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Abstract

Odontoblast synthesis of dentin proceeds through discrete but overlapping phases characterized by
formation of a patterned organic matrix followed by remodelling and active mineralization.
Microbial invasion of dentin in caries triggers an adaptive response by odontoblasts, culminating
in formation of a structurally altered reactionary dentin, marked by biochemical and architectonic
modifications including diminished tubularity. Scanning electron microscopy of the collagen
framework in reactionary dentin revealed a radically modified yet highly organized meshwork as
indicated by fractal and lacunarity analyses. Immuno-gold labelling demonstrated increased
density and regular spatial distribution of dentin sialoprotein (DSP) in reactionary dentin. DSP
contributes putative hydroxyapatite nucleation sites on the collagen scaffold. To further dissect the
formation of this altered dentin matrix, the associated enzymatic machinery was investigated.
Analysis of extracted dentin matrix indicated increased activity of matrix metalloproteinase-2
(MMP-2) in the reactionary zone referenced to physiologic dentin. Likewise, gene expression
analysis of micro-dissected odontoblast layer revealed up-regulation of MMP-2. Parallel up-
regulation of tissue inhibitor of metalloproteinase-2 (TIMP-2) and membrane type 1- matrix
metalloproteinase (MT1-MMP) was observed in response to caries. Next, modulation of
odontoblastic dentinogenic enzyme repertoire was addressed. In the odontoblast layer expression
of Toll-like receptors was markedly altered in response to bacterial invasion. In carious teeth
TLR-2 and the gene encoding the corresponding adaptor protein MyD88 were down-regulated
whereas genes encoding TLR-4 and adaptor proteins TRAM and Mal/TIRAP were up-regulated.
TLR-4 signalling mediated by binding of bacterial products has been linked to up-regulation of
MMP-2. Further, increased expression of genes encoding components of the TGF- signalling
pathway, namely SMAD-2 and SMAD-4, may explain the increased synthesis of collagen by
odontoblasts in caries. These findings indicate a radical adaptive response of odontoblasts to
microbial invasion of dentin with resultant synthesis of modified mineralized matrix.
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Introduction

Dentin is a highly organized calcified matrix consisting of hydroxyapatite crystals overlayed
on an underlying organic scaffold. The ontogeny of dentin closely reflects this structural
arrangement; synthesis and secretion by odontoblasts of a collagenous network and
associated non-collagenous proteins, so-called pre-dentin, is followed by subsequent
remodelling and final mineralization to form mature dentin [1]. Likewise, during
osteogenesis an initial unmineralized osteoid is synthesized which is later mineralized and
converted to bone [2]. Implicit in this analogy is the deeper common phylogenetic origin of
non-collagenous proteins (NCPs) of both tissues as a result of gene duplication events in the
secretory calcium-binding phosphoprotein locus, the precursor site of most bone and dentin
matrix proteins [3].

Optimal spatial configuration of mineralized tissues that is vital to many characteristic
adaptive phenotypes, is foreshadowed by natural selection of a mineralized trait in the origin
of vertebrates. Mineralized tissue has remained essentially unaffected by further divergence
of life during evolution, unlike most other tissues [4]. Hence, structural abnormalities of
mineralized tissues following functional aberrations of NCPs or associated proteins are
manifested as a range of pathological phenotypes of dentin/bone [5]. While most
pathological phenotypes carry significant morbidity, exceptions, where the resultant
phenotype imparts remarkable adaptive capacity, have been reported [6].

Stimulation of odontoblasts following polymicrobial invasion of dentin in dental caries [7]
induces an adaptive response characterized by altered functionality of odontoblasts and
synthesis of modified dentinal matrix referred to as reactionary dentin, a relatively atubular
dentin with altered biochemical properties [6, 8]. Radical structural rearrangement of dentin,
for instance, diminished tubularity, ensues that this modified odontoblastic activity results in
significant impedance of bacterial progression through dentin [6]. This is evident by the
protracted nature of caries progression. Unravelling the cascade of molecular events
preceding the functional shift of odontoblasts and the concomitant reactionary
dentinogenesis will expand current knowledge of pathological mineralized tissue formation.

Anionic NCPs are high-affinity nucleators of calcium and hydroxyapatite, acting as
anchorage sites which link the collagen network to mineral phase [9] and thus translate the
spatial configuration of hard tissue dictated by collagen into the final mineral structure.
Dentin sialophosphoprotein (DSPP), a major mineral phase-interactive acidic matrix protein
of dentin secreted by odontoblasts, is essential for dentin formation [10, 11]. DSPP has also
been found to be expressed in bone [12] and cementum [13]. Earlier work in our laboratory
demonstrated that an important feature of odontoblastic activity during reactionary
dentinogenesis is marked up-regulation of DSPP [6]. DSPP is secreted as a multidomain
extracellular matrix protein of dentin sialoprotein (DSP) at the N terminus, followed by
dentin glycoprotein (DGP) and dentin phosphoprotein (DPP) at the C terminus [14]. The
activation process requires processing to release the active acidic moieties DSP and DPP
that enhance mineralization by sequestering calcium ions [15]. Matrix metalloproteinases
(MMPs) are implicated in this processing [14].

MMPs, a family of zinc-dependent endopeptidases, have been suggested to play an
important role in the initiation of cartilage mineralization [16]. MMPs have the capacity to
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degrade protein components in the extracellular matrix and are essential in the remodelling
of connective tissue in both physiological and pathological conditions [17]. Matrix
metalloproteinase-2 (MMP-2) is present in human osteoblasts [18, 19] and is abundantly
expressed in odontoblasts and dentin [20, 21]. DSPP can be cleaved by MMP-2 releasing
DSP from larger molecules [14]. It has been reported that MMP-2 has the capacity to
regulate the bioavailability and bioactivity of transforming growth factor beta (TGF-B) [22].
MMP-2 is synthesized and released by human osteoblasts as an inactive pro-protein.
Inactive pro-MMP-2 is subsequently activated by a process regulated by membrane type-1
matrix metalloproteinase (MT1-MMP) and tissue inhibitor of metalloproteinase-2 (TIMP-2)
[23, 24].

The aim of the present study was to dissect the patho-physiological cascade culminating in
the formation of reactionary dentin with particular focus on the following:

» Analysis of the micro-structure of reactionary dentin with reference to the
collagenous framework and associated NCPs.

»  The enzymatic machinery and associated regulatory proteins involved in
reactionary dentinogenesis.

*  Molecular basis for the functional shift of odontoblasts in caries-induced
reactionary dentinogenesis.

To achieve these aims, the pattern of the collagenous scaffold of reactionary dentin was
analysed and compared to physiologic dentin. Further, the anchorage pattern of DSP
overlayed on collagen was assessed. Together with investigation of the associated enzymatic
machinery responsible for synthesis of altered reactionary dentin, the data provides the first
evidence for radical adaptive response of odontoblasts to synthesize a modified mineralized
matrix in a non-stochastic context.

Materials and Methods

Materials and reagents

Tissues

All chemicals were purchased from Sigma-Aldrich Inc. (MO) unless stated otherwise. The
water used throughout the study was treated with diethyl pyrocarbonate (DEPC) to inhibit
contaminating ribonucleases, as described elsewhere [6].

Healthy non-carious and carious permanent molar teeth (30 carious and 15 healthy) were
obtained from male and female patients aged 20 to 35 years who attended the dental clinics
at the Westmead Centre for Oral Health, Westmead Hospital. The patients were otherwise
healthy, without systemic conditions known to affect calcified tissues or immune responses.
The selected carious teeth were restoration-free with caries originating as occlusal lesions
with extensions ranging from one to two thirds of the depth of dentin. Healthy teeth were
anatomically sound without any signs of attrition, abrasion or erosion leading to dentinal
exposure or any associated pathologies affecting the pulp-dentin complex. The Ethics
committee of Sydney West Area Health Service approved the study and the guidelines of the
National Health and Medical Research Council of Australia were observed. All patients
received written information on the research and signed a consent form.

Processing of the specimens

Immediately after extraction, the tooth was cleaned and a longitudinal groove prepared using
diamond bur (NB Nova; Italy) with ample water cooling and without penetration into the
dental pulp. Water coolant was treated with DEPC to inhibit contaminating ribonucleases.
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Subsequently, the tooth was split into halves by mechanical leverage. The tooth half
containing the pulp was fixed in 2% paraformaldehyde/5% sucrose in 0.02 M phosphate
buffer, pH 7.4 (680 mOsm) for 2 h at 4°C. Photographs of fixed split tooth halves were
taken under a dissecting stereomicroscope (Leica MZ8; Germany) to confirm proportional
representation of the lesion. Also, to confirm that the dentinal lesion did not extend for more
than 2/3 of the distance from the dentin-enamel junction to the nearest pulp border. For teeth
that met this additional criterion the half not containing pulp was immediately used for
sampling of dentin layers. The fixed tooth half containing pulp was demineralized in
Morse’s solution (22.5% formic acid and 10% sodium citrate) for 3 days at 4°C followed by
dehydration through a graded series of ethanols, 15 minutes each at 4°C. A commercial
glycol methacrylate embedding kit (ImmunoBed; Polysciences Inc., Warminster, PA) was
used for embedding according to the manufacturer’s protocol. Tissue blocks were stored
tightly sealed at 4°C until the time of microtomy.

Fluorescence in situ hybridization (FISH)

Serial sections of 2 um thickness of the tooth half that contained pulp were prepared on a
Reichert Ultracut microtome (Leica; Germany). FISH was performed on the resin sections
[25]. Briefly, sections were pre-treated with 0.2 M HCI for 10 min, washed in 18 MQ water
and treated with 1% Triton X-100 in 18 MQ water. To assist penetration of FISH probe into
bacteria, a digestion step was performed by using a proteinase cocktail (2 mg/ml proteinase
K, 2 mg/ml lysozyme, and 1,000 U/ml mutanolysin in 10 mM phosphate buffer, pH 6.7) for
40 min at 37°C. Digestion was stopped using 2 mg/ml glycerine, sections washed in 50 mM
Tris buffer pH 7.2, followed by washing in 18 MQ water and left to air dry. A Gene Frame
(ABgene; UK) was used to mount each sample for addition of 25 ul of hybridization buffer
containing fluorescent probe at a concentration determined to be optimal for detection of
bacteria. A universal bacterial probe, EUB 338 (5'- GCTGCCTCCCGTAGGAGT- 3
labelled at the 5’ end with Alexa 594 (Invitrogen; Zymed Laboratories) was used. The
sections were incubated overnight with 25% formamide stringency at 46°C using a Hybaid
OmniSlide system (Hybaid) and washed in washing buffer using a Hybaid wash module.
The sections were washed in cold 18 MQ water and allowed to dry. The slides were
coverslipped using ProLong Gold antifade reagent (Molecular Probes). The sections were
visualized using an Olympus BX60 fluorescence microscope connected to a Leica DFC500
camera.

Fluorescence immunohistochemistry

Serial 2 um sections were used for immunohistochemistry. For antigen retrieval, sections
were incubated in 1 mM EDTA, pH 8 at 100°C for 30 minutes in a microwave oven, then
sections were cooled to room temperature and washed in PBS for 5 min. Sections were
blocked with 10% goat serum/PBS for 3 h followed by incubation overnight with primary
antibody diluted in 10% fetal calf serum/PBS at 4°C. Primary antibodies included: mouse
monoclonal MMP-2 (dilution 1/200; Invitrogen, Zymed Laboratories), rabbit monoclonal
MT1-MMP (dilution 1/200; Invitrogen, Zymed Laboratories) and mouse monoclonal Endo
180 (dilution 1/200; Santa Cruz Biotechnology, Santa Cruz, CA). Negative control sections
were also incubated overnight with isotype control antibody. After washing in PBS (3x10
min), sections were incubated with fluorochrome-conjugated secondary antibody diluted in
10% fetal calf serum/PBS at room temperature for 2 h. The secondary antibodies were goat
anti-mouse 1gG Alexa-594 (dilution 1/500; Invitrogen, Zymed Laboratories) or goat anti-
rabbit IgG Alexa-488 (dilution 1/500; Invitrogen, Zymed Laboratories). The sections were
then washed in PBS and mounted onto glass slides using ProLong Gold antifade reagent
with DAPI (Invitrogen, Molecular Probes; Eugene, OR). The sections were viewed using an
Olympus BX60 fluorescence microscope and images captured using a Leica DFC500
camera.
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Dentinal structure investigated under FEI-SEM

Longitudinal- (n=6) and cross- (n=3) sections of dentin fragments in the area of reactionary
dentin were prepared. Samples used for dentinal structure analysis (3 longitudinal- and 3
cross-sections) were demineralized in 10% citric acid for 2 min at room temperature. After
rinsing with PBS, samples were incubated in 1 mg/mL TPCK-treated Trypsin (Sigma-
Aldrich; St Louis, MO, USA; the inhibitor L-1-Tosylamide-2 phenylethyl chloromethyl
ketone (TPCK) inhibits contaminating chymotrypsin, ensuring specificity of cleavage by
trypsin) in 0.2 M NH4HCOg3 at 37°C for 48 h and rinsed with PBS as it has been reported
previously that trypsin digestion of dentin samples provides better visualisation of the
diameter of collagen fibrils and also of the interfibrillar space [26]. Samples were
immediately fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.2 for 4 h and
rinsed with 0.1 M cacodylate buffer at pH 7.2 for 1 h. After dehydration in a graded ethanol
series (30%, 50%, 70%, 90%, 95% and 3 changes of 100%), samples were dried using
hexamethyl disilazane (Sigma-Aldrich; St Louis, MO, USA) and mounted on stubs using a
conductive tape and coated with gold/palladium (Emitech K550x; UK).Observations were
performed using high resolution FEI-SEM (Zeiss ultra Plus; Oberkochen, Germany). Images
were obtained using secondary electron detector at 10.00 kV.

For immuno-gold labelling, samples (n=3) from longitudinal-sections were fixed in 4%
paraformaldehyde solution at 4°C for 12 h, then rinsed with PBS before demineralization.
After incubation with 1 mg/mL TPCK-treated trypsin in 0.2 M NH4HCO3 for 24 h to
provide optimal visualisation of gold particles on collagen fibrils, samples were immersed in
0.05 M TRIS HCL buffer solution (TBS) at pH 7.6 with 0.15 M NaCl and 0.1% bovine
serum albumin, followed by 3 rinses for 10 min each. Samples were blocked in 10% goat
serum in 0.05 M TBS at pH 7.6 for 30 min at room temperature, followed by incubation
overnight at 4°C with primary antibody, mouse monoclonal DSP (dilution 1/100; Santa Cruz
Biotechnology, Santa Cruz, CA), diluted in 0.05 M TBS, pH 7.6. Negative control sections
were also incubated overnight with isotype control antibody. After rinsing with 0.05 M TBS
at pH 7.6 and 0.02 M TBS at pH 8.2, samples were incubated with secondary antibody, goat
anti-mouse 1gG conjugated with 20nm colloidal gold particles (diluted 1:20; BBI
international, UK) in 0.02 M TBS at pH 8.2 for 90 min at room temperature and rinsed with
0.02 M TBS, pH 8.2. Samples were fixed, dehydrated and dried as described above.
Aftermounted on stubs using a conductive tape, samples were coated with carbon (Bal-Tec
AG, Liechtenstein). Observations were performed under high resolution FEI-SEM (Zeiss
ultra Plus; Oberkochen, Germany). Images were obtained using a combination of secondary
electron and backscattered detectors at 10.00 kV.

Analysis of partially decalcified matrix structure

The altered structure of reactionary dentin (Rd) was analysed and compared to normal
tubular dentin in the carious sample and to dentin in the healthy sample using scanning
electron micrographs. The images were processed using ImageJ (version 1.410; National
Institutes of Health). For analysis, random regions of interest (ROI) [27] were selected and
converted to binary images.

Distribution patterns and cross-sectional areas of dentinal tubules were analysed in nine
random ROI from three samples in each group using the Surface Plot analysis tool (ImageJ
version 1.410; National Institutes of Health) which displays an intensity plot for foreground
pixels of the ROI. Bars reflect the location and area of tubules in the ROI.

Circularity analysis of dentinal tubules was accomplished using Circularity Plugin (ImageJ
version 1.410; National Institutes of Health) on 30 random ROIs from three samples in each

group.

Bone. Author manuscript; available in PMC 2013 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Charadram et al.

Page 6

The pattern of the collagen framework in each region was analysed by the lacunarity (A) and
fractal dimensions (Dg) technique using Fraclac Plugin (ImageJ version 1.410; National
Institutes of Health) (Supplementary Materials and Methods).

Analysis of distribution pattern and density of immuno-gold labelling

In order to analyse distribution pattern and density of labelling for DSP, regions of interest
[27] were drawn using software (ImageJ version 1.410; National Institutes of Health). The
density of DSP in each region was analysed and expressed as percentage of the area
occupied by DSP using the Measure analysis tool (ImageJ version 1.410; National Institutes
of Health).

The distribution pattern of immuno-gold labelling for DSP in each region was analysed
using the Plot Profile analysis tool (ImageJ version 1.410; National Institutes of Health).

Gene expression of odontoblasts in response to caries progression assessed using real-

time qPCR

To investigate the change of expression of genes of interest in odontoblasts in response to
caries progression, resin-embedded odontoblast layers from carious (n=6) and healthy (n=6)
teeth were analysed by real-time gPCR. Micro-dissection of 12 consecutive 8 pm sections of
the odontoblast layer adjacent to carious dentin and that of healthy teeth from a
corresponding region were performed under a stereomicroscope (Leica Microsystems;
Germany) (Fig. 7A).

Total RNA was extracted from the sections using RNeasy FFPE kit (Qiagen) according to
the manufacturer’s instruction. Total RNA vyields from the extraction were quantified by
Avgo hm measurement (Nanodrop ND-1000; Thermo scientific) and quality of RNA in
samples was investigated by Agilent RNA 6000 Pico chip (Agilent Technologies; Palo Alto,
CA). SuperScript Il reverse transcriptase (Invitrogen; Zymed Laboratory) was used for
reverse transcription of extracted total RNA according to the manufacturer’s protocol.
Briefly, the reaction contained 4 ul of RNA, 1 ul of SuperScript Il reverse transcriptase, 2 ul
of random nanomer (Geneworks; Adelaide, South Australia) (final concentration of 10
umol/L), 1 ul of deoxyribonucleotide triphosphate mix (10 mM each), 4 ul of 5X first-strand
buffer, 2 ul of 0.1 M dithiothreitol, 1 ul of RNase inhibitor (40 units/reaction) and 5 ul of
DEPC-treated water. The reverse transcription product, cDNA, was stored at —20°C until
required for analysis.

Singleplex real-time gPCR was performed by using 2 pl of cDNA of the genes of interest on
a Strategene Mx3005P Real-Time PCR system (Agilent Technologies; Palo Alto, CA) with
the Platinum quantitative PCR Supermix-UDG (Invitrogen; Zymed Laboratories). Primers
and Tagman probes were designed to span exon-exon junctions to prevent genomic DNA
amplification for MMP-2, TIMP-2, MT1-MMP, Endo180, TLR-2,-4, MyD88, TRAM, Mal/
TIRAP, NF-xB, 1kBa, SMAD-2,-4, collagen type lal (COL1A1) and collagen type la2
(COL1A2) (Supplementary Table 1). Each sample was run in triplicate in a 25 ul reaction
volume on a 96-well PCR plate. The housekeeping gene beta-actin (ACTB) was used as the
most constant endogenous reference control [6]. Raw data was analysed and exported using
MxPro QPCR software. Raw fluorescence data was imported to an automated calculation
workbook entitled Data Analysis for Real-Time PCR (DART-PCR) which enables rapid
calculation of threshold cycles, amplification efficiency and resulting Rq values (together
with the associated error) [28]. Results for each gene were normalized against ACTB to
obtain the fold change in expression value.
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pH measurement

The other halves of carious (n=20) and healthy (n=14) teeth that did not contain pulp were
used for pH measurement. Immediately after extraction, the tooth was rinsed and dental
plaque carefully removed. None of the patients had dietary carbohydrate exposure within
two hours prior to extraction. Four different carious dentin layers were collected from
carious teeth using a round steel bur (Premier; USA) at slow speed; the first layer was the
superficial soft carious lesion, the second layer was inner soft carious lesion, the third layer
comprised caries-affected dentin and the fourth layer, sound dentin beneath the carious
lesion and including the reactionary dentin (Fig. 5A). Sound dentin was collected from the
crowns of healthy teeth. Each sample was collected in tightly capped tubes and weighed
immediately. Measurement of pH was performed [29]. Briefly, weighed samples were
suspended in 0.9% NaCl solution at the concentration of 1 mg/4 ul and pH was measured by
solid-state metal wire oxide pH sensor (Beetrode; World Precision Instruments, Inc.).

Extraction of dentin proteins

Dentin proteins were extracted by an adaptation and modification of a dentin protein
extraction technique [30]. Immediately after pH measurement, each carious layer and sound
dentin from healthy tooth samples was used for protein extraction. Pulverized dentin
samples were demineralized in 10% EDTA (pH 7.4) with proteinase inhibitors (2.5 mM
benzamidine HCI, 50 mM g-amino-n-caproic acid, 0.5 mM N-ethyl maleimide, and 0.3 mM
phenyl methyl sulphonyl fluoride) for 24 h at 4°C under constant agitation. The first
supernatant EDTA (E1) was collected by centrifugation at 2000 g for 10 min and stored at
—20°C. Demineralized dentin was suspended in 4 M guanidine HCI in 0.05 M TRIS pH 7.4
with proteinase inhibitors for 48 h at 4°C under constant agitation. The first guanidinium
chloride extract (G1) was collected by centrifugation at 2000 g for 10 min and stored at
—20°C. After guanidinium extraction, dentin samples were demineralized in 10% EDTA
(pH 7.4) with proteinase inhibitors for 24 h under the same conditions. The second
supernatant EDTA (E2) was collected and stored at —20°C. Dentin samples were suspended
in 4 M guanidine HCI in 0.05 M TRIS pH 7.4 with proteinase inhibitors for 48 h under the
same conditions and the second guanidinium chloride extracts (G2) collected and stored at
—20°C. The combination of supernatant EDTA and guanidinium chloride extract
(E1+G1+E2+G2) was dialysed by using the 10KDa nominal molecular-weight cut-off
(MWCO) Slide-A-Lyzer dialysis cassette (Thermo Scientific; USA) against a large volume
of distilled water changed every 12 hours for 3 days at 4°C and then concentrated using an
Amicon Ultra-15 centrifugal filter device (Millipore; USA). Total protein yield from each
sample was measured spectrophotometrically by Bradford protein assay (Thermo Scientific;
USA).

Gelatinase assay

Total gelatinase and specific MMP-2 gelatinase activity was examined for extracted teeth
with carious lesions (n=14), from four different layers (Fig 5A) with corresponding controls
(n=14) from healthy teeth. Extracted dentin protein (16 ug) from each sample was mixed
with 20 pl DQ gelatin (1mg/ml) and reaction buffer to 200 pl final volume in a 96-well
white fluorescence plate (Perkin-Elmer) according to the manufacturer’s instructions
(EnzChek Gelatinase/Collagenase Assay kit; Molecular Probes, Eugene, OR, USA). The
assay was run for 24 hr at 37°C and the relative fluorescence recorded at an excitation of
495 nm and emission of 515 nm, background fluorescence was subtracted from all readings.
Assays were repeated three times with triplicate samples. MMP-2 gelatinase activity was
determined by addition of specific MMP-2 inhibitor I (Calbiochem; San Diago, CA)
dissolved in DMSO to 5.05 mg/ml and used in the assay at the reported Ki = 1.7 uM.
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Statistical analysis

Results

SPSS statistical software (SPSS v.16; Chicago, Illinois, US) was used for the statistical
analysis of data. All data are presented as mean + SD. Log transformation of data was
performed to normalize the distribution of data. Statistical significance was determined by
comparison between carious (Pd and Rd) and healthy as a control using a two-tailed
Student’s t test assuming equal variance. In the present study, a P-value<0.05 was
considered as statistically significant.

Histological structure of reactionary dentin

Compared with physiologic dentin (Pd) reactionary dentin (Rd) contains fewer, irregular and
constricted dentinal tubules as viewed in longitudinal sections (Fig. 1A and 1B). Cross-
section of Rd demonstrated the smaller diameter of dentinal tubules compared to the tubules
present in Pd (Fig. 1C and 1D).

Analysis of the distribution, area and circularity of dentinal tubules

Low magnification (X6,500) FEI-SEM images from healthy dentin samples showed
uniformly distributed round tubules (Fig. 2A). In carious samples, tubules in Pd also present
as circular while tubules in Rd (red arrowheads, red tubules and red bars) present as narrow,
irregular, randomly distributed structures (Fig. 2B). While dentinal tubules in dentin from
healthy teeth and Pd from carious teeth had a high and relatively uniform circularity value,
dentinal tubules in Rd showed decreased circularity values (Fig. 2C).

Fractal Analysis of collagen network

The mean lacunarity (1) and fractal dimensions (Dg) of the collagen networks were
calculated for each of nine randomly selected regions of interest [27] from each group (Fig.
3 A-C and Supplementary Table 2).

The FEI-SEM (X20,000) and skeletonized images of the collagen framework in every
sample indicated connections between all of the collagen fibrils (Fig. 3A-C). Mean fractal
dimension of dentin from healthy teeth (1.76) and Pd (1.76) and Rd (1.72) from carious
teeth confirmed a comparable self-similarity level for the collagenous network
(Supplementary Table 2). Lacunarity analysis of collagen networks revealed a similar
pattern. The mean lacunarity index for the collagen networks in healthy teeth and Pd of
carious teeth, was 0.22. The lacunarity index for Rd was slightly higher (0.26)
demonstrating decreased rotational symmetry and also a higher cluster of gaps within the
collagen framework. However, this difference was not statistically significant
(Supplementary Table 2).

Immuno-gold labelling of DSP by ultra-high resolution FEI-SEM

The localisation of DSP, a key component of the mineral phase-interactive acidic matrix
[15] was evaluated by immuno-gold labelling. DSP was localized on partially demineralized
dentin surfaces of carious and healthy teeth under ultra-high resolution FEI-SEM. A
combination of reflected secondary electron and backscattered electron signals (10.00 kV)
was applied to simultaneously reveal immuno-gold labelling and related substrate
morphology. Positive labelling was indicated by white spherical spots of ~20 nm diameter.
DSP was localized in dentin of healthy teeth (Fig. 4A) and both Pd (Fig. 4B) and Rd (Fig.
4C) of carious teeth. At high magnification (X95,000), DSP was closely associated with the
collagen network (Fig. 4A-C). Plot Profile displays were used to analyse the distribution of
DSP. Twelve randomly selected areas from three samples in each group were analysed. DSP
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was densely deposited in Rd whereas DSP in Pd and in dentin from healthy teeth was more
sparsely distributed (Fig. 4A-C). A density bar chart (using Measure analysis tool ImageJ
version 1.410; National Institutes of Health) confirmed this pattern of distribution (Fig. 4D).

MMP-2 and gelatinase activity in dentin layers

The dentin protein extracted from all dentin layers had detectable gelatinase activity. Rd
(layer 4) had total gelatinolytic activity of 0.38 + 0.11 relative fluorescence units (RFU) per
ug of total protein and specific MMP-2 gelatinolytic activity of 0.31 £ 0.08 RFU/ug. Dentin
protein extracted from healthy teeth contained total gelatinolytic activity of 0.06 £ 0.02
RFU/ug all of which was contributed by MMP-2 (Fig. 5B). A collagenase standard curve
was generated using dilutions of Clostridium histolyticum (0 - 0.0012 U/ul) to cleave
fluorescein-gelatin (Fig. 5C). The activity of MMP-2 present in each dentin layer was
calculated by plotting to the standard curve according to the instruction of manufacturer.
The protein extracted from Rd (layer 4) contained specific MMP-2 activity of 19.36 £ 5.13
mU/ug while protein extracted from healthy dentin samples contained specific MMP-2
activity of 3.50 + 0.12 mU/pug (Fig. 5C). This finding was in agreement with the localization
of MMP-2 by immunohistochemistry. MMP-2 was detected within dentinal tubules
containing odontoblastic processes. More intense reactivity for MMP-2 was detected in the
Rd compared to the comparable layer of dentin from healthy teeth (Fig. 5D).

Bacteria invasion and pH distribution in the carious lesion

Localization of bacteria correlated with destruction of dentin exposed to organic acid
products of bacterial metabolism. Disruption of the dentin-enamel junction and widening of
affected dentinal tubules was observed (Fig. 6A). Accumulation of bacteria in the dentin-
enamel junction and penetration of bacteria through dentinal tubules was detected by FISH
(Fig. 6B). Dentin samples from four different layers of carious teeth were sampled for pH
measurement. Twenty carious and fourteen healthy teeth were analysed. The pH
measurements demonstrated a gradual rise from 5.60 at the most superficial layer to 6.50 in
the deepest site corresponding to reactionary dentin while dentin from healthy teeth had a
pH of 7.68 (Fig. 6C).

Analysis of matrix-forming capacity of odontoblasts

The response of odontoblasts adjacent to carious lesions was compared to the corresponding
region from healthy teeth (Fig. 7A). Genes encoding both MMP-2 and TIMP-2 were
significantly up-regulated in odontoblasts adjacent to the carious front (Fig. 7B). Marked up-
regulation of MT1-MMP in odontoblasts adjacent to the carious front paralleled up-
regulation of TIMP-2 expression (Fig. 7B). There is evidence that MT1-MMP and Endo180,
a membrane-bound receptor that is able to bind collagen fragments for subsequent endocytic
uptake, are key mediators of the remodelling of collagen in patho-physiological conditions
[31, 32]. We first performed a fluorescence immunohistochemical investigation of MT1-
MMP and Endo180 in the odontoblastic layer from healthy and carious teeth. Strong
labelling for MT1-MMP in odontoblastic layers of carious teeth was observed, with weaker
signal in the odontoblastic layer from healthy teeth. In contrast, labelling for Endo180 was
intense in the odontoblastic layer from healthy teeth but barely detectable in carious teeth
(Fig. 7C), correlating with corresponding data for gene expression (Fig. 7B).

SMAD-2 and -4 are proteins involved in signalling following receptor ligation by TGF-
[33]. Significant up-regulation of SMAD-2 and -4 was detected in the odontoblastic layer of
carious teeth. Genes encoding collagen type lal and collagen type lo2, comprising the
scaffold for mineralized tissue [34], were also up-regulated in carious teeth (Fig. 7D).
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Genes encoding TLR-4 and the corresponding adaptor proteins, TRAM and Mal/TIRAP
were markedly up-regulated in the odontoblast layer adjacent to the carious front while
TLR-2 and corresponding adaptor component MyD88 were down-regulated (Fig. 7D).
Further, expression for the transcription factor NF-«B was up-regulated while expression for
the inhibitor 1xBa was down-regulated in the odontoblast layer adjacent to the carious front
(Fig. 7D).

Discussion

The aim of the present study was to investigate the structure of reactionary dentin with
reference to the collagen framework of dentin and the regulation of DSP deposition. The
main findings are displayed in Figure 8 and can be summarized as:

e The collagen framework of reactionary dentin is modified and yet highly regular,
patterned and non-stochastic. The altered collagen network parallels increased
deposition of DSP as a putative calcium nucleation site.

»  Synthesis by odontoblasts of the highly altered reactionary dentin matrix
necessitates modulation of the associated enzymatic machinery, potentially
mediated, at least in part, by a switch in expression of TLRs.

Reactionary dentin is characterised by an altered tubular structure and diminished tubularity.
Deposition by odontoblasts of a relatively atubular reactionary dentin is an efficient strategy
to impede or delay microbial progression, evident from the protracted nature of dental caries
[8]. While modified, the synthesis of reactionary dentin matrix is not a stochastic process.
Assessment of fractal dimensions and lacunarity of the collagen network of reactionary
dentin indicated an orderly and structured pattern which clearly contrasts with increased
fractal dimensionality of trabecular bone in inflammatory joint disease [35]. The latter is
mainly a direct outcome of the inflammatory response whereas reactionary dentin is an
adaptive phenotype actively synthesized by radically re-programmed odontoblasts in a non-
inflammatory context. The functional re-programming of odontoblasts parallels the
modulation of the synthesis of dentin matrix components and associated enzymatic
repertoire by odontoblasts.

The extracellular matrix (ECM) of mineralized tissues contains three groups of components.
The structural matrix macromolecules, such as collagen, determine the shape and the
structure of the mineralized component. Mineral phase-interactive acidic matrix proteins
intermediate between collagen and mineral by regulating the site of initial crystal deposition
and the type of mineral crystal deposited [36]. In bone and dentin, phosphoproteins are the
dominant group. Finally, modifier proteinases and other enzymes have the capacity to
degrade or modify the acidic matrix proteins during the mineralization process.

DSP, an important NCP, influences the location of mineral crystal formation [37]. Dense
DSP labelling observed on the collagen fibrils in reactionary dentin is concordant with a
previous report indicating marked up-regulation of DSPP during reactionary dentinogenesis
[6]. Increased deposition of DSP suggests a modified crystallization process with amplified
putative hydroxyapatite nucleation sites, in reactionary dentinogenesis. Higher density of
DSP detected in reactionary dentin is compatible with increased expression and activity of
MMP-2. As the pH in reactionary dentin was too high for the activation of MMP-2 (pH
6.49) [38], it is likely that the activation of MMP-2 was mediated by MT1-MMP, shown to
be markedly up-regulated in response to caries. In support of the role of MMP-2 in
reactionary dentinogenesis, it has been reported that MMP-2 knockout mice demonstrate
delayed formation of mineralized tissues, including dentin and bone, during post-natal
development [39]. In addition, loss of MMP-2 reduces mineralization density and tissue
hardness [40].
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Up-regulation of message for MT1-MMP by odontoblasts adjacent to caries parallels down-
regulated expression of Endo180. MT1-MMP expression is essential for post-natal tissue
remodelling [41, 42] and mice deficient in MT1-MMP have delayed formation of
mineralized tissue [27, 43]. MT1-MMP potently activates latent pro-MMP-2 by binding to
TIMP-2 [44]. Down-regulation of Endo180, encoding a novel collagen-binding and collagen
internalisation receptor, has been reported to increase MT1-MMP activity and
consequentially, activate MMP-2 [45], a finding compatible with the data obtained for
carious teeth.

Odontoblasts express Toll-like receptors which recognize pathogen-associated molecular
patterns [46, 47]. The response to microbial invasion of dentin was marked by potent up-
regulation of TLR-4 and associated adaptor proteins. In particular, TLR-4 recognizes
lipopolysaccharide, a common product of Gram negative bacteria found consistently in
carious dentin [48, 49]. In addition, products released from tissue damage including
fibronectin extra domain A fragment, heat shock proteins and hyaluronan fragments can also
be recognized by TLRs [50]. The expression of Mal/TIRAP is important in regulating
expression of MMP-2 [51]. TLRs regulate the innate immune response via their adaptor
proteins and the NF-xB pathway [52]. NF-kB regulates transcription of DNA, and is usually
present in cells in a latent state by binding with IxBa, the inhibitor. NF-xB can be activated
without requiring protein synthesis [53] although up-regulation of the gene encoding NF-xB
and down-regulation of the gene encoding IxBa was observed in response to caries. A shift
in the balance between NF-xB and IxBa results in the activation of NF-xB [54]. Prolonged
activation of TLRs results in hypo-responsiveness to subsequent ligand stimulation, a
phenomenon termed TLR tolerance [55]. This could be one reason for the down-regulation
of genes encoding TLR-2 and MyD88, important for recognition of Gram positive bacteria
that dominate the early stage of this chronic infection.

The up-regulation of gene expression for collagen type lal and a2 could be induced by the
TGF-p signalling cascade [56, 57]. In this regard, while expression of TGF-41 in the
odontoblast layer is down-regulated during carious progression [6], expression for TGF-
signalling pathway components SMAD-2 and -4 was up-regulated. A potential exogenous
source of TGF-f released from demineralized dentin during carious progression could
explain activation of the TGF-f signalling cascade [58]. Extracellular and pericellular
collagen is remodelled by MMPs, particularly MT1-MMP [42]. A collagen-binding and
internalisation receptor, endocytic receptor (Endo180), also binds collagen fragments for
uptake via clathrin-coated pits into early endosomes for lysosomal degradation [59, 60].
This is compatible with our data demonstrating up-regulation of MT1-MMP and down-
regulation of Endo180 during the formation of reactionary dentin.

Present findings highlight the roles of matrix proteins, collagenous and noncollagenous, and
matrix remodelling enzymes particularly MMP-2, in the formation of altered reactionary
dentin matrix. Notably, MMP-2 is involved in bone formation and remodelling and
mutations in MMP-2 cause multicentric osteolysis or “vanishing bone” disease,
characterized by marked and progressive bone loss and joint destruction [61]. In reactionary
dentinogenesis, MMP-2 is likely to facilitate the release of DSP from DSPP. Mutations of
DSPP have been implicated in pathogenesis of dentin dysplasia type 11, dentinogenesis
imperfecta type | associated with osteogenesis imperfecta [5] and dentinogenesis imperfecta
type Il and 111 [62].

The present study has defined essential parameters of the response of the dental pulp to
microbial invasion of dentin. Findings indicate a consistent adaptive change in odontoblast
synthetic activity leading to the formation of a modified calcified matrix that effectively
impedes migration of bacteria along the dentinal tubules, thereby protecting the dental pulp
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from invasion. The uniformity of this response despite inevitable variation in lesion stage
and microbial etiology, strongly suggests activation of an alternative program for
establishing calcified matrix. This research provides a basis for further investigation leading
to improved therapeutic protocols for advanced caries.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structure of reactionary dentin demonstrating fewer tubules that are more irregular and
constricted. (A) Toluidine blue stain of longitudinal section of reactionary dentin. Pd and Rd
indicate the area of physiologic dentin and reactionary dentin, respectively. Arrow points to
odontoblasts. The boxed area encompasses the boundary between Pd and Rd. Scale bar 20
um. (B) Scanning electron micrograph (SE detector at 10.00 kV, X500) of the boxed area
from A. Scale bar 20 um. (C) Scanning electron micrograph (SE detector at 10.00 kV,
X7,500) of a cross-section of the boxed area from B and showing the boundary between Pd
and Rd. Scale bar 2 um. (D) A high magnification view (SE detector at 10.00 kV, X60,000)
of the boxed area from C showing the morphology of a constricted tubule in the Rd. Scale
bar 200 nm.
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Figure 2.

Representative images demonstrating the distribution, area and circularity of dentinal
tubules in healthy and carious samples. (A) Cross-sectional view of dentinal tubules from
dentin in a healthy tooth. Large circular and uniformly distributed tubules are observed (first
and second panels). Scale bar 2 um. Findings were confirmed by analysis of a Surface plot
(third panel). (B) Dentinal tubules in carious sample. For Pd, the tubules present similar
characteristics to dentin of healthy teeth while tubules in Rd (red arrowheads, red tubules
and red bars) present as narrow, irregular cross-section with random distribution (first and
second panels). Scale bar 2 um. Surface plot analysis confirmed similar patterns for Pd
compared to dentin from healthy teeth whereas Rd presents as variable, in both tubular area
and distribution of tubules (third panel). (C) Bar graph representing the circularity of tubules
in each region (n=30). Tubules in dentin of healthy teeth and in Pd of carious teeth present
similar profiles with a circularity index close to 1, representative of a circle. In Rd the
circularity of tubules is low reflecting irregular shape. The data for circularity are expressed
as mean values £ SD. * P < 0.05.
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Representative images demonstrate the collagen frameworks in healthy and carious samples.
(A) Collagen framework in healthy sample displays connection between the fibrils with the
slope of lacunarity of 0.1859 and the slope of fractal dimensions of 1.847. (B) Collagen
framework in Pd from carious sample also presents connection between the fibrils with the
slope of lacunarity of 0.1795 and the slope of fractal dimensions of 1.7475. (C) In Rd the
connection between collagen fibrils can be observed with the slope of lacunarity of 0.2131
and the slope of fractal dimensions of 1.7306. Scale bar 1 pm.
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Figure 4.

Representative images of immunogold-labelling of DSP on fixed partially demineralized
dentin. (A) DSP labelling (arrowheads) were observed on the collagen fibrils in dentin from
healthy tooth with a random distribution pattern. (B) In carious teeth DSP localisation in Pd
closely follows that observed in dentin from healthy teeth. (C) Rd demonstrates the densest
pattern of distribution. Scale bars 200 nm. Bar chart demonstrating the density of DSP in
terms of percentage of area fraction. Rd area has the densest DSP labelling compared to Pd
area and dentin from healthy teeth (n=12). The data for density of DSP labelling are
expressed as mean values + SD. * P < 0.05.
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Figure 5.

Data demonstrating the gelatinase activity of MMP-2 in each dentin layer. (A) Diagram of
dentin layers; layer 1 the superficial soft carious lesion, layer 2 inner soft carious lesion,
layer 3 caries-affected dentin and layer 4 sound dentin beneath carious lesion including Rd.
(B) Bar charts demonstrating gelatinolytic activity from extracted total dentin protein from
each dentin layer. Gelatinolytic activity detected in Rd (layer 4) was almost entirely
contributed by MMP-2. The activity was 5 times higher than gelatinolytic activity detected
in the corresponding layer of dentin from healthy teeth. (C) MMP-2 activity in each dentin
layer was calculated from a collagenase standard curve of the gelatin-fluorescein conjugate
cleaved by Clostridium histolyticum. MMP-2 activity in the Rd (layer 4) was significantly
higher than the healthy sample. All values depict means = SD (n=14). * P< 0.05; ** P<
0.02. (D) Demonstration of MMP-2 expression in dentinal tubules in the Rd area by
immunofluorescence on a semi-thin resin section. Positive labelling is indicated by bright
green fluorescence. Staining for MMP-2 (arrowheads) observed in some dentinal tubules in
the area of Rd was more abundant and intense compared to dentin from healthy teeth. Scale
bar 20 um.
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Figure 6.
Semi-thin resin sections perpendicular to tooth axis of a carious tooth showing invasion of

bacteria from enamel (En) through the dentin-enamel junction (Dej) and into dentin (De).
(A) Toluidine blue stain demonstrates invasion of bacteria along dentinal tubules
(arrowheads). (B) Fluorescence in situ hybridization (FISH) with a universal 16STRNA
bacterial probe. Red fluorescence shows bacteria accumulating along the Dej and in dentinal
tubules. Scale bar 30 um. (C) Bar chart demonstrates pH gradient in different layers (Fig.
5A) from carious teeth (n=20) compared to healthy teeth (n=14). In the area of the infected
soft carious lesion (layers 1&2), the pH was low increasing progressively in the deeper
layers. Values depicted mean values + SD. *P< 0.05
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Figure 7.

The synthetic activity of the odontoblast layer changes in response to carious stimuli. (A)
Toluidine blue staining demonstrates micro-dissection of the odontoblast layer (Od). Scale
bar 20 um. (B) Bar chart demonstrating up-regulation of MMP-2, TIMP-2 and MT1-MMP
while Endo180 was down-regulated. (C) Demonstration of MT1-MMP and Endo 180
expression in the odontoblast layer. Odontoblast nuclei were stained with DAPI (first and
fourth panels). Sections were dual stained for MT1-MMP (green fluorescence) and Endo
180 (red fluorescence). MT1-MMP labelling was more intense in the odontoblastic layers
from carious teeth (second panel). Yellow fluorescence represents coincidence of MTP1-
MMP and Endo 180 (second panel). In contrast, Endo 180 labelling was more intense in the
odontoblast layer from healthy teeth (third panel). Scale bar 30 um. (D) Bar chart
demonstrating relationship of gene expression profiles related to detection of infection,
signal transduction and mineralization. Gene expression for TLR-4, TRAM, Mal/TIRAP,
NF-kB, SMAD-2,-4, COL1A1 and COL1A2 were observed to be significantly up-regulated,
while gene expression levels for TLR-2, MyD88 and IxBa were down-regulated in the
odontoblast layer of carious teeth. Levels of mMRNA were normalized against ACTB. All
values depict means + SD (n=6). *P < 0.05; ** P <0.02.
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Figure 8.
Diagrammatic representation of the formation of reactionary dentin.

Circular and uniformly distributed tubules are present in healthy teeth with
odontoblast expression of TLR-2 but not TLR-4. DSP and MMP-2 are sparsely
distributed.

During extension of caries, LPS expressed by Gram negative bacteria triggers the
TLR-4 signalling pathway which induces up-regulation of MMP-2, accompanied
by up-regulation of TIMP-2 and MT1-MMP (down-regulation of Endo180
enhances MT1-MMP activity) resulting in cleavage of DSPP by activated MMP-2.

DSP cleaved from DSPP is deposited on newly synthesised collagen forming
nucleation sites for hydroxyapatite crystal formation.

Low levels of TGF-B, released from dentin matrix and activated by bacterial acid or
MMP-2, stimulate odontoblasts to increase collagen synthesis.
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