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Immunohistochemical Phenotype Analysis of Cells Associated with Pulpal

Mineralized Extracellular Matrix in a Porcine Endodontic Regeneration Model

Joshua Pruden, DDS, Douglas Dickinson, PhD, Stephanie Sidow, DDS, Joseph Dutner,

DMD

Abstract

Introduction: Early apical mineralization responses following regeneration
therapy remain to be fully characterized, partially due to limited availability of larger
animal models. The aims were to evaluate a young porcine model for the study of
endodontic regenerative treatment, and to compare via immunohistochemistry the early
cellular and mineralizing events occurring at the apex following therapies utilizing
Biodentine™ (Septodont, Saint Maur des Fosses, France) and Pro-Root MTA™

(Dentsply Sirona, Tulsa, OK).

Methods: Immunohistochemical techniques were used to characterize cell
populations and mineralized tissues in samples previously obtained from a study
utilizing a young porcine model for endodontic regeneration in which mandibular first
and second premolars in five pigs (3 months old) received regenerative treatment.
Teeth were divided into five treatment groups: One: treated with blood clot without
bioceramic; Two: treated with blood clot and MTA; Three: treated with blood clot and
Biodentine; Four: treated with MTA without blood clot (positive control); and Five: no
treatment (positive/negative control). Samples were harvested after a three-week
healing period, fixed in formalin, evaluated radiographically, and processed for

histology. Sections were stained immunohistochemically for mineralized matrix markers,



including dentin sialophosphoprotein, osteocalcin, osteopontin, cementum-attachment

protein, osterix, and proliferating cell nuclear antigen.

Results: The blood clot treatment groups and MTA/Biodentine treatment groups
demonstrated extensive areas of active hard tissue matrix formation on the canal walls,
resembling cellular cementum-like deposition extending from the apex, with high levels

of cementoblast-like cell activity.

Conclusions: A cementum-like mineralization of potential clinical benefit can
occur in the apical root region following endodontic regenerative treatment. The porcine

model shows promise for the study of these events.



Introduction

The pulp in an immature tooth with an open apex can become necrotic, resulting
in challenges for treatment. The roots of an immature tooth are short, thin, and prone to
fracture, conditions for which conventional root canal treatment is not ideal. Importantly,
there is a need to allow the root to grow in both length and thickness in order to
withstand normal forces of function, including mastication. Regeneration endodontics
aims to both increase the length and thickness of the root (1), and has been defined as
“biologically based procedures designed to replace damaged structures, including
dentin and root structures, as well as cells of the pulp-dentin complex” (2). In principle,
the damaged pulp can heal by two mechanisms: repair or regeneration. Repair is
defined as ectopic tissue formation with a partial loss of function, and endodontic
studies have variously reported fibrous tissue, cementum, or bone forming inside the

canal (3,4, 5,6, 7).

The development of mineralized tissue by regeneration requires stem/progenitor
cells (that can differentiate into requisite cells such as odontoblasts) to migrate,
proliferate, and differentiate appropriately. These cellular processes can be promoted by
the presence of appropriate concentrations of growth factors and a supporting scaffold
(8). Endodontic regeneration strategies include initiating bleeding at the apex to form a
blood clot within the canal, thereby providing a scaffold and source of growth factors
(via platelets), and providing an environment conducive for stem cell/progenitor cells to
migrate, proliferate, and differentiate, ultimately leading to mineralized tissue formation
(9). Additionally, endodontic regeneration strategies include placement of bioactive

materials to promote mineralized tissue formation and to protect against infection and



coronal microleakage. Mineral Trioxide Aggregate (MTA) and Biodentine™ are two
bioceramic sealing materials that have been shown to be superior in providing a seal,

forming hard tissue, and stimulating stem cell differentiation (10, 11, 12).

Numerous case reports and case series of endodontic regeneration treatments
have been published, but many do not analyze the properties of the formed tissues;
histological studies of endodontic regeneration in humans are scarce, due to the goal of
retention of the tooth after successful treatment (13). Primarily, regenerative treatment
outcomes have been evaluated clinically and radiographically, showing continued hard

tissue formation in the canal, increasing width and length of the root (14, 15).

Animal models for endodontic regeneration employing rats, dogs, ferrets, and
most recently pigs have been studied. The domestic pig (Sus scrofa) provides a large
animal model for oral tissues resembling human oral tissues (16). The posterior teeth in
a young pig have large multiple-rooted teeth with open apices and incomplete root
development (17). Therefore, a young pig has underdeveloped teeth similar to immature
human teeth. Furthermore, pigs have mandibular canine teeth that erupt continuously
(17), providing additional tissues with which to compare and analyze regenerative
physiological mechanisms. Overall, the porcine endodontic regenerative model could
provide a useful model system to investigate the biology of the endodontic regenerative

process.

Recently, a porcine model for endodontic regeneration using young animals with
immature teeth was developed that shows considerable promise (18). Using this model,

rapid formation of a mineralizing lining of the root canal was demonstrated using



regeneration treatment modalities and tissue analysis by histochemical staining (18).
Three weeks after initiating the treatment, 5-6mm of mineralized tissue was observed
on the canal walls of the pulp. However, the cellular events in this model during induced
mineral formation remain to be characterized. Further, the mineralized tissue did not
resemble a dentin-like matrix, nor did it closely resemble an osteoid-like matrix, but had
similarities to cementum. If the mineralized tissue produced during regenerative
treatment could be characterized and identified via immunohistochemical evaluation,
then more light would be shed on the biological mechanisms underlying endodontic
regeneration. This would provide the basis for rational approaches to the development
of improved and new strategies for endodontic regeneration, leading to more
predictable treatment outcomes, and likely improve the prognosis of tooth retention.
Therefore, the aims of this study were to evaluate the young porcine model for the study
of endodontic regenerative treatment and to compare via immunohistochemistry the
early cellular and mineralizing events occurring at the apex following therapies using
Biodentine™ (Septodont, Saint Maur des Fosses, France) and Pro-Root MTA™

(Dentsply Sirona, Tulsa, OK).
Materials and Methods:

Study samples obtained from an Eisenhower Army Medical Center IACUC
approved study (IRBNet #: 415705-1). Investigators adhered to the policies of the
Animal Welfare Act. All animal procedures were approved by the Dwight D. Eisenhower
Army Medical Center Institutional Animal Care and Use Committee (IACUC), and the

IACUC ethical guidelines and regulations were adhered to throughout.



Histological sections of a porcine regeneration model were obtained from a
previous study (18). Five pigs (3 months old) received regenerative treatment in their
second and third mandibular premolars, resulting in four teeth receiving treatment per
animal (total n=20). Teeth received endodontic regenerative therapy with variations in
technique. Teeth in Group One had induced bleeding (with a #20 K file) and received a
glass ionomer restorative material (Fuji Il LC; GC America, Alsip, IL). Teeth in Group
Two underwent induced bleeding and were sealed with MTA. Teeth in Group Three also
underwent induced bleeding but were sealed with Biodentine. Teeth in Group Four
received a MTA coronal restoration but a blood clot was not induced. Group Five
consisted of a randomly selected canine that did not receive endodontic treatment. In
the previous study, samples were harvested after a three-week healing period, fixed in

10% formalin, evaluated radiographically, and processed for histology.

In the current study, histological sections underwent an immunohistochemical
process for each of the selected antibody markers being tested for a positive signal.
These included the mineralization markers dentin sialophosphoprotein (DSPP),
osteocalcin (OCN), osteopontin (OPN), and cementum-attachment protein (CAP). The
mineralization transcription factor marker was osterix (OSX), and the cell proliferation
marker was proliferating cell nuclear antigen (PCNA). The staining protocol for the
staining of each marker extended over three days. Day One, slides were heated at 60°C
for two hours, followed by immediate placement in fresh xylene to begin de-
paraffinization overnight. Day Two, de-paraffinization was completed by placing the
slides and xylene at 40° C, followed by two 20 minute changes in fresh xylene, then

rehydration in an ethanol series. After this step, slides were processed for antigen



retrieval using a proprietary reagent (Diva Decloaker: Biocare) in a rapid heat procedure
using a programmable pressure cooker. This was followed by a 20-minute blocking step
using 2.5% horse serum. The primary antibody (diluted in 1.25% horse serum) was then
applied and slides incubated at 4°C overnight in a humidified container. Antibody
concentrations were optimized in pilot experiments, beginning with concentrations of

0.5, 1.0 and 1.5 pg/ml.

Day Three, excess primary antibodies were removed by washing and biotinylated
species-matched secondary antibody applied. After incubation for 1 hour at room
temperature, followed by washing with 10% TBST, endogenous peroxidase activity was
blocked by 10 minute incubation in TBS containing 3% hydrogen peroxide. Detection
was via application of a commercial HRP-Streptavidin reagent (ABC reagent: Vector
Laboratories), and incubation at room temperature for 30 minutes to bind to the
biotinylated secondary. After washing off excess reagent, the color reaction was
performed by application of a diaminobenzidine preparation (Vector Laboratories), and
monitoring for development of brown color under the microscope to determine endpoint.
The incubation time depended on antibody, antibody concentration, and antigen
distribution, with a goal of reaction being adequate in 10-20 minutes without non-
specific background development. For a fairly localized antigen like PCNA (labeling
nuclei of proliferating cells), a brown section visible by eye was considered likely
overstained. After staining, slides were placed in pure H20 for at least 1 minute to stop
the reaction. A brief counterstain was performed with diluted Vector hematoxylin QS (1
part stain, 2 parts water), followed by permanent cover slip placement with Vecta Mount

(Vector Laboratories).



The immunohistochemical protocol was repeated for each experimental and
control group. As a negative staining control, the protocol was completed omitting the
primary antibody application. Sections were evaluated under a light microscope for the
presence or the absence of markers within various tissues within the section, including
the new mineralized matrix on the radicular dentinal walls, the supporting periodontium

(cementum and bone), and for specimens stained with PCNA, the epithelium.

Results:

Trichome stained samples obtained from the previous study (18) were examined
to gain an understanding of general histological findings. Group One (Blood clot/No
MTA) specimens demonstrated apical inflammatory infiltrate contacting a band of red
blood cells in the canal. Along external and pulpal surfaces, resorptive lacunae were
detected both on the apical external and pulpal surfaces of the canal wall. The dentin
surface was covered with small cells but only small regions of a thin band of mineralized

matrix, and the majority of the pulpal wall lacked mineralized matrix.

Group Two (Blood clot/MTA) specimens demonstrated an absence of
inflammatory infiltrate and resorption. At the apex, an apparent cellular, mineralized
matrix demonstrated continuous contact along external and pulpal root dentin. This
matrix was deposited along the apical pulpal wall, extending over 3.5mm coronally. A
layer of mineralizing cells overlaid the deposited matrix with cells within this matrix.
Group Three (Blood clot/Biodentine) specimens showed similar results to Group Two.
Absence of inflammatory infiltrate and resorption was demonstrated in Group Three

specimens. Also similar to Group Two, Group Three demonstrated a mineralized matrix



forming at the apex on external and pulpal surfaces of the dentin, lined and embedded

with mineralizing cells.

Group Four (MTA/no clot) specimens demonstrated mineralized matrix
deposition in apical regions, along with apparent alveolar bone forming within the pulp,
continuous with the bone of the periodontium. Group Five (no treatment) specimens
demonstrated an absence of both inflammatory infiltrate (within pulp or periapex) and
resorptive processes. Normal cellular cementum was present overlying root dentin,
normal cellular cementum was detected, along with odontoblasts lining the pulpal canal

wall.

To summarize, the blood clot treatment groups and MTA/Biodentine treatment
groups demonstrated extensive areas of active hard tissue matrix formation on the
canal walls, extending from the apex, with high levels of cell activity. Expression of
mineralization markers (DSPP, OCN, OPN, and CAP), transcription factor marker
(OSX), and a cell proliferation marker (PCNA) was detected in regions of interest, and

was evaluated for expression patterns in each treatment group.

Group One (Blood clot only) specimens provided moderate staining of DSPP
marker within osteoblasts and small cells associated with the thin band of mineralized
tissue. Weak DSPP staining was detected in cementoblasts and osteocytes, but
cementocytes were unstained (Figure 1). Staining for OCN was strong in
cementoblasts, cementocytes, osteoblasts, and cells associated with the newly formed
pulpal mineralized tissue, but staining for OCN was weak within osteocytes. OPN

staining was strong in cementoblasts, osteoblasts, and cells adjacent to the new pulpal



mineralized matrix, but cementocytes and osteocytes were not stained. The staining

patterns for CAP, OSX, and PCNA (Figure 2) were the same as for OPN.

Group Two (Blood clot/MTA) specimens showed the same pattern of staining for
DSPP Group One (Blood clot only) for cementoblasts, cementocytes, osteoblasts, and
osteocytes, and cells embedded in and adjacent to the new pulpal mineralized matrix
stained strongly (Figure 3). Similarly, for OCN, OPN, CAP, OSX, and PCNA,
cementoblasts, cementocytes, osteoblasts, and osteocytes had the same pattern of
staining as Group One (Figure 4). Staining for OCN, OPN (Figure 5), and CAP was
strong within the cells embedded and adjacent to the mineralized matrix. OSX (Figure
6) and PCNA stained strongly in the cells adjacent to the mineralized matrix, but they

stained weakly in cells embedded in the matrix.

Group Three (Blood clot/Biodentine) specimens stained moderately for DSPP
within osteoblasts and cells adjacent to and embedded in the new pulpal mineralized
matrix. The DSPP marker stained weakly in root cementoblasts and osteocytes, and no
staining was detected in cementocytes. OCN staining was strong in cementoblasts,
osteoblasts, and cells adjacent and embedded within the new pulpal mineralized matrix,
and weak staining was detected in cementocytes and osteocytes (Figure 7). Strong
staining for OPN was detected in cementoblasts, osteoblasts, and cells adjacent to the
mineralized matrix, and moderate staining was detected in cells embedded within the
matrix. Weak staining of osteocytes and no staining of cementocytes for OPN was
observed (Figure 8). CAP (Figure 9) and OSX (Figure 10) stained strongly in
cementoblasts, osteoblasts, and cells adjacent to and embedded within the mineralized

matrix. Both markers did not stain cementocytes. Weak staining for OSX was detected
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in osteocytes, in which no CAP staining was detected. PCNA (Figure 11) stained
strongly within cementoblasts, osteoblasts, and cells adjacent to the new mineralized
matrix. Weak staining of PCNA was detected in the embedded cells of the matrix, and

no staining was detected in cementocytes and osteocytes.

Group Four (MTA/No induced clot) specimens provided weak staining for DSPP
in cementoblasts, cementocytes, osteoblasts, and osteocytes. OCN, OPN, CAP (Figure
12), OSX, and PCNA stained strongly in cementoblasts and osteoblasts, and weak
OCN, OPN, OSX, and PCNA staining was seen in cementocytes and osteocytes. In this
treatment group, cementocytes and osteocytes did not stain for CAP (Figure 11). Group
5 (Canine Control) specimens stained weakly for DSPP in cementoblasts,
cementocytes, osteoblasts, and osteocytes, but odontoblasts stained strongly.
Odontoblasts and cementoblasts stained strongly for OCN, OPN, CAP, OSX, and
PCNA. Cementocytes stained weakly for these markers, except for CAP, which showed
moderate staining in cementocytes. Osteoblasts stained strongly for OCN, CAP, OSX,

and PCNA, but stained weakly with the OPN marker.

Overall, with the exception of DSPP a strong expression of the selected markers
was detected in odontoblasts, root covering cementoblasts, osteoblasts, and cells
adjacent to and embedded within the newly formed pulpal mineralized matrix. A
comparatively weaker expression of these markers was detected in cementocytes and
osteocytes. In contrast, DSPP showed a weak expression within each of these cell
types. In the tissue control Group 5, DSPP expression was greater in odontoblasts.
Control samples, in which the primary antibody was omitted in the IHC protocol,
resulted in no staining within any of the specimen samples (data not shown).

11



Furthermore, expression patterns were consistent between different animal samples

within a group and between cell populations within the samples.

Discussion

The goals of this study were to evaluate this porcine model as a potential animal
model for the study of endodontic regenerative treatment, and to compare via
immunohistochemical characterization the early cellular and mineralizing events
occurring at the apex following therapies using Biodentine and Pro-Root MTA. The
treatment groups utilizing MTA or Biodentine in combination with an induced blood clot
(Groups 2 and 3), or MTA alone (Group 4) demonstrated extensive areas of active hard
tissue matrix formation on the canal walls, extending from the apex, and with high levels
of associated cell activity. Mineralization matrix markers (DSPP, OCN, OPN, and CAP),
mineralization transcription factor marker (OSX), and a cell proliferation marker (PCNA)
were used in order to characterize this hard tissue matrix along with the associated

cells.

DSPP is a preproprotein that gives rise to two proteins: dentin sialoprotein (DSP)
and dentin phosphoprotein (DPP). The preproprotein DSPP is secreted by
odontoblasts, and DSPP is cleaved by proteinases within the extracellular matrix (ECM)
into DSP and DPP. Both DSP and DPP are detected in large amounts in dentin ECM,
but DSPP is not. (19, 21, 20) DPP is the most abundant non-collagenous protein in
dentin, with a unique structure containing large amounts of aspartic acid and

phosphoserine. Discovered through in-vitro mineralization studies, it was found that

12



DPP plays a key role in the initiation and modulation of the process of forming and
growing hydroxyapatite crystals in dentin (22, 23, 24). At the mineralization front, DPP
promotes initial hydroxyapatite formation by binding to collagen fibrils and orienting
mineral crystals during the mineralization process. Therefore, DPP is important in

modulating the conversion of predentin to dentin (25, 26).

It was previous thought that DSPP and its cleaved products were tooth specific
(27). However, subsequent studies have shown that they are also produced by
osteoblasts and are found in bone, although expressed at much lower levels compared
to dentin and odontoblasts (28, 29). A study on rat periodontium detected high levels
DSPP in odontoblasts, but weak expression in osteoblasts, cementoblasts,
cementocytes, and cells buried in cellular cementum (30). In a rat model, it was
demonstrated that DSP was expressed in cellular cementum lining the outside of the
root adjacent to the periodontal ligament, but not in acellular cementum in the same
regions (34). In the present study, a weaker staining was observed for DSPP within
cells adjacent to and embedded within the mineralized tissue lining the apical canal
wall. The staining of this mineralized tissue was consistent with the weaker staining
seen within cementoblasts, osteoblasts, and osteocytes (Figure 1, Figure 3). The strong
staining of odontoblasts in the canine control is consistent with previous studies
regarding DSPP expression. The weak DSPP expression pattern within the cells
associated with the newly mineralized tissue was therefore not consistent with the
strong staining seen in odontoblasts or extracellular matrix within the canine control, in

which continuous eruption provides active odontoblasts to observe. Thus, consistent

13



with the histological appearance, it is unlikely that the newly formed matrix is dentin

produced by odontoblasts.

OCN, also known as Bone y-carboxyglutamic acid (Gla) protein, is produced by
osteoblasts, and is one of the most abundant non-collagenous protein component of
bone (31). Human OCN is a 46-50 amino acid single chain protein containing three
vitamin K-dependent y- carboxyglutamic acid residues (31). OCN appears transiently in
embryonic bone at the time of mineral deposition, where it binds to hydroxyapatite in a
calcium-dependent manner (32). Furthermore, many noncollagenous proteins, including
OCN, are secreted by odontoblasts associated with the mineralization process of dentin

extracellular matrix (33).

OCN expression has been reported in cementoblasts. Previously, it was
considered that OCN was only involved in the mineralization process of cellular
cementum (34). However, studies on rat periodontium detected OCN expression within
cells associated with the mineralization of both cellular cementum and acellular
cementum (35). In the present study, the cells adjacent to and embedded within the
new hard tissue matrix lining the pulpal canal walls presented with strong expression of
OCN. OCN was weakly expressed within cementocytes and osteocytes, but a stronger
expression was observed within osteoblasts, odontoblasts, and cementoblasts adjacent
to cellular cementum (Figure 4, Figure 6). This strong expression of OCN in these cells
is consistent with strong expression within various cells involved in active mineralization,
but consequently OCN expression does not provide a specific phenotypic

characterization of the pulpal matrix forming cells in this study.
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The OPN primary amino acid sequence contains an arginine-glycine-aspartate
tripeptide and polyaspartic acid motifs that allows it to serve as a bridge between cells
and hydroxyapatite (36). OPN is present in large quantities within bone, but it is also
expressed in various other cells and tissues (37, 38), and this diverse expression of
OPN represents its multiple functions within various biologic processes. Under
physiological conditions, only small amounts of OPN are expressed in the ECM of
dentin (39). Within mineralized tissues, OPN acts as an effective inhibitor of
hydroxyapatite formation and growth (40, 41). Furthermore, pulp fibroblasts have been
found to express OPN, even in various nonmineralized connective tissues (42). This is
consistent with observation of samples in this stained for OPN, in which granulation

tissue stained stronger compared to other markers (Figure 5, Figure 8).

OPN expression has been reported in cementoblasts. It was previously not
considered to be expressed in cells secreting acellular cementum, but subsequent
studies have shown that OPN is expressed in cells secreting both cellular and acellular
cementum (43). In the present study, strong OPN staining was seen in cells adjacent to
and embedded within the hard tissue matrix lining the apical canal walls. Osteoblasts,
odontoblasts, and cementoblasts expressed OPN strongly compared to a weaker
expression in cementocytes and osteocytes (Figure 5, Figure 8). The results are
consistent with expression of OPN in various cells involved in mineralization (eg.
cementoblasts, osteoblasts), but the OPN expression pattern within these cells does not
provide a specific phenotypic characterization of the cells forming the new pulpal

mineralized matrix.
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CAP plays a role in the recruitment and differentiation of cells that contribute to
cementum formation, and this protein binds to hydroxyapatite and regulates the crystal
nucleation in order form cementum (44). CAP is encoded by and is an alternatively
spliced transcript of the protein tyrosine phosphatase-like A (PTPLa) gene, which is
involved in inducing bone repair and healing (45). CAP is collagen-like, but distinct from
collagens type |, XIl, and XIV. The ability of CAP to facilitate attachment of various
periodontal cells is mediated by integrin receptors on cell surfaces (46). Furthermore,
CAP has been found to possess the ability to recruit cementoblastic populations on root
slices in-vitro, indicating an important role in cementogenesis during periodontal wound

healing (46).

CAP is expressed by cementoblasts, and some previous studies indicated that
CARP is specifically expressed only by cementoblasts (47, 48). However, other studies
(44, 49) have shown that CAP is expressed by both cementoblasts and osteoblasts,
and CAP is also involved in the binding of cells to dentin (50). Therefore, CAP is not
considered a specific marker for cementum or cementoblasts. In the current study, CAP
was strongly expressed in the cells adjacent to and embedded within the hard tissue
located along the apical canal wall. Furthermore, strong staining for CAP was seen in
osteoblasts, cementoblasts, and odontoblasts (Figure 9, Figure 12, Figure 13). These
results are consistent with expression of CAP within various cells involved with
mineralization, but as seen for OCN and OPN, the CAP expression pattern did not
provide specific phenotypic characterization of the cells involved in production of the

new mineralized matrix. However, the strong expression of CAP in the cells associated
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with formation of this matrix would be consistent with its histological appearance as

cementum.

OSX is a zinc finger-containing transcriptional activator that is distinctly
expressed in all developing bones and is important for osteoblast differentiation. In
particular, OSX is implicated in the differentiation of osteoblasts, the specialized cells of
bone formation. OSX is a nuclear protein that binds to GC box promoter elements and
activates mRNA synthesis from genes containing functional recognition sites (51). As
demonstrated in a mouse model, the absence of OSX expression resulted in no cortical
or trabecular bone formation, regardless of whether through intramembranous or
endochondral ossification. Therefore, OSX functions as a key regulator in the process of

bone formation (51).

OSX expression has been detected in osteoblasts (50), cementoblasts, and
odontoblasts (52). Similar to osteoblasts, and consistent with the results reported here,
cementoblasts express genes for key molecules in mineralization of extracellular
matrices, including BSP, OCN, and OPN. Therefore, the OSX transcription factor plays
a key role in the process of not only osteogenesis, but also cementogenesis during
tooth development (53). Furthermore, a study using mouse odontoblast-like cells found
that overexpression of OSX resulted in increased DSPP transcription, providing
evidence OSX facilitates the mineralization of dentin ECM (54). Therefore, OSX is not
specific for a single type of cell involved in mineralization, but labels osteoblasts,

cementoblasts, or odontoblasts.
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Studies have demonstrated the mesenschymal origin of cellular cementum from
cementoblasts arising a lineage from periodontal ligament progenitor cells (65). OSX
expression in cementoblasts has been studied in regards to its temporal- and spatial-
expression pattern during the formation of cellular cementum (55). Deleting OSX
expression in mice resulted in a large reduction in cellular bone formation (including the
overall mass and rate of formation), and furthermore, OSX transgenic mice
demonstrated an accelerated and increase of cellular cementum formation. However,
deletion of OSX expression did not alter mature cementum properties (56). Therefore, in
regards to cellular cementum formation, OSX is a key regulator of the transcription of
molecules involved in mineralization during the early phases of cementogenesis in
cellular cementum formation. In the current study, strong OSX expression was detected
on the cells adjacent to the hard tissue matrix located on the apical canal. In regards to
the cells embedded within this hard tissue matrix, some of these cells expressed OSX
and some did not. Furthermore, osteocytes did not express significant levels of OSX,
while pronounced expression of OSX was detected within cementoblasts and
osteoblasts (Figure 7, Figure 10). These results indicate possible active mineralization
by cells adjacent to and embedded within hard tissue matrix, and these results are
consistent with evidence for cellular cementum characteristics. However, OSXis not a
specific marker for cementoblasts, and therefore, the definitive recognition of the matrix

and associated cells cannot be determined based solely on OSX expression pattern.

The proliferating cell nuclear antigen (PCNA) is a protein synthesized in early G1
and S phases of the cell cycle, and PCNA provides functions in cell cycle progression,

DNA replication and DNA repair (57). PCNA expression can be detected in oral
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epithelium and mesenchyme, before any signs of dental lamina formation (i.e. before
the tooth bud formation stage begins). Throughout the bud, cap, and bell stages, PCNA
expression can be found at certain sites within the enamel organ, dental papilla, and
dental follicle. Therefore, PCNA is a reliable marker for proliferating cells associated
with tooth formation (57). PCNA expression labels cells that are within any phase of the
cell cycle, but the expression or staining pattern varies according to the cell cycle phase
of the proliferating cell. There is relatively no expression of PCNA during the GO-phase,
followed by a slight rise of PCNA expression in the early G1-phase. During the late G1-
and early S-phases, there is a prominent rise in expression of PCNA, with the maximum

expression detected during the late S-phase (57, 59).

PCNA is expressed in numerous cells throughout the body, including fibroblasts,
ameloblasts, odontoblasts, and cementoblasts (60, 61). PCNA expression is prominent
in cells within the enamel organ and dental papilla during dentinogenesis and
cementogenesis (60). Therefore, PCNA expression is not specific to any particular
mineralization process; the patterns of expression identify whether populations are
actively dividing (as expected in regenerating tissues). In the current study, strong
PCNA expression was observed within the nuclei of cells adjacent to the hard tissue
matrix located along the apical canal wall, but PCNA expression was not detected within
the cells embedded within the hard tissue matrix. Furthermore, PCNA expression was
detected within osteoblasts and cementoblasts (identified by location), but not within
osteocytes. This PCNA expression pattern provided evidence for actively dividing cells

associated with the secretion of the hard tissue matrix along the apical canal wall
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(Figure 2). As a positive control, PCNA expression was detected in the oral epithelial

tissues, specifically the basal layer of cells (Figure 11).

Presently, there are no known dentin-specific, cementum-specific, or bone
specific proteins, and cells involved in different mineralization processes broadly secrete
the same proteins. The main distinction between these different mineralized matrices
(dentin, cementum, and bone) is based on quantitative amounts of individual proteins
within the mineralized matrix, and such quantification is challenging using
immunohistochemistry. Furthermore, comparisons using immunohistochemical
quantification are further limited when the sample size is small, as in the current study.
Therefore, the results from this study with the selected markers must be considered in
aggregate, and by comparison with results of marker expression in internal and known
control tissues, including dentin, cementum, bone, and epithelium. The expression
pattern of the markers within the cells observed adjacent to and embedded in the
mineralized matrix were therefore compared to these control tissues within the same

immunohistochemically stained sample.

Previous studies using histochemical staining in this model indicated that the
mineralized tissue forming along the internal canal walls appeared to be comprised of
either cementum-like or osteoid-like tissues, or perhaps even a mixture of the two.
Therefore, in this study, an immunohistochemical evaluation with select markers was
used in an effort to distinguish the phenotypic characteristics of the mineralized hard
tissue and the cells associated with its formation. The expression pattern of the
mineralization markers DSPP, OCN, OPN, and CAP described here provided evidence

that the mineralized tissue resembles cellular cementum, and is most likely not dentin.
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However, there is still the challenge presented by the expression of these markers in
multiple mineralizing cell types, with no marker specific to cementoblasts, because each
mineralization marker has the potential to be expressed by cementoblasts,
odontoblasts, or osteoblasts. The transcription factor marker OSX has a similar
limitation, but it can be used to provide evidence for the presence of cellular cementum
versus acellular cementum. Overall, it is not possible to determine definitively if the
mineralized tissue is dentin, cementum, or bone, but the evidence in total indicated the
formation of a cellular cementum-like tissue adjacent to cementoblast-like cells along

the internal canal wall.

This porcine model has demonstrated similar results to those from human
studies and other animal studies. Small and large animal models have been evaluated
histologically following regenerative endodontic therapies, but many animals have
limitations in research. Canine (dog) models provide large teeth, comparable to
humans, but these models are expensive and also present with ethical concerns in
many regions of the world. Also smaller animal models, like ferrets or mice, make
treatment difficult and are technique sensitive in regards to executing reliable
regenerative endodontic treatment. The porcine model utilized in this study presents
with fewer ethical concerns and is more affordable, and furthermore, young pigs have a
similar tooth morphology and size compared to human teeth with immature roots. As
demonstrated in this current study, the porcine model shows promise for the further
investigation of the cellular events involved in the regeneration of mineralized tissue in

teeth that have undergone regenerative endodontic therapy.
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Figure 1: Group 1 (A) Representative sample of apex (star) of a FUJI and blood clot
treated premolar stained with DSPP marker. The specimen demonstrated a prominent
inflammatory infiltrate (star) at the apex contacting a band of red blood cells (RBC) in
the canal; the rest of the canal was largely empty of any other tissues and cells (4x
magnification, scale bar = 1 mm). (B) Dentin surface (d) covered with small cells,
moderately stained with DSPP adjacent to weakly stained regions of newly formed
pulpal mineralized matrix (M). Weak DSPP staining of cementoblasts (CB) lining
cementum (c) of external root surface. (20x magnification, scale bar = 200um) (C)
Higher magnification of mineralized tissue (M). Dentinal tubules (DT) present with
moderate staining. There is a lack of DSPP staining of cementocytes (CC) on external
surface of root (40x magnification, Scale bar =100um). (D) Moderate DSPP staining of
osteoblasts (OB) lining bone of periodontium with weak staining of embedded
osteocytes (OC) (40x Magnification, Scale bar =100um).
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Figure 2: Group 1 (A) Representative sample of apex of a FUJI and blood clot treated
premolar stained with PCNA marker. The specimen demonstrated a prominent
inflammatory infiltrate (star) at the apex contacting a band of red blood cells (RBC) in
the canal; the rest of the canal was largely empty of any other tissues and cells (4x
magnification, scale bar = 1 mm). (B) At midroot; dentin surface (d) adjacent to regions
of mineralized matrix (M). Cementoblasts (CB), strongly stained with PCNA, overlaying
cementum (c) (20x magnification, scale bar = 200um). (C) Adjacent to dentin (d),
cementum containing embedded, non-stained cementocytes (CC). On external root
surface, strongly stained cementoblasts (CB) overlaying cementum (40x magnification,
Scale bar =100um). (D) Gingival epithelium (EP) with strongly stained basal layer of
epithelial cells (arrows) adjacent to connective tissue (positive control for proliferative
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cells). Epithelial staining weakening as epithelial cell migrate to external surface (20x
Magnification, Scale bar =200um).

Figure 3: Group 2 (A) Representative sample the apex (star) of a MTA and blood clot
treated premolar (4x magnification, scale bar = 1 mm). (B) Columnar layer of cells
(arrows), moderately stained with DSPP lining internal surface of the apex (20x
magnification, scale bar = 200um) (C) Magnified columnar layer of cells (arrows)
depositing mineralized matrix (M) at apex. Weakly stained cementoblasts (CB) lining
external surface of root depositing cementum and weakly stained cementocytes (CC)
embedded in cementum (40x magnification, Scale bar =100um). (D) At midroot, a layer
of cells (arrows), moderately stained with DSPP, overlaid the deposited matrix (M)
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adjacent to dentin (d). Within in the matrix, embedded cells (arrows), stained weakly for
DSPP (40x Magnification, Scale bar =100um).

Figure 4: Group 2 (A) Representative sample the apex (star) of a MTA and blood clot
treated premolar stained for osteocalcin (4x magnification, scale bar = 1 mm). (B)
Mineralized matrix (M) lining internal surface of the canal wall, adjacent to dentin (d) and
cementum (c). Cementoblasts (CB) and cementocytes (CC) strongly stained for
osteocalcin lining the external surface of the root. (20x magnification, scale bar =
200um) (C) Layer of cells (arrows), strongly stained for osteocalcin, overlaying the
mineralized matrix (M) with strongly stained embedded cells (arrows) within the matrix.
Dentinal tubules (DT) stained weakly for osteocalcin (40x magnification, Scale bar
=100um). (D) Bone of the supporting periodontium with strong OCN staining detected in
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osteoblasts (OB) and weak staining detected in osteocytes (OC) (20x Magnification,
Scale bar =200um).

Figure 5: Group 2; (A) Representative sample the apex (star) of a MTA and blood clot
treated premolar stained with osteopontin marker (4x magnification, scale bar = 1 mm).
(B) Columnar layer of cells (arrows), strongly stained with osteopontin marker, lining
internal surface of the apex and secreting mineralized matrix (M) adjacent to dentin (d)
and cementum (c) (lining the external surface of the root) (20x magnification, scale bar
= 200um) (C) Magnified columnar layer of cells (arrows) depositing mineralized matrix
(M) at apex (40x magnification, Scale bar =100um). (D) At midroot, a layer of cells
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(arrow), strongly stained with osteopontin marker, overlaid the deposited matrix (M).
Within in the matrix, embedded cells (arrows), strongly stained with osteopontin marker.
Cementocytes (CC) not stained, and dentinal tubules (DT) moderately stained (40x
Magnification, Scale bar =100um).

Figure 6: Group 3; (A) Representative sample the apex (star) of a Biodentine and blood
clot treated premolar stained with osteocalcin marker (4x magnification, scale bar = 1
mm). (B) Mineralized matrix (M) lining internal surface of the canal wall, adjacent to
dentin (d) and cementum (c). Cementoblasts (CB), strongly stained, and cementocytes
(CC), weakly stained, lining the external surface of the root. (20x magnification, scale
bar = 200um) (C) Layer of cells (arrows), strongly stained with osteocalcin marker,
overlaying the mineralized matrix (M) with strongly stained embedded cells (arrows)
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within the matrix. (40x magnification, Scale bar =100um). (D) Bone of the supporting
periodontium with strong staining detected in osteoblasts (OB) and weak staining
detected in osteocytes (OC) (40x Magnification, Scale bar =100um).

Figure 7: Group 2 (A) Representative sample a root and apex (star) of a MTA and
blood clot treated premolar stained with osterix marker (4x magnification, scale bar = 1
mm). (B) Mineralized matrix (M) lining internal surface of the canal wall, adjacent to
dentin (d) and cementum (c). Cementoblasts (CB), strongly stained, and cementocytes
(CC), not stained, with osterix marker (lining the external surface of the root) (20x
magnification, scale bar = 200um) (C) Layer of cells (arrows), strongly stained,
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overlaying the mineralized matrix (M) with weakly stained embedded cells (arrows)
within the matrix. (40x magnification, Scale bar =100um). (D) Bone of the supporting
periodontium with strong staining detected in osteoblasts (OB) and weak staining
detected in osteocytes (OC) (40x Magnification, Scale bar =100um).

Figure 8: Group 3; (A) Representative sample the apex (star) of a Biodentine and blood
clot treated premolar stained with osteopontin marker (4x magnification, scale bar = 1
mm). (B) Mineralized matrix (M) lining internal surface of the canal wall, adjacent to
dentin (d). Within the matrix, embedded cells (arrows) moderately stained.
Cementoblasts (CB), strongly stained, and cementocytes (CC), not stained, lining the
external surface of the root. (20x magnification, scale bar = 200um) (C) At midroot, layer
of cells (arrows), strongly stained with osteopontin marker, overlaying the mineralized

37



matrix (M) with moderately stained embedded cells (arrows) within the matrix.
Cementoblasts (CB), strongly stained, and cementocytes (CC), not stained, lining the
external surface of the root (20x magnification, Scale bar =200um). (D) Bone of the
supporting periodontium with strong staining detected in osteoblasts (OB) and weak
staining detected in osteocytes (OC) (20x Magnification, Scale bar =200um).

Figure 9: Group 3; (A) Representative sample of the root and apex (star) of a
Biodentine and blood clot treated premolar stained with CAP marker (4x magnification,
scale bar = 1 mm). (B) At midroot, a layer of strongly stained cells (arrows) secreting a
mineralized matrix (M), lining the internal surface of the canal wall, adjacent to dentin (d)
and cementum (c) (20x magnification, scale bar = 200um). (C) At midroot, layer of cells
(arrows), strongly stained with CAP marker, overlaying the mineralized matrix (M) with
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strongly stained embedded cells (arrows) within the matrix. Dentinal tubules moderately
stained by CAP (40x magnification, Scale bar =100um). (D) Cementoblasts (CB),
strongly stained, and cementocytes (CC), not stained, lining the external surface of the
root. Bone of the supporting periodontium with strong staining detected in osteoblasts
(OB) and no staining detected in osteocytes (OC) (20x Magnification, Scale bar
=200um).

Figure 10: Group 2 (A) Representative sample a root and apex (star) of a biodentine
and blood clot treated premolar stained with osterix marker (4x magnification, scale bar
=1 mm). (B) Mineralized matrix (M) lining internal surface of the canal wall, adjacent to
dentin (d) and cementum (c). (20x magnification, scale bar = 200um) (C) Layer of cells
(arrows), strongly stained, overlaying the mineralized matrix (M) with strongly stained
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embedded cells (arrows) within the matrix. Cementoblasts (CB), strongly stained, and
cementocytes (CC), not stained, with osterix marker (lining the external surface of the
root) (40x magnification, Scale bar =100um). (D) At midroot, adjacent to dentin (d),
mineralized matrix (M) with an adjacent layer of cells (arrows) and embedded cells

(arrows), both strongly stained by osterix matrix. Cementocytes (CC) not stained. (40x
Magnification, Scale bar =100um).
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Figure 11: Group 3; (A) Representative sample of the root and apex (star) of a
Biodentine and blood clot treated premolar stained with PCNA marker (4x magnification,
scale bar = 1 mm). (B) At the apex, a layer of strongly stained cells (arrows) secreting a

41



mineralized matrix (M), lining the internal surface of the canal wall, adjacent to
cementum (c) (20x magnification, scale bar = 200um). (C) At the apex, layer of cells
(arrows), strongly stained with PCNA marker, overlaying the mineralized matrix (M).
Cementoblasts (CB), strongly stained, adjacent to cementum with cementocytes, not
stained with PCNA marker (40x magnification, Scale bar =100um). (D) At midroot,
mineralized matrix (M) adjacent to dentin (d) and lining the internal wall of the call. A
layer of cells (arrows), strongly stained, overlaying the mineralized matrix (M). Within
the matrix, embedded cells (arrows) weakly stained by PCNA. (40x Magnification, Scale
bar =100um). (E) Bone of periodontium with strongly stained osteoblasts (OB) and
weak and nonstained osteocytes (OC) marker (40x magnification, Scale bar =100um).
(F) Gingival papillae (P) with epithelium (EP) adjacent to tooth (4x magnification, scale
bar = 1 mm). (G) Epithelium (EP) with strongly stained basal layer (arrows) (20x
magnification, scale bar = 200um). (H) Epithelium with strongly stained basal layer
(arrows) with weakening of stain as epithelial cells migrate to external surface (40x
Magnification, Scale bar =100um).
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Figure 12: Group 3; (A) Representative sample of the root and apex (star) of a MTA
and no blood clot treated premolar stained with CAP marker (4x magnification, scale bar
=1 mm). Moderate inflammatory infiltrate (I) surrounding osteoid-like matrix (O) (B) At
midroot, adjacent to dentin (d) and cementum (c), osteoid-like mineralized matrix (O)
with a few unstained embedded cells (arrows) (20x magnification, scale bar = 200um)
(C) At midroot, cementoblasts (CB), strongly stained, and cementocytes (CC), not
stained, lining the external surface of the root. Dentinal tubules (DT) weakly stained by
CAP (40x magnification, Scale bar =100um). (D) Bone of the supporting periodontium
with strong staining detected in osteoblasts (OB) and no staining detected in osteocytes
(OC) (40x Magnification, Scale bar =100um).
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Figure 13: Group 3; (A) Representative sample of the root and apex (star) of a non-
treated canine stained with CAP marker (4x magnification, scale bar = 1 mm). (B) At the
apex, adjacent to dentin (d), lining the external surface of the root, cementoblasts (CB)
stained strongly and cementocytes (CC) stained moderately with CAP (20x
magnification, scale bar = 200um) (C) At midroot, cementoblasts (CB) stained strongly
and cementocytes (CC) stained moderately, and dentinal tubules (DT) stained weakly
(20x magnification, Scale bar =200um). (D) Bone of the supporting periodontium with
strong staining detected in osteoblasts (OB) and weak staining detected in osteocytes
(OC) (20x Magnification, Scale bar =200um).
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