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Abstract

In this essay we propose an extension of the caries ecological
hypothesis to explain the relation between dynamic chang-
es in the phenotypic/genotypic properties of plaque bacte-
ria and the demineralization/remineralization balance of the
caries process. Dental plague represents a microbial ecosys-
tem in which non-mutans bacteria (mainly non-mutans
streptococci and Actinomyces) are the key microorganisms
responsible for maintaining dynamic stability on the tooth
surface (dynamic stability stage). Microbial acid adaptation
and subsequent acid selection of ‘low-pH’ non-mutans bac-
teria play a critical role for destabilizing the homeostasis of
the plaque by facilitating a shift of the demineralization/
remineralization balance from ‘net mineral gain’ to ‘net min-
eral loss’' (acidogenic stage). Once the acidic environment
has been established, mutans streptococci and other acidu-
ric bacteria may increase and promote lesion development
by sustaining an environment characterized by ‘net mineral
loss' (aciduric stage). Hence, high proportions of mutans
streptococci and/or other aciduric bacteria may be consid-
ered biomarkers of sites of particularly rapid caries progres-
sion. This cascade of events may change the surface texture
of caries lesions from smooth to rough (enamel) or hard to
soft (dentin). These clinical surface features can be reversed

atany stage of lesion development provided that the acido-
genic/aciduric properties of the biofilm are resolved. From
an ecological point of view it is therefore not only important
to describe which bacteria are involved in caries, but also to
know what the bacteria are doing.

Copyright © 2008 5. Karger AG, Basel

The dental biofilm supports a ‘'micro-ecosystem’ of
bacteria that exhibit a variety of physiological character-
istics. In particular, the production of acid resulting from
sugar metabolism by these bacteria and the subsequent
decrease in environmental pH is responsible for demin-
eralization of the tooth surface and formation of dental
caries [for review, see Marsh and Nyvad, 2008].

Much research has suggested that mutans streptococ-
ci (MS) are the major pathogens of human dental caries.
This is because, first, MS are frequently isolated from
cavitated caries lesions; second, MS induce caries forma-
tion in animals when fed a sucrose-rich diet; third, MS
are highly acidogenic and aciduric [Hamada and Slade,
1980; Loesche, 1986), and fourth, MS are able to produce
water-insoluble glucan, which promotes bacterial adhe-
sion to the tooth surface and to other bacteria [Hamada
and Slade, 1980]. A systematic literature review by Tanzer
et al. [2001] confirms a central role of the MS in the ini-
tiation of dental caries on enamel and root surfaces.

However, some recent studies indicate that the rela-
tionship between MS and caries is not absolute: high pro-
portions of MS may persist on tooth surfaces without le-
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sion development, and caries can develop in the absence
of these species [Nyvad, 1993; Bowden, 1997; Aas et al.,
2008]. Under such circumstances, it is suggested that ac-
idogenic and aciduric bacteria other than MS, including
‘low-pH’ non-MS and Actinomyces [van Houte et al.,
1994, 1996; Sansone et al., 1993] are responsible for the
initiation of caries. Recent molecular analyses have
strengthened this concept by showing that the microflo-
ra associated with white spot lesions is more diverse than
hitherto appreciated and that novel phylotypes and spe-
cies including A. gernesceriae, A. naeslundii, and A. is-
raelii as well as a broad range of non-MS and Veillonela
spp. may also play a role [Becker et al., 2002; Aas et al.,
2008]. Since all the bacteria that have been associated
with caries belong to the normal microflora of the oral
cavity, dental caries has been described an endogenous
infection [Fejerskov and Nyvad, 2003]. Endogenous in-
fections may occur when members of the resident flora
obtain a selective advantage over other species whereby
the homeostatic balance of the biofilm is disturbed
[Marsh and Martin, 1999]. Therefore, an ecological hy-
pothesis is attractive [Marsh, 1994].

Concurrently with these changes in the interpretation
of the microbial etiology of caries, novel concepts have
evolved around the caries process itself. Thus, there is a
growing awareness that caries lesions can be managed by
non-operative interventions [Fejerskov, 1997; Fejerskov et
al., 2008]. Moreover, it has been demonstrated that the ef-
fect of such interventions is reflected in the clinical ap-
pearance and activity of the lesions [Nyvad and Fejerskov,
1997; Nyvad et al., 2003, 2005; Thylstrup et al., 1994].

So far, these clinical and microbiological advances
have not been integrated into a comprehensive concept
that may broaden our understanding of caries. Given
these circumstances, the aim of this paper is to revisit the
‘ecological plaque hypothesis’ pioneered by Carlsson
[1986) and Marsh [1994, 2003] and to clarify the relation-
ship between the ecological succession of bacteria in den-
tal plaque and the caries process.

Recent Concepts of the Caries Process

Dental caries has been described as a chronic disease
that progresses slowly in most individuals. The disease is
seldom self-limiting and, in the absence of treatment,
caries progresses until the tooth is destroyed. The local-
ized destruction of the hard tissues, often referred to as
the lesion, is the sign or symptom of the disease [Fejer-
skov et al., 2008]. Lesion progression is often depicted on

410 Caries Res 2008;42:409-418

a linear scale ranging from initial loss of mineral at the
ultrastructural level to total destruction of the tooth. In
reality, however, caries lesion development is a highly
dynamic series of processes with alternating periods of
progression and arrest/regression [Backer-Dirks, 1966;
Nyvad et al., 2003]. Lesion progression may be arrested at
any stage of lesion development, even at the stage of frank
cavitation [Lo et al., 1998], provided the local environ-
mental conditions, e.g. biofilm control and topical fluo-
ride exposure, are favorable [Nyvad and Fejerskov, 1997].
Hence, the clinical stages of caries represent nothing but
historical signs of past caries experience. What may be
perceived clinically as an ‘incipient’ or ‘early’ lesion may
in reality turn out to be an ‘aged’ established lesion that
has been present in the oral cavity for months or years.
Likewise, carious cavities may have experienced major
differences in their history in the oral cavity.

Changes in the progression rate of caries are associ-
ated with alterations of the surface features of the le-
sions, active non-cavitated enamel lesions being dull and
rough and inactive non-cavitated enamel lesions being
shiny and smooth [for review, see Thylstrup et al., 1994].
These clinical distinctions have been shown to provide a
reliable and valid classification of caries lesion activity
[Nyvad et al., 1999, 2003]. Furthermore, such classifica-
tion has offered novel information about caries lesion
transition patterns [Baelum et al., 2003; Lima et al., 2008]
and served as a useful basis of selecting high-risk patients
[Hausen et al., 2007] in randomized clinical trials. There-
fore, when trying to understand the clinical dynamics of
caries, assessment of the surface texture of lesions may be
a more sensitive parameter than merely assessing the
stage of severity of a lesion as revealed by the presence or
absence of a cavity.

From a biochemical point of view, the caries process is
much more complex. Metabolic processes are constantly
taking place in the dental plaque as a result of microbial
activity, and this is reflected by continuous, rapid fluc-
tuations in plaque pH, both when the plaque is starved
and fed [Newman et al., 1979]. Hence, any clinically
sound or carious tooth surface that is covered by an un-
disturbed plaque may experience minute mineral losses
and mineral gains depending on the metabolic status of
the microflora. The key point is that only when the cu-
mulative result of the de- and remineralization processes
produces a net mineral loss over time may a caries lesion
develop or progress [Manji et al., 1991]. Such situations
are likely to occur when there is a drift of pH in the bio-
film, e.g. as a consequence of increased carbohydrate
availability or reduced salivary clearance. By contrast,
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when the integrated de- and remineralization processes
result in a net mineral gain over time, this may lead to
deposition of minerals in the tooth surface and arrest of
lesion development. This explains why the caries process
has been regarded as a ubiquitous and natural phenom-
enon [Manji etal., 1991]. Because of the constantly meta-
bolically active biofilm, these processes cannot be pre-
vented, but they can be controlled to the extent that caries
does not appear clinically [Fejerskov, 1997; Kidd and Fe-
jerskov, 2004). This new microdynamic concept of caries
suggests that an updated explanation of the microbial
ecology of caries must take into consideration that the
caries activity may change over time in response to pH
drifts in the biofilm.

Microbial Characteristics and the Caries Process

Distribution of MS and Non-Mutans Bacteria in
Supragingival Dental Biofilm at Clinically Healthy
Sites and in Carious Lesions

In situ studies have shown that the initial colonizers of
newly cleaned tooth surfaces constitute a highly selected
part of the oral microflora, mainly S. sanguinis, S. oralis
and S. mitis | [Nyvad and Kilian, 1987). Together, these
three streptococcal species may account for 95% of the
streptococci and 56% of the total initial microflora [Li et
al., 2004; Nyvad and Kilian, 1987]. Surprisingly, MS com-
prise only 2% or less of the initial streptococcal popula-
tion, irrespective of the caries activity of the individual
[Nyvad and Kilian, 1990a]. These observations imply that
the vast majority of the early colonizers on teeth belong to
the ‘mitis group’. These bacteria as well as other viridans
group streptococci, except for the MS, are often referred
to as the non-MS, which are genetically distinguished
from the MS that belong to the ‘mutans group’ [Kawamu-
ra etal., 1995). As the microflora ages it shifts from Strep-
tococcus-dominant to Actinomyces-dominant [Syed and
Loesche, 1978; van Palenstein Helderman, 1981}, The pre-
dominant species in mature smooth surface plaque be-
long to Actinomyces and Streptococcus, most of which are
non-MS [Ximénez-Fyvie et al., 2000]. MS are found in
very low numbers [Bowden et al., 1975].

The proportion of MS in plaque covering white spot
lesions in enamel is often higher than at clinically healthy
sites, although still rather low, ranging between 0.001 and
10% [van Houte et al., 1991b]. Meanwhile, non-MS and
Actinomyces still remain major bacterial groups in enam-
el lesions, In fact, it has been shown that in the absence of
MS and lactobacilli, the initial dissolution of enamel can
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be induced by members of the early microflora, exclu-
sively [Boyar et al., 1989].

In cavitated lesions in dentine, including rampant car-
ies, MS constitute about 30% of the total flora [Boue et al.,
1987; Loesche et al., 1984; Milnes and Bowden, 1985}, in-
dicating that these species are associated with progressive
stages of caries. By contrast, MS are encountered less fre-
quently at the advancing front of dentin caries where lac-
tobacilli, prevotellae and Bifidobacterium are more prev-
alent [Aas et al., 2008; Becker et al., 2002; Chhour et al,,
2005; Edwardsson, 1974; Munson et al., 2004].

Non-MS as Generalists and MS as Specialists:

How Non-MS Can Become Dominant in

Supragingival Plaque

Most non-MS have adhesins [Gibbons, 1989; Kolen-
brander, 2000] which adhere to proteins and sugar chains
ofacquired pellicles coating the tooth surface. This seems
to be one of the reasons for the dominance of non-MS at
the initial stage of plaque formation. In addition, most
oral streptococci produce extracellular polysaccharides
such as glucans and fructans [Banas and Vickerman,
2003; Whiley and Beighton, 1998]. Polysaccharides can
fill the gaps between bacteria and form the matrix of
plaque, and accelerate plaque formation.

On the other hand, MS do not attach efficiently to the
acquired pellicle [Nyvad and Kilian, 1990b], although
they have adhesins such as the antigen I/I1, Instead, these
bacteria have been emphasized to produce water-insolu-
ble glucans, which are adhesive and capable of accelerat-
ing bacterial accumulation. However, it should be noted
that glucans only act as additional factors in plaque for-
mation, and that not only MS but also non-MS can pro-
duce glucans [Banas and Vickerman, 2003; Vocca-Smith
etal., 2000).

Both non-MS and MS metabolize various sugars and
produce acids, When sugar is supplied in excess, strepto-
cocci can store the extra sugars as intracellular polysac-
charides (IPS) [Hamilton, 1976; Takahashi et al., 1991;
van Houte et al., 1970], and they can utilize the IPS as an
energy source to produce acids when sugar is limited as
occurs between meals. The final pH values of non-MS$
when grown with sugars are heterogeneous, ranging
from 4 to 5.2, whereas those of MS are more homoge-
neous, being around 4 [Hardie, 1986]. In general, on the
basis of final pH values, MS are more acidogenic and ac-
iduric than non-MS. It should be realized, however, that
the final pH values of non-MS can be much lower than
pH 5.5 [Hardie, 1986], the ‘critical’ pH for the deminer-
alization of enamel.
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Non-MS have a variety of extracellular glycosidases
[Whiley and Beighton, 1998] that can liberate sugars and
amino-sugars from glycoproteins such as the mucin con-
tained in saliva. Furthermore, all non-MS grow on ami-
no-sugars [Byers et al., 1996; Whiley and Beighton, 1998].
This is an advantage for non-MS in the oral cavity, where
salivary glycoproteins are always available.

In addition, most non-MS can utilize arginine or ar-
ginine-containing peptides available in saliva through
the arginine deiminase system, which degrades the argi-
nine molecule to ammonia and carbon dioxide with pro-
duction of ATP. Overall, this metabolic pathway produc-
es alkali and neutralizes the intracellular and the envi-
ronmental pH [Burne and Marquis, 2000]. Arginine
deiminase system is helpful for non-MS not only to uti-
lizearginine asan energy source butalso to survive under
the acidic conditions in the oral cavity. However, most
MS do not have these metabolic features.

In summary, non-MS have diverse physiological ac-
tivities, suggesting that they are generalists, versatile
enough to adapt to various conditions in supragingival
biofilm, and this could be the reason why they are the
dominant streptococci in supragingival biofilm. On the
other hand, MS are aciduric specialists in sugar metabo-
lism and acid production, which make them less com-
petitive in clinically sound supragingival environments.

Acidogenicity and Acidurance of Non-MS:

Key Factors in the Caries Process

It is clear that an ability both to produce acid (acido-
genicity) and to tolerate a low-pH environment (acidur-
ance) is a crucial feature for microorganisms responsible
for caries. Sansone et al. [1993] compared the microbial
composition of dental plaque at clinically healthy sites
and white spot lesions and found that non-MS were dom-
inant at both sites while MS were present at low and sim-
ilar levels at both sites. However, the ability of plaque to
reduce pH in vitro was significantly greater at white spot
lesions (pH 4.13) than at clinically healthy sites (pH 4.29).
These results suggest that MS are neither a unique caus-
ative agent for white spot lesions, nor a main determinant
of the acidogenicity of plaque.

In order to evaluate the acidogenicity of the non-MS,
Sansone et al. [1993] further grew these bacteria in liquid
culture media supplemented with 1% glucose and mea-
sured the final pH of the culture media. In agreement
with Svensiter et al. [2003], they found that non-MS are
heterogeneous for acidogenicity: some strains lowered
the culture pH to below 4.4, a pH comparable to that pro-
duced by MS, whereas for other strains the pH-lowering

Caries Res 2008;42:409-418

capacity was less pronounced. In addition, the propor-
tion of acidogenic non-MS was higher at white spot lesions
than at clinically healthy sites. The acidogenic non-MS,
identified as S. gordonii, S. oralis, S. mitis and S. angino-
sus, were subsequently designated as ‘low-pH’ non-MS$
[van Houte, 1994], and it was suggested that the pH-low-
ering capacity of plaque may be related to the proportion
of ‘low-pH’ non-MS [van Houte et al., 1991a, 1991b]. Lat-
er observations by van Ruyven et al. [2000] have support-
ed this notion.

The question still remains: Which of the non-MS are
to be considered ‘low-pH’ non-MS? Alam et al. [2000]
obtained two groups of S. oralis - one comprised the total
S. oralis population in dental plaque, whereas the other
comprised aciduric strains that were able to grow at pH
5.2. They then differentiated these strains into 15 geno-
types on the basis of genetic similarity. The distributions
of genotypes were different between the total bacterial
group and the aciduric group; only some genotypes of §.
oralis seemed to be aciduric and to form an aciduric sub-
population. These results are in line with another study
showing that strains of non-MS differ distinctly by their
rate of acid production at decreasing pH; in particular
some strains within S. mitis 1, S. oralisand S. gordonii are
capable of producing acids as rapidly as many S. mutans
strains at pH 5.0 and 5.5 [de Soet et al., 2000]. Collective-

ly, it is suggested that the group of ‘low-pH’ non-MS$
comprise a mosaic of acidogenic subpopulations of each
species of non-MS.

Involvement of Actinomyces

Most of our knowledge about the role of Actinomyces
in caries stems from studies of root surface caries. How-
ever, there is no evidence that Actinomyces spp. have a
specific role in root caries. In fact, a review of the litera-
ture has concluded that the basic patterns of microbial
colonization are identical on enamel and root surfaces,
structurally as well as microbiologically [Nyvad, 1993].

As with enamel caries, MS comprise only a small pro-
portion of the microflora of root surface caries lesions.
van Houte et al. [1996] reported that non-MS$ and Actino-
myces spp. were dominant in dental plaque covering root
surface caries and that the isolated Actinomyces strains
were heterogenous with respect to acidogenicity: strains
isolated from root surface caries were more acidogenic
than those from clinically healthy root surfaces. Mean-
while, Brailsford et al. [2001] observed that, in subjects
with root surface caries, aciduric bacteria able to grow at
pH 4.8 comprised 21.6% of the total microflora in root
surface caries lesions (lactobacilli and Actinomyces were
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dominant), whereas aciduric bacteria comprised 10.7% in
clinically sound root surfaces (Actinomyces dominant).
However, in subjects without root surface caries, aciduric
bacteria comprised only 1.4% of total microflora in clini-
cally sound root surfaces. These findings indicate an as-
sociation between acidogenic/aciduric Actinomyces, i.e.
‘low-pH’ Actinomyces and root surface caries.

Actinomyces are as versatile to adapt to the dental bio-
film environment as are the non-MS; they have adhesin-
mediated adhesion to tooth surfaces, produce acids from
various sugars, and synthesize intracellular and extracel-
lular polysaccharides. In addition, Actinomyces have a
unique glycolytic system [Takahashi et al., 1995] in which
they utilize high-energy polyphosphate and pyrophos-
phate compounds for synthesis of hexokinase and phos-
phofructokinase, respectively, acting as phosphoryl do-
nors instead of ATP. This means that Actinomyces are
able to exploit a surplus ATP to synthesize polyphosphate
as an energy reservoir, and salvage energy from pyro-
phosphate, a high-energy-phosphoryl-bond-containing
byproduct from the metabolism of polymers such as nu-
cleic acids and glycogens. In addition, Actinomyces are
often ureolytic [Kleinberg, 2002; Yaling et al., 2006] and
can utilize lactate as a carbon source for growth [Taka-
hashi et al., 1996]. These diverse physiological character-
istics of Actinomyces seem to be advantageous to survive
and dominate in supragingival plaque [Takahashi and
Yamada, 1999b).

Acid Adaptation and Acid Selection: Adaptive
Changes in Acidurance and Acidogenicity and the
Consequent Selection of ‘Low-pH’ Non-MS

Non-MS are not only genotypically heterogenous, but
they are also able to change their physiological character-
istics adaptively. Takahashi and Yamada [1999a] have
shown that when these bacteria were exposed to an acid-
ic environment, they increased their acidogenicity. These
bacteria were grown first at pH 7.0 and afterwards at pH
5.5 for a short time: 30, 60 and 90 min. The bacteria were
then harvested, washed and incubated with glucose, and
the final pH values were measured as a marker of acido-
genicity. Their acidogenicity or final pH values varied
(pH 4.04-4.33), but after incubation at pH 5.5 for 60 min,
all the bacteria increased their acidogenicity (pH 3.93-
4.12).

Non-MS were also able to increase their acidurance
adaptively [Takahashi and Yamada, 1999a]. Bacteria ini-
tially grown at pH 7.0 were killed by acid stress in a strain-
dependent manner following exposure to pH 4.0 for 60
min (survival rate: 0.0009-71%), but after pre-acidifica-
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tion at pH 5.5 for 60 min, all the bacteria increased their
acidurance (survival rate: 0.4-81%).

The biochemical mechanisms underlying the acid ad-
aptation are considered to involve the following mecha-
nism [Quivey et al., 2000]: (1) an increase in proton im-
permeability of the cell membrane; (2) induction of
proton-translocating ATPase (H*-ATPase) activity that
expels proton from cells; (3) induction of the arginine
deiminase system that produces alkali from arginine or
arginine-containing peptides, and (4) induction of stress
proteins that protect enzymes and nucleic acids from acid
denaturation. In non-MS, the increase in activities of H'-
ATPase and arginine deiminase and expression of stress
proteins (homologues of heat shock protein, Hsp60 and
Hsp70) were observed following incubation at pH 5.5
[Takahashi and Yamada, 1999a).

In the oral cavity, acidification of the biofilm due to
frequent sugar intake or poor salivary secretion can be a
driving force to enhance the acidogenicity and acidur-
ance of the non-MS, resulting in establishment of a more
acidic environment. Even if acid adaptation occurs, non-
MS are still so heterogeneous with respect to acidurance
that the population of more aciduric strains, i.e. 'low-pH’
non-MS will increase selectively in this environment.
This will cause a shift in the composition and acidogenic
potential of the biofilm, which, provided the demineral-
ization/remineralization balance is disturbed over an ex-
tended period of time, leads to dental caries. Similar mi-
crobial acid adaptation and acid selection processes may
occur in Actinomyces.

Competition between Non-MS and MS

Transient Acidification. Although ‘low-pH’ non-MS
can adaptively increase their acidurance and acidogenic-
ity, and take over the position in supragingival plaque,
MS are more competitive under severely acidic condi-
tions. Following a rapid exposure to pH 4.0 for 60 min as
often observed in dental plaque after a sugar exposure, S.
sanguinis ATCC 10556, a strain of ‘low-pH’ non-MS, was
able to survive. However, this bacterium temporarily lost
the ability to grow, along with the inactivation of glyco-
lytic enzymes, and did not start growing again until 90
min after the pH had returned to neutral [Takahashi et
al.. 1997]. By contrast, the growth of S. mutans NCTC
10449 at pH 4.0 was not influenced at all. In view of this
observation, it is expected that the population of non-MS$
decreases gradually during frequent acidification, where-
as the proportion of MS would increase.

Prolonged Acidification. Experiments using in vitro
cultures of mixtures of oral bacterial species have clearly
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Fig. 1. An extended caries ecological hypothesis explaining the
relationship between acidogenic and aciduric shifts in the com-
position of the dental biofilm and changes in the mineral balance
of the dental hard tissues. Note that the cascade of ecological
events in the biofilm is reversible and is reflected in the surface
features of the dental hard tissues at any stage of lesion formation.
MS = Mutans streptococci. For detailed explanation, see text.

shown that prolonged acidification is the driving force
behind the emergence of MS in dental plaque. Bowden
and Hamilton [1987] demonstrated that S. sanguinis (for-
merly S. sanguis) was dominant when the pH was kept at
7.0-6.0 in a mixed continuous culture, whereas when pH
was shifted to 5.5, S. mutans overcame S. sanguinis, al-
though S. sanguinis survived in the culture at pH 4.5. A
similar phenomenon was observed by Bradshaw and
Marsh [1998]. They established a continuous culture with
9 oral bacterial species and demonstrated that non-MS$
(S. oralis and S. gordonii) were dominant when the pH
was kept at pH 7.0 during daily pulses of glucose for 10
days, whereas when the pH was allowed to fall to a preset
value of 5.0, MS as well as lactobacilli became dominant;
non-MS were excluded from the consortium when pH
was allowed to fall without control (final pH = 3.83). Sim-
ilarly, Takahashi etal. [1997] showed thata strain of ‘low-
pH’ non-MS (S. sanguinis ATCC 10556) was not able to
grow at pH =< 4.2 ina complex liquid medium under an-
aerobic conditions, while S. mutans was still able to grow
at pH 4.2. Given these observations, it is suggested that
prolonged acidic conditions around pH 5.5 may cause the
emergence of MS in the microbial flora and that more
severe acidic conditions around pH 4 may exclude the
non-MS. In the oral cavity, prolonged acidic conditions
(pH = 5.5) can occur in carious cavities [Dirksen et al.,
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1962; Hojo et al., 1994], where clearance of acids is ham-
pered. This may be the reason why MS and particularly
lactobacilli are frequently isolated from established cari-
ous cavities.

An Extended Caries Ecological Hypothesis

In the light of the foregoing we suggest an extended
caries ecological hypothesis that explains the relation-
ship between the composition of the dental plaque and
the caries process (fig. 1). In this hypothesis, dental plaque
is a dynamic microbial ecosystem in which non-mutans
bacteria such as non-MS and Actinomyces are the key
players for maintaining dynamic stability. These bacteria
can produce acids from sugary foods and the resulting
acids can demineralize the enamel. However, the tempo-
rary decreases in pH are easily returned to neutral level
by homeostatic mechanisms in the plaque [Marsh and
Martin, 1999]. This is a natural pH cycle, which occurs
numerous times daily in supragingival plaque (dynamic
stability stage).

However, when sugar is supplied frequently or salivary
secretion is too scarce to neutralize the acids produced,
the pH decreases in the plaque may enhance the acidoge-
nicity and acidurance of the non-mutans bacteria adap-
tively. Under such conditions the population of the ‘low-
pH’ non-MS and Actinomyces then increases via acid se-
lection, leading to a microbial shift to a more acidogenic
microflora. These changes in the phenotype and geno-
type of the microflora may shift the demineralization/
remineralization balance from ‘net mineral gain’ to ‘net
mineral loss’ and initiate lesion development (acidogenic
stage). At this stage, lesion development could also be ar-
rested with de-adaptation of the microflora, provided
that the mineral balance is restored to a ‘net mineral gain’'
by reduced environmental acidification.

If prolonged acidic environments prevail, lesion devel-
opment (‘net mineral loss’) is likely to progress. In these
environments, more aciduric bacteria such as MS and
lactobacilli may replace the ‘low-pH’ non-mutans bacte-
ria and further accelerate the caries process (aciduric
stage). However, even at this highly aciduric stage, the
mineral balance and composition of the microflora could
possibly be reversed by modification of the acidic envi-
ronment, e.g. as a result of sugar restriction [de Stoppe-
laar et al., 1970].

In this scenario, the microbial acid adaptation and the
subsequent acid selection of ‘low-pH’ non-mutans bacte-
ria play a crucial role in destabilizing the homeostasis of
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the biofilm and facilitating lesion development. More-
over, once the acidic environment has been established,
the proportion of aciduric bacteria such as MS and lacto-
bacilli may increase and act as promoters of lesion pro-
gression by sustaining an environment characterized by
‘net mineral loss’. Hence, high proportions of MS and/or
other aciduric bacteria may be considered biomarkers of
sites that undergo particularly rapid caries development
[Bowden et al., 1976; Chhour et al., 2005; Macpherson et
al., 1990; Nyvad and Kilian, 1990b]. We suggest that this
cascade of events is associated with changes in the surface
texture of the dental hard tissues from smooth to rough
(enamel) or from hard to soft (dentin) [Nyvad et al., 1999,
2003).

Two decades ago, Carlsson [1986] presented a caries
microbiological hypothesis by which he speculated that
ecological changes in the oral flora were determined by
competition for nutrients. Carlsson proposed that at low
levels of sugars, the oral microflora would be dominated
by bacteria with a high affinity for sugars (the ‘gleaners’),
whereas at consistently higher concentrations of sugars,
bacteria with lower affinity for sugars, but with high
growth rates, would be favored (the ‘exploiters’). Under
the latter condition the metabolic end products estab-
lished acidic environments favoring an outgrowth of aci-
duric bacteria, the so-called ‘pH-strategists’ [Carlsson,
1986). This concept was further developed as the ecolog-
ical plaque hypothesis by Marsh [1994, 2003], who fo-
cused on the dynamic and reversible processes of de- and
remineralization in the plaque by linking between sugar
supply, pH change and microflora shift. We suggest that
the ecological concept of caries should be extended and
strengthened by including clinical manifestations of car-
ies lesion processes, and by detailing the microbial acid
adaptation and acid selection processes.

Clinical and Scientific Perspectives

The extended caries ecological hypothesis supports
the ‘mixed-bacteria ecological approach’ proposed by
Kleinberg [2002] that the proportion of acid- and base-
producing bacteria is the core of caries activity. Clearly,
the extended hypothesis undermines the view that dental
caries is a classical infectious disease, and therefore that
prevention and control of this condition by elimination
of a specific group of microorganisms, such as the MS,
through vaccination, gene therapy or antimicrobial treat-
ment, is unwise. Rather environmental control of the mi-
croflora should be achieved by stimulating the non-mu-
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tans bacteria such as non-MS and Actinomyces by avoid-
ing acidification of the dental biofilm.

Practical solutions to this strategy may include me-
chanical plaque control, reduction/substitution of the in-
take of sugary foods and/or application of pH-neutraliz-
ing techniques such as saliva stimulation. Even if the ef-
fect of such interventions on the composition of the
microflora is sparsely documented, it has been shown
that dietary modification may facilitate such changes.
Hence, de Stoppelaar et al. [1970] observed a clear reduc-
tion in the proportion of MS at carious and filled sites at
the expense of S. sanguis following a 3-week period of su-
crose restriction. These changes were reversed when in-
dividuals resumed a normal diet containing sucrose.
Conventional culture studies of young dental plaque in
caries-inactive individuals have failed to reveal a consis-
tent microbial response pattern to sucrose-regulated di-
ets [Staat et al., 1975; Scheie et al., 1984]. In these studies,
sucrose-related modulation of the microflora was found
to depend on prior oral colonization by mutans strepto-
cocci, and these species were not entirely eliminated on a
low-sucrose diet. It is interesting to speculate that differ-
ences in the propagation of MS might reflect differences
in acid tolerance between clones of these species [Welin-
Neilands and Svensiter, 2007]. Future studies describing
the site-specific microbial shifts in response to sucrose
should therefore focus on both the MS and the non-mu-
tans bacteria, e.g. by applying molecular identification
methods.

An important consequence of the extended hypothe-
sis is that knowledge about the acidogenic and aciduric
properties of bacteria, i.e. the phenotypic characteristics,
and their regulatory mechanism may be a more relevant
parameter than knowledge about their taxonomy. The
phenotypes of most bacteria have already been well de-
scribed in textbooks such as the Bergey's Manual of Sys-
tematic Bacteriology [Holt, 1984]. Nevertheless, such de-
scriptions are not particularly helpful to explain the in
vivo behaviors since bacterial phenotypic characteristics
may change depending on the local environmental con-
ditions. Therefore, from an ecological point of view it is
not only important to describe which bacteria are in-
volved in caries but also to know what the bacteria are
doing [Takahashi, 2005].

Recently, van Ruyven et al. [2000] have detected non-
mutans aciduric bacteria other than non-MS and Actino-
myces from dental biofilms covering white spot lesions.
They found that these bacteria consisted of various spe-
cies including lactobacilli and Bifidobacterium. Interest-
ingly, the samples differed with respect to dominance of
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particular bacterial species, suggesting that any bacterial
species can participate in the development of caries as
long as they are aciduric and dominant [Bowden, 1984].
In this essay we have focused on the non-MS and the Ac-
tinomyces as the major non-mutans aciduric bacteria be-
cause detailed studies have been conducted for these bac-
teria. However, it would not be surprising if other non-
mutans aciduric bacteria were found to be associated
with dental caries. As stated above, it is not the genotype
per se, but the phenotype in a certain environment, i.e.
the acidogenic and aciduric potential of the bacteria, that
is conducive to a microbial shift leading to caries.
According to the extended hypothesis, there is a firm
association between the de- and remineralization bal-
ance of caries lesions and the overall composition of the
microflora. In the in situ study of Nyvad and Kilian
[1990b], root surface caries lesions experiencing the high-
est mineral loss, as assessed by quantitative microradiog-
raphy, were dominated by uniform Actinomyces spp., or
a combination of MS and Lactobacillus spp., whereas le-
sions experiencing a smaller mineral loss were associated
with a more diverse microbiota including non-MS, MS,

Actinomyces, lactobacilli, Bifidobacterium as well as lac-
tate-metabolizing species (Veillonella spp.). Such differ-
ences in the pattern of the microflora in response to dif-
ferent lesion progression rates not only lend support to
the suggested acidogenic and aciduric stages of bacterial
succession in caries, but also conform with the concept
that microbial diversity may exert a protective effect on
the dynamic stability of the biofilm community, recently
referred to as the ‘insurance hypothesis’ [Yachi and
Loreau, 1999; Boles et al., 2004). Therefore, in the future,
if we truly wish to advance the ecological understanding
of caries, it is important to describe the total microbiota
of caries lesions by studying lesions with a known ageand
history in the oral cavity or, alternatively, employ clinical
caries diagnostic methods that reflect the activity state of
lesions [Nyvad et al., 1999, 2003].
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Mutual induction of
noncollagenous bone
proteins at the interface
between epithelial cells and
fibroblasts from human
periodontal ligament

Shimonishi M, Hatakeyama J, Sasano Y, Takahashi N, Komatsu M, Kikuchi M.
Mutual induction of nencollagenous bone proteins at the interface between
epithelial cells and fibroblasts from human periodontal ligament. J Periodont Res
2008; 43 64-75. © 2007 The Authors, Journal compilation © 2007 Blackwell
Munksgaard

Background and Objective: Epithelial-mesenchymal interactions are responsible
for cell differentiation during periodontal regeneration. The present study was
undertaken to examine the expression of alkaline phosphatase and noncollagenous
bone proteins, such as osteopontin, osteocalcin and bone sialoprotein, with respect
to interaction between the cells of the epithelial rests of Malassez and fibroblasts
from human periodontal ligament.

Marerial and Methods: Explants of human periodontal ligament tissues produced
outgrowths containing both putative epithelial rests of Malassez cells and human
periodontal ligament fibroblasts in a modified serum-free medium, Putative epi-
thelial rests of Malassez cells cultured alone, and human periodontal ligament
fibroblasts cultured alone, were used as controls. The expression levels of amelo-
genin were analyzed by in situ hybridization. The expression and distribution of
alkaline phosphatase and noncollagenous bone proteins in both cell populations at
the interface berween putative epithelial rests of Malassez cells and human perio-
dontal ligament fibroblasts were analyzed by immunohistochemistry, in situ
hybridization and reverse transcription-polymerase chain reaction.

Results: Amelogenin mRNA was detected at high levels only in putative epithelial
rests of Malassez cells at the interface. Alkaline phosphatase and bone sialoprotein
mRNAs were detected significantly at the interface between putative epithelial
rests of Malassez cells and human periodontal ligament fibroblast cells. In par-
ticular, bone sialoprotein and its mRNA were expressed significantly in human
periodontal ligament fibroblasts at the interface between putative epithelial rests
of Malassez cells and human periodontal ligament fibroblast cells. The expressions
of osteopontin and its mRNA were not different between putative epithelial rests
of malassez cells and human periodontal ligament fibroblasts at the interface.
Osteocalcin and its mRNA were expressed strongly in putative epithelial rests of
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Malassez cells at the interface between putative epithelial rests of Malassez cells
and human periodontal ligament fibroblasts,

Conclusion: These findings indicate that the epithelial-mesenchymal interaction
modulates the expression of alkaline phosphatase, osteocalcin and bone sialo-
protein in putative epithelial rests of Malassez cells and human periodontal liga-
ment fibroblasts, suggesting that epithelial-mesenchymal interactions play a role
in the maintenance of periodontal ligament.
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Human periodontal ligament contains
the epithelial rests of Malassez, which
appear as cellular clusters in cord- or
nel-like formations or as isolated
islands near the cementum. Hertwig's
epithelial root sheath cells represent an
exiension of the epithelium that parti-
cipates in coronal amelogenesis and
which is retained in association with
the developing root. Immediately as
the outer layer of the dentin matnx
starts to calcify, the epithelial cells of
the root sheath separate from the
dentin surface, and breaks occur in the
continuity of its previously continuous
double-layered sheet of cells 1o form
the epithelial rests of Malassez. As a
result, the epithelial rests of Malassez
are odontogenic epithelial cells derived
from Hertwig's epithelial root sheath.
Amelogenin is the major enamel pro-
tein produced by ameloblasts at the
differentiation and secretory stages (1).
We demonstrated previously that
intense immunoreactivity for ameloge-
nin mRNA is observed in putative
epithelial rests of Malassez cells,
whereas gingival epithelial cells and
human periodontal ligament fibro-
blasts do not show amelogenin mRNA
expression (2). Amelogenin is therefore
a useful marker for cultured epithelial
rests of Malassez cells.

The formation, turnover and repair
of mineralized tissues, such as bone,
calcified cartilage and teeth, are all
complex processes requiring differenti-
ated cell function and extracellular
matrix assembly and degradation dur-
ing normal development as well as
during tissue repair after injury. It has
been determined that several of the
mineral-binding proteins are capable
not only of guiding extracellular calci-
fication, but also of mediating cell
dynamics, such as cell adhesion,
spreading and migration, in mineral-

ized tissues (3-3). The activity of
alkaline phosphatase is required to
generate the inorganic phosphate nee-
ded for hydroxyapatite crystallization.
Extracellular inorganic pyrophosphate
is a potent inhibitor of hydroxyapatite

formation.  Alkaline  phosphatase
hydrolyzes extracellular  inorganic
pyrophosphate (6-9). Osleopontin,

osteocalein and bone sialoprotein are
the major noncollagenous proteins that
are secreted by osteoblastic cells and
deposited into the bone matrix (5).
Osteopontin is highly phosphorylated
and sulfated but is unlikely to be a
primary nucleator of hydroxyapatite
formation because it was found to
appear before bone sialoprotein as a
marker of an early stage of bone
formation during the regenerative
processes (10). Moreover, it has been
demonstrated that osteopontin inhibits
mineralization (3,10-13), Indeed, oste-
opontin is also expressed by a number
of nonmineralizing tissues, as well as
by transformed cells (14,15) and acu-
vated lymphocytes and macrophages
(3,16), kidney epithelial cells, luminal
epithelial cells of several organs (17)
and smooth muscle cells in atheloscle-
rotic lesions of the aorta (18). Osteo-
calcin is known to localize in bone,
cementum and dentin, and in the for-
mative cells of these hard tissues (5,18).
Its function, however, is still not clear,
although it has been implicated to play
a role in delaying nucleation and in
preventing excessive crystal growth
(19). Bone sialoprotein appears to be
unique to mineralized connective lis-
sue. In addition, bone sialoprotein has
the potential to mediate the initial
formation of hydroxyapatite crystals
(20-22).

It appears that Hertwig's epithelial
root sheath cells are responsible for
initiating the spatial and temporal
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differentiation of odontoblasts and
cementoblasts into matrix-producing
cells. The inermediate layer of
cementum may be produced by
Hertwig's epithelial root sheath cells
(23-29). Moreover, Bosshardt er al
suggested that cementoblasts originate
from Hertwig's epithelial root sheath
(29.30), but species differences make
the origin and differentiation of
¢ toblasts inco between
different studies. and therefore the
understanding of cementogenesis is
still incomplete. Mouri er al. demon-
strated expression of alkaline phos-
phatase and osteopontin mRNA in
cultured epithelial rests of Malassez
cells from human peniodontal ligament
(31). Rincon er al, also demonstrated
the production of osteopontin mRNA,
but not of alkaline phosphatase
mRNA, by cultured porcine epithelial
rests of Malassez cells (32,33). More-
over, Hasegawa et al. reported that
epithelial rests of Malassez cells are
immunoreactive for osteopontin and
ameloblastin during early cementum
repair after the experimental induction
of root resorption in vive (26). It is
conceivable that epithelial rests of
Malassez cells, as well as Hertwig's
epithelial root sheath cells, may have a
direct or indirect role in the formation
of cementum,

Some authors have suggested that
epithelial rests of Malassez play a role
in the maintenance of the periodontal
space. Epithelial rests of Malassez cells
were found to be stimulated to a more
proliferating state as a result of
orthodontic tooth movement, inflam-
matory conditions, or wound healing
(34-39), A regrowth of epithelial rests
of Malassez cells may be linked to
reconstitution of the periodontal liga-
ment and repair of the resorptive defect
in the tooth surface. We demonstrated
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previously that epithelial rests of Mal-
assez cells have a high proliferation
rate al the interface between epithelial
rests of Malassez cells and human
periodontal ligament fibroblasts and
that the synthesis of type IV collagen
and laminin 15 induced by direct inter-
action between epithelial rests of Mal-
assez cells and human periodontal
ligament fibroblasts (40). Considering
the homeostasis of the periodontium,
much seems to need to be done
regarding the aspects of epithelial-
mesenchymal interactions.

The present study was undertaken to
determine whether epithelial rests of
Malassez cells and human periodontal
ligament fibroblasts at the interface
in virro have the ability to regulate
alkaline phosphatase and the noncolla-
genous proteins, osteopontin, osteocal-
cin and bone sialoprotein, supporting
their involvement in the maintenance of
periodontal ligament.

Material and methods

Cell culture

Freshly extracted third molars from 24
patients between 17 and 25 years of
age were obtained from the Oral Sur-
gery Department, Tohoku University
Graduate School of Dentistry. Infor-
med consent was obtained from the
patients prior 1o extractions. The
human ethics board of Tohoku Uni-
versity Graduate School of Dentistry
specifically granted permission for our
project 1o work with human subjects.
After washing the teeth several times
with alpha minimal essential medium
(COSMO BIO Co. Lwd, Tokyo,
Japan), supplemented with 10% fetal
bovine serum and antibiotics (60 pg/
mL of kanamycin, 20 units/mL of
penicillin G, 10 pg/mL of amphoteri-
cin B). human periodontal ligament
explants atlached to the mid-third of
each root were removed carefully from
the root with a scalpel. The explants
were plated into 35-mm culture dishes
using the supplemented alpha minimal
essential medium and produced out-
growths that were primarily composed
of fibroblasts. After | wk the explants
were cultured in a modified serum-free
medium [3: 1 (v/v) MCDBI53 med-

ium; Sigma Chemical Co., St Louis,
MO, USA] supplemented with 35 pg/
mL of insulin (Sigma), 0.5 pg/mL
of hydrocortisone (Sigma), 10 pg/mL
of transferrine (Sigma), 14.1 pg/mL of
phosphorylethanolamine (Sigma),
10 ng/mL of epidermal growth factor
(Sigma): alpha minimal essential med-
ium (COSMO BIO Co. Lid) including
40 pg/mL of bovine pituitary extract
{(Kyokuto, Tokyo, Japan) and anti-
biotics (40), Cultures were incubated at
37°C in a humidified atmosphere of
95% air and 5% CO,. This resulted in
outgrowths of epithelial cells as well as
of fibroblasts.

Differential adhesion to the surface
in the presence of 0.075 mg/mL of
protease solution (Sigma) was used to
produce cultures that were predomin-
antly of one cell type [i.e. cither fibro-
blasts (5-10 min) or epithelial cells
(15-20 min)] from cultures that con-
tained both cell types (41). Puative
epithelial rests of Malassez cells cul-
tured alone, and human periodontal
ligament fibroblasts cultured alone,
were used as controls.

Immunohistochemistry

The cells were fixed with 4% parafor-
maldehyde at room temperature for
10 min, and 3% H,0, was used to
inhibit endogenous peroxidase. The
cells were then incubated with 5%
normal goat serum for 30 min to block
nonspecific binding, after which they
were reacled at 4°C overnight with
monoclonal mouse antihuman cyto-
keratin AEI/AE3 (1:50) (Dako,
Carpinteria, CA, USA) to confirm the
presence of epithelial cells. In addition,
the cells were incubated at 4°C over-
night with primary antibodies 1o
monoclonal mouse antihuman osteo-
pontin (0.1 pug/mL) (IBL, Gunma,
Japan), polyclonal rabbit antthuman

osteocalein (1 : 250)  (Biomedical
Technology Inc.. Stoughton, MA,
USA) and polyclonal rabbit anti-

human bone sialoprotein (LF-84) (1 :
400) (courtesy of Dr L. W. Fisher,
National Institutes for Dental and
Craniofacial Research, Bethesda, MD,
USA) (42-45). After rinsing in phos-
phate-buffered saline, the cells were
incubated with biotinylated immuno-
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globulin at room temperature for
30 min and stained by the avidin-
biotinylated peroxidase complex using
an ExtrAvidin® peroxidase staining kit
(Sigma) and the 3-amino-9-ethyl-
carbazole chromogen kit (Sigma).
Mayer's hematoxylin  solution was
applied for counterstaining. Phos-
phate-buffered saline, instead of the
primary antibody, and rabbit serum
and phosphate-buffered saline, instead
of the primary antiserum, were used
for control staining.

Proliferating, DNA-synthesizing
cells in cocultures were identified by
nuclear incorporation of 100 umol/L of
5-bromo-2'-deoxyuridine for 24 h.
Labeled nuclei were detected with
monoclonal mouse antibody 1o
5-bromo-2'-deoxyuridine (Boehringer
Mannheim Biochemica, Mannheim,
Germany) for 30 min at 37°C. After
washing three times in phosphate-buf-
fered saline, the cells were incubated
with horseradish peroxidase-conju-
gated goat antimouse immunoglobulin
(Chemicon International Inc., Teme-
cula, CA, USA) for 30 min at 37°C and
stained with 3,3"-diaminobenzidine and
H,0..

Determination of alkaline
phosphatase activity

The cells were fixed with 4% parafor-
maldehyde at room temperature for
10 min. To determine the localization
of alkaline phosphatase in cultured
cells, the cells were stained histochemi-
cally for alkaline phosphatase accord-
ing to a modified method of the
Azo-dye coupling method (46).

In situ hybridization

The oligonucleotide probes used for
the in situ hybridization were synthes-
ized by Nihon Gene Research Labor-
atories Inc. (Sendai, Japan). The
sequences are shown in Table 1.
A biotin label was added at the 3’ end.
A computer-assisted search (GenBank)
of the antisense sequences shown in
Table 1, as well as that of sense
sequences, revealed no significant
homology with any known sequences
other than those of the amelogenin
chain, the alkaline phosphatase chain,



Tabie 1. Oligonucleotide probes used for the in situ hybridization
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Oligo name
Amelogenin

Alkaline phosphatase
Osteopontin
Osieocalcin

Bone sualoprotein

CAT GGG TTC GTA ACC ATA GGA AGG
ACA TGA TGA CAT TCT TAG CCA CGT
ATG GCT TTC GTT GGA CTT ACT TGG
GCG AGG AGT GTG TGA GGG CTC ATG
ATT TTT CAT TGA GAA AGC ACA GGC

Sequence (5°-37)

Label Reference

3’ Biotin 4m
3’ Biotin (48)
3" Biotin (49)
3" Biotin (50)
3’ Biotin (51)

the osteopontin chain, the osteocalcin
chain and the bone sialoprotein chain.

In situ hybridization was carried out
using the [In Simi Hybridization
Detection Kit for Biotin Labeled
Probes (Sigma). Briefly, the cells were
fixed with 4% paraformaldehyde at
room temperature for 10 min., They
were then immersed in phosphate-
buffered saline containing RNase
inhibitor at room temperature and 3%
H,0; was used to inhibit endogenous
peroxidase. The specimens were
hybridized with biotin-labeled probes,
present in the hybridization solution,
in the humid incubation chamber
overnight at 37°C. After washing in
phosphate-buffered saline, the speci-
mens were reacted with blocking solu-
tion (5% bovine serum albumin,
500 yg/mL of normal sheep IgG,
100 pg/mL of salmon testicular DNA
and 100 pg/mL of yeast IRNA in
phosphate-buffered saline) at room
temperature for 15 min. The cells were
then incubated with ExtrAvidin® per-
oxidase solution (Sigma) at 37°C for
20 min and reacted with biotin-conju-
gated ant-avidin  immunoglobulin
(Sigma) in a humid chamber at 37°C
for 30 min. After washing three times
in phosphate-buffered saline, the sites
of peroxidase activity were visualized
using a solution containing 3,3"-diam-
inobenzidine and H,0; and counter-
stained by Mayer's hematoxylin
solution. Sense oligonucleotide probes
were used for control staining.

Reverse transcription polymerase
chain reaction (RT-PCR)

The interface area cells, which are
present between putative epithelial
rests of Malassez cells and human
periodontal ligament fibroblasts, were
obtained using silicone cylinders
(Fig. 1A,B) Briefly, silicone cylinders
(5 mm in diameter) pasted with white

Fig. 1. (A) Schematic diagram showing the preparation of the samples al the interfuce be-
tween putative epithelial rests of Malassez cells and human periodontal ligament fibroblasts,
except for only putative epithelial rests of Malassez cells or only human periodontal ligament
fibroblasts away [rom the interface in the same dishes. The silicone cylinders (3 mm in
diameter) pasted with white petrolatum on the bottom, were placed on the dishes. (B) Phase-
contrast photomicrograph taken of pnmary cultured putative epithelial rests of Malassez cells
(ERM) and of human periodontal ligament fibroblasts (FB) at the interface (I)

petrolatum on the bottom, were placed
on the dishes after aspirating the
medium and washing twice with phos-
phate-buffered saline. Fifty microlitres
of Buffer RLT (buffer containing
guanidine thiocyanate and p-merca-
ptoethanol) (Qiagen Pty Ltd, Victoria,
Australia) was added to the silicone
cylinders. The cells disrupted with
Buffer RLT were collected in the
microcentrifuge tubes. Putative epi-
thelial rests of Malassez cells cultured
alone and human periodontal ligament
fibroblasts cultured alone were sam-
pled as controls, Total cellular RNA
was isolated from cullured cells,
according to the manufacturer's
instructions, using an RNeasy®™ Mini

- 160 -

Kit (Qiagen Pty Lid), and 0.05 pg/pL
of total RNA was used as a template
for RT-PCR. One-step RT-PCR was
performed using SuperScript™ one-
step RT-PCR with the Platinum® Taq
kit (Invitrogen Corp., Carlsbad, CA,
USA) according to the manufacturer’s
instructions and a Programmable
Thermal Controller PTC-100 (M)
Research, Watertown, MA, USA). To
quantify the expression of alkaline
phosphatase and noncollagenous bone
proteins (osteopontin, osteocalcin and
bone sialoprotein), semiquantitative
RT-PCR relative to glyceraldehyde-3-
phosphate dehydrogenase was perfor-
med. Amplimers designed for alkaline
phosphatase, osteopontin, osteocalcin,
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Table 2. Primer pairs used for reverse transcription-polymerase chain reaction amplification

Denaluration/annealing)

Gene (fragment) Printer sequences extension (°C) Cycle Reference

Alkaline phosphatase (475 bp) F-ACGTGGCTAAGAATGTCATC-3 94/58/72 40 (52)
S-CTGGTAGGCGATGTCCTTA-Y

Osteopontin (126 bp) S'CCAAGTAAGTCCAACGAAAG-Y 94/58/72 (53)
S-GGTGATGTCCTCGTCTGTA-Y

Osteocalcin (230 bp) S“GGCAGCGAGGTAGTGAAGA-Y 94/58/72 40 (54)
5-CTGGAGAGGAGCAGAACTG-Y

Bone sialoprotein (248 bp) S-CAACAGCACAGAGGCAGAA-Y 94/58/72 40 (51)
5 -CGTACTCCCCCTCGTATTC-¥

GAPDH (485 bp) STGTTTGTGATGGGTGTGAA-3 94/58/72 40 (55)

5-ATGGGAGTTGCTGTTGAAG-3Y

GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

bone sialoprotein and glyceralde-
hyde-3-phosphate dehydrogenase, and
related information, are provided in
Table 2. The thermal prefile for
human alkaline phosphatase, osteo-
pontin, osteocalcin, bone sialoprotein
and glyceraldehyde-3-phosphate dehy-
drogenase amplification was 40 cycles,
starting with denaturation for | min
at 94°C followed by | min of annealing
at 58°C and | min of extension at
72°C. The PCR products were sub-
jected 1o electrophoresis, and digital
images were obtained and analyzed
with the use of macGe 1 (NIH image
software, Bethesda, MD, USA). The
data were consistent, as confirmed by
three independent experiments. Statis-
tical analysis of the results was carried
out using the Bonferroni/Dunn post-
hoc test, and p-values of < 0.05 were
considered significant,

Results

Immunohistochemistry and
determination of alkaline
phosphatase activity

Putative epithelial rests of Malassez
cells stained positive for broad-spec-
trum antibodies to cytokeratins (AE1/
AE3), indicating their epithelial origin,
whereas human periodontal ligament
fibroblasts did not show cytokeratin
expression at the interface in the same
dishes (Fig. 2A). Putative epithelial
rests of Malassez cells incorporated
5-bromo-2-deoxyuridine more exten-
sively than human periodontal liga-
ment fibroblasts derived from the same
periodontal ligament explant, indica-
ting that putative epithelial rests of

Malassez cells have a higher prolifer-
ation rate than human periodontal
ligament fibroblasts (Fig. 2C).
Alkaline phosphatase activity was
expressed strongly at the interface
(Fig. 3A). Putative epithelial rests of
Malassez cells cultured alone and
human periodontal ligament fibro-
blasts cultured alone also stained
strongly for alkaline phosphatase
activity (Fig. 3B,C). Intense immuno-
reactivity for osteopontin was observed
in both putative epithelial rests of
Malassez cells and human periodontal
ligament fibroblasts at the interface
(Fig. 3D). Osteopontin - was  also
detected in putative epithelial rests of
Malassez cells cultured alone and in
human periodontal ligament fibro-
blasts cultured alone (Fig. 3EF).
Strong immunoreactivity for osteocal-
cin was observed in putative epithelial
rests of Malassez cells but not in human
periodontal ligament fibroblasts at the
interface (Fig. 3G). In contrast, bone
sialoprotein was detectable in human
periodontal ligament fibroblasts but
not in putative epithelial rests of Mal-
assez cells at the interface (Fig. 3J).
Osteocalcin and  bone  sialoprotein
proteins were not detected in putative
epithelial rests of Malassez cells cul-
tured alone (Fig. 3H,K), but were pre-
sent in human periodontal ligament
fibroblasts cultured alone (Fig. 3I.L).

In situ hybridization to localize
mRNAs for amelogenin, alkaline
phosphatase and noncollagenous
bone proteins

To localize the mRNA expression of
amelogenin, alkaline phosphatase and
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noncollagenous bone proteins, the
cells were hybridized in siru with bio-
tin-labeled  antisense  oligo-DNA
probes, Putative epithelial rests of
Malassez cells showed strongly posit-
ive signals for ameclogenin mRNA,
However, the amelogenin mRNA
signal was not detectable in human
periodontal  ligament  fibroblasts
(Fig. 2B). These results supported that
putative epithelial rests of Malassez
cells are different from human perio-
dontal ligament fibroblasts and are
derived from the odontogenic epithe-
lial origin.

In situ hybridization analyses also
showed considerable differences bet-
ween putative epithelial rests of
Malassez cells and human periodontal
ligament fibroblasts and reflected the
histochemical and immunohistochem-
ical data. The mRNAs of alkaline
phosphatase, osteopontin and osteo-
calcin  were expressed strongly in
putative epithelial rests of Malassez
cells at the interface, whereas bone
sialoprotein mRNA  expression was
not detectable (Fig. 4A,D.G.J). On
the other hand, mRNAs of alkaline
phosphatase, osteopontin and bone
sialoprotein were expressed strong in
human periodontal ligament fibro-
blasts at the interface, whereas oste-
ocalcin mRNA expression was not
detectable (Fig. 4A,D,G.J). Putative
epithelial rests of Malassez cells cul-
tured alone showed strong positive
signals for alkaline phosphatase and
osteopontin - mRNAs  (Fig. 4B.E).
mRNA for osteocalcin was detect-
able only very weakly (Fig. 4H) and
mRNA for bone saloprotein was
not expressed at all in putative




Fig. 2. (A) Photomicrograph showing strong immunoreactivily for ¢ylokeratin AE1/AE3 in
putative epithelial rests of Malassez cells. Immunostaining for cytokeratin in human perio-
dontal ligament fibroblasts is not present, (B) Photomicrograph showing strong immuno-
reactivity for amelogenin mRNA in putative epithelial rests of Malassez cells
Immunostaining for amelogenin mRNA in human periodontal ligament fibroblasts is not
present. (C) Photomicrograph showing assessment ol proliferation by 5-bromo-2'-deoxy-
uridine lubeling in putative epithelial rests of Malassez cells and human periodontal ligament
fibroblasts. (D) Photomicrograph showing negative-control immunostaining in putative
epithelial rests of Malassez cells and human periodontul ligament fibroblasts. (E) Photomi-
crograph showing the negative control hybridized in situ with biotin-labeled sense oligo-
DNA probes for amelogenin mRNA in putative epithelial rests of Malassez cells and in
human periodontal ligament fibroblasts. ERM, epithelial rests of Malassez cells; FB, human
periodontal ligament fibroblasts

epithelial rests of Malassez cells cul-

tured alone (Fig. 4K). On the other RT-HCR

hand, mRNAs for osteopontin, oste-
ocalcin and bone sialoprotein were
detectable in  human periodontal
ligament fibroblasts cultured alone
(Fig. 4F,LL), and a strong signal for
alkaline phosphatase mRNA was
detected in human periodomal liga-
ment  fibroblasts  cultured  alone
(Fig. 4C).

The expression of four genes (MRNAs
of alkaline phosphatase, osleopontin,
osteocalcin and bone sialoprotein) was
investigated in three cell populations,
both putative epithelial rests of Mal-
assez cells and human periodontal
ligament fibroblasts al the interface,
putative epithelinl rests of Malassez
cells cultured alone and human perio-
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dontal ligament fibroblasts cultured
alone, using RT-PCR (Fig. 5). The
mRNA intensities relative to that of
glyceraldehyde-3-phosphate  dehydro-
genase are presented in Fig. 6. The
expression of mRNAs for alkaline
phosphatase and bone sialoprotein
were significantly stronger at the
interface between putative epithelial
rests of Malassez cells and human
periodontal  ligament  fibroblasts
(p < 0.05), On the other hand, there
were no significant differences in the
relative intensities of mRNAs for
osteopontin and osteocalcin among the
three cell populations. The mRNA for
osteocalcin was detectable only very
weakly, and the mRNA for bone sia-
loprotein was not expressed at all in
putative epithelial rests of Malassez
cells cultured alone. A strong signal for
alkaline phosphatase mRNA expres-
sion was detected in human perio-
dontal ligament fibroblasts cultured
alone, and mRNAs for osteopontin,
osteocalcin and bone sialoprotein were
detectable in human periodontal liga-
ment fibroblasts cultured alone.

Discussion

Amelogenin is the major enamel pro-
tein produced by ameloblasts at the
differentiation and secretory stages (3).
Amelogenin has been observed to be
localized in the enamel matrix, in nor-
mal ameloblasts, in odontogenic tumor
cells, in Hertwig's epithelial root sheath
cells and their extracellular matrices
in vivo, in mantle dentin and in odon-
toblasts (3,30,56-60). In the present
study, amelogenin mRNA expression
distinguished putative epithelial rests
of Malassez cells from human perio-
dontal ligament fibroblasts at the
interface, and putative epithelial rests
of Malassez cells were the odontogenic
epithelial cells denved from Hertwig's
epithelial root sheath (Fig. 2B). Bos-
shardt er al. suggest that Hertwig's
epithelial root sheath cells occasionally
assume a lingering ameloblastic activ-
ity at the start of root formation in the
pig. but they do not support the
hypothesis of a causal relationship
between enamel matrix proteins and
cementogenesis (30). Moreover, they
mdicated that ectopic enamel deposits




