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List of abbreviations

A Angstrom (10"°m).

AAS. atomic absorption spectroscopy.
ABB. anaerobic blood broth.

arg. arginine.

c circa, about.

°C degrees Celsius.

Ca calcium.

Ca* cationic calcium.

CB.A. Columbia Blood agar.

cf. confer; compare.

cfu. colony forming units.

Cr anionic chloride.

cm centimetre (10”m).

CO, carbon dioxide.

d day.

DFS. decayed or filled surfaces.

dl decilitre (10™1).

DMPF. decayed missing or filled.

eg. exempli gratia; for example.
etal et alia; and others.
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g gram (10°g).

HAp hydroxyapatite powder.

HCI hydrochloric acid.
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hr hour.

ie. id est, that is to say.

KCl potassium chloride.

kg kilogram (10°g).

1 litre (10°1).

L Lower chamber of Ultrafree-CL ultrafiltration unit.
m metre (10°m).

M molar (moles per litre).

m.fp. monofluorophosphate.

mg milligram (107g).

min minute.

ml millilitre (10°1).

mm millimetre (10°m).

mM millimolar (millimoles per litre).
mmol millimole (10°mol).

mol mole (10°mol).

M.S.B. Mitis Salivarius Bacitracin agar.
n number of samples or replicates.
n.a. not applicable.

n.c.p. non-collagenous proteins.
NCTC national collection of type cultures (strain designation).
n.d. not done.

nm nanometre (10°m).

n.s. not supplied.
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pages.
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time.

Todd Hewitt broth.
Upper chamber of Ultrafree-CL ultrafiltration unit.
weight/volume.
microamperes (10°A).
microgram (10°%g).
microlitre (10°1).
micrometre (10°m).
micromole (10°mol).

and.

concentration.

greater than.

less than.

number.

plus or minus.
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Summa
Root surface caries is an economically important disease in Western industrialised
nations and appears likely to become more so in future due to demographic changes and
improvements in oral hygiene. There are a variety of model systems which have been
used to study root surface caries including; in situ studies, experimental laboratory
animals, the use of pure acids in vitro and the use of bacterial cultures in vitro. However
the published data fail to present a clear and definitive picture of the role that different
bacterial species play or of the biochemical stages in the demineralisation of root surfaces
by bacteria. Therefore it was decided to develop a novel in vifro model to study this

problem.

The first system investigated was the Millicell-HA tissue culture insert (Millipore, U.K.),
which consisted of a polystyrene cylinder sealed at one end with a 0.45um pore-size
membrane filter. These units are relatively cheap, easy to handle, provide a stable surface
to support bacteria and also keep the bacteria separate from their broth supply to
facilitate collection of samples for analysis. In chapter 3 a series of experiments is
described in which three bacterial species - Streptococcus mutans, Lactobacillus casei
and Actinomyces viscosus - were selected for study on the basis of previous scientific
reports. Relatively reproducible films of the three test species were cultured in Millicell-
HA inserts, with no significant differences between the retrievable viable counts of each
species whether as pure or mixed cultures. Furthermore scanning electron micrographs
confirmed that both S. mutans and A. viscosus could be cultured as healthy biofilms in
the inserts, although technical difficulties precluded this conclusion for L. casei.
Moreover there appeared to be a maximum attainable population density of

approximately 10° c.fu./cm’, which was independent of the initial inoculum density.
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However, when the incubation period was extended it was found that S. mutans passed
from the Millicell-HA inserts into the nutrient broth phase by day 4 of incubation,
although the population densities of both L. casei and 4. viscosus remained stable for 14

days. It was therefore decided to discontinue work on the Millicell-HA model system.

The second system investigated was the Ultrafree-CL ultrafiltration unit (Millipore,
U.K)), which is structurally similar to the Millicell-HA insert but available with smaller
diameter pores. Chapter 4 characterised the properties of the model, which included the
following; (i) reproducible films of the three test species could be grown as pure or
mixed cultures with no significant differences between the final viable counts and (ii)
S. mutans was retained by the filter membrane with a pore size of 0.22um for around 7 -
8 days and for at least 21 days by a 0.1uym pore size. Since transverse sections of
S. mutans films in Ultrafree-CL units with 0.22um pores showed bacteria invading the
membrane filter structure it is likely that this is the route of spread. Populations of L.
casei remained stable within the Ultrafree-CL units for up to 21 days, whilst A. viscosus
viable counts tended to decline between days 6 and 21 days. Furthermore there appeared
to be a maximum population density of approximately 10’ c.fu/cm’ which was
independent of the viable counts in the initial inoculum. However, when the films were
cultured with sucrose solution or distilled water instead of Todd Hewitt broth (T.H.B.)
there were substantial decreases in viable counts, although these could be reversed by
returning the films to T.H.B. This suggested that transfer from sucrose back to T.H.B.
could allow one film to be used for a series of studies with few adverse effects on the

overall viable counts.
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In chapter 5, preliminary experiments are described which sought to determine whether
the test bacterial species could cause demineralisation of root surfaces or hydroxyapatite
powder within the Ultrafree-CL model system. The data indicated that they did indeed
cause calcium release from mineral, with the rank order of S. mutans ~ L. casei >
A. viscosus, whilst lactate was usually the predominant anion. These results concur in
general with the available literature. However, there was substantial variation in both the
acid anion production and calcium release data between repeat experiments which
indicated that modifications to the model system may be required before it can be
successfully employed for demineralisation experiments. In chapter 6 a range of
modifications to the Ultrafree-CL system are described which would help to reduce the
variation to acceptable levels and allow the model to be employed to investigate root

surface caries further.
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Chapter1  Studies in the bacteriology of root surface caries

11 Introduction - the importance of root surface caries

Root surface caries is a disease that often affects the elderly who have retained their
natural dentition (e.g. Fejerskov et al., 1991). In industrialised “Western’ countries
population demographics are shifting towards an increasingly aged population whilst at
the same time improvements in diet, oral hygiene and dental healthcare mean that ever
greater numbers of elderly people are retaining their natural dentition for a longer time
(Beighton, Decker & Homer, 1991). Progressive gingival recession occurs with age and
can be accelerated by poor technique in oral hygiene, e.g. excessive pressure with too
hard a tooth brush, (Konig, 1990) and once root surfaces are exposed they are then at

risk of becoming caricus (Syed et al., 1974).

Thus, quite apart from the human suffering caused by root surface caries as a disease, it
will also have a marked economic impact since an increasing number of people is likely
to become affected. Therefore it is of value to study the disease; especially the
microbiology to determine whether it is possible to identify ‘at risk’ individuals on the
basis of plaque bacteriology so that they can be supplied with prophylactic treatment
(Beighton, Decker & Homer, 1991). It is also of value to study the disease so that more
effective treatment regimes may be designed for those who already suffer from it

(Keltjens et al., 1987).

1.2 A definition of root surface caries

Human dental root surface caries can be defined as a carious lesion which is initiated and
wholly or predominantly located on the surface of a human tooth root (Beck, 1990).

Root surface caries is akin to enamel caries in that the disease damages and eventually
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destroys the root structure leading to cavitation. It is widely accepted that an exposed

root surface is very important for the development of root surface caries (Katz, 1980).

1.3 Current knowledge concerning root surface caries
1.3.1 Introduction

As the awareness of the problem of root surface caries and its future significance is
investigated so the volume of information available incteases. The existing data is here
presented under four major headings, i.e. epidemiology, bacteriology, biochemistry and
histology of root surface caries. This approach will summarise how widespread the
disease is, which micro-organisms are thought to be involved, what is happening to the

root surface at a molecular level and what is happening to the root surface on a structural

level.
1.3.2 Epidemiology

Root surface caries is a disease which has the potential to affect anyone with a natural
dentition and a variety of studies have attempted to assess its prevalence and incidence.
However the risk of developing root surface caries is not equally distributed throughout
the population and so most studies have concentrated upon its spread within selected
groups. Efforts have been made to determine the relationship of various factors with root
surface caries within a target population, e.g. age, periodontal disease and water
fluoridation. Tables 1.1 and 1.2 summarise the prevalence and incidence rates of root
surface caries reported in a range of papers. Additionally these tables summarise any

association found with the selected factors noted above.
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Prevalence rates for root surface caries give an estimate of the spread of the disease
throughout a given population at the time of sampling. As shown in Table 1.1 the
reported prevalence rates are quite variable, ranging from approximately 7% (Burt,
Ismail & Eklund, 1986) to almost 90% (Fure & Zickert, 1990a). However, the data
presented in the papers listed in table 1.1 indicate that the prevalence of root surface
caries is greater in elderly populations of subjects than in young ones. In addition root
surface caries was more prevalent (80%) in subjects who had suffered periodontal
disease (Ravald & Birkhed, 1991) than when they had not (approximately 40%)
(Heinrich, Kunzel & Heinrich, 1990). In contrast, a protective environmental factor such
as a fluoridated water supply would appear to reduce the prevalence rate of root surface
caries - to 23.8% in an optimally fluoridated area and 7.3% in a super-optimally

fluoridated area (Burt, Ismail and Eklund, 1986).

Prevalence rate data, as previously mentioned, give an estimate of how widespread root
surface caries is in a population at a single point in time. However these data give no
indication of the number of lesions per member of the population studied. In contrast,
incidence data give an indication of the number of carious lesions present in each subject
and also the number of new lesions developing over a period of time. Table 1.2 gives a

summary of some studies which have reported upon the incidence of root surface caries.

Comparison between each of the papers mentioned is not straightforward, since each
presents the data in a very different fashion. Banting, Ellen & Fillery (1985) examined
150 exposed caries free root surfaces for up to 34 months and found 1.9 new lesions per
100 person months at risk. In contrast Hand, Hunt & Beck (1988), who performed their

study over a similar period of time as Banting, Ellen & Fillery (42 months), examined
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338 subjects and presented their data both as a mean per subject and also as a mean per
100 susceptible surfaces - 1.1 lesions per subject or 1.8 lesions per 100 exposed root
surfaces per year. Finally Gustavsen, Clive & Tveit found 1.2 carious root surfaces in the

age group 20 - 29 compared with 8.5 in the over 70 age group

In 1980 Katz suggested the Root Caries Index (R.C.1.) as a means of standardising the
presentation of data concerning root surface caries’ spread within a population. The
R.C.I. expresses the number of root caries lesions as a function of the number of exposed
root surfaces per person and gives an estimate of the attack rate for root surface caries.
This method of expressing the epidemiological data for root surface caries takes into
account the variations in the number of exposed root surfaces between subjects;
comparisons between subjects are then more meaningful, since fewer exposed root

surfaces mean fewer potential sites for caries to develop.

Table 1.3 summarises a number of studies which presented their data in the form of a
Root Caries Index. Three of the reports - Katz et al. (1982), Wallace, Retief & Bradley
(1988) and Fure & Zickert (1990b) - correlated the age of the subjects with their
experience of root surface caries. Both Katz ef al. (1982) and Fure & Zickert (1990b)
subdivided their subjects into decade age groups and the resulting data showed a steady
increase in R.C.I. with increasing age; up to 22% in the oldest groups. However Wallace,
Retief & Bradley (1988), who also examined an older group of subjects, found a much
lower R.C.I. amongst them than the other two studies. In addition several reports that
studied the intra-oral distribution of root surface caries found that, in general, mandibular
molars were at the greatest risk of developing carious lesions upon their roots (Katz et

al., 1982, Gustavsen, Clive & Tveit, 1988 and Wallace, Retief & Bradley, 1988).
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To summarise, root surface caries would appear to affect in excess of 40% of a general
adult population with no especial risk factors (Heinrich, Kunzel & Heinrich, 1990).
However, this prevalence rate can increase to greater than 60% when a more elderly
population is studied (table 1.1) and to more than 75% if the subjects are chronically
hospitalised (Banting, Ellen & Fillery, 1980) or if they have exposed roots due to
periodontal disease/ surgery (Ravald & Birkhed, 1991). There is a steady attack rate of
exposed root surfaces (table 1.2) and this attack rate increases as the subjects of the

study increase in age (Katz ef al., 1982 and Fure & Zickert, 1990b).

1.3.3 Bacteriology

A complex microflora is known to inhabit the human oral cavity and bacteria are found in
saliva and also adherent to soft and hard tissues as plaque. A wide range of bacterial
species has been found in plaque from both healthy and carious human tooth root
surfaces. Table 1.4 summarises the prevalence and proportions of the different bacterial
species recorded by 15 different ‘cross-sectional’ studies. In contrast table 1.5
summarises the different bacterial species, their relative proportions and their prevalence

rates in 4 ‘longitudinal’ studies.

‘Cross-sectional’ and ‘longitudinal’ studies require different approaches and give
different information concerning the bacterial populations present in root surface plaque
and within the carious lesion itself. The ‘cross-sectional’ type of study takes a population
at a single point in time and samples root surface plaque from carious (and non-carious)
roots in order to quantify and characterise the bacterial species present at that point in
time. In addition carious dentine from the root structure may also be sampled. Some

‘cross-sectional’ studies have chosen target organisms only (e.g. Sumney & Jordan,
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1974), whilst others have sampled for chosen target organisms and expressed these as a
ratio of the total viable count (e.g. Ozaki ef al., 1994). Other workers have identified the
predominant micro-organisms present and expressed these as a percentage of the total
viable count (e.g. Van Houte, Lopman & Kent, 1994). The ‘longitudinal’ type of study
involves determining the bacterial flora in a chosen population of subjects at intervals
over a period of time. As in the ‘cross-sectional’ study selected target organisms may be
sought (e.g. Emilson, Ravald & Birkhed, 1993) or alternati§ely the predominant
organisms of the total flora may be enumerated (e.g. Nyvad & Kilian, 1987). The
difference in the numbers of studies of each type in the literature is probably indicative of
the relatively low time and costs involved in cross-sectional compared with longitudinal

studies.

The information provided by ‘cross-sectional’ and ‘longitudinal’ studies also differs. The
‘cross-sectional’ type of study provides an estimate of the relative proportions and
prevalence of the bacterial species at a given point in time; it does not give any indication
as to the population dynamics of the developing lesion. In contrast ‘longitudinal’ studies
do provide more information on the dynamics of the developing bacterial population; an
estimate of the predominant organisms is given as well as data about the relative increase
or decrease in the proportions and prevalence of the various species as the lesion
develops. This means that the data from longitudinal studies should show more clearly
which organisms are of importance in root surface caries, since it can be seen which
organisms increase in proportions as lesions develop. However, ‘longitudinal’ studies are
more labour intensive and more expensive than ‘cross-sectional’ since repeated sampling

sessions followed by isolation and identification of the bacteria are required.
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Although many different species are known to comprise the bacterial population of root
surface plaque, there are three bacterial groups which have been most regularly
implicated with the development of root surface caries. In table 1.4 (and also table 1.5) it
can be seen that these three groups are actinomyces, streptococci and lactobacilli. Within
these three groups the most important species are Actinomyces viscosus (and to a lesser
extent A. naeslundii), the mutans streptococci (especially S. mutans) and Lactobacillus

species.

Upon studying the data summarised in tables 1.4 and 1.5 it becomes obvious that the
relative importance of these three groups of organisms in root surface caries is unclear.
Actinomyces viscosus is found in more than two thirds of carious plaque and carious
dentine samples and constitutes from 3.9% (Bowden ef al., 1990) to 44% (Syed et al.,
1974) of the viable microflora. A number of the studies have compared the prevalence
and proportions of this species in plaque from carious and non-carious root surfaces and
found that both were greater in carious material (Keltjens ez al., 1987, Emilson, Klock &
Sanford, 1988, Bowden ef al., 1990 and Van Houte et al., 1990). However, in contrast,
several other studies have reported that both the prevalence and proportions of
A. viscosus were lower in carious compared with non-carious plaque (Brown, Billings &
Kaster, 1986, Fure et al., 1987 and Van Houte, Lopman & Kent, 1994). In addition
Beighton, Lynch & Heath (1993) found a higher proportion of gram positive
pleomorphic rods (which include the actinomyces) in hard (arrested) carious dentine than
in soft or ‘leathery’ (active) carious dentine, although the prevalence of these organisms

was less in hard than soft or ‘leathery’ dentine.
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Mutans streptococci form a smaller proportion of the bacterial flora of carious root
plaque and dentine; from about 1% (Keltjens et al., 1987, Emilson, Klock & Sanford,
1988, Van Houte ef al., 1990, Beighton, Lynch & Heath, 1993 and Van Houte, Lopman
& Kent, 1994) to around 24% (Brown, Billings & Kaster, 1986). The prevalence rates
for the mutans streptococci range from a minimum of 44% (Bowden ef al., 1990) to a
maximum of 100% (Brown, Billings & Kaster, 1986, Nyvad & Killian, 1990). The data
from those studies which sampled plaque from non-carious as well as carious root
surfaces indicate that mutans streptococci become more widespread and form a larger
proportion of the bacterial flora as the root surface becomes carious. For instance van
Houte, Lopman & Kent (1994) found that mutans streptococci comprised a higher
percentage of the total count in carious (9.0%) than in non-carious (1.4%) sites and that
prevalence rates were also higher (67% in carious and 25% in non-carious plaque). In
addition Bowden ef al. (1990) found the same increase in proportions (up from 0.75 to
3.05% ) and prevalence (from 20.5 to 44%) of this organism when non-carious and

carious root surface plaques were compared.

Most of the studies quoted in table 1.4 did not identify the lactobacilli to species level.
These studies found that the proportions of lactobacilli in carious samples (plaque or
dentine) ranged from 0.18% (Bowden et al., 1990) to 3.5% (Fure et al., 1987) whilst the
prevalence rates ranged from 18% (Keltjens et al., 1987) to 67.3% (Beighton, Lynch &
Heath, 1993). A few studies did speciate the lactobacilli (Nyvad & Kilian, 1990 and
Ozaki et al., 1994). The former found that L. casei was the predominant Lactobacillus
species present (1.9% of the total count compared with 0.7% for L. acidophilus) whilst
the latter found that L. plantarum was the commonest species although L. casei was also

present. Nyvad & Kilian (1990) found that L. casei was present in around 33% of
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samples whilst Ozaki et al. (1994) found that it was present in 14% of samples. Neither
of the two groups compared carious with non-carious samples and therefore it is not
possible to state whether the prevalence and proportions of L. casei were greater in

carious compared with non-carious material.

However, the studies which examined both carious and non-carious plaque or dentine
and also presented data on lactobacilli as a group did not entirely concur on whether the
prevalence and proportions were higher or lower in carious compared with non-carious.
Bowden et al. (1990) found that both the prevalence and proportions of lactobacilli were
greater in carious than non-carious plaques, proportions rose from < 0.05% to 0.18%,
whilst prevalence rose from < 1% to 34%. Furthermore van Houte ef al. (1990) and van
Houte, Lopman & Kent (1994) recorded similar observations; the proportions rose from
0.18% to 3.5% (van Houte et al., 1990) and from undetected to 1.8% (van Houte,
Lopman & Kent, 1994), whilst the prevalence rose from 10.5% to 21.1% (van Houte et
al., 1990) and from undetected to 22% (van Houte, Lopman & Kent, 1994). In addition
Keltjens et al. (1987) found a higher prevalence of Lactobacillus species in carious than
non-carious root surface plaque (11% to 18%), although the numbers were too low to
present as a proportion of the total count. In contrast Brown, Billings & Kaster (1986)
found that the proportion of Lactobacillus species of the total count was slightly reduced
in carious root surface plaque, although this study also found that the prevalence rate
increased from 51 to 54% in carious compared with non-carious root surface plaque.
Despite the relatively low proportions of the total count being comprised of
Lactobacillus species, Ellen, Banting & Fillery (1985b) found that Lactobacillus species
were closely correlated with S. mutans although in contrast Keltjens et al. (1987) found

that only S. mutans was closely related to root surface caries.
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Although species of Actinomyces, mutans streptococci and Lactobacilli have been
explicitly correlated with root surface caries by many researchers (e.g. Beighton, Lynch
& Heath, 1993, Ellen, Banting & Fillery, 1985a, Emilson, Klock & Sanford, 1988,
Keltjens et al., 1987 and Ozaki ef al., 1994), some have suggested that other organisms
may have a role to play in less severe lesion development. For instance Nyvad & Kilian
(1990) found that the microflora from plaque associated with root surfaces that were
undergoing a large and rapid mineral loss was dominated by either A. viscosus or a
combination of mutans streptococci and Lactobacillus species. However other plaque
samples from root surfaces which demonstrated a lesser degree of demineralisation were
found to have a far more complex microflora including mutans streptococci, S. mitis type
1, Veillonella species and Lactobacillus species. Syed et al. (1974) found that the plaque
from root surface lesions could be divided into two groups (I and II) on the basis of the
streptococcal species harboured. In group I plaques S. mutans formed 30% of the total
cultivable flora whilst S. sanguis was present in only very low numbers. On the other
hand, in group II plaques S. mutans was not detected whilst S. sanguis formed 48% of
the total cultivable flora. In addition both Sansone ef al. (1993) and Van Houte, Lopman
& Kent (1994) suggested that organisms other than mutans streptococci and lactobacilli
(e.g. non-mutans streptococci) may well play a part in the aetiology of root surface
caries. The data discussed so far demonstrates the problem with attempting to determine
the relative importance of the various bacterial species found in plaque, since the
predominant Actinomyces species are found to decline in numbers as a root surface site
becomes carious, whilst those organisms which do increase in number (i.e. the mutans
streptococci and lactobacilli) tend to form only a small proportion of the total viable

count.
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Despite the efforts of researchers, the relative importance of the various bacterial species
associated with root surface caries is still unclear. Are actinomyces the most important
organisms since they generally predominate, but if so why do their proportions
sometimes decrease in carious plaques? Alternatively, are the mutans streptococci and
lactobacilli central to the development of root surface caries lesions since their numbers
are greater in carious plaques? Additionally if mutans streptococci and lactobacilli are
essential to development of carious lesions, why are there lesions from which they cannot
be isolated? To some extent the answers to these questions may lie in laboratory

experiments where conditions can be much more precisely controlled.

So far the variation in the bacterial populations of plaque between carious and non-
carious surfaces has been discussed; however there are also changes in the bacterial
population within a carious lesion with time. Table 1.5 summarises the data from a
number of longitudinal studies which demonstrate clearly that changes occur in the
proportions of different bacterial species which inhabit both the plaque overlying a
carious root surface lesion and also the carious dentine itself, over a period of between

24hr and 34 months.

Nyvad & Kilian (1990) studied the microflora which developed on root surfaces which
had been embedded in dental appliances and worn by volunteers for 24hr. The microflora
was dominated by streptococci and Gram positive pleomorphic rods; Strepfococcus
sanguis contributed 6 - 18% of the early colonisers, whilst S. mitis and S. oralis
contributed 24 - 42% and 1 - 27% respectively. The relative proportions of S. oralis
increased significantly during the 24hr observation period. However S. salivarius and

S. mitis, which were both also early colonisers of the exposed root surfaces, decreased in

45



s8¢
10°CI
vTll
0
6C¢
1979
69°¢
100

syjuou ¢

v8
98
oy
8¢

Sundwes

169
L6'C
9’1
€000
or's
89°L
£SC
100

(43
c8
06
8y
v9

w9

LT
81

sanoy pg
-:J8 Junod [¥)0) jo uonprodoud oy

61
£l

(4

¥C
4!

8

¢
¢l

L4

vee 6TC £00 0 100
STy 6601 vI'e TWIL 616
§T0 TT0 190 L¥O THO
€10 190 €000 €I'0 9000
IL'T 80S LLT 9St LS
€8 6SS 8L ITL V6L
¥Z0 180 980 960 670
0€0 690 TO00 LTO LOO
8T 1 ¢4 07 (4} 0
-3¢ Junod (303 jo uonodoad o,
[4:; (44 125 09 8¢
88 06 8L ¥6 12
14 oy [AS 0s or
8y 123 0¢ 9 8¢
w¥ wh w€ ol sl

-:(syyuom ¢ Jo poridd € 1aa0) je Aouanbaay uonejosi 9,

SIIPIN}S [BUIPNJISUO] Ul SILIBI IOBJA

Sypdo g
Sin3ups °§

pajejost
swsiug3diQ

Hpunisaoy 'y
snsoosia y

‘dds snypropgosony

supinut g

HpUnISavU Yy
Snsoosia 'y

‘dds smpp1ovqojovy

supnut g

pajejost
swmsiuediQ

‘dds snjp1onqopovy

suppnut g

‘dds snpprongojovy

supnul g

pajejosi
swsiae31Q

anbeyd
30BJINS 00y

J2anos dpdmeg

anbejd soeyns
1001 SNOUE))

anbejd aoeuns
100 SNOWBO-UON

ddanos Jdureg
anbejd soepns
1001 snoue)

onbejd aoejins
1001 SNOLIBO-UON

anos djdureg

v L861

U Jedx

v¥ qs861

u aBax

Sv ee86l

U I8X

§ 7001 UI0.1J PAJE[OST Sa1odUs [ELIJOE( L,

uelry % peadN

(s)1oqny

Aaypg
® Sunueq ‘uoyy

(s)Jroqny

Asoptg
2 Sunueq ‘uopy

(s)ropny

S'1 2lqBL

46



sAmysod sumigie = |

V1
Lo
£L
0L
81
€0

syjuow 7

€T
(A4
Lo
I'L
60
Io

0

-:J8 3unod g0} jo uonaodoad o

NV N T O

£

sanoy $g

[Se TR\ ol e N o Jie)}

(4}

vi 11
€ 11
L S

4! 61
L Ll

L1 91

8 L4

-:J% junod (30} jo uonxodoad o

SIIpN)s [CHIPNJISUO] UT SILIE) JJEJINS JOOI UI0.] PIJE[OSI SI199ds [BLI9J0€q 9L,

dAneZau SuIISIe =,

(dnoil) npunjsovu 'y
(dnoi3) syv.o ¢
supnut °§

(dnoi8) upunsavu *y
(dnoi8) syv.o g
suvinul °g

suisiue31Q)

19003 13YI0

spoa aAnisod wein)
1990001dang (19410)
SNLDADS °§

(Bre) sy g
(8re) sy g

pajejost
susiuediQ

onbejd soepns
1001 SNOLR)

anbeyd soeLINS

1001 SNOLIBD-UON

daunos Jjdureg

doanos Jjdureg

s9[dures Jo Joquinu =

S1  ¢o6l

u IBax

U IBx

poyy g %
pleavy Uos[ug

(s)1oyyny

('u09)
uenry 2 peAAN

(s)royny

T403)5 1 IGEL

47



proportions as the experiment continued. Actinomyces species were also observed to
colonise the root surfaces within the first 4hr, but their relative proportions did not

increase until later in the experiment (8 - 12hr of exposure).

Ellen, Banting & Fillery (1985a and 1985b) determined the microflora present in carious
and non-carious root surface plaque over a period of almost three years. In that time the
percentage proportions of Lactobacillus species and A. naeslundii increased in both
carious and non-carious plaque, whilst those of S. mutans and A. viscosus showed little
change in either type of plaque. However, an important point to note is that none of the
bacterial species isolated showed a steady increase in numbers over the course of the
study, but instead increased and decreased with time in a relatively haphazard fashion
that was not apparently related to disease onset. When the prevalence rates for S. nutans
and Lactobacillus species were examined it was found that again there was a large
amount of variation between the data for each time-point. Streptococcus mutans did not
show any significant increase in prevalence over the course of the study in either carious
or non-carious plaque. However the prevalence of the Lactobacillus species did increase

in carious plaques (from 58% to 84%) but not in non-carious plaques.

Emilson, Ravald & Birkhed (1993) followed the developing bacterial populations in
subjects with root surface caries who were given professional tooth cleaning and
treatment with fluoride varnish over a period of year. The proportions of S. mutans were
higher (but not significantly) in carious than compared with non-carious plaques over the
twelve month period and in addition there were no significant differences in the
proportions of S. oralis group or A. naeslundii group in the plaques from the different

types of surfaces sampled (sound, inactive caries and active caries). The viable counts for
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the three groups of organisms were found to vary widely, which complicates the

assessment of the data by statistical tests.

In summary, the majority of the data presented suggest that actinomyces (especially
A. viscosus), mutans streptococci (especially S. mutans and sobrinus) and lactobacilli are
correlated with the development of root surface caries lesions. However, the proportions
and prevalence of Actinomyces species show little if any change (at most a slight decline)
as the disease develops, whilst those of the mutans streptococci and the lactobacilli tend
to increase. In addition there are combinations of bacterial species in root surface plaque
which may still be cariogenic but contain far fewer mutans streptococci or lactobacilli
along with a wide range of other organisms including S. mitis biovar 1, and Veillonella

parvula (Nyvad & Kilian, 1990).

1.3.3 Biochemistry

The data available on the biochemical development of root surface caries in human tooth
roots are relatively limited compared with the epidemiology and bacteriology of the
disease. Some studies have employed bovine dental root tissue as their model system
(e.g. Boonstra, ten Bosch & Arends, 1990), whilst others have tested powdered
hydroxyapatite (as an enamel analogue)(e.g. Chestnutt, MacFarlane & Stephen, 1994) or
human tooth root material (e.g. Hoppenbrouwers, Driessens & Borggreven, 1987). From
the available information it would appear that human tooth root surface caries does not
usually develop in a smooth progressive manner but in alternating episodes of
demineralisation and remineralisation (Furseth & Johansen, 1968). This suggests that the
many factors which interact to produce root surface caries exist in a dynamic equilibrium

with the potential to cause demineralisation which if unchecked leads to lesion formation,
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or arrestment of the carious lesion with remineralisation. The factors which could
combine to determine whether a root surface caries lesion will dévelop or not include the
presence and composition of dental plaque, the susceptibility of the root mineral
structure to demineralisation, the ability of the micro-organisms inhabiting the plaque to
degrade the root’s collagenous matrix, composition of saliva, the dietary habits of the

individual and the level of fluoride intake.

Bacterial acidogenicity A number of studies have attempted to determine the

acidogenicity of plaque micro-organisms when challenged with dietary carbohydrates.
Wijeyeweera & Kleinberg (1989) determined the ability of a range of micro-organisms to
produce acid, both from endogenous metabolites and also exogenous glucose. Of the
bacterial species tested S. mutans, S. milleri, L. casei, A. viscosus, A. odontolyticus,
A. naeslundii and Neisseria subflava generated the greatest decrease in pH from
neutrality from endogenous metabolites. When supplied with _exogenous glucose
(4.2mM) S. mutans, S. sanguis, L. fermentum, L. casei and A. odontolyticus produced
the greatest decrease in pH. However, the ability of S. mutans to generate a pH drop
from either endogenous metabolites or an exogenous supply of glucose differed between
the serotypes tested. Streptococcus mutans E49 (serotype ‘a’) caused the greatest
reduction in pH whilst utilising endogenous metabolites, whilst strain OMZ 175
(serotype ‘f”) gave the least change. In contrast, strain OMZ 175 caused the greatest
reduction in pH from 4.2mM exogenous glucose and was closely followed by strain E49,

whilst strain GS-5 (serotype ‘c’) gave the least reduction with exogenous glucose.

Chestnutt, MacFarlane & Stephen, (1994) found that when a range of Streptococcus

species were incubated with hydroxyapatite powder and 146mM sucrose, all generated a
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rapid drop in the pH of the medium. Mutans streptococci (S. mutans and S. sobrinus)
were responsible for the greatest pH drop under the experimental conditions; from
approximately pH 6.75 at time zero to little more than pH 4 after Shr of incubation.
Other species of streptococci (S. gordonii, S. sanguis, S. vestibularis and E. faecalis)
were also capable of acidogenesis but not to the same extent as the mutans streptococci.
De Soet, Toors & de Graaff (1989) also explored the acidogenesis of oral streptococci
when cultured with glucose in a pH-stat at pH 7.0, 6.0, 5.5 and 5.0. Streptococcus
sobrinus was the most acidogenic species whilst S. sanguis was the least active at each
of the pH values tested; indeed S. sanguis was almost incapable of acidogenesis below
pH 5.5. Sansone ef al. (1993) found that the proportions of both mutans and non-mutans
streptococci were higher in plaque from carious than non-carious root surfaces.
Furthermore, non-mutans streptococci capable of acidogenesis at low pH generally
outnumbered mutans streptococci in all of the plaques sampled. When streptococcal cells
are adherent to a surface rather than being in suspension, the amount of acid produced
from glucose can be greater; e.g. some strains of S. mutans produced 14% more lactate

when adsorbed to hydroxyapatite crystals than when unadsorbed (Berry & Henry, 1977).

However, simply to examine the ability of oral micro-organisms to reduce the pH of their
immediate environment does not give a complete picture of the ‘cariogenicity’ of dental
plaque. It has been noted that some oral bacteria are capable of generating a pH rise
when supplied with amino acids or urea. Levy & Eisenberg (1992) found that the
addition of arginine along with glucose to the culture medium of S. rattus and S. milleri
led to a higher terminal pH than when the organisms were supplied with glucose alone.
In addition Sissons & Cutress (1988) found that bacteria sedimented from saliva

metabolised urea to give a pH rise, whereas when supplied with glucose they produced a

51



drop in pH. When a mixture of urea and glucose was supplied to bacteria, an initial pH
drop followed by a pH rise resulted, which reached a final value intermediate between

those obtained with either pure glucose or urea.

Thus the pH of root surface plaque is likely to be in a state of continual flux depending
on a variety of factors. The bacterial composition of the plaque is important in its ability
to modify the pH, if it contains a high proportion of acidogenic bacteria then the pH is
more likely to be reduced further than if particularly proteolytic or ureolytic bacteria are
present in high proportions. The carbohydrate and amino-acid content of an individual’s
diet could then interact with the bacteria present in the plaque; a high carbohydrate diet
combined with a preponderance of acidogenic bacteria might lead to a more pronounced
pH drop, whilst a high protein diet in conjunction with a greater proportion of
proteolytic bacteria in the plaque might be less likely to lead to a pH drop and may even

lead to a pH rise within the plaque fluid (e.g. Wijeyweera & Kleinberg, 1989).

Tooth root biochemistry Chemically the human tooth root is constructed of inorganic

and organic components, with the former comprising about 80% of the total by weight
(Katz, Park and Palenik, 1987). Selvig & Selvig (1962) analysed human cementum and
dentine for their mineral content and found that calcium and magnesium ions together
comprised between 26% and 27% of the dry weight of both tissues. Phosphorous
accounted for approximately 12% of cementum dry weight and about 13% of dentine
dry weight, giving a calcium (and magnesium) to phosphate ratio of around 2.1:1.
Hoppenbrouwers, Driessens & Borggreven (1986 and 1987), using human tooth roots
that had not been exposed in the mouth found that the critical pH for mineral dissolution

was about pH 6.7, which is close to neutrality. It appears that the further the pH is
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reduced from 7.0, the greater the rate of mineral dissolution. Boonstra, ten Bosch &
Arends (1990), employing bovine tooth roots, found that demineralisation rates were on

average 1.5 times faster at pH 4.5 than at pH 5.0.

Little is known about the precise bacterial products released onto human tooth roots
from overlying plaque or the amounts and types of mineral and organic components
released from root surfaces during demineralisation in vivo. The studies which enumerated
the inorganic composition of human tooth roots and the investigations which determined
demineralisation chemically, did so using organic acids which did not mimic the acids
produced by plaque bacteria either qualitatively or quantitatively (e.g. Herkstroter,
Witjes & Arends, 1991, Hoppenbrouwers, Driessens & Borggreven, 1986 and 1987,
Nakata, Stepkin & Zipnik, 1972, Phankosol ef al., 1985 and Selvig & Selvig, 1962).
Studies that have employed bacterial cultures to generate artificial root surface caries
lesions have all determined the extent of demineralisation of root sections by
microradiography rather than by biochemical means (e.g. Clarkson ef al, 1987 and
Firestone ef al., 1993). Chestnutt, MacFarlane & Stephen (1994) examined the rate of
demineralisation caused by selected oral bacteria using biochemical means, but employed

hydroxyapatite powder as the mineral source.

The organic component of human tooth roots comprises approximately 20% of the total
by weight (Katz, Park & Palenik, 1987) and is largely collagen which is an insoluble
fibrous protein (Gage, Francis & Triffitt, 1989). Collagen forms long fibrils which
provide a cross-linked matrix around which the mineral component is deposited (Klont,
1990) thus producing a structure with the combined physical characteristics of both and

is analogous to steel reinforced concrete. The collagen proteins found so far in human
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tooth roots are largely type I with a small amount of type III (Klont, 1990). There is also
a range of non-collagenous proteins (n.c.p.) present, which include proteoglycans and
glycoproteins in cementum, whilst in dentine there is a more complex mixture of citrate,
lipids, proteoglycans, phosphoproteins, acidic glycoproteins and serum proteins (Klont,
1990). The non-collagenous protein fraction of the organic component of dentine would
not appear to be extensively acid-soluble. Boonstra, ten Bosch & Arends (1990) found
that although between 6 and 11mg of protein were released per gram of solubilised
hydroxyapatite from bovine dentine when exposed to demineralising solutions, protein
release and pH were not directly related. In addition “a large fraction of the n.c.p.” were

not released from dentine during demineralisation.

Native collagen is a very resilient molecule with a high resistance to acidic degradation.
Boonstra, ten Bosch & Arends (1990) found that when bovine dentine was exposed to
demineralising solutions at pH 5.0 or 4.5 for one week which was sufficient to dissolve
the mineral structure, no collagen could be detected in the demineralisation buffer. In
contrast Klont, Damen & ten Cate (1991) and Klont & ten Cate (1991) found that a
small proportion of the collagen matrix could be degraded by acids alone. However,
when human tooth roots become carious, cavitation may result if the lesion is not
treated, which indicates that the collagen structure has become severely disrupted. This
may be due to either physical processes (such as abrasion), microbial enzyme activity, or

a combination of both.

Studies have attempted to determine the effect of proteolytic enzymes upon
demineralised and undemineralised tooth roots. Klont & ten Cate (1991) found that the

amount of collagen degradable by collagenase in bovine tooth roots was directly
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proportional to the amount of calcium released in a prior demineralisation step. A small
amount of collagen was degraded during the demineralisation prior to collagenase
treatment, but this amounted to a maximum of 40pg/cm’ after 4 weeks compared with
3,000pg/cm’ after 1 week’s treatment with collagenase. Collagen was found to be almost
four times more coﬂagénase-sensitive in erosive lesions (where the whole of the lesion is
demineralised) than in sub-surface lesions (where a hypermineralised surface layer
overlies the demineralised body of the lesion). Klont, Damen & ten Cate (1991) showed
that if collagen was exposed to trypsin, a similar pattern to that obtained with
collagenase was found; the amount of trypsin degradable collagen increased in direct
.propoﬁion to the degree of demineralisation. However, the total amount of collagen
which could be degraded by trypsin was about 2% of that which could be hydrolysed by
collagenase, indicating that only a small proportion of the collagen had been denatured
during demineralisation. Van Strijp ez al. (1994) examined the ability of various bacterial
species to colonise and degrade decalcified bovine dentine mounted in dental appliances
and worn by volunteers. Collagen loss varied from between 0 and 67% and the range of
bacterial species that colonised the dentine was diverse, although no significant

correlation between known proteolytic organisms and collagen break-down was found.

The action of fluoride A number of studies have attempted to elucidate the effect of

fluoride upon root surface caries development. Mellberg & Sanchez (1986) found that
when root surfaces with artificial caries lesions were treated with a fluoride dentifrice (2
X 5min per day), and then bathed in a Ca’’-remineralisation buffer in vitro,
remineralisation occurred to a significantly greater extent than when a placebo dentifrice
was employed. Al-Joburi & Koulourides (1984) found that the treatment of root surfaces

with three different fluoride formulations prior to and during exposure to a
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demineralising buffer reduced the severity of mineral loss as compared with untreated
controls. However, Retief, Wallace & Bradley (1988) reported no significant correlation
between the fluoride concentration of cementum and the root surface caries experience
of 475 elderly subjects with gingival recession. This result was attributed to the fact that
subjects may not have had a steady long term exposure to fluoride so that caries could
have developed in some individuals prior to exposure to fluoride. It is interesting to note
that Schaeken, Keltjens & van der Hoeven (1991) found no significant changes over 9
months in the viable counts of mutans streptococci in the plaque microflora of subjects
treated with fluoride varnish which was applied to exposed roots at 3 month intervals.
The total and the actinomyces viable counts both increased slightly. In contrast, the
number of decayed, missing or filled surfaces (the D.M.F. value) was significantly lower
than in the non-fluoride-treated controls, which tends to suggest that fluoride is exerting

an effect more at the chentical rather than the bacteriological level.

In summary, it would seem that a significant proportion of the bacterial species present in
root surface plaque are capable of generating a pH drop, from endogenous metabolites
or exogenous carbohydrates, that could be low enough to lead to loss of mineral from
the root structure. Although many bacterial species are capable of generating a pH drop,
certain streptococcal, lactobacillus and actinomyces species (i.e. mutans streptococci,
L. casei and L. plantarum and also A. viscosus and A. naeslundii) would appear to be
the most effective. However, the pH reducing capacity of a plaque can be offset to some
extent by the ability of some bacterial species to raise plaque pH. Dissolution of the
mineral component, which can begin at relatively high pH, can be slowed or even
reversed by the application of fluoride, whilst degradation of the organic matrix would

appear to be dependent upon proteolytic activity occurring after demineralisation.
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1.3.5 Histology

The outermost layer of the human tooth root consists of cementum although this can
undergo changes, such as hypermineralisation (Furseth & Johansen, 1970), when it is
exposed to the oral environment. Embedded in the cementum are the fibres of the
periodontal ligament which anchor each tooth to the surrounding periodontal bone. The
layer directly beneath the cementum, which makes up the major part of the tooth bulk, is
the dentine. Structurally the dentine is composed of bundles of collagen filaments
surrounded by mineral crystals. Each healthy mineral crystal is usually 296A wide, 31.6A
thick and needle shaped (Daculsi et al., 1979). At the centre of the tooth root is the pulp

which carries the tooth blood supply and also the nerves.

There are a number of steps involved in the development of a root surface caries lesion,
(i) colonisation of the root surface by cariogenic bacteria (or the invasion of a ‘benign’
plaque by more ‘virulent’ organisms)(Donoghue & Perrons, 1991), (ii)) mineral loss
begins to take place (Nyvad, Ten Cate & Fejerskov, 1989), (iii) some of the organisms
present upon the lesion surface begin to invade the root structure and (iv) degradation of
the collagen matrix of the dentine occurs leading to destruction of the root structure in

that area (Frank, Steuer & Hemmerle, 1989).

Cementum caries begins as decalcification of the surface layer of the root which can
proceed inwards to a depth of 0.33mm without any visible defects occurring (Hals &
Selvig, 1977). Decalcification results in a loss of mineral from hydroxyapatite crystals
which compose the inorganic structure of the root; these crystals are initially irregularly
shaped (varying from ‘needle’ to ‘tablet’ and circular to triangular) but become larger

and more regular in shape (Furseth & Johansen, 1970). Mineral loss is believed to result
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from dissolution of the crystal lattice by inorganic acids liberated by plaque bacteria in
response to dietary carbohydrate intake (Clarkson ef al., 1987) and develops as an
increasing inward gradient (Nyvad & Fejerskov, 1990). In contrast Frank, Steuer &
Hemmerle (1989) found no gradient in the surface layer, but identified one in the deeper

layers of advanced caries lesions.

Carious lesions tend to have a more densely mineralised surface layer which is also much
thicker than that present in normal cementum (Furseth & Johansen, 1968, Hals & Selvig,
1977, Phankosol et al., 1985 and Nyvad & Fejerskov, 1990). Carious cementum viewed
in transverse section also has alternating bands of mineralised and demineralised tissue
(Furseth & Johansen, 1968) which is due to alternating periods of de- and
remineralisation (Furseth and Johansen, 1968 and 1970 and Phankosol ef al., 1985). The
collagen fibres which comprise much of the organic matrix of the tooth root structure
would appear to be unaffected (or, at worst, only minimally affected) at this stage in the
development of a root surface caries lesion (Furseth, 1971 and Nyvad & Fejerskov,
1990). Along with the process of demineralisation members of the bacterial plaque
invade the lesion, initially along the calcified bundles of collagen fibre in the cementum

(Frank, Steuer & Hemmerle, 1989 and Nyvad & Fejerskov, 1987b and 1990).

Initially a root surface caries lesion appears as an area of demineralisation of the cemental
layer, but without treatment it soon progresses into the dentinal structure to form an
advanced lesion (Brown, Billings & Kaster, 1986). The mineral content of the
hydroxyapatite crystals in dentine continues to be lost as advanced caries lesions develop.
The crystals appear to be granular and irregularly scattered in later lesions (Ohgushi &

Fusayama, 1975). Moreover the dentinal tubular matrix is destroyed and the collagenous

58



component degraded, although there is a zone of hypermineralisation at the advancing
front of the lesion (Frank, Stcmler & Hemmerle, 1989, Levine, 1974 and Westbrook et
al., 1974). Under experimental conditions advanced lesions have been observed to
extend for up to 240um into the dentine after one month of in situ exposure and up to
630um after three months (Nyvad, ten Cate & Fejerskov, 1989). Advanced caries lesions
can involve cavitation of the root surface; to the naked eye they appear to be discoloured
(brown or black) and have a distinctive ‘leathery’ texture that can be felt upon
examination with a dental probe (Lynch and Beighton, 1994). Bacteria have been
observed invading the dentinal tubules surrounding lesions and spreading towards the

dental pulp cavity (Schipbach, Guggenheim & Lutz, 1990).

If a root surface caries lesion is treated before cavitation occurs, it is possible to arrest its
progress (Nyvad & Fejerskov, 1986) and perhaps even encourage remineralisation
(Schipbach, Lutz & Guggenheim, 1992). Schiipbach, Lutz & Guggenheim (1992)
postulated that the arrestment of root surface caries lesions occurred via a number of
steps; firstly an inner barrier forms which prevents diffusion of substrates from the pulp
to invading bacteria, secondly a hypermineralised outer barrier forms which prevents
bacterial products from diffusing into the dentine and thirdly a layer of remineralisation
develops progressively from the outer barrier towards the pulp. This report noted that
intertubular dentine was fully mineralised and that the dentinal tubules had become
sclerosed, with some still containing the outlines of mineralised bacterial cells. The
crystals which form the inorganic matrix of arrested caries lesions were noted to be very
similar in shape and size to those of non-carious dentine (Daculsi ef al., 1979). However
for remineralisation of a root surface lesion to occur it would seem that the collagen

matrix must be largely intact to provide points for crystal growth (Klont, 1990).

59



14 Current and potential model systems available for the study of root

surface caries
14.1 Introduction
There are a variety of different model systems available which can be used to study
human root surface caries. These include in vivo studies in which the epidemiology,
bacteriology and histology of root surface caries lesions are examined, in situ models,
experimental animal systems and in vitro experiments that investigate the effect of
organic acids or bacterial acids and enzyme products on the root structure. Finally in
vitro bacterial model systems have been developed which attempt to simulate the oral
environment to some degree i.e. ‘artificial mouths’. Each of these model systems has
advantages and disadvantages related to ease of use and expense together with its degree

of ‘relatedness’ to naturally occurring root surface caries.

142 In vivo studies
In vivo studies, which encompass the epidemiology, bacteriology and histology of root
surface caries development were reviewed in section 1.3. Since these studies investigate
naturally occurring carious lesions they are by definition closely ‘related’ to the disease in
humans. The results of these studies have shown how widespread root surface caries is in
selected populations (Fejerskov ef al., 1991) and have identified the individual groups
most likely to be affected (Fure & Zickert, 1990b). In addition such data can give an
indication of the bacterial species most commonly associated with root surface caries
(Bowden et al., 1990) and can also reveal the structural changes that occur in the carious
root lesion (Schiipbach, Guggenheim & Lutz, 1990 and Schiipbach, Lutz &

Guggenheim, 1992). However, although these studies give closely ‘related’ data, they

have a number of potential drawbacks. Firstly, for statistically robust data to be
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generated it is preferable to have the largest sample population possible. Secondly, long-
term longitudinal studies provide more detailed information than cross-sectional ones but
require substantial resources due to repeated sample collection. Finally, it is difficult to
control the processes which occur intra-orally over a period of time; for instance the oral
microflora is known to differ between individuals and over time within the same
individual (Nyvad & Kilian, 1990 and 1987), dietary intake can vary from day-to-day and
salivary flow rate can also fluctuate. Therefore a variety of approaches to tackle these

problems have been made and these are discussed below.

1.4.3 In situ model systems

Several studies have looked at in situ root surface caries development by embedding
either native human tooth root sections (Nyvad & Kilian, 1987 and 1990) or
demineralised bovine dentine sections (van Strijp ef al., 1994) in dental appliances. The
dental appliances were then wom intra-orally by volunteers for varying periods of time
and the microflora characterised and enumerated. In addition the degree of structural

degradation of the dentine sections was determined for the longer term experiments.

In one study the number of bacteria colonising root surfaces exposed to the oral
environment for 24hr was 10’ per 0.024cm’ (Nyvad & Kilian, 1987), with S. mitis
tending to be the i)redominant gram positive coccus present (a mean of 24 - 42% of the
total). However the proportions of S. mitis declined over 24hr, whereas S. oralis, which
was found in lower proportions (up to 27% of the total), increased significantly during
the same period. Actinomyces were found to adsorb to the root surfaces within the first
4hr of the experiment but did not increase in proportions until about 12hr into the

experiment, when they comprised 1% of the total. In 1990 Nyvad & Kilian reported on
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the microflora present on bacterial roots mounted in dental appliances which had been
exposed to the oral environment for 3 months and found a high degree of mineral loss
with the overlying plaque being dominated by either 4. viscosus (up to 82% of the total
cultivable flora) or a combination of mutans streptococci and lactobacilli (up to about
76% of the total cultivable flora). Root surfaces which exhibited a less pronounced

demineralisation were colonised with a wider range of micro-organisms.

Rather than examine the effect of oral bacteria upon whole dentine, van Strijp et al.
(1994) examined the ability of oral micro-organisms to colonise and degrade the
demineralised matrix of bovine dentine mounted in an intra-oral appliance. This study
found that a range of streptococci, lactobacilli, actinomyces, veillonellae and gram
negative rods colonised the demineralised dentine over a period of 7 weeks. However,
the plaques which had the greatest degradative capability tended to be dominated by
S. mitis, Peptostreptococcus productus and Veillonellaparvula, although the proportions

of these varied.

Thus in situ model systems can provide information upon the bacterial colonisation of
root (or other tooth) surfaces and also about the ability of the colonising plaque bacteria
to degrade the tooth structure. However, such studies do not provide comparative data
concerning the ability of individual bacterial species to cause degradation, nor do they
give any data concerning the biochemical changes that take place; i.e. the identity,
quantity and rate of ions released and the enzymes involved in protein degradation. /n
situ model systems also suffer to some extent from the drawbacks mentioned for in vivo

studies (e.g. difficulties in controlling the intra-oral experimental conditions).

62



1.4.4 Experimental animal model systems

Model systems which employ laboratory animals have been used to investigate both the
ability of selected oral organisms to colonise tooth surfaces and to induce caries and
periodontal disease. It is possible that a model system using gnotobiotic laboratory
animals could be developed to study root surface caries in the absence of periodontal
disease to compare the ability of human oral bacterial species to induce disease. However
a number of technical problems would require to be solved; such as a method of
reproducibly exposing root surfaces without stressing the experimental animals to such
an extent that their habits were to change significantly and their dietary intake affected.
Nevertheless, the data provided by the current experimental laboratory animal models do
give some useful insights into the relative cariogenic activities of different oral bacterial

species, even if the data do relate more to coronal/ fissure caries than root surface caries.

In the oral environment it is essential for a potential pathogen to invade and colonise the
existing plaque successfully before it can produce caries. Beckers & van der Hoeven
(1982) examined the ability of Actinomyces viscosus and Streptococcus mutans to
colonise the dental plaque of rats and found that the S. mutans viable counts decreased
slightly for the first 6 - 24hr and then steadily increased over the remaining 14 days.
However, two strains of S. mutans were employed and one (T2) had no apparent effect
upon the indigenous oral flora whilst the other (C67-1) appeared to compete actively and
reduce the numbers of indigenous bacteria. The doubling time for both of the strains
during the first 24 hours were approximately 5 hours. Actinomyces viscosus also showed
an initial drop in viable counts over the first 6 hours followed by a rapid increase,
although its doubling time at approximately 7.3 hours was slower than the S. mutans

strains. No competitive effect between the test strain of 4. viscosus and the indigenous
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bacterial flora was noted. In 1984 Beckers & van der Hoeven examined the effects of S.
mutans and A. viscosus upon one another in gnotobiotic rats and found no competitive

effect between the two.

A number of papers have investigated the ability of various bacterial strains to induce
(coronal) caries when inoculated into laboratory rodents. De Soet et al. (1991) infected
gnotobiotic laboratory rats, that received a diet containing 20% sucrose and 5% glucose,
with S. mutans and S. sobrinus freshly isolated from the human mouth. No significant
difference was found between the colonisation activity of the two species, but
S. sobrinus caused a significantly higher number of advanced dentinal lesions than
S. mutans, although there was no difference between the two species for less severe
forms of coronal caries. The ability of various oral streptococcal species both to colonise
a glass surface and to induce dental caries in rats have been the subject of an
investigation by Willcox, Drucker & Hillier, (1988). Mutans streptococci (S. mutans,
S. sobrinus, S. rattus and S. cricetus) were found to have the greatest ability to induce
fissure caries, whilst S. Jactis had the least. Streptococcus salivarius had the next
greatest relationship with fissure caries after mutans streptococci, followed by S. milleri,
then S. sanguis, S. faecalis (now renamed Enterococcus faecalis) and finally S. mitis. In
1991 Willcox ef al. compared the characteristics of S. vestibularis with S. salivarius
using the same techniques as described in Willcox, Drucker & Hillier (1988). All
S. vestibularis strains were capable of producing limited caries in fissures whilst
S. salivarius produced many more caries lesions. The abilities of either species to adhere
to sucrose coated hydroxyapatite or to buccal epithelial cells were approximately equal,
neither sucrose nor saliva particularly increased aggregation of the two test species

although S. salivarius was much more hydrophobic.



The lactobacilli adhere poorly to oral surfaces (Marsh & Martin, 1992) and this may
affect determination of their in vivo cariogenic ability. However, Fitzgerald et al. (1980)
inoculated hamsters with fifty different strains of lactobacilli (isolated from school
children) and found that 3 strains (2 provisionally identified as L. salivarius and one as
L. fermentum) had significant cariogenic activity. In addition it was found that sucrose
but not glucose or starch was a prerequisite for cariogenicity, although the 3 cariogenic
lactobacillus strains failed to form adherent plaques in the presence of sucrose in vitro.
Actinomyces species have been inoculated into both hamsters and rats with the intention
of studying periodontal disease (Jordan & Keyes, 1964). Human isolates of actinomyces
(including A. viscosus) inoculated into gnotobiotic rats were found to induce the
symptoms of gingivitis and periodontitis and in addition they were found to produce root

surface caries lesions (Jordan, Keyes & Bellack, 1972).

Thus model systems which employ experimental animals have been used to provide
information on the cariogenic properties of different bacterial species. However, the
experiments generally aimed to investigate coronal caries and only recorded root caries
when the bacteria succeeded in inducing sufficient destruction of the gingivae to expose
the tooth roots. The use of experimental animals can overcome some of the problems
associated with controlling dietary intake and the effect of a competitive plaque
microflora if gnotobiotic animals are used. However, it is still difficult to investigate and
quantify the biochemical processes taking place because the complex composition of
saliva and the variability of salivary flow rate can compromise biochemical investigations
of the products released from the roots during the development of disease. Moreover,
the oral environment of laboratory animals and their tooth structure tends to be different

from humans which can make it difficult to extrapolate any data gathered using animals.
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Due to the problems associated with in vivo and in situ model systems, involving either
humans or laboratory animals, some researchers have turned to using a variety of in vitro

model systems.

1.4.5 In vitro chemical model systems

Rather than employing bacterial populations, some in vitro studies have used bacteria-
free chemicals i.e. organic acids and/ or purified proteolytic enzymes. Some of those
investigations have attempted to elucidate the rate at which root mineral dissolves under
defined conditions, whilst others have tried to explore the degradation of the organic
components. The effect of various compounds (mostly containing fluoride) upon the
demineralisation and remineralisation of root surfaces has also been explored in
chemical-based model systems. The events that occur in a chemical-based in vitro system
can be analysed by x-ray microradiography or by chemical analysis. In other words the
structure or degree of mineralisation of the tooth root can be examined before and after
the experiment and the fluid phase of the system can be sampled before and after the

experiment to determine changes in chemical composition.

Studies which measured caries progress by microradiography Hoppenbrouwers,

Driessens & Borggreven (1986 and 1987) examined the rate at which mineral was lost
from roots when they were exposed to solutions containing varying calcium and
phosphate ion concentrations at pH 5.0 (1986) or pH 5.0, 5.5, 6.0 and 6.5 (1987). The
results of both studies indicated that the threshold pH for dissolution of the mineral
structure of human tooth roots was in the region of pH 6.7. Another study which
employed a relatively large volume of demineralising buffer was that of Herkstroter,

Witjes & Arends (1991) who found that during cycled exposure to de- and re-
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mineralising solutions, the total exposure time to the demineralising solution had a direct
correlation with mineral loss from root structure. However, the presence or absence of
an intact surface layer on the root dentine was found to have a significant effect upon
overall demineralisation; root dentine which had been abraded and lost its surface layer
was found to lose about twice as much mineral compared with that which had simply

been polished (approximately 0.12kg/m’ versus 0.06kg/m” respectively).

Rather than using a relatively large volume of demineralising buffer, as described above,
some workers have opted to use an acidiﬁed gel to generate the root surface lesions.
Phankosol et al. (1985) found that when exposed to a gelatin gel containing 1M acetic
acid at pH 4.5, none of the human tooth root sections developed cavitated lesions
although all lesions had a ‘saucer shaped’ appearance. Also almost half of the lesions
were found to have a radiopaque surface layer (i.e. a surface layer which was
hypermineralised with respect to the body of the lesion) which was thought to be
reprecipitation of mineral solubilised from the deeper areas of the lesion; the collagen
structure appeared to be unaffected. Feagin ef al. (1987) also employed an acidified
gelatin gel system which contained 75mM lactic acid and 25mM acetic acid, although in
contrast to Phankosol ef al. (1985) the buffer also contained calcium, phosphate and
sodium flyoride at concentrations of 1, 0.6 and 0.05SmM respectively. This study found
that root surface caries lesions had progressed to a depth of 20um at 1hr and 245um at

528hr.

The effect of fluoride upon root surface caries lesion progression has also been
investigated. Al-Joburi & Koulourides (1984), when they reacted human tooth root

surfaces with demineralising buffer containing 0.01M lactic acid, 3mM calcium, 1.8mM
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phosphate and 1% carboxymethylcellulose, found lthat when the surface layer was
removed by planing with a curette the lesion depth was significantly greater than when
the surface was largely intact. Herkstroter, Witjes & Arends (1991) reported similar
results. Treatment of the planed root surfaces with various topical fluoride preparations
(for 3min at t = 0, 3, 6 and 9 days) led to the formation of a thick densely mineralised
layer overlying the body of the lesion. When demineralised root sections were treated
with a toothpaste containing monofluorophosphate (m.fp.) or a placebo paste for five
minutes twice a day and then immersed in a remineralising solution between treatments, a
significant degree of remineralisation was found to occur (Mellberg & Sanchez, 1986).
However, the pattern of mineral deposition appeared to vary between the two
treatments, with the placebo treated lesions showing even remineralisation whilst the
fluoride treated lesions showed remineralisation of the body of the lesion with a more
densely mineralised outer surface layer. Moreover it was found, by Almqvist and
Lagerlof (1993), that mineral loss from root blocks was slowed by fluoride

concentrations of between 0.02 and 0.2p.p.m. but not by 2p.p.m. fluoride.

Studies which measured caries progress by chemical analysis Instead of employing

microradiography, root surface caries can be analysed by examining the demineralisation/
remineralisation buffer solution for specific chemicals liberated during the experiment.
Some studies have determined the release of calcium and phosphate ions from root
mineral, whilst others have sought the breakdown products from the organic matrix e.g.
collagen, collagen subunits and non-collagenous proteins. As is the case with
microradiographic analyses, the effect of fluoride ion.upon the dissolution of mineral

from root has usually been part of the experimental protocol.
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Boonstra, ten Bosch & Arends (1988) and (1990) reported the results of studies into the
rate of demineralisation of bovine dentine when exposed to a demineralising buffer of
acetic acid at either pH 4.5 or pH 5.0. The rate of demineralisation at pH 4.5 and 5.0 was
0.5 and 0.32mmol Ca®/cm’ dentine/week respectively and 0.31 compared with
0.1832mmol PO,*/cm® dentine/week (Boonstra, ten Bosch & Arends, 1988), which
yielded a molar Ca:P ratio of 1.74 (+0.07) at both of the pH values employed. Similar
molar Ca:P ratios were also reported in a further series of experiments described by
Boonstra, ten Bosch & Arends (1990) ranging from 1.60 (+0.04) at pH 4.5 to 1.83
(+0.08) at pH 5.0. A maximum of 614pmol calcium ions per cm’ and 383pumol
phosphate ions per cm’ was dissolved from dentine at pH 4.5. Demineralising buffer at

pH 4.5 caused greater demineralisation than buffer at pH 5.0.

Feagin et al. (1987) applied an acidified gel of pH 4.4, containing 25mM acetic acid and
75mM lactic acid, to tooth root surfaces. After 1hr the calcium ion concentration
increased from 1.0 to 1.04mM and the phosphate from 0.6 to 1.02mM, whilst at 22d the
concentrations had increased to 5.8mM and 3.6mM respectively. Taking into account the
buffer volume (0.1ml) and the exposed root surface area (0.15 - 0.22mm?), the data
indicate that a total of 2.4pumol calcium/cm’ exposed root and 1.5umol phosphate/cm’
was released in 22 days. The molar Ca:P ratio was 1.6 - very close to that determined by
Boonstra, ten Bosch & Arends (1988) and (1990). The good agreement between the
Ca:P ratios determined by these studies suggests that the differences in total calcium and
phosphate ion concentrations are likely to be a result of the experimental design, since
Boonstra, ten Bosch & Arends (1988) and (1990) used a buffer volume of 100ml per
cm’ exposed dentine whereas Feagin ef al. (1987) made use of approximately 0.5ml of

buffer per cm” exposed root surface.
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Protein degradation of the root matrix can be divided into breakdown/ loss of (i) the
_collagenous matrix and (ii) the non-collagenous proteins (n.c.p.). Klont, Damen & ten
Cate (1991) reported that when demineralised root powder was exposed to either an
acidic or neutral buffer, collagen was released from the root matrix into both of the
buffers although at a greater rate and to a greater final concentration in the acidic buffer.
In addition, greater amounts of collagen were released when the ionic strength of the
demineralising buffers was increased. In 1991 Klont & ten Cate found that the amount of
degradable collagen in bovine tooth root sections exposed to demineralising buffer
increased proportionally to the amount of calcium released, up to a ceiling of between 80
and 100pmol calcium released/cm® exposed root surface. The results of the study
suggested that the degree of demineralisation of the rcot would have an impact upon the
ease with which collagen could be degraded; i.e. collagen in completely demineralised
regions would be more easily degraded than that in partially demineralised areas.
However Boonstra, ten Bosch & Arends (1990) could not detect collagen released from
dentine exposed to demineralising conditions, although 50% or more of the non-

collagenous proteins were found to have been removed from the dentine.

In vitro model systems which employ chemicals rather than bacteria supply invaluable
data about the rate of mineral and protein loss from the tooth root structure. These
model systems can be controlled to some extent since it is possible to introduce pure,
specific chemicals into the system and to determine their effect without fear of
interference from other factors, such as saliva, salivary flow rate and diet. In addition the
analyses of samples from these systems are relatively straightforward since there will be
little contamination by human secretions or bacterial metabolites. However, although

control of external environmental factors is possible with these in vitro model systems,
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natural variation in the tooth root structure could confound the results of experiments
using this type of model system just as with in situ or experimental animal models.
Moreover, a major disadvantage of these in vifro model systems is that the experimental
conditions tend to be relatively static and the complex interactions that occur in vivo

cannot be simulated reducing their ‘relatedness’ to the in sifu environment.

1.4.6 In vitro biological model systems

Various attempts have been made to elucidate the cariogenicity of micro-organisms
inhabiting dental plaque. Some studies have explored the ability of micro-organisms to
produce acids, alter pH or to produce proteases under defined conditions. The
cariogenicity of some oral bacteria has also been ascertained by determining the rate at
which they cause demineralisation - estimated either by chemical means or by

microradiography.

The determination of bacterial cariogenicity by the measurement of acid and/ or protease

production Studies have attempted to determine the cariogenicity of oral plaque micro-
organisms by examining the amount of acid or pH change that they produce under
specified conditions. De Soet, Toors & de Graaff (1989) compared the abilities of a
range of oral streptococci to liberate acids from glucose at predetermined pH values.
Streptococcus sobrinus was found to be capable of producing much more acid than other
streptococcal species at low pH (as low as pH 5.5), suggesting that it may have an
important role in cariogenesis. However, in contrast to this, Homer, Patel & Beighton
(1993) compared the ability of strains of S. mutans and S. sobrinus to ferment glucose in
the presence of N-acetylglucosamine, which is naturally present in human saliva, and

found that the ability of S. sobrinus to ferment glucose was inhibited to a marked degree
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by this compound. Furthermore, Sansone et al. (1993) found that the non-mutans
streptococci present in plaque capable of acidogenesis at low pH also had a weak
positive correlation with root surface caries. Wijeyeweera & Kleinberg (1989) also
reported that non-mutans streptococci (e.g. S. sanguis and E. faecalis) were capable of
producing a pH reduction to match that of S. mmutans, although the picture was
somewhat confused by the fact that different strains of the same species (both of

S. mutans and of S. sanguis) had different pH lowering capacities.

The acidogenicity of various Actinomyces species has also been explored in an attempt to
determine their cariogenic potential. Wijeyweera & Kleinberg (1989) reported that
A. viscosus was responsible for much less of a pH reduction than 4. odontolyticus,
A. israelii or A. naeslundii. In contrast Komiyama, Khandelwal & Duncan (1986),
Komiyama, Khandelwal & Heinrich (1988) and Komiyama & Khandelwal (1992) in a
number of studies examined the ability of freshly isolated 4. viscosus and A. naeslundii
to synthesise and degrade glycogen - an intracellular carbohydrate source. Actinonyces
viscosus isolated from carious root surface plaque had a greater ability to convert
radiolabelled glucose to glycogen than either 4. viscosus from non-carious plaque or
A. naeslundii from carious and non-carious plaque. Furthermore, when starved, strains
isolated from carious plaque continued to degrade stored intra-cellular glycogen for a
longer period than those isolated from non-carious plaque even when the pH was as low
as pH 4.5. This indicates that these organisms will be able to continue to metabolise and
to excrete acids for an extended period even though the plaque pH is very low. In
addition bicarbonate, which is present in saliva (Shellis, 1978), was shown to increase the

acid production of Actinomyces viscosus (Takahashi & Yamada, 1992).
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Few investigations have studied the ability of Lactobacillus species to lower pH,
although those which did (e.g. Wijeyeweera & Kleinberg, 1989) showed that lactobacilli
were generally very effective at reducing the pH in response to glucose exposure.
Lactobacillus salivarius, L. casei and L. acidophilus were all found to be able to reduce
the pH of the culture medium to a greater extent than any of the S. mutans strains tested.
However, Sansone ef al. (1993) found that the proportions of lactobacilli in carious

plaque tended to be low.

In the case of root surface caries, it would seem likely that the ability to degrade collagen
is also an important factor in the cariogenic potential of a plaque, since cavitation
involves the eventual loss of both organic and inorganic matrix. In addition the micro-
organisms present within plaque may be able to gain an extra energy source when food is
scarce by hydrolysing proteins present in saliva and gingival crevicular fluid (Homer &
Beighton, 1992). Dental plaque is known to have proteolytic activity in general (Soder
& Frostell, 1966) and also specific collagenolytic activity (Loesche et al., 1974). Of the
micro-organisms which inhabit plaque, Strepfococcus species (including S. mutans) are
capable of proteolysis, although both S. oralis and S. sanguis have greater activity than
mutans streptococci (Homer, Whiley & Beighton, 1990). Knuuttila & Mikinen (1981)
reported that after 18 months’ exposure of S. mutans to xylitol (a carbohydrate source
which it is incapable of metabolising), the ability of this species to hydrolyse various
proteins was significantly increased. It was presumed that the organism was utilising
proteins as both a carbon and nitrogen source. Other organisms which inhabit the oral
cavity and exhibit proteolytic activity include Candida albicans (Hagihara et al., 1988),
Bacteroides (Prevotella) melaninogenicus and Clostridium histolyticum (Loesche et al.,

1974) and Porphyromonas gingivalis (Homer & Beighton, 1992).
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The determination of bacterial cariogenicity by the chemical measurement of mineral

dissolution It is also possible to measure the amount of mineral released in response to
bacterial activity as either a supplement or an alternative to measuring the amount of
metabolic products excreted by bacteria. Both Chestnutt, MacFarlane & Stephen (1994)
and Reynolds & Riley (1981) have used this approach to examine the cariogenicity of
streptococcal species. Reynolds & Riley exposed hydroxyapatite powder to S. mutans in
the presence of sucrose at varying concentrations and found that the saturating
concentration of sucrose was 2mM. Chestnutt, MacFarlane & Stephen (1994) employed
a similar technique, but widened their study to incorporate other strains of streptococci.
Mutans streptococci (S. mutans and S. sobrinus) had the greatest cariogenic potential, in

terms of calcium released from hydroxyapatite powder.

The determination of bacterial cariogenicity by microradiographic measurement of

mineral dissolution A third alternative method for exploring the cariogenicity of plaque
micro-organisms is to expose root sections to cultures of bacteria for a period of time
and then to measure the change in mineralisation in any lesions produced using
microradiography. A number of studies have adopted this technique to examine the root
surface caries-inducing potential of selected human plaque bacteria that have been
strongly implicated in caries. Clarkson, Wefel & Miller (1984) coated human tooth root
molars with varnish such that only a small window of root surface was exposed to
S. mutans in a gel matrix containing dextrose. In later experiments S. mutans or
A. viscosus in broth containing sucrose alone, sucrose + starch, sucrose + starch +
amylase or sucrose + amylase were tested (Clarkson ef al., 1987). At the end of the
exposure period the root sections were examined by microradiography. The lesions

produced by both S. mutans and A. viscosus were similar to natural dentine lesions,
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although there were differences in lesion depth depending upon growth substrate.
Streptococcus mutans caused deeper lesions than A. viscosus when the substrate was
sucrose. (In contrast when the substrate was sucrose + starch, A. viscosus caused the
deeper lesions. Furthermore, in the gel based system (Clarkson, Wefel & Miller, 1984)
the lesions were found to be of the ‘sub-surface’ type which is analogous to the type of
root caries lesion most commonly found in vivo (Wefel, Clarkson & Heilman, 1985). In
the broth-based system (Clarkson et al., 1987) A. viscosus reduced the pH further than
S. mutans did and also produced deeper lesions when the carbohydrate source was
mixed. Similarly, Firestone et al. (1993) found root surface caries to progress more
rapidly with A. viscosus than with S. sobrinus when either glucose or sucrose was
present as the carbohydrate source. In addition A. viscosus cells were observed to invade
the carious root structure whilst S. sobrinus did not. However Kaufman, Pollock &
Gwinnett (1988) found that S. mutans caused greater demineralisation of exposed root

sections than L. casei whilst A. viscosus was responsible for least.

In summary, in vitro biological model systems have provided useful information
concerning the relative cariogenic properties of a range of bacterial species which would
have been exceedingly difficult to collect by means of in situ studies. For example
Streptococcus species, Lactobacillus species and Actinomyces species when examined in
monoculture all possessed the ability to generate sufficient acid from carbohydrate to
dissolve hydroxyapatite powder, but a number of external factors affects their relative
cariogenicity, e.g. Actinomyces species were capable of storing carbohydrate as
intracellular glycogen and also of utilising starch to a much greater extent than mutans
streptococci, which might be an advantage in producing dental caries in the oral

environment. Moreover, the relative abilities of various micro-organisms to degrade
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collagen have also been reported and whilst the majority of oral species examined would
appear to have proteolytic capabilities, a much more restricted range of micro-organisms
possess specific collagenolytic activity. However, although in vitro model systems of this
sort have an advantage over in situ studies in the degree of control over external factors,
it is possible that unexpected or as yet unknown synergistic or competitive interactions
between organisms may have an impact upon their cariogenic properties. Thus some
researchers have attempted to mimic the oral environment to some degree in vitro by

building a ‘model mouth’, which is described in the following section.

1.4.7 In vitro ‘model mouth’ systems

An in vitro model system which mimics the oral environment - a ‘model mouth’ or
‘artificial mouth’ - has been developed by a number of researchers. In this model a
bacterial plaque is grown upon a hard surface in a laboratory environment under
controlled conditions. An in vitro ‘model mouth’ has been used to develop carious
lesions in dental enamel (Sorvari, Spets-Happonen & Luoma, 1994) but as yet no reports
appear to be available of a ‘model mouth’ being employed in the study of root surface

caries.

Much work on the development and applications of the in vifro ‘model mouth’ has been
performed by Donoghue & Perrons (1988) and (1991), Donoghue, Perrons & Hudson
(1985), Hudson, Donoghue & Perrons (1986) and Perrons & Donoghue (1988). The
‘model mouth® system employed by these workers consisted of a sterile tooth assembly
suspended beneath a nutrient inlet port within an incubation chamber which could be
maintained at a preselected temperature. Bacterial cultures were inoculated to the tooth

surface and then a nutrient supply was dripped onto the tooth assembly from the inlet
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port (Hudson, Donoighue & Perrons, 1986). The resultant bacterial plaque which
developed upon the tooth surface was analysed in various ways depending upon the aims
of the experiment. An earlier but comparable in vitro ‘model mouth’ system was

described by Dibdin, Shellis & Wilson (1976).

The model mouth system described above has been used to study the effect of
environment upon selected oral bacteria and vice versa. Donoghue, Perrons & Hudson
(1985) studied the effect of salivary components upon the interaction between two
species of streptococcus; S. rattus and S. mitior’. It was found that, supplementing the
nutrient supply with catalase or lactoperoxidase altered the balance of the two organisms
in mixed plaque; both enzymes increased the relative proportions of S. rattus, although
lactoperoxidase caused a reduction in the total viable count. In addition Donoghue &
Perrons (1991) explored the ability of pre-formed plaques to resist colonisation by an
invading organism when supplied with different nutrients. Colonisation of the tooth
surface by S. mutans was reported to be 50-fold enhanced by glucose supplementation
and 200-fold by sucrose supplementation of the growth medium. Furthermore, Hudson,
Donoghue & Perrons (1986) reported that S. rattus, when supplied with glucose for 1hr
at Shr intervals, caused a progressive decrease in plaque pH; from pH 7 at baseline to pH
5.95 at 48hr, whilst “S. mitior’, under identical conditions caused a decrease from pH

6.40 to pH 5.35.

An in vitro ‘model mouth’ system which used the same principle as the studies described
above, but which was constructed differently, was developed by Noorda et al. (1985). In
this system up to 12 tooth sections were attached to the upper surface of a disc-shaped

sample holder platform. The sample holder platform was rotated intermittently by a
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motor which brought each tooth section to rest for a short period of time beneath a
media inlet port to allow medium to be supplied to the growing bacterial plaque.
Pumping of growth medium to the inlet port was synchronised with stopping of the
sample holder. This ‘model mouth’ system was found to be capable of growing bacterial
plaques and also producing demineralisation of human enamel slabs. Zampatti, Roques &
Michel (1994) used a modification of this model system (the tooth sections were
stationary and each had its own medium inlet port) to study the effect of antiplaque

agents upon the formation of dental plaque.

A more sophisticated in vitro ‘model mouth’ system was developed by Sorvari, Spets-
Happonen & Luoma (1994). This study literally attempted to recreate a mouth by
embedding sections of bovine teeth in the teeth of a plastic denture and then submerging
the denture in artificial saliva. The system was inoculated with S. mutans and supplied
with sucrose to a final concentration of 3%. The physical movement of the human mouth
and tongue were also mimicked in this model system and the main purpose of this study
was to determine the effect of fluoride and chlorhexidine varnishes upon carious lesion
formation. The results suggested that each alone could reduce the amount of
demineralisation of the enamel by the plaque and that the two substances could also act

synergistically.

Each of the in vitro ‘model mouth’ systems described above has been employed for the
production of bacterial plaques upon tooth surfaces, for the development of artificial
caries lesions and for the determination of the effect of antibacterial and fluoride upon
plaque and lesions development. However, all of the studies made use of human or

bovine enamel as their sample tooth surfaces; none employed human root surfaces.
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Therefore, although this type of model system has potential for use in the study of root
surface caries, as yet no experiments appear to have been reported in the scientific

literature.

In vitro ‘model mouth’ systems have been developed in which plaques of oral organisms
can be produced reproducibly and to generate carious lesions in exposed tooth enamel
samples. The ‘model mouth’ system is attractive because, in general, it offers some of the
advantages of in vitro systems such as the ability to control external variables and also
collect samples for biochemical analysis to an extent not possible in in situ studies.
However, ‘model mouth’ systems are technically more demanding than simple test-tube
based in vitro models because of their increased sophistication, many parts require to be
assembled and maintained in sterile conditions. These models are also more difficult to
control and since all of the models described involved medium being dripped onto the
sample there may be differential rates of bacterial removall from the sample due to

differences in the adhesive abilities of different species (Fitzgerald et al., 1980).

15 Summary of literature review

Root surface caries can be defined as a carious lesion which is wholly or largely confined
to the tooth root surface and root surfaces exposed to the oral environment are
commonly a prerequisite for its development (Katz, 1980). Although the data can be
variable depending upon the population sampled, the general consensus is that at least
some members of any population with a natural dentition will have experienced root
surface caries and that it is more prevalent in the elderly than the young (Fure & Zickert,
1990b). Increased retention of a natural dentition by elderly people means that root

surface caries is likely to become more prevalent (Thomson, 1990).
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A wide range of bacterial species has been found to be associated with non-carious and
carious plaques and also with carious dentine. Although various species found in carious
plaque and dentine have been associated with the development of root surface caries,
three groups of bacteria have been more commonly implicated in the development of the
disease than the others; Actinomyces species, the mutans streptococci and Lactobacillus
species (Bowden, 1990). However, the relative cariogenicity of each of the three groups
is uncertain, and although Actinomyces species (particularly A. viscosus) are generally
the predominant organisms in plaques their proportions can be slightly lower in plaques
associated with carious lesions (Fure et al., 1987). Mutans streptococci generally form a
smaller proportion of the total viable bacterial count than A. viscosus, whilst
Lactobacillus species often amount to barely 1% of the total viable count in carious
plaque. However mutans streptococci and lactobacillus species have been found to be
significantly associated with the development of root surface caries. All three groups of
bacteria are capable of producing coronal caries in laboratory animals (section 1.4.4) and
of generating a sufficient pH drop when supplied with sucrose in vitro to cause

dissolution of a mineral source (section 1.4.6).

Human tooth root mineral is known to be soluble at pHs close to neutrality
(Hoppenbrouwers, Driessens & Borggreven, 1986 and 1987). Furthermore, dental caries
lesions can be arrested by fluoride and by antibacterial therapy (Sorvari, Spets-Happonen
& Luoma, 1994). However, little is known about the dissolution rates of the human
tooth root structure in response to acids produced by the bacterial species associated
with the disease or about the order in which the structural components are lost. Natural
tooth root caries lesions develop either as subsurface lesions where a region of

demineralised dentine is overlaid by a layer of hypermineralisation (Nyvad & Fejerskov,
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1990), or as an erosive lesion in which the root structure is degraded and cavitation
occurs. In addition bacterial cells have been observed to progressively colonise the
dentinal tubules of root dentine and to advance along them as the lesions develop
(Schiipbach, Guggenheim & Lutz, 1990) . However, little is known about human root
surface caries lesion development in response to challenge by different oral bacteria or

about the abilities of the different bacteria to invade and degrade the root structure.

In an attempt to elucidate the relative cariogenic properties of the bacterial species found
in plaque and also to determine their effect upon degradation of the root stnicture a
variety of model systems have been devised. Potential model systems include in situ
models and a range of in vitro models (section 1.4) and each has its advantages and its
drawbacks, although all of them provide valuable information upon differing aspects of
the development of human root surface caries. However, it was felt that there could be
advantages to the development of a model system that might allow a range of bacterial

species to be screened at relatively low cost and relatively rapidly.

1.6 The aims of the project

The primary aim of the current study was, therefore, to develop a novel in vitro model
system for the growth of bacteria, which would be: simple, reproducible, relatively easy
to handle and permit the growth of a number of different species of oral bacteria both in
pure and in mixed culture. Furthermore the model system would allow for simple and
rapid collection of ‘fluid phase” samples, free from bacterial cells. The secondary aim was
to determine whether the new model system could be used to study the demineralisation

of human tooth root surfaces.
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Chapter 2 Preparation of bacterial cultures

2.1 Introduction

The identity of the bacterial species employed was confirmed by the same means
throughout the experiments described in the following chapters (3 - 5). Furthermore the
bacterial suspensions inoculated into the model systems were prepared in the same way
each time. Therefore it is simpler to describe here the identification and preparation
protocols employed and then to refer back to this chapter; this has the added merit of

reducing repetition. Aseptic technique was employed throughout the experiments

described in this thesis.
2.2 Materials and methods
221 The organisms emploved and verification of their identity

The bacterial strains employed in the experiments which follow were Strepfococcus
mutans NCTC 10449 (human isolate), Lactobacillus casei NCTC 6375 (source not given,
Snell & Strong, 1939) and Actinomyces viscosus NCTC 10951 (hamster). These were
supplied as freeze dried cultures in glass ampoules. The organisms were resuspended by
pipetting 0.1ml of fastidious anaerobe broth (F.A.B.)(LabM, Amersham, U.K.)(appendix
1) into one ampoule containing each organism. Once resuspended the contents of each
ampoule were transferred to separate Columbia blood agar (C.B.A.) plates (Gibco B.R.L,,
U.K.)(appendix 2) and smeared over the surface of the agar with a preflamed nichrome
inoculating loop. The blood agar plates were incubated at 37°C for 48hr in an anaerobic
incubator (Anaerobic workstation Mk. 3, Don Whitely Scientificc UK.) with an
atmosphere comprising 80% oxygen free nitrogen, 15% carbon dioxide and 5% hydrogen
(B.O.C. gases, UK.). Figure 2.1 shows the anaerobic incubator. In all of the experiments
in the following chapters ‘anaerobic incubation’ indicates incubation in this anaerobic
incubator containing the atmospheric

82



gases stated. One typical colony from each of the three cultures was then subcultured to
a blood agar plate to verify purity (i.e. homogeneous colony morphology). In addition a
colony from the §. mutans culture was inoculated onto Mitis Salivarius Bacitracin agar
(M.S.B.)(Difco Labs., U.S.A )(appendix 3) and a colony from the L. casei culture was
transferred to Rogosa agar (Difco Labs., U.S.A)(appendix 4). At the end of the

incubation period all of the plates were examined for purity and colonial morphology.

The growth obtained on the blood agar plates was used to confirm the identity of the
Type cultures as follows:-

(a) A colony was picked from the 24hr blood agar culture of each species and used to
prepare a Gram film (appendix 5), which was examined microscopically under oil at
1,000x magnification using an Olympus BH2 Microscope (Olympus, Japan) and Gurr
Microil immersion oil (BDH Chemicals Ltd., UK.).

(b) Proprietary biochemical identification systems were used:- api 20 STREP
(BioMérieux SA, France)(appendix 6) for S. mutans, and Minitek Anaerobe II (Becton
Dickinson, U.S.A.)(appendix 7) for L. casei and A. viscosus. The techniques employed
were as follows:-

(i) Streptococcus mutans. The blood agar bearing the 24hr S. mutans culture was
swabbed with a sterile cotton wool swab. The harvested bacteria were then transferred to
2ml of sterile distilled water in a sterile glass bijoux by rotating the swab against the
inside wall. Equal volumes (20ul) of this suspension were inoculated to each cupule of
an api 20 STREP identification strip. Each well contained a different metabolite
(appendix 6) and an indicator in powdered form (figure 2.2 shows an api 20 STREP
identification strip). The identification strip was incubated aerobically for 4hr at 37°C and

then the appropriate reagents were added to the cupules as specified in the
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manufacturer’s instructions. The result of each test was noted and the resulting code
interpreted with the aid of the manufacturer’s manuat.

(it) Lactobacillus casei and A. viscosus. Blood agar cultures (24hr) were swabbed with
sterile cotton wool swabs and the bacterial cells transferred to 1.5ml of sterile broth
(supplied by the manufacturer) by rotating the swab against the inner wall of the tube
using gentle pressure. Standard volumes of each species (50ul) were inoculated to all the
wells of a Minitek Anaerobe IT identification gallery, each of which contained a paper
disc impregnated with an individual metabolite and an indicator (appendix 7). The
galleries were incubated anaerobically for 48hr at 37°C and then the appropriate
disclosing reagents were added to the wells specified by the manufacturer. A positive or
negative result for each biochemical test was recorded on a result sheet and the resultant

code interpreted with the aid of the manufacturer’s manual to identify the organisms.

222 Criteria for the identification of bacterial species

(a) Streptococcus mutans:- Gram positive cocci that produced medium-sized (c. 3mm
diameter), white, rough and matt .colonies which appeared to be embedded in the blood
agar and small, dark-blue, rough and matt ‘embedded’ colonies on M.S.B. agar. In
addition an acceptable pattern of biochemical reactions according to the manufacturer’s
database was necessary.

(b) Lactobacillus casei:- Gram positive bacilli that produced large-sized (c. Smm), white,
smooth, glossy and domed colonies on blood agar and large creamy-white, smooth,
glossy and domed colonies on Rogosa agar. In addition an acceptable pattern of

biochemical reactions according to the manufacturer’s database was necessary.
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Figure 2.3 Flow diagram for confirmation of bacterial identity
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(c) Actinomyces viscosus.- Gram positive rods that produced small-sized (c. 2mm),
beige/white, smooth, glossy and domed colonies on blood agar and an acceptable pattern

of biochemical reactions according to the manufacturer’s database.

The identity of the three Type cultures was confirmed by these criteria.

Figure 2.3 shows the standard protocol for confirmation of bacterial identity. In general a
combination of Gram stain and colonial morphology on blood agar and on semi-selective
medium were employed to verify the identity of the three species during the experiments
detailed in the following chapters. Commercially available biochemical identification
systems were used only initially and thereafter at infrequent random intervals during the

experimental period due to the expense involved.

23 Storage of bacteria

Once the identity of the three type cultures had been confirmed, they were subcultured to
quadruplicate blood agar plates and incubated for 48hr at 37°C in an anaerobic
~ environment. After incubation, the Type cultures were stored using both ‘Protect’

Bacterial Preserver beads (Technical Service Consultants Ltd., UK.) and by freeze

drying:-
2.3.1 Protect beads

After incubating each species for 48hr, growth on 3 of the 4 blood agar plates was
harvested with sterile cotton wool swabs and transferred to the cryopreservative broth
supplied by the manufacturer by rotating the swab against the inside wall of the tube

whilst immersed in the cryopreservative broth. One blood agar culture from each species
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was inoculated to one tube of ‘Protect’ beads. The tubes were capped and inverted
several times to coat the beads with the bacterial cells. After 30s the excess broth was
removed and discarded. Two tubes of ‘Protect’ beads inoculated with each species were
stored at -30°C and these acted as the day-to-day ‘working’ stock of bacteria. The third

was stored at -70°C to act as a ‘reserve’ stock.

2.3.2 Freeze drying

At the end of the incubation period the fourth blood agar culture of each species was
swabbed with a sterile cotton wool swab. The harvested organisms were suspended in
separate 2ml volumes of anaerobic blood broth (A.B.B.)(Gibco B.R.L., U.K.)(appendix
8) supplemented with 33% foetal calf serum (F.C.S.) (Life Technologies, Gibco, UK.).
Fifty microlitre volumes of each bacterial suspension were added to sterile glass
ampoules, which were labelled with the name and identification code of the organism
inoculated. The ampoules were freeze dried at - 30°C in a Modulyo Freeze Dryer
(Edwards, UK.) according to the manufacturer’s instructions. Finally the evacuated
ampoules containing the freeze dried bacterial cultures were sealed and stored at room
temperature. The freeze dried cultures acted as an emergency reserve stock for use in the
event of a power failure that could lead to the loss of the frozen ‘Protect’ bead stocks.

This situation, however, did not occur.

24 Resuscitation of bacteria and preparation of initial inocula
2.4.1 Resuscitation of bacteria from ‘Protect’ beads

At the beginning of each experiment described in the following chapters, each of the
bacterial species used was resuscitated from the ‘Protect’ beads stored at -30°C. One of

the bacteria-coated beads was removed from the tube with a sterile nichrome inoculating
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loop and then gently smeared across the surface of a sterile blood agar plate to transfer

the bacterial inoculum. The culture was then incubated anaerobically at 37°C for 48hr.

2.4.2 Growth of bacterial cultures

Each of the three species, once resuscitated from ‘Protect’, was subcultured to four
blood agar plates and incubated anaerobically at 37°C for 48hr. Three of the blood agar
plates were used to prepare the bacterial inoculum for each experiment, whil_st the fourth
blood agar culture was used for quality control (section 2.2.2). After 48hr of incubation,
each of the three blood agar cultures was harvested with a sterile cotton wool swab, and
the bacteria transferred to 20ml of Todd-Hewitt Broth (T.H.B.)(Oxoid, Unipath Ltd.,
UK )appendix 9) in a sterile plastic container. The broth cultures were incubated
anaerobically at 37°C for 24hr. Three separate 20ml volumes of T.H.B. were used to
prepare the bacterial inocula for ease of handling during the subsequent preparation
stages described below. A Gram’s film was prepared from the fourth blood agar plate for

quality control purposes and in addition colonial morphology was noted (section 2.2.2).

2.4.3 Harvesting of bacterial cultures

Each of the broth cultures (3 x 20ml total) was centrifuged at room temperature for
10min at 3,000r.p.m. in an M.S.E. Centaur 2 bench centrifuge (M.S.E., UK.). The
supernatant was discarded and each pellet resuspended by vortexing for 30s at the
highest power setting in 1ml of T.H.B. The three 1ml suspensions of each strain were
combined to give a single 3ml suspension which was then transferred to a preweighed
sterile plastic bijoux bottle (L.I.P. Equipment and Services Ltd., U.K.) and centrifuged at
4,500r.p.m. for 20min at room temperature. The supernatants were discarded and the

weight of the bijoux plus the wet bacterial pellet noted using an Ohaus Galaxy 160
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electronic balance (Ohaus, Germany). The wet weight of each bacterial pellet was then
calculated and the pellets resuspended with TH.B. to give 100mg/ml (wet w/v). Fifty
microlitre volumes of each of the 100mg/ml (wet w/v) bacterial suspensions were then
100-fold serially diluted in T.H.B. to give the working suspension (as noted in the

relevant section of each chapter).

This procedure for the preparation of the initial bacterial inoculum was adopted to
standardise the density of the initial inoculum, and ensure that the cells were

predominantly in the stationary phase of growth.

2.5 Determination of the viable count of initial inocula
2.5.1 Preparation and inoculation of the initial inoculum

The viable count of each initial inoculum was determined by first making 100-fold serial
dilutions - 50ul into 4.95ml - using 135mM Potassium Chloride (KCi)(Analar grade,
BDH Chemicals Ltd., U.K.) as the diluent (KCl was employed for preparing the dilutions
since it was the diluent of choice in the fermentation experiments in later chapters). Fifty
microlitre volumes of the serial dilutions of each bacterial suspension were then
inoculated (in ascending order of concentration) to blood agar plates using a spiral plater
(Spiral Systems Inc., U.S.A.)(figure 2.4 shows the spiral plater). The inoculated blood

agar plates were incubated anaerobically for 48hr at 37°C.

The spiral plater inoculates a predetermined volume (50ul) of bacterial suspension onto
an agar plate in an archimedean spiral pattern (Chestnutt, 1992). The stylus of the spiral
plater which deposits the bacterial suspension on the agar was sterilised with a solution

of Titan Chlor-Tabs disinfectant (Lever Industrial Ltd., U.K.) at standard concentration
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Figure 2.5 Flow di m for preparation of initial bacterial inoculum
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1
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(2 tablets per litre giving 1,000p.p.m. chlorine) - initially and between inoculating each

series of bacterial suspensions - followed by a thorough sterile distilled water wash.

Concurrently with the determination of the viable counts of each initial inoculum, a
loopful of each culture was inoculated to blood agar and also to M.S.B. for S. mutans
and Rogosa agar for L. casei, to verify the purity and identity of the cultures as described
in section 2.2. Figure 2.5 shows the standard protocol for preparation of the initial

inoculum.

2.5.2 Calculation of the number of viable counts

After incubation the number of bacterial colony forming units (c.fu.) on each plate was
counted using a colony counter (model CC50, Don Whitely Scientific, U.K.). Plates

were selected for counting that had more than 10 but less than 300 colonies present.

The viable counts present on each plate in the original bacterial suspension were
calculated as follows:-

(i) Multiply the number of c.fu. on a plate by the inverse of the dilution inoculated to
that plate (i.e. if a dilution of 10™* was inoculated to the plate then the c.fu. would be
multiplied by 1 x 10*) to give an estimate of the viable counts per 50pl.

(ii) Multiply the product of step (i) by 2 to convert from c.fu. per 50ul to c.fu. per
100ul, since this was the volume of the initial inoculum.

(iii) If more than one dilution of a particular bacterial suspension (e.g. 10” and 10™) both
yielded counts of between 10 and 300, then steps (i) and (i) were followed and then the

mean calculated to give an estimate of c.fu. per 100pl.
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Chapter3  The Millicell-HA model system for growing bacterial films

3.1 Introduction
3.1.1 The model systems currently available for the demineralisation of

tooth roots

A variety of model systems are available which could be used for the study of root
surface caries. Possible model systems include gnotobiotic animals, the incorporation of
root sections into intra-oral appliances, the exposure of root sections to pure organic
acids or bacteria in vitro and the culture of bacterial films upon root sections in a ‘model’
mouth (as described in section 1.4). However, each of the model systems has its

disadvantages as well as its advantages, as has already been discussed in chapter 1.

Due to the perceived problems in the use of the past and current model systems for the
study of demineralisation of human tooth root sections, it was decided to develop a new
model system. It was felt that the experimental model should permit bacteria to be grown
as surface films and allow close control over environmental factors. In addition it should
be easier to handle and more flexible to use, compared with the model systems currently
availaBle. The Millicell-HA tissue culture insert manufactured by Millipore Ltd., UK.,
was deemed to be suitable as a potential growth vessel for a novel in vitro model, since
bacteria could be grown as a film on the surface of a membrane filter which also
separated the intact cells from the liquid nutrient reservoir. The tissue culture inserts also
appeared to be relatively easy to handle and therefore it was decided to test the Millicell-
HA tissue culture inserts for the growth of films containing S. mutans, L. casei and
A. viscosus in both pure and mixed culture since these three species appear to be related

to root surface caries development and have also been employed by other workers; e.g.
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Nagaoka et al. (1995), Clarkson et al. (1987), Kaufman, Pollock & Gwinnett (1988) and

Switalski & Butcher (1994).
3.1.2 A description of the Millicell-HA model system

The Millicell-HA tissue culture insert is composed of an impact polystyrene cylinder,
with an internal diameter of 10mm and a height of 10mm. One end of the cylinder is
sealed with a surfactant-free membrane filter (Millipore HATF) with a pore size of
0.45um and is constructed from mixed esters of cellulose. The working area of the
membrane filter is 0.6¢m?. The insert has three legs of 1mm height which raise it to allow
fluid to circulate beneath it (see figures 3.1 and 3.2). Millicell-HA tissue culture inserts

are supplied pre-sterilised by the manufacturer in individual blister packs.

To provide a nutrient source for cells growing within the Millicell-HA inserts, each was
placed in a 60mm polystyrene petri dish (Nunc, Denmark) which contained sufficient
Todd Hewitt Broth to provide a layer Imm deep; i.e. a layer which made contact with
the underside of the membrane filter, but which did not rise above it. A volume of broth
giving a depth greater than 1mm would have risen above the level of the membrane filter
and given a column of liquid within the insert. This would have been undesirable since
the intention was to culture the bacteria as a surface film at the gas-liquid interface, not
as free-growing organisms in fluid culture. Figures 3.3 and 3.4 show a Millicell-HA unit

in situ with its broth reservoir.
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3.2 Exploration and evaluation of the potential of the Millicell-HA tissue

culture insert as an in vifro model system

Preliminary experiments to determine the viability of bacterial

cultures in Millicell-HA tissue culture inserts and determination of
the optimal conditions for counting the number of bacteria present
on the Millicell- HA membranes
(a) Introduction
Having selected the Millicell-HA tissue culture insert as a potential culture vessel for an
in vitro system to model root surface caries, it was decided to perform a simple
experiment which would demonstrate whether a selection of human oral bacteria thought
to be involved in the disease process - i.e. Streptococcus mutans, Lactobacillus casei and

Actinomyces viscosus (see chapter 1) - would grow as surface films.

A bacterial plaque is usually regarded as a layer of micro-organisms adherent to a surface
which will require some mechanical force to detach it from that surface. Since an
estimate of the number of viable bacteria present upon the Millicell-HA membrane
surface is required to demonstrate viability and to allow a quantitative comparison
between the populations of the bacterial species used, it was decided to investigate the
optimum period of washing required to retrieve the maximum number of bacteria from
the filter membrane surface. This information would then be incorporated into the design
of future experiments to ensure optimal harvesting of bacteria. The aims of these
experiments, therefore, were to examine whether 3 species of bacteria inoculated into the
inserts would remain viable and multiply during a short period of incubation and also to
explore the optimum period of washing with a vortex mixer to retrieve the maximum

number of bacteria from the membrane and cylinder surfaces.
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(b) Materials and methods

Organisms and growth conditions employed The bacterial cultures employed in this

experiment were S. mutans NCTC 10449, L. casei NCTC 6375 and A. viscosus NCTC
10951. A 1mg/ml (wet w/v) pure suspension of each species was prepared as described
in section 2.5.1. A quality control experiment was also performed, following the

procedure detailed in section 2.5.2.

The culture vessels used in this experiment were Millicell-HA tissue culture inserts, each
of which had been aseptically transferred to 3ml of T.H.B. in a 60mm polystyrene petri
dish using pre-flamed forceps whilst working in a sterile-air cabinet (MDH Intermed,
UXK.). Subsequently, working on the open bench, a 100ul volume of the S. mutans
suspension (1mg/ml wet w/v as described in section 2.4) was inoculated into a Millicell-
HA unit. This procedure was repeated for both L. casei and A. viscosus using a fresh

sterile insert in each case.

The Millicell-HA units which had been inoculated with bacterial suspensions were
incubated anaerobically for 48hr at 37°C. The broth in each petri dish was replaced with
fresh medium (3ml) after 24hr. The Millicell-HA units were removed from the anaerobic
incubator to perform the transfer of broth (this was performed aseptically on the open

bench).

Determination of bacterial vigble counts The number of ¢.fu. present in the initial inocula

was determined as described in section 2.5.1. At the end of the incubation period the
number of bacterial colony forming units present in each Millicell-HA was determined as

follows. The membrane filter was cut from the base of the Millicell-HA insert using a
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sterile scalpel blade (number 11, Swann-Morton, U.K.). Each filter was then transferred
to a 1ml volume of sterile 135mM KCIl, using pre-flamed forceps. The polystyrene
cylinder portion which remained of each Millicell-HA was transferred to Sml of sterile

135mM KCl, also using pre-flamed forceps.

A 50pl sample of the KCI was taken at Os to give a baseline count and then each filter
was vortexed at the highest power setting for 60, 120, and 180s, whilst each cylinder
component was washed for only 90s since fewer bacterial cells were expected to be
adherent. Fifty microlitre volumes of the resulting bacterial suspensions were aspirated at
the end of each wash period and then serally diluted 100-fold with sterile 135mM KCIL.
A 50ul volume of each serial dilution was inoculated onto a blood agar plate with a spiral
plater. The inoculated plates were incubated anaerobically for 48hr at 37°C and then the
number of c.fu. at each dilution was calculated. The identity and cultural purity of the
organisms washed from every filter and cylinder was also determined for quality control

purposes (section 2.2). This experiment was performed on three separate occasions.

(c) Results

Figure 3.5 shows the mean number of colony forming units of S. mutans retrieved from
the filter membranes after 0, 60, 120 and 180s of washing. The number of retrievable
c.fu. increased for 2min after which time further washing did not increase the retrievable

c.fu. significantly.

Figure 3.6 shows the mean number of colony forming units of L. casei retrieved from the

filter membranes after 0, 60, 120 and 180s of washing. The number of retrievable c.fu.
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Figure 3.5 S. mutans NCTC 10449 colony forming units retrieved from
Millicell-HA inserts after 0, 60, 120 and 180s washing of filter

membranes
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Figure 3.6 L. casei NCTC 6375 colony forming units retrieved from a
Millicell-HA inserts after 0, 60, 120 and 180s washing of filter

membranes
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Figure 3.7 A. viscosus NCTC 10951 colony forming units retrieved from a
Millicell-HA inserts after 0, 60. 120 and 180s washing of filter
membranes
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increased for 2min after which time further washing did not increase the retrievable c.fu.

significantly.

Figure 3.7 shows the mean number of colony forming units of A. viscosus retrieved from
the filter membranes after 0, 60, 120 and 180s of washing. The number of retrievable
c¢.fu. increased for 2min after which time further washing did not increase the retrievable

c.fu. significantly.

Significantly more bacteria of each species were retrieved from the membranes after 180s

of washing than after Os (p < 0.001, one-way analysis of variance).

Figures 3.5 - 3.7 also show that the number of bacteria washed from the membranes
increased during the first 2 minutes of vortexing but there was little increase after this.
The number of c.fu. of each species of organism recovered after 2min of vortex washing
was greater than 89% of that recovered after 3min of washing. These results indicate that
a minimum period of 2 minutes wash is required to retrieve a reproducible and

significant proportion of the recoverable bacteria present upon the membrane surface.

Table 3.1 shows the mean total viable count of each organism washed from the Millicell-
HA membrane filter, the corresponding cylinder component and the sum of the c.fu.
from the filter and cylinder combined. Although all of the viable counts at the end of the
experiment were higher than those of the initial inoculum, the increase in bacterial c.fu.

over 2d of incubation was not statistically significant.
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3.2.2 Determination of the optimum _density of the initial bacterial

inoculum for biofilm formation

(a) Introduction

The results recorded in section 3.2.1 did not indicate any significant changes between the
initial and final counts, although the reason for this was unclear. One possibility was that
there is a maximum population density which Millicell-HA units can harbour and that the
initial inoculum in section 3.2.1 was too close to this. For instance Donoghue & Perrons
(1988) found no significant changes in plaque viable counts after 45hr (up to 90hr) of
incubation in vitro in a model mouth. In addition Macpherson, MacFarlane & Stephen
(1991) recorded a bacterial density of around 2.51 x 10® c.fu./cm® on enamel surfaces
exposed in situ for 2d in intra-oral appliances, which approximately equals the
population density achieved in Millicell-HAs over the same time period. Therefore the
current experiments were designed to determine whether bacteria would replicate in
Millicell-HA units or whether the numbers would remain static whatever the initial
inoculum. In addition the experiments would also demonstrate whether there was indeed

a maximum density.

(b) Materials and methods

Organisms and growth conditions employed Cultures of S. mutans NCTC 10449,

L. casei NCTC 6375 and A. viscosus NCTC 10951 were investigated and each was
prepared to a density of 0.1, 1 and of 100mg/ml (wet w/v). A 100ul volume of each
density of bacterial suspension was inoculated to a separate sterile Millicell-HA unit in
T.H.B., which was incubated anaerobically for 48hr at 37°C. The T.H.B. was replaced

with fresh medium after 24hr of incubation.
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Determination of bacterial viable counts The viable counts and purity of the initial

inocula and final biomass in each Millicell-HA were determined as indicated in section

3.2.1 (i.e. 2min vortexing). The experiment was performed on three separate occasions.

(¢) Results

Figures 3.8, 3.9 and 3.10 show the mean number of c.fu. (per 100ul) of S. mutans,
L. casei and A. viscosus respectively for each of the three densities of initial inoculum
and also the mean viable counts present in each Millicell-HA unit after 2 days’
incubation. There was a significant increase in the number of c.fu. retrieved from
Millicell-HA units inoculated with bacteria at densities of both 0.1 and Img/ml (p =
0.001, one-way analysis of variance). However there were no significant differences in
the number of bacteria present over time when the initial inoculum density was 100mg/ml
(p > 0.1 for each species, Student’s T-test). Furthermore there were no significant
differences between the final viable counts that developed from each density of initial
inoculum when the three species were compared (p = 0.05, one-way analysis of
variance). The maximum density of recoverable bacteria developing from the initial

inocula was approximately 1 x 10® per filter membrane (or about 1.7 x 10% c.fu./cm?).

3.23 The ability of mixtures of bacteria to grow on_ the Millicell-HA
membrane surface

(a)_Introduction

Previous reports have indicated that plaque associated with root surface caries lesions
frequently contains Actinromyces species, Streptococcus mutans and lactobacilli, together
with a range of other micro-organisms (especially streptococci)(Bowden, 1990). In light

of the fact that root surface caries would appear to be associated with a complex mixture
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of bacterial species, it was decided to discover whether mixtures of the test organisms
could be grown together in the Millicell-HA tissue culture insert system or not. The
ability of a mixture of bacteria to grow in this system is obviously of importance to its
application to the modelling of the carious process which involves complex bacterial
communities. In addition it was decided to extend the incubation time to determine

whether the organisms could be sustained in Millicell-HAs for a further 2 days.

(b) Materials and methods

Organisms and growth conditions employed S. mutans NCTC 10449, L. casei NCTC

6375 and A. viscosus NCTC 10951 were examined and the initial inocula prepared to a
density of 1mg/ml (wet w/v). Two-way mixtures of these suspensions were also prepared
to a total cell density of Img/ml (wet w/v) by mixing equal volumes (0.5ml) to give
suspensions of S. mutans + L. case'i, S. mutans + A. viscosus and L. casei + A. viscosus.
A 100ul volume of each species in pure culture and of the two-way mixtures was
inoculated into a separate Millicell-HA insert resting in 3ml of T.H.B. Growth conditions

were as employed previously except that the incubation period was extended to 4d.

Determination of bacterial viable counts The initial and final c.fu. of the pure bacterial

cultures were enumerated as before, as was their purity. The c.fu. of the two-way
mixtures present initially and at the end of the experiment was determined by washing the
organisms from the filter membrane and cylinder components of each Millicell-HA and
then inoculating 50ul volumes of dilutions prepared with the washes onto C.B.A. plates,
which were then incubated as before. The colony count of each species present in the
mixtures was calculated on the basis of colonial morphology on C.B.A., which was

sufficiently distinctive. Initially the colony counts for S. mutans and L. casei were also
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determined on M.S B. and Rogosa agar, however since maximal retrieval was recorded
with C.B.A.(see results below) it was decided that semi-selective media provided little
extra useful data and so their use was discontinued. The experiments were performed on

three separate occasions.

(c) Results

Table 3.2 shows a comparison of the mean number of bacterial c.fu. present in the initial
inocula as counted on C.B.A. (using colony morphology to differentiate between the
species) with that obtained with semi-selective media (M.S.B. and Rogosa agar).There
were no significant differences between the viable counts of S. mutans on M.S.B.
compared with C.B.A. in mixed culture (p > 0.1, Student’s T-test). However the counts
of L. casei on Rogosa agar were significantly lower than on C.B.A. (p < 0.05 in both

cases, Student’s T-test).

Figure 3.11 shows the mean number of colony forming units that developed from each
bacterial species when grown alone as a pure culture in Millicell-HA inserts over 4 days
of incubation. The initial number of colony forming units of A. viscosus inoculated to
Millicell-HAs was much lower than those of either S. mutans or L. casei but there were
no significant differences between the final counts of the 3 species (p = 0.636, one-way
analysis of variance). However the final number of cfu. of each organism was
approximately 1 x 10® c.fu. per unit (1.7 x 10° ¢.fu./cm®) and was significantly greater

than the initial inoculum in each case (p < 0.001, one-way analysis of variance).

Figures 3.12, 3.13 and 3.14 show the mean number of each bacterial species present in

100ul of initial inoculum and in the Millicell-HA units after 4 days incubation, when the
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