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Abstract
Introduction: Streptococcus anginosus group
(SAG) bacteria are opportunistic pathogens and a major
cause of pulpal infection and subsequent abscess formation. Understanding of the processes involved in SAG
oral infections has been limited by the lack of an appropriate model system. Methods: Cocultures of SAG
bacteria and mammalian tooth slices were maintained
using a combination of Dulbecco modified eagle
medium and brain-heart infusion broth at 60 rpm,
37 C, 5% CO2 for 4, 8, or 24 hours before histologic
examination or staining with acridine orange/ethidium
bromide. Tooth slices were also incubated as described
with SAG bacteria stained with fluorescein diacetate.
Pulps were extirpated from infected and sterile cultured
tooth slices, messenger RNA was extracted and converted to complementary DNA, and polymerase chain
reaction were performed for genes encoding tumor
necrosis factor a, interleukin 1b, and interleukin-6.
Results: SAG bacteria were able to adhere directly to
the central region of the pulpal matrix in small foci
that were associated with a localized matrix breakdown.
Acridine orange–ethidium bromide staining and cell
counts indicated a decrease in mammalian cell viability
with increasing incubation times in the presence of SAG
bacteria. The increased expression of tumor necrosis
factor a and interleukin 1b was detected in infected
tooth slices. Conclusions: A novel ex vivo model
system has been developed that allows coculture of
SAG bacteria with a 3-dimensional organotypic tooth
slice. The model allows observation of bacterial growth
patterns and subsequent responses from host tissues.
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Therefore, it may be of future use in testing the efficacy of both antimicrobial and
anti-inflammatory treatments for use in endodontic therapy. (J Endod 2013;39:49–56)
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ulpal disease, or pulpitis, is a common clinical problem that can lead to a loss of
vitality of the tooth. Although there are limited data available regarding the incidence
of pulpitis, it has been reported that it is the most frequent reason for people attending
the clinic for emergency dental care (1). If pulpitis is allowed to progress without clinical intervention, it can result in severe tissue degeneration, which will not repair and
will lead to necrosis of the pulp. This type of pulpitis is known as irreversible pulpitis
and requires endodontic or root canal treatment, a challenging and difficult treatment
involving removal of all of the dental pulp and obturation with an inert material.
Endodontic treatments attempt to eradicate the bacterial infection from the tooth,
thereby preventing progression and subsequent abscess formation (2). The success
of root canal treatments ranges from 65% to 90% depending on clinical considerations
(3). Root-filled teeth are at risk of subsequent loss because of reinfection or fracture
(4), and so avoidance of pulpitis (and subsequent root canal treatment) is advantageous when seeking to retain teeth (5).
A wide variety of microbial species have been identified as playing a role in caries
and pulpitis, with the predominant species responsible for the infection shifting as the
infection advances (6). The focus of this study is the Streptococcus anginosus group
(SAG), a group of bacteria that consists of the species S. anginosus, Streptococcus
constellatus, and Streptococcus intermedius. Because of their expression of specific
adhesions, SAG bacteria are able to attach to the salivary pellicle and other oral bacteria
and are known to be primary colonizers of the oral cavity (7). Although SAG bacteria are
generally considered part of the body’s commensal flora, they are opportunistic pathogens able to form abscesses (8, 9), a process thought to be associated with their
productions of enzymes such as b-chondroitin sulphate lyase (10) and hyaluronidase
(11). SAG bacteria make up a relatively low proportion of the dental plaque, but they
have been shown to be the major component of most abscesses that form after experimental inoculation of animals with a plaque sample (12). S. anginosus and other
Streptococcus species have also been identified as the most commonly isolated organisms from teeth undergoing root canal treatment (13) and those with periradicular
lesions or abscesses (14). Despite this, there has been limited research into the
processes involved in pulpal infection by SAG bacteria and the growth characteristics
of these bacteria within the pulpal chamber. This may be caused in part by the lack
of an appropriate model.
Current models of pulpal infection focus on the in vitro culture of bacteria and
pulp fibroblast layers or use in vivo animal models, both of which have a number of
limitations. In vitro models using pulpal fibroblast cells grown in culture are an oversimplified representation of the multicellular dentine-pulp complex and do not account
for the important cellular interactions that occur in vivo between the odontoblasts and
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fibroblasts (15). Crucially, these models also lack the complexities of
the pulpal matrix, which is a unique substance that affects the processes
involved in bacterial infection by providing a surface for bacterial
attachment and a reservoir of growth nutrients. Although the use of invivo models overcomes some of these problems, these models incur
considerable experimental costs and require extensive ethical considerations.
In an attempt to address some of the problems associated with
in vitro and in vivo models, a number of ex vivo models have been
developed. These models allow cells to be cultured in the spatial
arrangement they would be found in vivo but enable multiple experiments to be performed using the tissue from a single animal. An ex vivo
tooth slice culture model has been established that has previously been
used to study the secretion of growth factors in the dentine-pulp
complex, dentinogenesis, and the effect of mechanical strain on the
dentine-pulp complex (16–18). Modification of this tooth slice
model has also led to the development of a mandible model that has
been used to study the processes involved in bone repair (19).
The aim of this study was to use the existing ex vivo tooth slice
models to provide a model for coculture of SAG bacteria and dental
tissue, allowing the involvement of SAG bacteria in pulpal infection
and abscess formation to be studied at a cellular level. Attachment of
the bacteria to the pulp was assessed using histomorphometric analyses
and fluorescence microscopy. Semiquantification of cell death identified in histologic photomicrographs was achieved using software analysis. Gene expression was also analyzed to investigate the ability of the
host cells within the model to respond to the bacterial infection by expressing the inflammatory markers tumor necrosis factor a (TNF-a)
and interleukin (IL) 1b.

Materials and Methods
Chemicals and Reagents
Unless otherwise stated, chemicals were obtained from Sigma
(Dorset, UK). Formulated bacteriological medium was obtained from
Oxoid (Basingstoke, UK). Dulbecco modified Eagle medium
(DMEM), obtained from Invitrogen (Paisley, UK) was used for tooth
slice culture. This was supplemented with 10% heat inactivated fetal
calf serum, 0.15 mg/mL vitamin C, 200 mmol/L L-glutamine (Invitrogen), and 1% antibiotics containing 1,000 U/mL penicillin G sodium,
10 mg/mL streptomycin sulfate, and 25 mg/mL amphotericin B (Invitrogen).
Bacteria
The bacterial species studied were clinical isolates selected from
the culture collection of the Oral Microbiology Unit, School of Dentistry,
Cardiff University. Streptococcus constellatus 45386 was isolated from
a vaginal swab. The source of the isolate S. anginosus 39/2/14A was
unknown.
Bacterial Growth in BHI and DMEM-BHI
Bacterial suspensions of S. anginosus 39/2/14A and S. constellatus 45386 were prepared by the inoculation of DMEM without phenol
red (Invitrogen) supplemented with 10% heat-inactivated fetal calf
serum, 0.15 mg/mL vitamin C, 200 mmol/L L-glutamine, and 10%
brain-heart infusion (BHI) broth (DMEM-BHI). Suspensions were
also prepared in BHI alone. All suspensions were incubated overnight
at 37 C, 5% CO2. One milliliter of each overnight culture was transferred to 9 mL fresh broth and incubated under the same conditions.
A sample was taken every hour, and the absorbance was measured at
550 nm.
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Preparation of Tooth Slices
Upper and lower incisors were dissected from 28-day-old male
Wistar rats sacrificed by schedule 1 procedures. The incisors were
cut into 2-mm-thick transverse sections using a diamond-edged rotary
bone saw (TAAB, Berkshire, UK). The cut sections were immediately
transferred to fresh sterile DMEM for no more than 20 minutes before
being cultured in 2 mL supplemented DMEM at 37 C, 5% CO2 for 4
days.
Coculture of Tooth Slices and SAG Bacteria
Bacterial suspensions of S. anginosus 39/2/14A and S. constellatus 45386 were prepared in DMEM-BHI. The inoculated broth was
incubated overnight at 37 C, 5% CO2. One milliliter of the resulting
bacterial suspension was then added to 9 mL fresh broth and incubated
under the same conditions for 4 hours before dilution to 102 colonyforming units (CFUs)/mL.
Tooth slices were incubated in supplemented DMEM for 4 days in
order to prevent any initial cellular response to the cutting process from
interfering with experimental observations. Tooth slices were subsequently washed and transferred to DMEM without antibiotics for overnight incubation. Medium was then discarded and replaced with 2 mL
diluted bacterial suspension in DMEM-BHI. Tooth slices were incubated
for 4, 8, and 24 hours at 37 C, 5% CO2, under constant agitation at 60
rpm. Tooth slices incubated with sterile DMEM-BHI were used as
a control. After culture, the tooth slices were fixed in 10% (w/v)
neutral-buffered formalin at room temperature for 24 hours. Slices
were demineralized in 10% (w/v) formic acid at room temperature
for 72 hours; dehydrated through a series of 50%, 70%, 95%,
and 100% alcohols; cleared with necloidine and methyl salicylate;
and embedded in paraffin wax. Five-micrometer sections were cut
and stained with hematoxylin-eosin (H&E) and viewed under a light
microscope, with images captured using a Nikon digital camera and
ACT-1 imaging software (Nikon UK Ltd, Surrey, UK). For each experimental condition, 30 tooth slices were sectioned and imaged.
Fluoroscein Diacetate Staining
Bacteria were prepared for the inoculation of the tooth slices in
DMEM-BHI as previously described. After dilution of the bacteria to
102 CFU/mL, 20 mL 1% fluorescein diacetate (FDA) in acetone was
added for every milliliter of bacterial suspension, with a final volume
of 2 mL suspension for each tooth slice. The bacteria were then incubated at room temperature in the presence of the FDA stain for 30
minutes before being passed through a 0.22-mm syringe-driven filter
unit (Millipore, Oxford, UK). Bacteria captured in the filter were then
resuspended in sterile DMEM-BHI and used to inoculate the tooth slice
system and incubated for 4, 8, and 24 hours. In the control condition,
sterile medium was used in place of bacterial suspension. Tooth slices
were fixed, demineralized, and manually processed as previously
described. Sections were cut and stained with H&E before imaging
with light and ultraviolet microscopy.
Viability Staining of Tooth Slices
Tooth slices were stained with acridine orange and ethidium
bromide to assess the viability of the cells on the surface of the tooth
slice. Each tooth slice was placed into the well of a culture dish containing 2 mL DMEM supplemented with acridine orange/ethidium bromide
(100 mg/mL of each) for 10 seconds. The slices were immediately
washed in phosphate-buffered saline and placed on a microscope slide
so the cut surface of the slice could be viewed. The slice was then immediately viewed under ultraviolet light. For each experimental condition,
at least 20 tooth slices were stained to assess viability.
JOE — Volume 39, Number 1, January 2013
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TABLE 1. Primer Sequences for Polymerase Chain Reaction
Primer

Sequences 5’-3’

Source

TNF-a

F:CCAGCGTGCCAACGCCCTCCTGGCCAAT
R:GGGGTCAGAGTCGGGGACAGGGGCTGGG
F:CCGCAAGAGACTTCCAGCCAGTTGCCTT
R:TGGATGGTCTTGGTCCTTAGCCACTCCT
F:GCCCGTGGAGCTTCCAGGATGAGGACCC
R:CTCCAGCTGCAGGGTGGGTGTGCCGTCT
F:TGAAGATCAAGATCATTGCTCCTCC
R:CTAGAAGCATTTGCGGTGGACGATG

SigmaGenosys primer design

IL-6
IL-1b
b-actin

Semiquantiﬁcation of Cell Death by Cell Counts
Image Pro-Plus (Media Cybernetics, Buckinghamshire, UK)
analysis was used to count the number of nuclei in a 50-mm2
area of H&E-stained histology sections. For each time point,
sections were cut from 5 tooth slices. Five random fields of
view were taken within the pulp and within the odontoblast layer
for each section. The number of nuclei in five 50-mm2 areas of
each random field of view was counted to obtain an average
nuclei number for the pulp and for the odontoblast layer for
each time point. All software settings remained the same for
each tissue section and culture, and initial measurements when
calibrating the software were validated by manual counts and
proved consistent with manual assessment (19). Standard errors
of the mean were calculated for cell counts performed in the
odontoblast layer and pulp chamber for tooth slices cultured in
sterile conditions or in the presence of SAG bacteria. Mean values
were analyzed using 1-way analysis of variance and the Tukey post
hoc test to analyze differences between cell death in the different
areas of the tooth slice and between tooth slices incubated under
different conditions.
Expression of the Inﬂammatory Markers TNF-a and IL-1b
Tooth slices were cultured as previously described in supplemented DMEM for 4 days before transfer to sterile DMEM-BHI or
a suspension of S. constellatus 45386 in DMEM-BHI at a concentration of 102 CFU/mL. The tooth slices were further cultured for
24 hours before pulps were extirpated and pooled in 350 mL RLT
lysis buffer from the RNeasy Mini Kit (Qiagen Ltd, Crawley, UK)
containing 10% b-mercaptoethanol. The tissue was homogenized
using a rotor-stator homogenizer followed by passing through
a QIAshredder spin-column (Qiagen Ltd) by centrifugation at
13,600g for 2 minutes. Isolation of the total RNA was then performed using the Qiagen RNeasy Mini Kit according to the manufacturer’s instructions.
Complementary DNA was synthesized from 250 ng extracted
RNA by reverse transcription using MMLV reaction buffer (Promega,
Madison, WI), 1.25 mL deoxyribonucleotide triphosphates, 0.6 mL
RNasin (Promega), 1 mL MMLV enzyme (Promega), and 1 mL
random primer. Polymerase chain reactions were then performed
using the resultant complementary DNA and the GoTaq DNA polymerase system (Promega) with the primers listed in Table 1. Reactions were run on a G-storm GS1 thermal cycler (Genetic Research
Instrumentation Ltd, Essex, UK) with an initial denaturing step of
95 C for 5 minutes followed by 30 cycles of a 1-minute 95 C denaturing step, a 1-minute 56 C annealing step, and a 1-minute 72 C
extension step. A final extension step at 72 C for 5 minutes ended
the reaction. Reverse transcription polymerase chain reaction products were electrophoretically separated on 1% agarose gels containing ethidium bromide and viewed under ultraviolet light using the
JOE — Volume 39, Number 1, January 2013
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BioRad image analysis system (Bio-Rad Laboratories Ltd, Hertfordshire, UK) to capture digital images.

Statistical Analysis
Statistical analysis was performed on cell counts from histologic
staining of tooth slices using Graph Pad statistical software (GraphPad
Software, Inc, La Jolla, CA). One-way analysis of variance (ANOVA) was
performed to determine the relative significance of the difference
between experimental cell counts and the controls. The TukeyKramer test was used in conjunction with ANOVA to compare the significant difference between all possible pairs of means. P < .05 was
considered significant.

Results
Bacterial Growth in BHI and DMEM-BHI
The isolates showed standard bacterial growth characteristics
when grown at 37 C and 5% CO2 in both BHI and DMEM-BHI
(Fig. 1). Differences in the growth rate and the final bacterial yield
were affected by the medium in which the bacteria were grown. Growth
of S. anginosus 45386 occurs at a slightly slower rate when grown in
DMEM-BHI compared with BHI alone, and the total growth after 7

Figure 1. S. constellatus 45386 and S. anginosus 39/2/14A showed comparable levels of growth in both in BHI and DMEM-BHI at 37 C, 5% CO2. Bacteria
were cultured for 8 hours to observe the growth characteristics in standard
bacterial growth medium and modified medium that supports the growth of
both bacteria and mammalian tooth slices. The initial growth rates in
DMEM-BHI were slightly reduced compared with those in BHI, but the total
bacterial yield after 8 hours was comparable in both growth mediums.

Ex Vivo Coculture System

51

Basic Research—Biology

Figure 2. SAG bacteria were able to attach to and grow on ex vivo rat incisor tooth slices. Sterile tooth slices were cultured in DMEM-BHI inoculated with 102 CFU/
mL (A–C) S. constellatus 45386, (D–F) S. anginosus 39/2/14A, or (G–I) sterile DMEM-BHI for 4, 8, and 24 hours. Bacterial attachment (arrows) appeared to
occur preferentially in central regions of the pulp and was absent from the odontoblast region. A localized matrix breakdown was associated with bacterial attachment. Tooth slices cultured in sterile DMEM-BHI showed no change in staining to the cells or extracellular matrix over the 24-hour culture period. Results shown
are representative of those seen in a minimum of 30 different coculture experiments.

hours was lower. S. constellatus 39/2/14A showed an increased lag
period, but the total bacterial yield appeared relatively unaffected by
differences in media composition.

Coculture of Tooth Slices and SAG Bacteria and the Effect
on Cell Viability
After coculture with S. constellatus 45386 (Fig. 2A) and S. anginosus 39/2/14A (Fig. 2D) for 4 hours, tooth slices showed few signs
of tissue damage, with the majority of cells still appearing histologically
and phenotypically normal and comparable with the control sections
that were incubated in sterile medium (Fig. 2G). Odontoblasts appeared columnar with basal nuclei and remained in densely packed
layers in contact with the dentine layer. Pulpal cells were darkly
stained with round nuclei with staining visible in the surrounding
matrix. Histologic sections of tooth slices inoculated with S. anginosus
39/2/14A showed evidence of cocci-shaped organisms attached to the
pulp in small clumps that were stained pink by the stain (Fig. 2D).
These were not visible after 4 hours in the sections incubated with
S. constellatus 45386 (Fig. 2A) and were absent from all control
cultures (Fig. 2G).
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After 8 hours of incubation, bacterial attachment was seen by both
SAG strains, and the foci of the attachment of S. anginosus 39/2/14A
had increased in size (Fig. 2B and E). These large areas of attachment
of S. anginosus 39/2/14A were associated with a breakdown of the
surrounding collagen matrix (Fig. 2E). This was observed as an absence
of staining between the pulpal fibroblasts in the areas immediately
surrounding the bacterial foci.
In control sections incubated for the same time period (Fig. 2H),
staining was consistent across the slice, and there was no evidence of
bacterial attachment. At 24 hours of incubation, S. constellatus
45386 showed extensive attachment to the pulp in localized areas,
with a noticeable decrease in viable pulpal cells (Fig. 2C).
S. anginosus 39/2/14A showed less attachment, but the pulpal
matrix was completely disintegrated with almost no remaining viable
cells (Fig. 2F). Cell death was also noted to have extended into the odontoblast layer. In control tooth slices incubated for 24 hours in sterile
DMEM-BHI (Fig. 2I), the cells remained unchanged in appearance
from those observed in the 4-hour control (Fig. 2G), suggesting that
the cell death and tissue breakdown that was seen in the test tooth slices
was caused by the presence of SAG bacteria.
JOE — Volume 39, Number 1, January 2013
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Figure 3. Sections taken from tooth slices incubated with FDA-stained bacteria for 4, 8, and 24 hours were stained with H&E and viewed by both light and ultraviolet microscopy. Focal points of fluorescence that correspond with staining seen in histologic images confirm the association of SAG bacteria with the pulpal cells
at (C and G) 8 and (D and H) 24 hours of incubation. Staining was absent at (B and F) 4 hours and from control sections incubated in sterile (A and E) FDA-treated
medium. A decrease in pulpal cell viability, which was associated with an increased incubation with SAG bacteria, was confirmed using acridine orange/ethidium
bromide staining (I–L). Viable cells: green nuclear fluorescence; nonviable cells: red nuclear fluorescence. Results shown are representative of at least 10 different
coculture experiments.

Sections taken from tooth slices that were incubated with FDAstained bacteria showed areas of bright green fluorescence that corresponded to the areas of pink staining seen in H&E sections of the
same tooth slice (Fig. 3A–H). This confirmed that the regions of
pink cocci-shaped cells seen in the histology were likely to be representative of bacterial association with the tooth slice and not a result of
processing artifacts. This was supported by the absence of such staining in the histologic control sections. This localized staining can be
seen distinct from the background autofluorescence that is caused
by the mineralized dentine layer and was observed mainly in the
central regions of the pulp in small concentrated areas. As was
observed previously, FDA staining of bacteria suggested that the
bacteria did not become associated with the tooth slice until at least
8 hours of incubation (Fig. 3G) and that bacterial attachment became
more extensive after 24 hours (Fig. 3H). Tooth slices incubated with
FDA-stained bacteria for 4 hours showed only background fluorescence (Fig. 3F), which did not indicate bacterial attachment and
was comparable with that seen in control sections incubated in sterile
DMEM-BHI (Fig. 3E).
Tooth slices that had been cultured in the presence of SAG bacteria
were stained with acridine orange/ethidium bromide, which enables
JOE — Volume 39, Number 1, January 2013

viability to be assessed by staining viable cells green and nonviable cells
red. After 4 hours of culture with SAG bacteria, there was very little red
staining visible on the tooth slice, indicating that there was minimal cell
death after this time (Fig. 3J). After 8 hours of infection, there was more
widespread cell death that was visualized as an increase in red staining
on the surface of the tooth slice (Fig. 3K). There was almost no green
fluorescence visible on the surface of the tooth after 24 hours of incubation with the bacteria (Fig. 3L), indicating almost total cell death on
the surface of the pulp that had been exposed to infection. Tooth slices
that were not incubated with bacteria had uniform green fluorescence
representing healthy cells (Fig. 3I).
The results from the cell counts of histologic sections of the
tooth slices showed a trend of decreasing pulpal cell number with
increasing incubation time with SAG bacteria when compared with
the controls (Fig. 4A an B). Cell counts in the odontoblast layer
confirmed that, as seen in the histologic examination of the tooth slices, these cells remain largely unaffected by the presence of SAG
bacteria for up to 8 hours of incubation. Incubation with S. constellatus 453856 did not result in a significant decrease in odontoblast
number after the maximum incubation time of 24 hours despite the
significant decrease in pulpal cells at this time point. Incubation with
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Figure 5. Levels of TNF-a and IL-1b detected were increased in pulp taken
from infected (+) tooth slices when compared with those cultured in a sterile
environment ( ). Levels of b-actin housekeeping gene expression remained
unaffected. Polymerase chain reaction was performed on pulps that
were removed from 60 tooth slices for each condition and pooled before
homogenization.

Figure 4. Cell death occurred as a result of bacterial attachment and was
more pronounced in the pulpal region. The numbers of nuclei in a 50-mm2
area of stained histologic sections taken from 5 tooth slices were counted using
image processing software. The mean viable cell number in a 50-mm2 area was
calculated for the (A) pulp and (B) odontoblast layer in tooth slices incubated
with S. constellatus 45386, S. anginosus 39/2/14A, and sterile DMEM-BHI.
**P < .01, ***P < .001.

S. anginosus 39/2/14A resulted in a significant decrease in odontoblast cell number after 24 hours.
ANOVA analysis showed that after 8 and 24 hours of incubation
both strains caused a significant amount of cell death in the pulp
(P < .0001). The Tukey-Kramer test was used to compare the means
of all possible pairs and indicated there were no significant differences
in cell counts between tooth slices incubated with different bacterial
species.

Expression of the Inﬂammatory Markers TNF-a and IL-1b
Both infected and sterile cultured tooth slices showed expression
of TNF-a, IL-1b, and the b-actin housekeeping genes (Fig. 5). The TNFa band appeared fainter in the tooth slices that had not been infected
with SAG bacteria, suggesting that infection with SAG may result in an
up-regulation of TNF-a expression. A similar expression pattern was
seen with IL-1b although the relative difference in intensity between
the 2 experimental conditions was less pronounced.

Discussion
This study showed that SAG bacteria could be successfully cultured
in a modified growth medium that consisted of both bacterial and
mammalian cell culture medium. This bacterial growth was maintained
under mammalian cell culture conditions and enabled the coculture of
SAG bacteria on tooth slice sections to provide an ex vivo model of
pulpal infection. Research into bacterial attachment in plaque formation
54
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has shown that streptococcal species are the primary colonizers of the
oral cavity, and their attachment to the salivary pellicle on the enamel is
essential to the colonization of the tooth (20). However, there has been
little research on such attachment of bacteria to pulpal tissues. In this
study, histologic analyses showed that tooth slices cultured with SAG
bacteria showed small concentrated areas of intense pink staining that
appeared to be representative of bacterial attachment. By using FDA
staining of the bacteria, it was possible to confirm that this was because
of an association between SAG bacteria and the tooth slice during culture
and was not a staining or processing artifact. These focal points of attachment increased in size as the period of incubation with the bacteria was
extended. This suggests that after attachment SAG bacteria were able to
divide and reproduce, leading to the destruction of the pulpal matrix
seen in the histologic examination of the tooth slices. It is also likely
that planktonic bacteria in the medium were able to attach to those
bacteria already fixed onto the pulpal matrix because progressive attachment of streptococci bacteria has been extensively reported (21). Streptococci bacteria have also been previously shown to express multiple
adhesins that allow them to attach to other microbial species and host
cells (22), suggesting that progressive attachment may be possible
with other oral pathogens in vivo and highlighting the potential importance of the SAG bacteria in the establishment of pulpal infections (23).
The formation of bacterial infection foci seen in the histologic
examination and FDA staining of the SAG-infected tooth slices appeared
to be associated with a breakdown of the pulpal matrix, which was
observed as an absence of staining between fibroblasts in histologic
sections. It was particularly pronounced in the areas immediately
surrounding the bacterial infection sites, indicating that the attached
bacteria had a localized effect on the surrounding tissues. This may
be a direct result of the bacterial attachment and growth disrupting
the matrix or, more likely, an indirect effect caused by soluble factors
such as enzymes that are produced by the attached bacteria and
secreted into the surrounding area (24). Indeed, the region of matrix
damage was seen to expand with an increasing incubation time, which
suggested that it was a result of enzymatic digestion because the bacterial infection foci only grew marginally in comparison.
SAG bacteria are known producers of hyaluronidase and chondroitin sulfatase (24, 25), and dental pulp is rich in the substrates of
these enzymes (26). Hyaluronidase has been thought to be of particular
importance in the invasion of SAG bacteria into connective tissues (11)
although many researchers argue that this enzyme is not widely
produced by all strains (25). Chondroitin sulfatase has also been shown
to play an important role in facilitating bacterial spread throughout
a tissue and in liberating nutrients from the surrounding area (27).
It is possible that the matrix breakdown observed may involve the action
of these enzymes along with proteases leading to collagen digestion and
that this process is important in the advancement of pulpal infection.
Further investigation of the SAG infection process using this model
JOE — Volume 39, Number 1, January 2013
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should consider confirming the production of these enzymes by
bacteria in the model using protein purification techniques. Determining when these enzymes are produced during the infection process
and investigating the levels at which these are released into the tissues
may also assist in identifying the role that they play in pulpal infection
and necrosis.
In addition to the breakdown of the pulpal matrix caused by SAG
infection, there was also a direct effect on viable cell numbers within the
pulp and odontoblast layer, with cell counts showing that there was
a significant decrease in numbers of viable pulpal cells after 8 and
24 hours of infection with both S. anginosus 39/2/14A and S. constellatus 45386 (P < .0001). Odontoblast counts did not show the same
pattern of cell death, with no significant cell death noted after incubation
with S. constellatus 45386 and incubation with S. anginosus 39/2/14A
only causing significant odontoblast cell death after 24 hours of incubation (P < .01). This is likely to be a result of the bacteria preferentially
attaching to the central areas of the pulp; the majority of damage is then
limited to this area, and it will also cause an increased accumulation of
degradative soluble factors in this region. This preferential attachment
to the pulp is likely to be a combined effect from a number of factors.
First, there are large amounts of collagen found in the matrix
surrounding the pulpal fibroblasts that SAG bacteria are able to attach
to because of adhesins found on their surface (28). It has recently been
shown that SAG bacteria are also able to attach directly to the extracellular matrix proteins decorin and biglycan (29) and bind particularly
strongly to fibronectin, fibrinogen, and laminin (30), which are richer
within the pulpal matrix compared with the dentine matrix. This may be
particularly relevant to the in vivo situation because it has previously
been shown that SAG bacteria isolated from infections are statistically
better at binding to fibronectin than other strains (31). Also, the densely
packed nature of the odontoblast layer may prevent the bacteria from
accessing appropriate points of attachment and limit the space for
bacterial growth. In the pulp, there are large areas between fibroblasts,
which consist mostly of matrix components, and these areas provide
a more favorable environment for the attachment and growth of SAG
bacteria.
Although some bacterial attachment and matrix breakdown was
observed after 4 hours of infection with S. anginosus 39/2/14A, there
was no significant loss in cell numbers over this short time. Similarly,
infection of the tooth slices with S. constellatus 45386 did not result
in significant cell death after 4 hours, and no bacterial attachment
was observed. From this, it can be concluded that it may take at least
8 hours for enough bacteria to attach to the pulp to produce a foci of
infection. Therefore, early intervention in pulpal infection may help
to arrest attachment to the pulpal tissues, and this is an area for future
therapeutic study.
After 24 hours of incubation with S. anginosus 39/2/14A, there
was extensive cell death in both the pulp and the odontoblast layer,
whereas cell death in the tissues incubated with S. constellatus
45386 had not changed significantly from that which occurred after
8 hours of incubation. The more extensive cell death seen in those tooth
slices incubated with S. anginosus 392/14A may also have been caused
in part by the ability of S. anginosus to reach a higher bacterial yield
than S. constellatus over the same time period when grown in the modified medium at 37 C and 5% CO2. Such extensive cell death as seen with
S. anginosus would have a severe impact on the ability of the pulp to
repair itself.
The effect of incubation with SAG bacteria on the viability of the
cells of the tooth slice model was also assessed using acridine
orange/ethidium bromide staining. A marked increase in red fluorescence (indicating dead cells) was observed with increasing incubation
times in the presence of SAG bacteria. Indeed, the cell death observed
JOE — Volume 39, Number 1, January 2013

appeared far more significant than that observed from the cell counts
taken from histologic sections. Because the acridine orange/ethidium
bromide staining is only able to give an indication of the viability of cells
on the surface of the tooth slice, whereas sections stained for H&E were
taken from approximately 1 mm beneath the surface, this indicates the
infection is progressing through the tooth slice and that there is more
extensive cell damage on the exposed surface of the tooth slice.
The production of cytokines as part of the immune response
within the tooth slice is limited because of the lack of blood supply.
However, there was an early increased expression of TNF-a and
IL-1b in infected tooth slices, which indicates that cells within the model
respond to the introduction of SAG bacteria into the system. These cytokines have been found to be expressed early on in the response to infection (32, 33). Thus, this ex vivo model accurately represents events that
occur in vivo and is significant when considering a model for use for
testing antimicrobial and anti-inflammatory treatments. These cytokines
are often produced in vivo by cells such as macrophages and Tlymphocytes, but because of the lack of a circulatory system in this
model they are most likely to be produced by the fibroblasts themselves,
in addition to any immune cells residing within the pulp, which have
been reported previously in other studies (34).
The ability to quantify the damage caused to cells in the tooth slice
as a result of incubation with SAG bacteria enabled this model to be used
to study pulpal infection in a controlled system, which has reduced the
use of animal materials. Histologic examination of tooth slices has
shown that although cell necrosis and tissue breakdown were associated with bacterial attachment, it was not limited to areas in which
bacteria were associated with the tooth slice. Matrix breakdown
occurred across the tooth slice at later incubation times at some
distance from the bacteria. In addition to evaluating the effects of bacterial infection on the mammalian tissues, this model has also been used
to study the host responses, which may occur during a pulpal infection.
A model such as this, which will allow elucidation of these inflammatory
processes, is essential for further research into the potential use of existing or novel antimicrobials in clinical endodontic treatments.
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