-2w) post-inoculation by micro
CT imaging, antibody array, activity staining for ALP and
TRACP-5b and immunofluorescence staining. We obtained
useful information with regard to the process of inflammation
leading to healing that could contribute to the development of
new treatment methods.

2. Materials and Methods
2.1. Animals

Wistar rats (n = 48 in all, 8 groups of 6 rats; 5-week-old male
rats weighing about 130 g purchased from Japan SLC, Shi-
zuoka, Japan) were operated on after 1-week habituation at
constant room temperature (22 + 3 °C), relative humidity
(55 + 5%), under a 12 h day/night cycle (lights on 7 p.m. to 7
a.m.), with food and water ad libitum. All animal experiments
accorded with Guidelines for Animal Experiments, Kanagawa
Dental University, and every effort to minimize animal
suffering was made. The experimental procedures were
approved by Animal Experiment Committee, Kanagawa
Dental University (No. 21—-014). The rats were randomly
divided into experimental and control (Ctrl) groups. All were
anesthetized with chloral hydrate (0.33 ml/kg) via intraperi-
toneal administration, prior to operation.

2.2. Operating table

A rat strapped to the operating table created to treat
mandibular molars in young rats is shown in Fig. 1A. During
use of the device, moisture in the oral cavity was controlled
with rubber dam clamps for rats (YDM, Tokyo, Japan) and
rubber dam sheets for small animals (J. Morita Corp, Osaka,
Japan), and the operative field was disinfected with 0.025%
benzalkonium chloride solution prior to operation.

After cleaning the pulp chamber with saline solution and
then sodium hypochlorite solution.

2.3. Induction of periapical lesions and sample
preparation

The pulp of the mandibular right first molar was exposed by
drilling with a sterilized ELAsteel/HP/1/4 diamond bur (Emil
Lange, Engelskirchen, Germany) until the bur head sank into
the pulp chamber under observation with a surgical loupe
(Japan Dental Supply Corp. Tokyo, Japan). After cleaning the
pulp chamber with saline solution and then sodium hypo-
chlorite solution, 0.6 ul of the prepared treatment medium
comprising Porphyromonas gingivalis lipopolysaccharide (Pg-
LPS) (InvivoGen, San Diego, USA) dissolved in sterile
endotoxin-free water at 1 pg/pl concentration was directly
injected towards the bottom of the pulp chamber, using a
micro syringe (0-5 pl) fitted with a 1.5 cm long 33-gauge
needle (ITO CORPORATION, Shizuoka, Japan). Ctrl rats were
injected with 0.3 pl sterile endotoxin free water. The syringe
was left in situ for 30 s after each injection. The pulp
chamber was then capped with glass ionomer cement
(YOSHIDA CO., LTD., Tokyo, Japan). In each animal, the
opposite left-side tooth was not treated and served as an
intact reference (data not shown). Six treatment rat groups
(Pg-1w), another six treatment rat groups (Pg-2w) were
maintained together with the Ctrl rat groups under the same
conditions and then sacrificed with CO, gas. The mandibles
containing the first molar samples were cut out and trim-
med, fixed with 4% paraformaldehyde in phosphate-
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Fig. 1 — Overall view of the operating table and rubber dam isolation. The table shown in Fig. 1A comprising three metal
mesh plates W20 x L20 x H5 (cm) may be adjusted in height (A). Rubber dam isolation (B) and treatment of mandibular

molar teeth (C). With the rubber dam dry field technique, molars are easily accessible. Stabilized head facilitates accurate
operation. There are four directions of traction (D and E). (a: maxilla incisor traction, b: left buccal mucosa traction, c: right
buccal mucosa traction, d: mandible incisor traction). Mandibular fixation (e) and intraoral viewing are simple. First molars

(f) can be easily accessed.

buffered saline (pH 7.4) (NACALAI TESQUE, INC., Kyoto,
Japan) at 4 °C for 48 h with two changes. Samples were
further transferred into 70% ethanol, and after replacing the
ethanol solution twice, refrigerated until imaging and his-
tological analyses.

2.4.  Three-dimensional measurement of root canal
lesions

The mandibular first molar roots were scanned and visualized
with a micro-CT scanner (ScanXmate-L80, Comscantechno,
Yokohama, Japan). The micro-CT, which visualizes the
microstructure of hard tissue, is useful for evaluating root
apex condition. Reconstructed 3D images of the mandible
showing the microstructure of the root canal lesion provided
data to quantify the volume of bone resorption in the lesion as
transmission images. The image data were reconstructed
using TRI/3D-BON (RATOC System Engineering, Tokyo, Japan).
The volumes of periapical lesions at the mesial and distal
roots were calculated by Image J (U.S. National Institutes of
Health, Bethesda, Maryland, USA). The imaging conditions
were 50 kV tube voltage, 60 pA tube current, and 30 pm slice
width. For each imaging data, the X axis passed through the
floor of the pulp bed, the Y axis passed through the centers of
the proximal and distal roots, and the Z axis passed through
the centers of the buccal and lingual roots. The volume of root
apex transparency in each slice was defined as the area of
transparency multiplied by the slice width, and the cumula-
tive total was calculated for the root apex transparency image
volume. Mesial and distal roots showed similar tendency be-
tween the results of Pg and Ctrl groups.

2.5. Protein array

To analyze tissue protein in the area of root apex-alveolar
bone resorption, the base of the pulp under removed teeth
was recovered immediately after sacrifice in the rats sepa-
rately prepared for the protein array experiment after 2-week
incubation. By repeated flashing using a tuberculin syringe
with 180 pl lysis buffer divided in three portions (RayBiotech
Life, Inc.,, Peachtree Corners, GA.), tissue proteins were
collected into Eppendorf tubes. In between the flashing
treatments, alveolar bone surfaces in the lesion were scraped
with the needle's cutting edge to recover proteins. Concen-
trations of the recovered proteins were determined using
Pierce 660 assay (Thermo-Fisher Scientific, Tokyo, Japan) with
BSA as a standard, then frozen at —130 °C for further analyses.

For simultaneous detection of the relative expression of
500 rat proteins in the tissue lysates, RayBio® label-based (L-
Series) rat L2 array on glass slides (Ray Biotech Life, Inc.
Peachtree Corners, GA) was according to the manufacturer's
instructions. Briefly, primary amine groups in the sample
proteins were biotinylated, and the glass slide arrays were first
treated with blocking solution similar to that used in Western
blot analysis. Then a solution of biotin-labeled sample was
added onto the glass slide, which was preprinted with
captured antibodies. After the slide was incubated to allow
binding of target proteins, streptavidin-conjugated fluores-
cent dye (Cy3 equivalent) was applied to the array. After
washing the dye off the glass slide, dried slides were skimmed
through a fluorescence scanner to visualize the signals.
Depending on the intensity, the presence of each protein was
semi-quantitatively estimated.
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2.6. Histology

Blocks fixed and kept in 70% ethanol were transferred into 10%
sucrose, and after two changes each of 10% and 20% sucrose at
4 °C, dipped in a small volume of freezing medium (SECTION-
LAB Co. Ltd., Hiroshima, Japan). The blocks were then sub-
merged in metal containers filled with the freezing medium
and were frozen according to Kawamoto's protocol slightly
modified in our previous study [12]. Four-um thick serial sec-
tions in the sagittal plane of the teeth were prepared so that
apical foramen (AF), root canal (RC), periapical lesion (PL), and
alveolar bone (AB) can be seen. Sections from the center
portion of the pulp and root canal were selected for hema-
toxylin and eosin (HE) and immunohistochemical staining.
Their images were documented by Axio Imager Z1 light mi-
croscopy system (Carl Zeiss Co., Ltd., Oberkochen, Germany).

2.7. Enzyme activity staining for ALP and TRACP-5b

Some sections were stained using TRACP-5b/ALP enzyme ac-
tivity stain kit (FUJIFILM Wako Pure Chemical Corp., Osaka,
Japan), which was used to examine the osteoblastic (by ALP)
and osteoclastic (by TRACP-5b) cell differentiation and their
distribution in the tissue sections, according to the manu-
facturer's instructions.

2.8. Immunohistochemical staining

The following primary antibodies were used for incubation at
4 °C overnight: mouse monoclonal antibody anti-CD68 anti-
body (MSB1453, Sigma-Aldrich, St. Louis, USA), dilution 1:50,
mouse polyclonal antibody anti- CD163 antibody (MCA342GA,
BIORAD, California, USA), dilution 1:50, mouse monoclonal
antibody against rat IL-4 (OX81, Santa Cruz Biotechnology, CA,
USA), dilution 1:50, mouse monoclonal antibody against rat
VEGF (C-1, Santa Cruz Biotechnology, CA, USA), dilution 1:50,
and goat polyclonal antibody against rat CD34 (C-18, Santa
Cruz Biotechnology, CA, USA), dilution 1:50. The sections were
washed with three changes of TBS Tween and incubated with
secondary Alexa conjugated anti-IgG antibodies such as Alexa
448 (green) and 647 (NIR) according to the manufacturer's in-
structions. Fluorescent images were visualized using an Axio
Imager Z1 (Carl Zeiss, Oberkochen, Germany), according to the
manufacturer's instructions.

2.9. Statistical analyses

Difference in root apex radiolucency volumes among Pg-1w,
Pg-2w, and Ctrl specimens were analyzed by Kruskal-Wallis
and Mann-Whitney U-tests with Bonferroni correction for
alpha (p < 0.016), using Soft IBM SPSS Statistics 27.

Fig. 2 — Micro CT images of mandibular first molar. Micro CT images revealing mean volumes of distal root apex lesions: A;
Ctrl (Vehicle), B; Pg-1w, C; Pg-2w, D; Intact Ctrl, E; Intact Pg-1w (Opposite side of Pg-1w), F; Intact Pg-2w (Opposite side of Pg-
2w). Asterisks (*) indicated the root apex of distal root. Arrow indicated cementum hypertrophy. Alveolar bone resorption

was more intense and extensive in Pg-1w and Pg-2w than Gtrl.
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Fig. 3 — Mean volumes of distal root apex foci. Box plot showing comparisons between Ctrl, Pg-1w and Pg-2w volumes. All
data are presented as the mean + SD. Significance probability p-values were corrected by Bonferroni's correction (p < 0.016).
There was a statistically significant difference between Gtrl and Pg-2w volumes.

3. Results
3.1 Operating table

Since the operating table allowed adjustment of the fixation
table angle, a good operative field was easily obtained. The rat
mouth was kept open, the rubber dam isolation prevented
moisture (Fig. 1B), and fixation stabilized the mandible. Op-
erations in mandibular molars were performed with no
damage to the oral cavity and the mandible kept stable and
secure for 30 min (Fig. 1C). The device allowed fine adjustment
of the incisor traction portion and the left and right buccal
mucosa traction portions in four directions (Fig. 1D, E). The
device facilitated surgery by keeping the mouth open and
ensuring a good stable operative field.

3.2 Three-dimensional measurement of root canal
lesion volume

Fig. 2 shows micro-CT images of mandibular first molars with
much larger radiolucent areas of root apex in treated than Ctrl
(vehicle control) rats, the latter being almost intact compared
with that of no-treatment “Intact” opposite side; distal canal
lesion mean volume was 0.67 mm3 in Pg-1w, 1.34 mm3 in Pg-
2w, and 0.30 mm3 in Ctrl rats (Fig. 3), with that in Pg-2w being
significantly greater than that in Ctrl (p = 0.004). Pg-2w
showed cementum hypertrophy and transmission images to
furcation area. The root was gently enlarged, with no
enlargement of the periodontal lumen.

3.3. Protein array

The concentrations of the recovered proteins are shown in
Table 1. Proteins were recovered in the order of Ctrl-4, Ctrl-3,

Pg-2, and Pg-1. Protein recovery patterns differed between Ctrl
and Pg groups. Tissue protein analysis of the root apex
together with the surrounding alveolar bone resorption area
provided protein profiles in this model of apical periodontitis.
To assess which proteins were expressed, a root apex map
was created with 500 rat protein antibodies. Relative expres-
sion levels above 1.85-fold and below 0.87-fold are listed in the
order of significance in Table 2. Relevant information of each
protein was listed in the last column.

3.4. Enzyme activity staining for ALP and TRACP-5b

ALP-positive cells of dark red to purple staining and TRACP-
Sb-positive cells of pink staining showed distinct distribu-
tions (Fig. 4). ALP-positive cells were apparent in alveolar bone
sections of Pg-2w and in root apex of Ctrl. Distinct TRACP-5b
positive cells were found in the alveolar region of Pg-2w
teeth. Ctrl showed higher activity of ALP-positive cells than
TRACP-5b-positive cells, and Pg-2w showed ALP-positive cells
and TRACP-5b-positive cells at the same site in the alveolar
region.

Table 1 — Tissue proteins recovered from the root apex
and alveolar bone lesion. More proteins were recovered

from the Ctrl groups than the Pg groups. Protein recovery
varied from sample to sample.

amount of protein (ug)

Pg-1 Pg-2 CTL-1 CTL-2
First extract 222.48 304.89 453.05 1056.95
Second extract 108.3 326.55 355.87 446.06
Third extract 68.41 83.57 413.47 337.78
Total 399.19 715.01 1222.39 1840.79
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Table 2 — Tissue protein analysis of the root apex and alveolar bone lesion. RayBio® label-based antibody array was used to
analyze relative expression variations of 500 rat proteins. Some 33 proteins in the Pg-2w samples showed relative

expression levels 1.85-fold greater than did vehicle Ctrl samples (A), and some 32 proteins less than 0.87-fold (B). In Table
2A, the darker the red color the higher the expression level, whereas in Table 2B, the same is true for the blue color. URLs for
the relevant information was provided in the last column.

AV 1 2 3 [ 4 DOI Av 1 2 3 4 DOI
1 plgR DOI: 10.1016/).dci.2021.104072 1 VSIG1 DOI: 10.1002/js0.22150
2 beta 2-M DOI: 10, 2 Plexin Ad DOI- 10.1084//em.20101138
3 Smad 3 DOI: 10.1074/jbc.M302566200 3 TIM-1 DOI: 10.4049/jimmunol. 1402632
4 Annexin A1 DOI: 10.1172/JCI124635. 4 UCH-L1 DOI: 10.7150/thno.39814. eCollection 2020.
5 ER alpha DOI: 10.1002/jbm4.10657 5 TNF-R1 DOI: 10.1016/51043-4666(03)00117-0
6 FABPS DOI: 10.1038/s41467-02 6 UNC5H1 DOI: 10.1074/jbc.M300415200
7 Cystatin C DOI: 10.1189/jlb.3A1016-433R 7 TrkC DOI: 10.1016/j.ydbio.2018.07.022
8 Decorin DOI: 10.1016/j.nbd.2013.12.008 8 NFATC3 DOI: 10.1016/j.bbrc.2018.03.182. Epub 2018 Apr 10.
9 NEDD8 DOI: 10.1016/j.bbrc.2013.02.028. Epub 2013 Feb 14. 9 SIRP alpha DOI: 10.1053/j.seminoncol.2020.05.009. Epub 2020 May 30.
10 MIP-3 beta http://www.jimmunol.org/content/161/5/2580 10 | Neuroplastin 65 DOI: 10.3389/fncel.2017.00110
11 TOP-43 DOI: 10.1111jre.12227. Epub 2014 Sep 9. 1 SIGNR1 DOl 10. Epub 2005 May 20.
12 ILK DOI: 10.1007/s00018-021-04104-1 12 Neurogranin DOI: 10.1089/neu.2019.6759
13 | Galectin-1 DOI:10.1093/glycob/ow1025 13 PTK7 DOI: 10.1038/emboj.2011.236.
14 SOX2 DOI: 10.1515/hsz-2014-0317. 14 TGM2 DOI 10.1007/s00726-015-2039-5
15 FKBPS1 DOL: 10.1046/).0902-4441.2003.00204.x 15 SOX10 DOL: 10.1111/jre. 12229
16 Far DOI: 10.1172/jci.insight.139987. 16 TIE-2 DOI: 10.1016/j.bbrc.2019.01.079
17 KLKB1 DOI: 10.3389/fphar.2021.71511 17 SH2B1 DOI: 10.1016/j.bbagen.2014.08.011
18 MKK6 DOI:10.1186/1476-9255-11-14 18 TRHDE DOI: 10.1007/510735-021-09968-y. Epub 2021 Mar 6.
19 GFRA1 DOI:10.1371/journal.pone.0012 19 Secretagogin DOI: 10.1073/pnas.1700662114. Epub 2017 Feb 21
20 ALCAM DOI: 10.1371/journal.pone.0243272 20 Calcineurin A DOI: 10.1002/jcp.30255. Epub 2021 Jan 3.
21 Nestin DOI: 10.1111/jre.12229. Epub 2014 Sep 21 4-1BB DOI: 10.3892/etm.2016.3503
22 LPHN3 DOl 10.3892/etm.2017.5376 22 | EphinB2 DOI: 10.1016/j.yexcr.2021.112505
23 p27 DOI: 10.1016/j.dnarep.2018.07.008 23 Neurofascin DOI: 10.1016/j.expneurol.2013.05.005. Epub 2013 May 18.
24 MCAM DOI: 10.1007/s10585-016-9801-2. 24 P38 gamma DOI: 10.1083/jcb.200907037
25 Cathepsin L DOI: 10.1111/iej.13472. 25 SP-D DOI 10.1007/500418-009-0609-x
26 -4 DOI: 10.1016/j.jprot.2020.104080. 26 | Alpha-Synuclein DOI: 10.1186/s12974-019-1658-2.
27 IGFBP-5 DOI: 10.1111/dgd. 12632 27 MAG J l DOI: 10.1006/mcne.1997.0633.
28 CRYAB DOL: 10.1007/512192-018-0941-y 28 TWEAK R DOI: 10.1074/jbc.M302518200
29 HSP70 DOI: 10.1016/j.joen.2017.01.030. 29 TAFAS DOI: 10.3892/mmr.2019.10724
30 Calcineurin B DOI: 10.1016/0092-8674(94)90253-4. 30 Noggin DOI: 10.3390/cells9040927.
31 HSP27 ‘ DOI: 10.1097/00004770-200102000-00007. 31 CD47 DOI: 10.1080/2162402X.2017.1391973
32 PON3 DOI: 10.1096/fj.14-260570 32 MIF H DOI: 10.2174/1389557515666150203143317
33 Cathepsin B DOI: 10.1111/j.1600-0765.1992.tb02087 .x
——
® —— @ T T 0ok

<185 185<22020<2341 3.41<

TRACP-5b

X100

Ctrl

Pg-2w

Fig. 4 — Enzyme activity staining for ALP and TRACP-5b after 2-week incubation. Frozen sections of periapical areas were
stained for ALP for osteoblastic cells and TRACP-5b enzyme activity for cells of osteoclast lineage. Images indicated ALP-
positive Ctrl (x50 (A) and x100 (B) of apical area and x100 of alveolar bone area (C)) and Pg-2w (x50 (G) and x100 (H) of apical
area and x100 of alveolar bone area (I)). Similarly, TRACP-5b-positive Ctrl (x50 (D) and x100 (E) of apical area and x100 of
alveolar bone area (F)) and Pg-2w (x50 (J) and x100 (K) of apical area and x100 of alveolar bone area (L)). Numbers are original
magnifications. Areas in the black box in A, D, G and ] were separately enlarged and shown in B, G, E, F, H, ] and K at a higher
magnification on the right. Black bars indicate 400 pm (A, D, G and J) and 200 pm in all others.
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3.5. Immunohistochemical staining

CD68 was highly expressed in Pg-1w and subsided by 2 weeks
(Pg-2w). CD163, in contrast, was more highly expressed in Pg-
2w than Ctrl and Pg-1w (Figs. 5 and 6). IL-4 expression was
stronger in Pg-1w than Ctrl, especially in the root apex and
alveolar bone resorption areas (Fig. 7). VEGF expression was
stronger in Pg-1w than in Ctrl, especially in the root apex and
alveolar bone resorption areas (Fig. 8B and F). CD34 expression
was weaker in Ctrl than Pg-1w (Fig. 8C and G) and strong
expression was observed from week 1-2 in Pg groups (Fig. 8G
and K). In the VEGF and CD34 overlay image, Pg-1w showed
more greenish than did Ctrl (Fig. 8D and H).

4, Discussion

Root canal treatment of immature permanent teeth in young
children, especially of necrotic teeth, is a major challenge with
poor prognosis. Although the efficacy of NSAIDS, concen-
trated growth factors (CGF), and dentin mesenchymal stem
cells (DMSC) have been suggested, there has been a lack of
major progress in research, mainly due to a lack of appropriate
experimental animal models for suitable statistical analysis.
Animal models are indispensable, not only to investigate
drugs being developed but to evaluate certain pathogenesis,

HE

and interventions prior to clinical trials. To date, dental ex-
periments have often used rat maxillary molars [6—8] rather
than mandibles. While few studies have used mandibular
teeth, clinical conditions such as central tubercle fracture
necessitate the use of mandibular teeth models to reproduce
conditions similar to those in human patients. Use of maxil-
lary molars may pose a risk of damage to pericranial tissues in
young and small rats. Therefore, we developed an operation
table to facilitate treatments in mandibular molars. Using the
novel device, we could successfully study LPS-injected
mandibular first molar teeth.

Our results revealed M2 macrophage polarization with
expression of proteins suggestive of natural immune re-
sponses to periapical infection in immature permanent teeth
during a 2-week incubation period after manual inoculation
of Pg LPS through the pulp towards the apex. Our aim was to
elucidate the natural response to periapical infection in
immature teeth. We used LPS injection to avoid complications
by unknown bacterial infection that cannot be controlled in
the exposed pulp model. Compared to the control vehicle
injection, LPS-injection induced significantly larger inflam-
matory lesions around the apex of first molar tooth roots, both
distal and mesial, judged from radiolucent areas in micro CT
images (only the former was shown in Fig. 3). We found some
hints of reactive ossification to inflammation both in
cementum and periosteum in Figs. 2 and 4. To analyze lesion
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Fig. 5 — Immunofluorescence staining for CD68 and CD163 macrophage cell surface markers of the LPS induced periapical
lesions in rats. Serial sections of periapical areas stained with antibodies and hematoxylin and eosin (HE) for Gtrl, Pg-1w
and Pg-2w (Figs. 5 and 6). Immunofluorescence staining for CD68 (positive for M1+ and M2+ macrophages) (Fig. 5) and
CD163 (negative for M1-and positive for M2+ macrophage) (Fig. 6) staining were visualized by secondary Alexa 448
conjugated antibody (green). In Figs. 5 and 6, areas in the yellow boxes were shown separately at a higher magnification.
The x100 and x200 images showed the squares inserted in the image magnified at a higher magnification. AF: apical
foramen, RC: root canal, PL: periapical lesion, AB: alveolar bone.
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tissue protein components, we targeted the lucent area
around the distal roots, scraped and recovered the tissue
contents with a short bevel (sb) needles, diluted and applied
an antibody array of 500 proteins. We used protein-rather
than DNA-array because mRNAs do not necessarily repre-
sent proteins present in the tissue. In contrast, protein arrays
can be directly confirmed by immunohistochemistry for pro-
tein localization or by the activity staining. Although the
number of available antibodies may be fewer than in DNA
arrays, protein array results provide sufficient information to
predict a trend. For example, IL4, which induces M2 macro-
phages, yielded 1.60- to 2.30-fold values and an average of
1.93-fold compared to vehicle controls. The result was in
agreement with the immunohistochemical profiles obtained
not only with that of IL4 itself but cell surface antibody
markers.

Since previous studies showed that systemic responses to
osteoclastogenic signaling in mouse apical periodontitis can
be seen within 7 and 14 days [13], we examined responses to
Pg LPS at 1-week and 2-weeks after inoculation. Induction of
resorption was visible by routine X-ray imaging at 1-week
(data not shown). Osteogenic as well as osteoclastogenic
traits were later confirmed from enzyme activities of ALP and
TRACP-5b in frozen sections. Thus, our hypothesis that
injecting LPS serves as an apical periodontitis model was

1 400pm

F
—
400um.

J
400pm

confirmed. Although our results are limited by a short 2-week
duration, LPS likely induces regeneration of roots even in
premature permanent tooth in the presence of M2 macro-
phages. Previous studies have shown the in vitro proliferative
effect of 0.1- mg/ml E. Coli LPS via mitogen-activated protein
kinase (MAPK) signaling pathways on osteo/odontogenic
differentiation of the apical papilla stem cells [14], this LPS-
mediated odontogenic differentiation was concentration-
dependent and seen neither at 1 pg/ml nor 0.01 pg/ml. A
similar concentration-dependent proliferation was reported
with TNF-a as well in dental pulp stem cell culture [15] also
supporting the self-protective reaction of dental cells. Since
odontogenic differentiation of the apical papilla stem cells is
prerequisite to root development in immature permanent
teeth, it may be assumed that a narrow area of the periapical
tissue where LPS was present in a limited range of concen-
trations provided such an environment for cell proliferation.
Our future studies will be extended to the results at longer
incubation period with regard to the response we observed at
the 14-day.

Throughout life, resident macrophages in most tissues
contribute to tissue post-injury responses and immune re-
sponses to pathogen assault [16]. Van Furth and Cohn pro-
posed earlier that such resident macrophages develop
primarily from circulating, bone marrow-derived blood

CD163
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Fig. 6 — Immunofluorescence staining for CD68 and CD163 macrophage cell surface markers of the LPS induced
periapicallesions in rats. Serial sections of periapical areas stained with antibodies and hematoxylin and eosin (HE) for Ctrl,
Pg-1wand Pg-2w (Figs. 5 and 6). Inmunofluorescence staining for CD68 (positive for M1p and M2+ macrophages) (Fig. 5)
andCD163 (negative for M1-and positive for M2p macrophage) (Fig. 6) staining were visualized by secondary Alexa
448conjugated antibody (green). In Figs. 5 and 6, areas in the yellow boxes were shown separately at a higher
magnification.The x100 and x200 images showed the squares inserted in the image magnified at a higher magnification.
AF: apicalforamen, RC: root canal, PL: periapical lesion, AB: alveolar bone.
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Ctrl

Pg-1w

Fig. 7 — Immunofluorescence staining for IL-4 at 1 week. Serial sections of periapical areas were also stained with HE.
Immunofluorescence staining for I1-4 was visualized by secondary Alexa 448 conjugated antibody (green). Images indicate
cells positive for I11-4 (Ctrl and Pg-1w). AF: apical foramen, RC: root canal, PL: periapical lesion, AB: alveolar bone. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

monocytes [17,18]. This model was widely accepted until
recent fate-mapping studies which demonstrated that they
arise from other early and late erythro-myeloid progenitors
(EMPs) generated in the extra-embryonic yolk sac, for
example, during very primitive hematopoiesis [19]. These
progenitors can give rise to macrophages without passing
through a monocyte stage and are the first to seed the fetal
tissues as soon as the blood circulation begins. Except for
microglial cells in the brain whose increase was suggested by
the protein array experiment, such primitive macrophages in
most fetal tissues are subsequently replaced at least partially
by fetal liver-derived monocytes. Fetal liver monocytes are
generated from EMPs derived from the yolk sac or hemogenic
endothelium of maternal origin or from hematopoietic stem
cells (HSCs) generated by the embryo. These progenitors are
reported to migrate to the fetal liver in waves as EMPs or as
immature and mature HSCs giving rise to fetal liver mono-
cytes, which then enter circulation and exodus to differentiate
into macrophages in each tissue [20]. Some such macrophages
continue self-renewal in each tissue and survive as tissue-
resident macrophages. In adulthood they are replaced by
bone marrow-derived monocytes generated from hemato-
poiesis. Resident macrophages are, therefore, a heteroge-
neous group of cells that support multiple functions. In
addition to defense against invading pathogens, they play an
essential role in maintaining tissue integrity and homeostasis.
For example, 34 osteoclasts are bone-resident macrophages

that specialize in bone resorption. Macrophages are able to
function depending on their specific locations with unique
expression profiles. During regenerative processes such as
that in our model, these macrophages encounter diverse
stimuli, which change their transcriptional repertoire leading
to polarization from M1 to M2 macrophages. M1 macrophage,
which is typically induced by LPS or IFN-y and promotes
proinflammatory responses is replaced by M2 macrophage
which is induced by IL-4/IL-13, stimulates anti-inflammatory
responses [21]. By the protein array assessment, tissue ex-
tracts recovered from the areas of periapical lesions at 2 weeks
after LPS injection provided us result of doubling IL-4 protein
compared to the control extract from the equivalent vehicle-
injected area. This result of IL-4, which induces M2 macro-
phage, suggested the M2 polarization in the lesion at the 2-
week-point in our immunohistochemical staining with cell
surface marker antibodies of M1 and M2 macrophages, CD68
(M1+, M2+) and CD163 (M1-, M2+) respectively [22].
Although our study could not be extended thus far,
different M2 subsets, classified into M2a, M2b, M2c, and M2d,
were identified earlier based on the stimuli used for polari-
zation [23]. Even further extended schema of multidimen-
sional macrophages has recently been proposed based on a
new extensive gene expression analysis [24]. It is suggested
that a spectrum of activation states spanning the M1/M2 types
may have occurred in response to LPS we injected and are
integrated to determine the overall macrophage response.
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VEGF
x100

CD34
x100

Fig. 8 — Immunofluorescence staining for VEGF and CD34. Serial sections of periapical areas were also stained with HE (x40,
A: Ctrl, E: Pg-1w, and I: Pg-2w). Double immunofluorescence staining and overlay of the LPS induced periapical lesions in
rats. Inmunofluorescence staining for VEGF and CD34 endothelial cell surface marker was conducted around the periapical
area, visualized by secondary Alexa conjugated antibodies, Alexa 647 anti-mouse IgG (NIR) and Alexa 448 anti-mouse IgG
(green). Images indicate cells positive for VEGF (x100, B: Ctrl, F: Pg-1w, J: Pg-2w), and CD34 (x100, C: Ctrl, G: Pg-1w and K: Pg-
2w). The overlay image of Pg-1w suggests VEGF is overwhelming (x100, D: Gtrl, H: Pg-1w and L: Pg-2w). AF: apical foramen,
RC: root canal, PL: periapical lesion, AB: alveolar bone. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

We have to admit that this study has certain limitations: it
was conducted on rats, which are monophyodont, and not
even on canine, which are diphyodont, as in humans.
Furthermore, since the findings were obtained in animal ex-
periments, the challenge is to extend to humans. Verification
should be conducted at least using animals that are similar to
humans. It should be noted that M1 macrophage proteins
associated with inflammation, such as IL-6, which are iden-
tified in the protein array experiment as increasing x1.5 fold
but were reported to have anabolic effects at a later phase,
emerged (Data not shown). Since the observation period is
limited only up to 2 weeks in this study, individual matrix
proteins in the roots, for example, were not identifiable at this
point. Also, there are many important proteins not included in
the 500 proteins tested.

In clinical practice, it is common to encounter an immature
tooth with infected pulp and inflammation that has reached
the root of the tooth. Only few studies have been conducted on
mineralized tissue induction and root formation at the root
apex in immature teeth. By directly applying LPS to the pulp of
an immature tooth, we could observe the changes, however.
Macrophages that developed over the 2 weeks of treatment
have changed in polarity in the transition from inflammation
to healing at the protein levels. In the future, we will select
those proteins such as Smad3 that increased x3.1 fold, likely

involved in mineralized tissue induction and clarify the
downstream pathways and proteins involved. Furthermore,
we aim to establish drugs and treatment methods to induce
root completion by focusing on root apex closure.

5. Conclusion

Our aim was to reveal the elements that promote root
completion under conditions in clinically often encountered
root-apical periodontitis of immature teeth. In this study, Pg-
LPS was injected directly into the apical area of immature
teeth, causing apical periodontitis quantitatively. Evaluation
of the conditions of the periodontal tissue at the root apex
during/after the 2-week procedure provided us useful results
showing the process from inflammation to healing. The in-
formation provided a clue to root growth and root apical
closure of immature teeth, and proved that it was a valuable
study that can contribute to the development of new treat-
ment methods.
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